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Abstract 

The stripe pattern of zebrafish consists of two types of pigment cells, melanophores and 

xanthophores, and interaction among pigment cells are crucial for the stripe pattern formation. 

Two gap junction proteins, Connexin39.4 (Cx39.4) and Connexin41.8 (Cx41.8), are involved in 

the stripe pattern formation; cx39.4 and cx41.8 are expressed in both melanophore and 

xanthophore, and mutants fish show labyrinth and spot skin patterns, respectively. Although the 

importance of gap junction for pattern formation is obvious, the question how these connexins 

contribute to the skin pattern formation remains unclear. In this study, to elucidate the connexin 

function in pigment cells, I investigated how connexin proteins contribute to the pattern formation. 

Firstly, using melanophore- and xanthophore-specific promoters, I generated transgenic 

zebrafish lines, in which cx39.4 and/or cx41.8 is expressed in melanophores and/or xanthophores. 

From this experiment, I extracted the minimal gap junction network required for stripe pattern 

formation, namely, Cx41.8 in xanthophore and Cx39.4 in melanophore. Along with this 

experiment, I also found that Cx41.8 expressed in melanophore has a function to stabilize 

melanophore stripe. To examine the connexin localizations, I generated fluorescent protein-

tagged Cx39.4 and Cx41.8. The case of Cx39.4, the insertion of EGFP into the Cx39.4 C-terminal 

domain is effective, and the C-terminal domain is required for its function in vivo and in vitro. 

On the other hands, C-terminal deletion of Cx41.8 is effective; EGFP fused 240aa-Cx41.8 was 

functional in vivo, although it did not form a gap junction plaque in vitro. 

Next, to verify the hypothesis that gap junction between xanthophore to melanophore 

mediates survival signal for melanophore, I examined Cx39.4-gap junction property. EGFP-

tagged Cx39.4 was expressed in N2a cells, and pairs of N2a cells which showed gap junction 

plaque between them, were applied to the patch clamp experiments. By this experiment, I 

successfully detected spermidine dependent rectification property of Cx39.4. Taken together with 

the transgenic experiments, I presented a gap junction network model that xanthophores are 

connected with Cx41.8-gap junction, melanophores are connected with Cx39.4 gap junction, and 

xanthophore and melanophore are connected with Cx41.8-Cx39.4 heterotypic gap junction which 

may mediate directional controlled signal flow from xanthophore to melanophore. 

Along with the experiments above, I noticed that a half of melanophores is 
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multinucleated. I hypothesized that the multinucleation might be important for melanophore 

survival and stripe pattern formation. To elucidate this question, I examined the relationship 

between multinucleation and cell size, motility, and its survival, and also examined the 

multinucleation mechanism of melanophore. As the results, I found that the multinucleation of 

melanophore correlated with survival of melanophore, and that there are at least 3 multinucleation 

pathways in melanophore.  
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要旨 
À×èÖ©Æ»å�ɾ˹�ƒ�¢µƻ�ėȯ�½ÊèªØ�m2 Ȁこ�ȯɥ

ǋ̝mƻȯɥ̝�ėȯɥ̝r�Ưɇ”¢m��Ƃɇ��ȯɥǋ̝Ŏ�ɮƢǏ̈́sȍͅ

�̵Ľ¥ʌ��nµnz�ǋ̝ŎɮƢǏ̈́¥ʌőǟ�}�m³äÆØ¼äî´»ç

îÃîÒ´Ƿ� Connexin39.4tCx39.4u� Connexin41.8tCx41.8usɹǍ�µnz¢�

¸Î²»î�３ûɾ�ˈʜʭ�ɾ˹̭͂３Ě¥ątśz}mcx39.4 ３ûɾ�̪Š̭͂

¥mcx41.8 ３ûɾ�˪ʲ̭͂¥ǯ�n”�� cx39.4 � cx41.8 �％ȍ３ûɾtWKOu�

ɾ˹���¦�ƻȯɥ̝sɹǍ}�nn�z£�mCx39.4 � Cx41.8 � mRNA ëÚê

��ƻȯɥ̝�ėȯɥ̝mかǋ̝��ˤƙsĶ˕”¢�nµsmɾ˹̭͂Ƃɇ�qn

����o�̵Ľ¥ʌ��nµ�r��n��̩�r�”¢�n�r��n�z�̟

ƑŤ��mɾ˹̭͂Ƃɇ�qxµ Cx39.4 � Cx41.8 �̵Ľ��n�Ĩɐ¥Ƴnm�¢

�¢�ŗ◇�Ĩ̩¥̰Ǡ}�n 

��mƻȯɥ̝�ėȯɥ̝�̯͈ʭ�ÿʳǟˤƙĨɐ¥Ƴnmƻȯɥ̝�ė

ȯɥ̝�ˤƙ�µ¸Î²»îÿʳǟs cx39.4 � cx41.8 �x�mµz�¥Ķ˕}�nǬ

�mWKO ¥̈́n�mƻȯɥ̝ˈûʭmµn�ėȯɥ̝ˈûʭ� cx39.4 ��� cx41.8

¥ˤƙ�µÿʳǟɦ�ŇpÀ×èÖ©Æ»å¥Ǐɍ}mɾ˹̭͂Ƃɇ��¸Î²»î

�ƨġ¥Ɛȣ}�n��ƋġmWKO �ƻȯɥ̝ˈûʭ� cx39.4 ¥ˤƙ}�ƃʾ��m

cx41.8 ¥ˤƙ}�ƃʾ�˰��ƻȯɥ̝Ƀ�ʛ}nɰĝsƒ�¢�nɿȢʭ�mėȯ

ɥ̝ˈûʭ�¸Î²»î¥ˤƙ}�À×èÖ©Æ»å�� cx39.4 ¥ˤƙ}�ƃʾ�

 � cx41.8 ¥ˤƙ}�ƃʾ�qn�ƻȯɥ̝Ƀ�ɰĝsƒ�¢�nz¢�ÿʳǟɦ�

ŇpÀ×èÖ©Æ»å�Ʀ˟�� mƻȯɥ̝� cx39.4mėȯɥ̝� cx41.8 ¥˅ǫ�

ˤƙ�µ％ȍÿʳǟɦ�ŇpÀ×èÖ©Æ»å¥Ǐɍ}��z£m½ÊèªØ�ĩ̆

sƒ�¢�nz�Ƌġr�mƻȯɥ̝� cx39.4mĿ�ėȯɥ̝� cx41.8 �ˤƙ�À×

èÖ©Æ»ås½ÊèªØ¥Ƃɇ�µ���Ȍ̋ȪƎ�mµz�s̩�r����n

Ă̛�mz¢öı�ɦ�ƹ¤��％ȍÿʳǟɦŇpɾ��½ÊèªØ�ĩ̆sƒ�¢

�m�¢�¢�ȯɥǋ̝��¢�¢�¸Î²»îˈûʭ�ŗ◇s˶ͅ�”¢�nµz

�s̩�r����nɸn�mȯɥǋ̝ˋ�¸Î²»î�̋́¥ŌǑ�µ��mEGFP

Ãµ¥̀ĝ}� Cx39.4 � Cx41.8 ¥̈́n�m³äÆØ¼äî´»çî�ĞǥĚ¥Ǧ�

�n��ƋġmCx39.4 �l̤ʎぎĀ� EGFP ¥ɪ˒}�̾ƹÃîÒ´Ƿs̺ƨ�m m

C ̤ʎぎĀs in vivo � in vitro �か̛�ŗ◇ʭ�³äÆØ¼äî´»çîƂɇ�˶ͅ
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���nĂ̛mCx41.8 �ŏ}�� C ̤ʎ�ǋ̝ˋぎĀ¥ɤ�Ǿ Șt EGFP ¥̾ƹ}

�̾ƹÃîÒ´Ƿs̺ƨ�m m３ûɾ�˹ƙƁ¥ɮ９}�smin vitro ��³äÆØ

¼äî´»çîØèr´¥Ƃɇ}�r��n�� EGFP ¥̀ĝ}� Cx39.4 � Cx41.8

¥ˤƙ�µÀ×èÖ©Æ»å�ŌǑr�mƻȯɥ̝Ŏ�³äÆØ¼äî´»çî�Ƃ

ɇ¥ǯ�Øèr´sĶ˕”¢�n 

Ǭ�mƻxėȯɥ̝Ŏ�Ƃɇ”¢µ³äÆØ¼äî´»çîsƻȯɥ̝��

ɋɹ»µÌê¥ʳʊ�µ�noěə¥Ɛȣ�µ��mCx39.4-³äÆØ¼äî´»çî

�ŗ◇Ĩɐ¥Ƴ��nC ̤ʎぎĀ� EGFP ¥ɪ˒}� Cx39.4 ¥ Neuro2a ǋ̝�ˤƙ”

�m³äÆØ¼äî´»çîØèr´¥Ƃɇ}�ǋ̝ɿ�ÒÆÅ´èîØ¥Ƴ���n

４̛�ʴŶ�½Ûêà¼î¥˒¢�Ĩɐ�µz��� mCx39.4-³äÆØ¼äî´»

çîs½Ûêà¼îøɹʭ�Ɉ͒Ɇ¥Ǫ�z�¥̩�r�}�n 

öȦ�Ƌġr�mÀ×èÖ©Æ»å�½ÊèªØƂɇ�ŏ¤µ³äÆØ¼ä

î´»çîÎÆÊír´�}�mƻȯɥ̝Ŏ� Cx39.4-Cx39.4mėȯɥ̝Ŏ� Cx41.8-

Cx41.8mėxƻȯɥ̝Ŏ� Cx41.8-Cx39.4 �³äÆØ¼äî´»çî¥ʋい}�n”

��mƻȯɥ̝�ɹǍ�µ½Ûêà¼î�� ėxƻȯɥ̝Ŏ�³äÆØ¼äî´»

çîs̛ƪɆ¥Ǫ�mėȯɥǋ̝r�ƻȯɥǋ̝�̀p�¢µľɆĚ»µÌê�³ä

ÆØ¼äî´»çîøɹʭ�mµz�sǯǃ”¢�n 

��À×èÖ©Æ»å�ƻȯɥ̝�q��˨Ƀs、ĴĚ}�nµnƻȯɥ̝

�、ĴĚsɾ˹̭͂Ƃɇ�ȍͅ�̵Ľ¥ʌ��nµ�̿ɩ}�n�z�dĴ�eĴ�

ƻȯɥ̝¥˰ĸ}��z£mƻȯɥ̝�、ĴĚsǋ̝¹ª¾�ɋɹ◇�ŏず}�nµ

z�¥̩�r�}�n��mƻȯɥ̝�、ĴĚ��fȀこ�Ƅせsmµz��̩�r

�}�n 

  



� ��-���

目次 

1. 序論      7 
 
2. 色素細胞の多核化について 
2.1. 研究背景    11 
2.2. 材料と方法    13 
2.3. 結果    17 
2.4. 考察    23 
2.5. 結論    25 

 

3. 色素細胞間のギャップジャンクションネットワークについて 
3.1. 研究背景    26 
3.2. 材料と方法    30 
3.3. 結果    44 
3.4. 考察    66 
3.5. 結論    72 

 

4. 今後の展望    73 
 

引用文献     
謝辞     
業績    



� ��.���

1.序論 

1.1 細胞集団サイズの規定について  

ɋ̊�ǋ̝̋す�ǋ̝̋Ě�� 、͂�ǋ̝¥ɋɇ}�s�ƂʁƂɇ¥Ƴon

ɋɇ”¢�ǋ̝�mʅt”�ƂȬ�３Ě�ǋ̝ĉ˄¥ħ}�m˅Ȁǋ̝˅ǝ�ɗ―m

ûȀǋ̝�˝Șmǋ̝Ȋʏ¥ýǪ�µ���ɋɹ»µÌê�ʳʊ�Ŭ̺��¥Ƴon

z¢��˅Ȁǋ̝Ŏmµn�、Ȁǋ̝Ŏ�ɮƢǏ̈́�m˅Ȁǋ̝�ǋ̝Ȋʏ¹ª¾�

ûȀǋ̝Ȋʏ��ŮĬ¥Ɗʧ�µnz�Ĥʪ¥ʣ}�mɋ̊�ˈʧ�Ƃ�ʅt”�ž

 ６}Ưɱm��¤�vÒÃrîw¥Ǫ�z�s�tµtȾdun�

ɋ̊�ÒÃrîƂɇ�m�¢¥Ǉƙ�µ̺く�Ƀ͎ãÉêsʩȜ”¢�nµ

Ă̛�mÒÃrîƂɇ�ŏ¤µǋ̝ŎɮƢǏ̈́¥ʌőǟâ°Í¾á�ŏ}��˿̩

�ʲs、nn�z�̟ƑŤ�mɃ͎ãÉê�œ�tmÒÃrîƂɇ�ŏ¤µǋ̝Ŏ»µ

Ìê�Ĩ̩�Ǿ ɦ�mɋ̊�ƂʁƂɇƖ͎�͎Ĩ¥Ǧ��n�

 

 

 

 

1.2 反応拡散系 

ɋ̊sŽŎʘ�ÒÃrî¥ǰˤʭ�Ƃɇ�µƙȥ¥Ǉƙ�µɃ͎ãÉê�}

�˩ĕĳǔƃsmµn˩ĕĳǔƃ�mAlan Turing sʩȜ}�Ƀ͎͎た�mµ 1nz�

図1. 同種・異種細胞間の相互作用により形成される様々な細胞集団サイズのパターン 
˅Ȁǋ̝Ŏ�ɮƢǏ̈́¥īȯ�̴ă�ǯ}mûȀǋ̝Ŏ�ɮƢǏ̈́¥ぐȯ�̴ă�ǯ}�n 
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͎た��mĳǔſɃ�û�µe��ěɩĄǟtľɆĚĄǟ�͇ɅĄǟu�ɮƢǏ̈́�

Ư̈̌�þn�� m、Ǌ�ÒÃrî¥Ǐ Ȑ�z�s�tµnz¢��ÒÃrîƂɇ

�mľɆĚĄǟ�ǰƠľɆĚ��µvʍŪい�Þ¼È©×Ö©rËÑÆ´w�mľɆ

ĚĄǟs͇ɅĄǟ¥ľɆĚ}m͇ɅĄǟsľɆĚĄǟ¥͇Ʌ�µvʟŪい�Î±È©

×Ö©rËÑÆ´w�no 2 ��ŏſɆ¥œ̟ͅɥ��µ 2,3n 

˄̊�ɾ˹̭͂�˩ĕĳǔƃ�œ�n�Ƃɇ”¢µz�s�Ɲvr�Ʊp�

¢�n�nz�ȿɴ�ÃÈ¼ß²îÅä´ÄªtPomacanthus imperatoru�ɾ˹̭͂

Ƃɇ�İĵ�̭͂Ƃɇ�ŌǑr�Ǹȣ”¢mɋ̊�ÒÃrîƂɇ¥ə̩�tµɃ͎͎

た�}�˕��¢� 4,5n 

 

1.3 ゼブラフィッシュの体表模様形成 

̳ɋƁtWTu�À×èÖ©Æ»å�ƻȯ�ėȯ�½ÊèªØ¥ǯ�tȾ 2Aun

À×èÖ©Æ»å�ɾ˹̭͂�ǽ� 2 Ȁこ�ȯɥǋ̝r�Ưɇ”¢�q mƻȯぎĀ

�ƻȯɥ̝�ȊʏmėȯぎĀ�ėȯɥ̝�ȊʏsɹǍ�µtȾ 2BunÀ×èÖ©Æ»

å�ƻȯɥ̝�ėȯɥ̝öı�eȀこ�ȯɥǋ̝¥̺}�q mƻȯɥ̝�ėȯɥ̝

�ęɨ��ˏȯɥ̝sɹǍ}�nµ 6,7n��ǈźmȶ��ˢȯɥ̝s˞Óë�ɢʎ̄

�˳Óë�̤ʎ̄�ɹǍ}�nµz�s̩�r���� 8n 

 

 

 

 

 

À×èÖ©Æ»å�ɾ˹̭͂�ƻȯɥ̝�ėȯɥ̝�ɮƢǏ̈́�� Ƃɇ”

¢µn３ʁŖtɋƣ 20 ＊ƾu�À×èÖ©Æ»å�ɾɳ̬��˃˳Ǵ̛ƪ�đ��Ă

����

����

����WT

A B

図2. ゼブラフィッシュの体表模様  
tAu ̳ɋƁÀ×èÖ©Æ»å�ƻȯ�ėȯ�½ÊèªØ¥ʦ}�nµntButAu�ˢっぎ
Ā�ĳʅǹȹnƻȯぎĀ�ËÆÊĂ�Ă��ƻȯɥ̝mėȯぎĀ�ËÆÊ�ėȯɥ̝¥ǯ�n
½¶rêÑr� 10 mm ¥ǯ�n 
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じ�ƻȯɥ̝s˟ʕ”¢�nµn��Ƀ＊ƣ�mƻȯɥ̝s˟じ}�nµぎĀ�ėȯ

ɥ̝sƙ¢mƻȯɥ̝�ėȯɥ̝sǂǍ}�Ȭʁ��µn�µ�ƻȯɥ̝sėȯɥ̝

ぎĀr�˝Ș”¢µm�}v�ėȯɥ̝ぎĀ�ıɳ�ü˄�µz��ĝpmėȯɥ̝

ぎĀ�ıɳr�ȶ}nƻȯɥ̝sɾ˹̬�ƙ¢µ 9nz�ŖŎʘ�mƻȯɥ̝�げɗ

�µėȯɥ̝¥ërºrȢǺ�� ȘŦ�µ�mƻȯɥ̝�˝Ș�ü˄sśz��r

�� 10nz¢��Ƌġ�mƻȯぎĀ�ėȯぎĀ�ŮĬ¥Ƃɇ�µ���ƻȯɥ̝�ė

ȯɥ̝sƢn�˩ˤ}�nµz�¥ǯ}�nĂ̛mɾ˹̭͂sƂɇ”¢�ƣ�ėȯぎ

Ā�ërºr¥ȢǺ}mƻȯぎĀȆ５�ėȯɥ̝¥Ƭ˭ù�ȘŦ}��z£mǾ ǘ

”¢�ƻȯぎĀ�ƻȯɥ̝ɃsƘȞ}� 10nz�Ƌġr�mėȯɥ̝sƻȯɥ̝�ɋ

ɹ�˶ͅ�mµz�¥̩�r�}�n 

öȦ�z�r�mvƻȯɥ̝�ėȯɥ̝�˩ˤ»µÌê�mėȯɥ̝r�ƻȯ

ɥ̝��ľɆĚ»µÌêw�ɹǍs̩�r����tȾfAun�}�mz¢��ƻȯ

ɥ̝�ėȯɥ̝�ɮƢǏ̈́¥vʍŪい�Þ¼È©×Ö©rËÑÆ´�mʟŪい�Î±

È©×Ö©rËÑÆ´w�ŏſ�}�˹�z�s�t���mÀ×èÖ©Æ»å�ɾ

˹̭͂Ƃɇ�Ɩ͎�˩ĕĳǔƃ¥̈́n�ə̩�µz�s�t�tȾfB,Cu10,11n 
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図３. 黒色素胞と黄色素胞の相互作用を示す模式図 
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 ɇɾÀ×èÖ©Æ»å�ɾ˹�ɹǍ�µ��¦��ƻȯɥ̝�ėȯɥ̝�m

Íårèê´ë½Êr�̋Ě}�Ŭʣ�ȯɥŅǋ̝�̻͉�µ 12n��ǋ̝ƃ̃ʢɕ

ǸƔr�mɾ˹�ƻȯɥ̝���¦�ǋ̝̋す¥Ƴ¤�mƻȯɥ̝�ɢżǋ̝sɰȭ

}m̋Ě�µz��ɰĝ}�nµz�s̩�r���� 13,14nɿȢʭ�mėȯɥ̝�

ɾ˹��ɰȭ�µz�sǯ”¢�n 

 

1.4 黒色素胞と黄色素胞の細胞間相互作用を担う分子について 

 ƙǍ���mÀ×èÖ©Æ»å�ɾ˹̭͂Ƃɇ�ȯɥǋ̝�̋Ě�ŏ¤µ、

v�ÿʳǟs´ìrÍîµ”¢�t� 12n���r�� Kir7.1 (kcnj13)mTetraspanin3cm

Igsf11mBase2mNotchmCx39.4mCx41.8 �m½ÊèªØ�。”�ÒÃrî�３Ě¥ǯ�

À×èÖ©Æ»år�ˤƒ”¢mƻȯɥ̝�ėȯɥ̝�ǋ̝ŎɮƢǏ̈́�ŏ¤µ̋ǟ

�}�˅ʧ”¢� 15-21n 

Kir7.1mTetraspanin3cmIgsf11mBase2 �ƻȯɥ̝�ü˄�ǋ̝ĉ˄�ŏ¤µ̋

ǟ�m mˈ� Kir7.1tobelix/Jaguaru３ûɾ�ƻȯɥ̝�ぎĀ�ėȯɥ̝�ぎĀ�Ů

Ĭs˿̩が�˹ƙƁ¥ǯ� 16,22n����mz¢��vƻȯɥ̝�ėȯɥ̝�˩ˤ»

µÌêw¥ʌőǟ�}�ə̩�tµnĂ̛mNotch1a ̻͉� NICDtNotch intracellular 

domainu¥ƻȯɥ̝�Ĥȧˤƙ}�À×èÖ©Æ»å� Notch2tasterixu３ûɾ�ƻ

½ÊèªØ�̇sʅtv�µ 21,23n��mƻȯɥ̝�Ȃ́ɾ� notch1a � notch2mėȯ

ɥ̝�é±îË� deltaC � delta-like 4 sˤƙ}�nµz�r�mDelta-Notch »µÌ

ê�vėȯɥ̝r�ƻȯɥ̝��ľɆĚ»µÌêw¥ʌőǟ�}�ə̩�tµn³

äÆØ¼äî´»çîÃîÒ´Ƿ� Cx39.4 � Cx41.8 ����ƻȯɥ̝�ėȯɥ̝�

か̛�ˤƙ}�q mƻsƻmėsėmƻsėȯɥ̝�ʠɗʭ�¸àåÍ¶r»çî

�Ȩ����nµz�sƱp�¢µn  
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2.色素細胞の多核化について 
2.1  研究背景      
2.1.1 細胞の多核化 

 À×èÖ©Æ»å�ɾ˹̭͂¥Ƃɇ�µƻȯɥ̝�� 1 Ĵ�、ĴĚ}�ǋ̝

sɹǍ�µstȾhB-Dum、ĴĚ}�ƻȯɥ̝�ÒÃrîƂɇ��Ŕ̀�mƻȯɥ̝

s、ĴĚ�µƄせ��n��̩�r����n�nn  

Ăˬʭ�m˄̊ǋ̝�、ĴĚ�mĴ̋す���ǋ̝̾ƹ�� ɋ~µ 24nつ

ˑこ�、ĴĚǋ̝��ȴŸǋ̝�ŨĴţmĖ̲Ÿm˜Ƽǋ̝mŋǋ̝mƹ̝ɾɆċ͆

̣ǋ̝��smµnȴŸǋ̝�ɋƣ���vĴ̋す¥ątśz�m�}v�ɺș�˦

nĴ̋すsśtµ 25,26nŨĴţ�Ĵ̋す�� 、ĴĚ}mǋ̝¥ʅtv�µz���

 ƌȝ˫¥Ǖɋ�µ 27nĖ̲Ÿ�˜Ƽǋ̝mċ͆Ħǋ̝�ǋ̝̾ƹ�� 、ĴĚ�µ
28-30nŋǋ̝�Ĵ̋す�ǋ̝̾ƹ�か̛�Ƅせr�eĴĚ�µ 31,32n��m、ĴĚǋ̝

�ɦȮȇ̆�ǇɋĤʪ�Ăǫʭ�ŌǑ”¢µɻm˻３ɦȮ�qn��ŌǑ”¢µnさ

p�mĂ̄�ðɆ±�Ʒns¦ǋ̝�Ĵ�、ĴĚm、ˠĚ}�nµn”��«ªê½

ņɝ�ƋĴŹ�ņɝ�ß´ìÖ§r¼�ǋ̝̾ƹ¥̼ˆ}mèîµÐî½Ũǋ̝�û

̊Ũǋ̝mÊrÊîƁŨǋ̝�ƞ�¢µˎĦɦȮ¥Ƃɇ�µ 33nÀ×èÖ©Æ»å�

�m͌ė»î»Å«áɨtyolk syncytial layeru�m2-40 ĴĚ}�ǋ̝sɹǍ�µ 34n 

 

2.1.2 多核化細胞のメリット 

 、ĴĚ}�t、ˠĚ�ő�uǋ̝�dĴ 2 ˠɾǋ̝�˰��mh��あʲ¥

̺}�nµn��Ă�̰�}�m、ĴĚ}�ǋ̝�ɾɑq��˹̬ɑsʅtv� m

ɦȮ�­îÚìrØ�Ñé¨�}�ŗ◇�µnさp�mƹ̝ɾɆċ̣͆ǋ̝�ʃ˯�

と̮�ǟŠ�Ŏ�ɹǍ}m̘ɾ�̫Ďǋ̝sʃǩ¥Ʈƈ}�n�o�８ƥ}�nµn

％�̰�あʲ�}�m̋Ě}�ǋ̝�ɋ~µ、ĴĚ�mǋ̝̋す◇¥Ɖ˓}�nµz

�s、vmz¢�� ʄǼ�ľɆĚ¥ątśz�nǓ�̰�´ìrîɆsũy�¢µn

Ȇ５ǋ̝�ǋ̝̋す�� ɦȮȇ̆¥ƳoȨƹmeˠɾǋ̝��̋す�ɰȭ�˦nǋ

̝�ɆǷs３û�µĞ◇ɆsmµnɿȢʭ�mĂ̄�ǋ̝s、ĴĚ}ŨʅĚ�µz�

�ɦȮȇ̆¥Ƴoz��� mɦȮ¥Ưɇ�µǋ̝sóʧ}�̋ĚȬʁ¥８�z�¥

Ğ◇��µn��、ĴĚǋ̝�mĂ̛�·Ïá�ŗ◇ɧǵƁ�ˊɣ３ûsɋ~�Ȩƹ
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��m１�Ĵ�ő�¢µ·Ïá DNA r��ÿʳǟˤƙsʄȚʭ�ŗ◇�µz���

 mǋ̝¥８ƥ�µz�sĞ◇�mµnơ�̰�}�mĂ̄�、ĴĚq��ˠɃɾǋ

̝��¨ÞÊr»½s˿ľɆĚ”¢mǋ̝�ą̑sĐ�µz�sǯ”¢�nµn 

  

2.1.3 色素細胞の多核化経路 

ɚƳƑŤ��mつˑこ�ȯɥǋ̝�ūこ�âèÏrßǋ̝ŀs、ĴĚ�µz

�sＣƺ”¢�nµnC57BL ß«½âèÏ×è½Ê̻͉�ǋ̝ŀtMelan-a ǋ̝u�

Ĵ̋す�ǋ̝̾ƹ�か̛�Ƅせr�、ĴĚ�µz�sƅǫŌǑ}�ǸƔr�ǯ”¢

�nµ 35n��ÓÊ�̘˪�Ȇù�ɹǍ�µâèÏ¹ªÊ��mŨʅ�、ĴĚ}�ǋ

̝sŌǑ”¢µ 36n、ĴĚ}�âèÏ¹ªÊ� ß-Gal ɝȯ�ůvɝ�µz�r�mǋ

̝そĚ¥śz}�nµ 35,36nǋ̝そĚtoncogene-induced senescence; OISu¥śz}、

ĴĚ}�âèÏ¹ªÊ��½Èá¿êßr°rtoct3/4, sox2, nanogu�ˤƙsȦȟ}

�q mz�、ĴĚâèÏ¹ªÊr�̋す}�ʋĴ�ǋ̝sȁて¥̼ˆ�µnz�z

�r�m、ĴĚ}�âèÏ¹ªÊ� tumor initiate cell �mµ�˅ǫ�mǋ̝そĚsǋ

̝ȆŖ�ȼƳ¥）Ǣ}ms¦¥͇Ʌnµ�Ʊp�¢�nµ 37-40n��mÃªíî²î

³ç�ÁrËÈrêÖ©Æ»å�âèÏrßǋ̝ŀtPSM-1u� cdkn2abtp21u�Ĥ

ȧˤƙ�� ǋ̝s、ĴĚ}mǋ̝ɰȭŞ�ȁてƂɇs͇Ʌ”¢µz�sＣƺ”¢�

nµ 41,42n 

 z¢���mÀ×èÖ©Æ»å�dĴ�、ĴĚƻȯɥ̝�ŗ◇ʭ�þn��

n��mƐȣ”¢�n�nn����、ĴĚ}�ƻȯɥ̝�あʲ��n��̩�r�

���n�nn��mÀ×èÖ©Æ»å�ƻȯɥ̝�、ĴĚƄせ��n�m��̋Ě

½Èr¼�ɋ~�nµ�rmĴ̋す�ǋ̝̾ƹ�����Ƅせ�ɋ~�nµrm”�

�、ĴĚ����o�̋ǟsŏ¤��nµ�r��n��̩�r����n�nn�

z�̟ƑŤ��m��˳Óë� ĩȅ}�dĴ���eĴ�ƻȯɥ̝¥ȕʄˡ͆}m

z¢��ǋ̝�ɆǷ¥˰ĸ}�nǬ�mƻȯɥ̝q����ɢżǋ̝¥ȕʄˡ͆}m

、ĴĚ�µĤʪ�ŌǑ¥Ƴ���n 
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2.2  材料と方法 

2.2.1 ゼブラフィッシュの飼育と系統 

À×èÖ©Æ»å�ɀĘ 28.5 ±m̩ ô¥ 14/10 ǫŎ¹ª´ê�˸ȓňŮę�Ǩ

ā}� 43nťͷ��n��mɇɾ�¨êÈà¨tVETNAM BRINE SHRIMP EGGSumɋ

ƣf＊̰r�̶dïƍ�Ɯɾ��Â«éá»�Ó°é LabotMEITO systemu¥̀p�n 

̟ƑŤ�� Tübingen ƃʾt̳ɋƁu¥̈́n�mǸƔ¥Ƴ���n��mÓ½

Êî H2B �ƆƧÃîÒ´Ƿ RFP ¥̾ƹ}�ÃîÒ´Ƿ¥ˤƙ�µ Tg(mitfa-

H2BRFP)WT �ǋ̝̣üƳ»µÌê CAAX �ƆƧÃîÒ´Ƿ EGFP ¥̾ƹ}�ÃîÒ

´Ƿ¥ˤƙ�µ Tg(mitfa-EGFPCAAX)WT ¥̈́n�mƻȯɥ̝�ƻȯɥ̝�ɢżǋ̝m

ėȯɥ̝¥˸ǳ}�n 

 

2.2.2 Tol2 ベクター作製と遺伝子組み換え系統の作製 

ÿʳǟɦ�ŇpÀ×èÖ©Æ»å�Ǐɍ��mTol2 Êèî½ÞÂî»½Èá

��µÿʳǟɦ�ŇpŜ̜¥̈́n� 44,45 nªî¼¬´»çî̓čt30 ng/µL Plasmid 

DNA, 25 ng/µL Tol2 mRNA, 0.5% FastGreemu¥Ǐɍ}m1 ǋ̝Ŗ�À×èÖ©Æ»å

ど� 1~5 nL/egg ¥ßª´ìªî¼¬´»çî�µz��� ÿʳǟˆ˒¥ƳnmF0 Ʉ

ʄ¥Ǐɍ}�nTol2 mRNA � mMACHINE mMESSAGE SP6tAmbionu¥̈́n� Plasmid 

DNA pCS-TP r�ƹɇ}� 46n F0 Ʉʄ�ÿʳǟ²âèƜɾ¥m̳ɋƁmµn�¸Î

²»î３ûɾ�Ʀ˟”�mF1 Ʉʄ¥Ǿˇ}�n¼¬ÏÃªÕîµq��ëÞrÃrÃ

îÒ´Ƿ H2BRFP �ŌǑ�� BZ-X700 ¯rêªîíîƆƧƓ˴ŲtKeyenceu¥ǚ̈́

}�n 

 

2.2.3 プラスミドコンストラクション 

ÿ ʳ ǟ ɦ � Ň p À × è Ö © Æ » å Ǐ ɍ � ǚ ̈́ } � Ø è ½ à Ë �

pT2AL200R150G ¥ƕ�}�mEF1a ØìãrÃr˟じ¥mmicrophthalmia-associated 

transcription factor atmitfauÿʳǟ� 1st ATG r�Ȧ̶͒ 1.5kb �˟じ�ʕŇ}� 47,48n

ɸn�mz�˟じ�ę͒� EGFPCAAX ��� H2BRFP ¥ʺǌ}�tȾ 4Aun 
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EGFPCAAX �´ìrÍîµ�öę�Ś�Øèªßr¿ÆÊ¥̈́n�

pT2AL200R150G ¥ÈîØërÊ� PCRtKOD Fx Neo, Toyobou¥ƳnmPCR Ǖ̊¥

ɅƛƵɥ�Ȕ͎}�mmitfa ØìãrÃr¥ʺǌ}� Tol2 Ú´Ãr�èª·r»çî

tLigation high Ver.2, Toyobou}�n 

 

EGFPCAAX 

Forward; 3’-�AAAGAATTCGCCACCATGGTGAGCAAGGGCGAGGA -5’ 

Reverse; 3’-�AATCATGCGGCCGCCTACATAATTACACACTTTG -5’ 

 

2.2.4 色素細胞の初代培養 

2.2.4.1 黒色素胞、黄色素胞の初代培養 

ȯɥǋ̝�ʋい�ĩȅ̛̜�ɚƳƑŤ�̙�� 49n̡ɂȔ͎}�À×èÖ©

Æ»år�ȱÓë�˳Óë¥ɖȘ}m3 mm ķ�ɖʐ}�nǬ�mÓë４¥ PBS �ɜ

ȫ}���mÊéØ»î̓čt2.5 mg/ml trypsintWorthingtonum1.2 mg/ml BSAtSigmaum 

1 mM EDTA in PBSu�˒¢mȵでt1000 rpm, 30 min, 28˚Cu}�nÓë４¥ PBS � 5

ĩɜȫ}���m¸è·ÌrÀ̓čt1 mg/ml collagenase I tWorthingtonum0.1 mg/ml 

DNaseItWorthingtonum0.1 mg/ml STItWorthingtonum1.2 mg/ml BSA in PBSu�˒¢m

ȵでt1000 rpm, 30 min, 28˚Cu}�nɸn�m¸è·ÌrÀȔ͎”¢�Óë¥Þ¨¹

ª¾ 250 μm �ÌªìîâÆ»å»rÊt¹îØèÈÆ´u�づĤ}�nづĤ}�ǋ

̝Əʈč¥ 50% Percoll ̓čtsigmau�ȍɨ}mĒȴt30×g, 10 min, RTu}�n˰ȍ

EGFPCAAX
/H2BRFPTol2 Tol2mitfa-pro pA

図4. 遺伝子組み換えゼブラフィッシュ作製に使用したTol2トランスポゾンを搭載したプラ
スミドの模式図  

ƻȯɥ̝Ş�ɢżǋ̝�ǋ̝̣mµn�Ĵ¥˸ǳ�µ���mmitfa ØìãrÃrtmitfa-prou
�ę͒� EGFPCAAX ��� H2BRFP ¥ɪ˒}�Øè½àË¥Ǐɍ}�nƻȯǜķ� tol2 Ê
èî½ÞÂî˟じ¥ǯ}mˢȯǜķ� pA � SV40 poly A »µÌê¥ǯ�n 
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Ēȴ�� ĩȅ}�ÛëÆÊ¥ BSA ̓čt2 mg/ml BSA in PBSu�Əʈ}m2%¨±ì

r½¥ˣɨ¸rÈ©îµ}� 35 mm dishtIwakiu�□Ȁ}�nǬ�mǿ˄ǲßª´ì

ªî¼¬´»çî»½ÈátCellTram Air/Oil/vario, Eppendorfu�ÓrÊÞé»å}�

±è½ȽtGlass Capillary, Narishigeu¥̈́n�mƓ˴Ųę�ƻȯɥ̝�ėȯɥ̝¥Ă�

��ÕÆ´¨ÆØ}�ĩȅ}�nÕÆ´¨ÆØ}�ǋ̝¥¸èr·î IV �¸rÈ©

îµ}�±è½ÝÊáÉ©Æ»å�ü}m¿êÕÆ´¨ÆØƣ 12-17 ǫŎ� L15 ˡʔ

tSerum freemAntibiotic-AntimycoticmKanamycinmGentamycintWAKOuu¥̈́n�ˡ

͆t28˚C, Airu}mȯɥǋ̝sɗ―}��� 10%ƌɊtHyclone, gelifesciencesu¥ő�

L15 ˡʔ�ʕŇ}�n 

 

2.2.4.2 黒色素胞の前駆細胞の初代培養 

dĩ�ǸƔ��tm2-4 ˵� 3-4 ȉしÀ×èÖ©Æ»åtStandard length; 8.0-

9.0 mmu¥ǚ̈́}�n̡ ɂȔʕ}�À×èÖ©Æ»å¥ʐ˃}mɃ mm ķ�ɖʐ}�n

Ǭ�m¸è·ÌrÀ̓č�˒¢mȵで}�nɸn�m¸è·ÌrÀȔ͎”¢�Óë¥

Þ¨¹ª¾ 250 μm �ÌªìîâÆ»å»rÊ�づĤ}�nづĤ}�ǋ̝Əʈč¥ L15

ˡʔtSerum freeu�Əʈ}m¸èr·î IV �¸rÊ}�±è½É©Æ»å�□Ȁ}

�nǋ̝¥□Ȁ}�r�ɃǫŎƣ� 10^ƌɊ¥ő� L15 ˡʔ�ʕŇ}�n 

 

2.2.5 色素細胞の観察、計測方法 

2.2.5.1 タイムラプス撮影 

ƻȯɥ̝mɢżǋ̝�ÃªáèØ½ǒĊ��ʹうƧĻƓ˴Ų IX81tOlympusu

��� IX83tOlympusu¥ǚ̈́}mªâr¼îµÁÖÊ«¬¨q��ずɸĥɯÖ§ª

ê�Ǐɇ��¿ê¿î½tOlympusu�âÃãêÖtmolecular devicesu¥ǚ̈́}�n 

 

2.2.5.2 黒色素胞の細胞サイズ、移動距離、生存期間の計測 

2.2.4.1 �Ś}�̛̜�ȯɥǋ̝�ĴsƆƧÃîÒ´Ƿ H2BRFP ¥ˤƙ�µÿ

ʳǟɦ�ŇpÀ×èÖ©Æ»åtTg(mitfa-H2BRFP) WTur�ƻȯɥ̝¥ʋい}m10^

ƌɊ¥ő� L15 ˡʔ�ʕŇ}�ƣr�ÃªáèØ½ǒĊ¥ĮǞ}�nƻȯɥ̝�¹ª
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¾�ǒĊĮǞr� 0 ǫŎm24 ǫŎm48 ǫŎƣ�¹ª¾¥ Image J � measure Çrê¥

̈́n�Ƈɴ}m3 ǫʲ�̬ɑ�̍ŷ¥Ţ��n 

ƻȯɥ̝�ü˄Ūい�mǒĊĮǞr� 48 ǫŎ�Ŏ�ü˄}�ŪいŢ��nǒ

ĊĮǞr� 3 ǫŎ{��ǹȹ¥˥tȐ}mImageJ � tracking tool ¥̈́n�ü˄Ūい¥

Ƈɴ}�n 

1 Ĵ� 2 Ĵ�ƻȯɥ̝�ɋɹɃ�mǒĊĮǞr� 48 ǫŎ�� 3 ǫŎ̢�Ƈɴ

}�nǋ̝ʘĔ�âèÏÁrásŴȎ}mǋ̝sŐ���Ȭʁ¥ǋ̝ǣ�˧ʧ}�n  

 

2.2.5.3 黄色素胞の多核化の割合の計測、細胞サイズ 

Tg(mitfa-H2BRFP) WT �ėȯɥ̝�ƆƧÃîÒ´Ƿ H2BRFP sˤƙ}�nµ

ƃʾ¥ɠʧ}m2.2.4.1 �̛̜�mėȯɥ̝¥ȕʄˡ͆}�n10^ƌɊ¥ő� L15 ˡʔ

�ʕŇ}�ʠƣ�ėȯɥ̝¥ʹうƧĻƓ˴Ų IX83 ��ǒĊ}mĴ�Ƀ¥Ƈɴ}�n

”��ėȯɥ̝�¹ª¾¥ ImageJ � measure Çrê¥̈́n�Ƈɴ}�n 

 

2.2.6 統計処理、グラフ作製 

ȯɥǋ̝�̧±�Ƈɴ�ʴŘɈ͎ǸƔr�Ǿˇ}�ÉrÃ� t Ɛʧ��µĨɐ¥Ƴnm

ȳ͊ŻŎtP ʒus 95^� ʅtv���Ȩƹ�̺úǅm �}�n��mʾƇȔ͎

q��µèÖǏɇ�� Origin version 2015tOriginLabuǚ̈́}�n 
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2.3 結果     

2.3.1 多核化した黒色素胞の割合 

、ĴĚ}�ƻȯɥ̝�Ľƹ¥ɴʧ�µ���mƻȯɥ̝�Ĵ¥˸ǳ�µÿʳ

ǟɦ�ŇpÀ×èÖ©Æ»åtTg(mitfa-H2BRFP) WTu¥ǚ̈́}�tȾ 5Au50nz�À

×èÖ©Æ»å�Ó½Êî H2B �ƆƧÃîÒ´Ƿ RFP �̾ƹÃîÒ´Ƿ¥ˤƙ�µn

H2BRFP �ĴŵǍÃîÒ´Ƿ�}�ŗ◇�µn 

z�À×èÖ©Æ»å¥­ÕÎÖéîȔ͎}mâèÏÁrá¥ǋ̝ʘĔ�Ŵ

Ȋ”��Ȭʁ�ɾŅ̄�˳Óë�ƻȯɥ̝�ŌǑ¥Ƴnm1 ĴmeĴmfĴ�ƻȯɥ

̝¥Ķ˕}�tȾ 5B-DunɾŅ̄t3 ˵u�˳Óët2 ˵u� 1 ĴmeĴmfĴ�ƻȯ

ɥ̝�Ľƹ¥Ɛȣ}��z£m1 Ĵ� 2 Ĵ�ƻȯɥ̝sq�� 1 ɿ 1 �ĽƹɹǍ}�

n�tȾ 5Eun��m3 Ĵ�ƻȯɥ̝sɤɾ�d^ʪ±���n 
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図5. 体幹部と尾ヒレの多核黒色素胞の割合  
tAuƻȯɥ̝�Ĵ¥˸ǳ�µÿʳǟɦ�ŇpÀ×èÖ©Æ»å Tg(mitfa-H2BRFP)WT �ɤ
ȻĥɯntBuɾŅ̄�ŌǑ”¢� 3 Ĵ�ƻȯɥ̝�̩ǥ̳�ƆƧǹȹ�ßr¼ĥɯntCuɾ
Ņ̄�ŌǑ”¢� 1 Ĵ�ƻȯɥ̝� 2 Ĵ�ƻȯɥ̝�̩ǥ̳�ƆƧǹȹ�ßr¼ĥɯntDu
˳ÓëɾŅ̄�ŌǑ”¢� 1 Ĵ�ƻȯɥ̝� 2 Ĵ�ƻȯɥ̝�̩ǥ̳�ƆƧǹȹ�ßr¼ĥ
ɯntEu1 Ĵm2 Ĵm3 Ĵ�ƻȯɥ̝�Ľƹn1 Ĵ�ƻȯɥ̝�Ɏȯm2 Ĵ�ƻȯɥ̝�ėȯm
3 Ĵ�ƻȯɥ̝�ɔȯ�ǯ}�nɾŅ̄�� 3 ˵m˳ Óë�� 2 ˵� Tg(mitfa-H2BRFP)WT ¥
ǚ̈́}�nƇɴ}�ƻȯɥ̝�Ƀ�Ĳ̞µèÖ�Ǡ�Śǌ}�n½¶rêÑr�n�¢�
50 µm ¥ǯ�n 
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3.2.2 1 核の黒色素胞と 2核の黒色素胞の比較 

Ǭ�m、ĴĚ}�ƻȯɥ̝�ɆǷ¥̩�r��µ��mȕʄˡ͆}�Óë�

1 Ĵ� 2 Ĵ�ƻȯɥ̝�ǋ̝¹ª¾�ü˄ŪいmɋɹĽƹ��n�˰ĸ}�n 

 

3.2.2.1 細胞サイズの比較 

ȕʄˡ͆}� 1 Ĵ�ƻȯɥ̝t17 Ɯu�eĴ�ƻȯɥ̝t37 Ɯu�ǋ̝¹ª

¾¥ɴʧ}�n��Ƌġm1 Ĵ�ƻȯɥ̝�̍ŷ¹ª¾� 841.35±404.10 µm2 �mŌǑ

}�dĴ�ƻȯɥ̝�o�mǈ�ʅtr���� 1622.77 µm2 ���nĂ̛m2 Ĵ�ƻ

ȯɥ̝�̍ŷ¹ª¾� 1968.58±1524.17 µm2 �m mdĴ�ƻȯɥ̝�˰ĸ�µ�̺

ú�ʅtr��tP ʒ; 4.49E-05utȾ 6Aun 

 

3.2.2.2 移動距離の比較 

Ǭ�mȕʄˡ͆}� 1 Ĵ�ƻȯɥ̝t17 Ɯu�eĴ�ƻȯɥ̝t37 Ɯus 48

ǫŎ�ü˄}�Ūい¥Ƈɴ}�n��ƋġmdĴ�ƻȯɥ̝�̍ŷü˄Ūい�

77.48±40.94 µmmeĴƻȯɥ̝� 97.76±49.28 µm �m mかǻ�ü˄Ūい�̺ú�ǅ

��r��tP ʒ; 0.090utȾ 6Bun 

 

3.2.2.3 生存割合の比較 

ȕʄˡ͆}� 1 Ĵ�ƻȯɥ̝t27 Ɯu�eĴ�ƻȯɥ̝t47 Ɯu¥ 3 ǫŎ{

��ŌǑ}mŌǑŖŎʘ�ǋ̝ǣ¥śz}�ƻȯɥ̝�Ƀ¥Ƈɴ}� 1 Ĵ�ƻȯɥ̝

�ŌǑĮǞr� 15 ǫŎ¥Ĥuµ�ǋ̝ǣ¥śz�ƻȯɥ̝sƙ¢m48 ǫŎƣ�ɋɹ

}�n�ƻȯɥ̝�q�� 6 Ľt17/27 Ɯu���nĂ̛meĴ�ƻȯɥ̝�ŌǑĮǞ

r� 24 ǫŎƣ�ǋ̝ǣ¥śz�ƻȯɥ̝sƙ¢�sm48 ǫŎƣ�ǫʲ��̶ 9 Ľ

t41/47 Ɯu�ƻȯɥ̝sɋɹ}�n�tȾ 6Cun 
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3.2.3 1 核の黄色素胞と 2核の黄色素胞の比較  

Ǭ�、ĴĚ}�ėȯɥ̝�Ľƹ¥Ƈɴ}�nmitfa ØìãrÃr�mėȯɥ̝

��˸ʭÿʳǟ�ˤƙsér´�µȨƹsmµn�z�mėȯɥ̝� H2BRFP �ˤƙ

sér´}� Tg(mitfa-H2BRFP) WT ƃʾ¥ɠʧ}mėȯɥ̝�Ĵ�Ƀ¥ɴʧ}�n 

ȕʄˡ͆}�Óë�ėȯɥ̝�Ĵ¥ŌǑ�µ�m、vs 1 Ĵ�ėȯɥ̝��

�sm2 Ĵ�ėȯɥ̝s 1−2 Ľʪ±ŌǑ”¢m3 Ĵ�ėȯɥ̝s 1%öę�Ľƹ�ɹǍ

}�nn�tȾ 7A-Cun�� 1 Ĵ�ėȯɥ̝t38 Ɯu� 2 Ĵ�ėȯɥ̝t20 Ɯu�ǋ

̝¹ª¾¥ɴʧ}�n��Ƌġm1 Ĵ�ƻȯɥ̝�̍ŷ¹ª¾� 617.20±189.95 µm2m

2 Ĵ�ėȯɥ̝�̍ŷ¹ª¾� 876.46±230.57 µm2 �m m2 Ĵ�ėȯɥ̝�̛s̺

ú�ʅtr��tP ʒ; 0.18E-03utȾ 7Dun 
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図6. 1 核の黒色素胞と２核の黒色素胞の比較 
tAu1 Ĵ�ƻȯɥ̝� 2 Ĵ�ƻȯɥ̝�ǋ̝¹ª¾¥ÝÆ´½ÅärÊ�ǯ}�ntBuȕ
ʄˡ͆}�dĴ�ƻȯɥ̝� 2 Ĵ�ƻȯɥ̝� 48 ǫŎʘ�ü˄Ūい¥ÝÆ´½ÅärÊ�
ǯ}�ntCuȕʄˡ͆}� 1 Ĵ�ƻȯɥ̝� 2 Ĵ�ƻȯɥ̝�ɋɹǋ̝Ƀ�ȿü¥ǯ}�n
ÝÆ´½�ʘ�ɀ̍ɞ�̍ŷʒmȝ”�ǜķ�ʘĔʒm­èrÑr�˸ȓ２ǅ¥ǯ�n_�
ǈȝʒ�ǈʅʒ¥ǯ�nP ʒ� t Ɛʧ� ǖȐ}�nN.S �̺úǅ�}¥ǯ�n 
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3.2.4 黒色素胞の多核化の観察 

ƻȯɥ̝s、ĴĚ�µĤʪ¥̩�r��µ��mȕʄˡ͆}�ƻȯɥ̝¥ƅ

ǫŌǑ}�n��ƋġmĴ̋す¥śz}� 2 ĴĚ�µƻȯɥ̝¥ŌǑ}�tȾ 8Aun

ƻȯɥ̝�mŌǑĮǞr� 20 ̋ƣ�Ĵs̋す}�sm�� 2 ǫŎƣ�ǋ̝Ƿ̋すs

śz��r��nĂ̛mǋ̝̋す¥śz}�ƻȯɥ̝��mǋ̝sȅȎ}� 20 ̋ƣ�

ǋ̝Ƿ̋すsɋ~�tȾ 8Bun 
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図7. 1 核の黄色素胞と2核の黄色素胞の割合とサイズ比較 
tAu2 Ĵ�ėȯɥ̝�̩ǥ̳ɯntA’utAu�ƆƧǹȹ��ßr¼ĥɯntBu3 Ĵ�ėȯɥ
̝tǄu� 1 Ĵėȯɥ̝tću�̩ǥ̳ɯntB’utBu�ƆƧǹȹ�ßr¼ĥɯn½¶rêÑ
r� 50 µmmƻȯ̴˃�ėȯɥ̝�Ĵ¥ǯ�ntCu˳Óë� 1 Ĵm2 Ĵm3 Ĵ�ėȯɥ̝�Ľ
ƹm1 Ĵ�ėȯɥ̝�Ɏȯm2 Ĵ�ėȯɥ̝�ėȯm3 Ĵ�ėȯɥ̝�ɔȯ�ǯ}�nĲǸƔ
�Ƈɴ}�ėȯɥ̝�Ƀ�̞µèÖ�Ǡ�Śǌ}�ntDu1 Ĵėȯɥ̝� 2 Ĵėȯɥ̝�
ǋ̝¹ª¾¥ÝÆ´½ÅärÊ�ǯ}�nÝÆ´½�ʘ�ɀ̍ɞ�̍ŷʒmȝ”�ǜķ�ʘ
Ĕʒm­èrÑr�˸ȓ２ǅ¥ǯ�n_�ǈȝʒ�ǈʅʒ¥ǯ�nP ʒ� t Ɛʧ� ǖȐ}
�n  
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3.2.5 黒色素胞の前駆細胞の多核化の観察 

 ƻȯɥ̝�、ĴĚsɢżǋ̝��śzµ͂ǟ¥ŌǑ}�nɇɾÀ×èÖ©Æ

»å�ƻȯɥ̝�ɇɾȯɥŅǋ̝r�̋Ě�µ 51nɇɾȯɥŅǋ̝�mƻȯɥǋ̝�

ɢżǋ̝�̋Ě}�mɾ˹̬�ü˄�µ 52nɸn�âèÏÁrá¥ƹɇ}�ƻȯɥ̝

�̋Ě�µn��mɢżǋ̝�� mitfa sˤƙ�µ 52n̟ƑŤ��mÿʳǟɦ�ŇpÀ

×èÖ©Æ»åtTg(mitfa-EGFPCAAX) WTu¥ǚ̈́}�mɢżǋ̝�̋Ěq��、Ĵ

Ě�ŌǑ¥Ƴ���nEGFPCAAX �ǋ̝̣üƳ»µÌêtCAAX boxu¥Ǫ�ƆƧÃ

îÒ´Ƿ�m mǋ̝�けĹ¥˅ʧ�µz�s�tµn 

Tg(mitfa-EGFPCAAX) WT �ɾ˹̬�ɹǍ�µȯɥに͔¥̺}�n�n

EGFPCAAX ˤƙǋ̝¥ƅǫŌǑ}��z£mŌǑ 3 ＊̰öƶ�âèÏÁrá¥ƹɇ

}mƻȯɥ̝�̋Ě}�tȾ 9unz�z�r�mEGFPCAAX ǋ̝sƻȯɥ̝�ɢż

ǋ̝�mµz�¥Ķ˕}�n̟ ƑŤ��mEGFPCAAX ˤƙǋ̝sėȯɥ̝�̋Ě�µ

͂ǟ�ŌǑ�t�r��n 
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図9. 黒色素胞の前駆細胞がメラノソームを合成する様子  
ė̴ă�ɔ̴ă�ƅǫŌǑ}�ƻȯɥ̝�ɢżǋ̝¥ǯ�n�

図8. 初代培養した黒色素胞の観察 
tAuƻȯɥ̝sǋ̝Ƿ̋す¥˦¤�nĴ̋す¥śz�͂ǟnÃªáèØ½ǒĊ}�ĥɯ¥
20 ̋Ŏĺ�˥tȐ�ntBuƻȯɥ̝sǋ̝̋す�µ͂ǟnÃªáèØ½ǒĊ}�ĥɯ¥ 20

̋Ŏĺ�˥tȐ}�n 
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ɸn�mƻȯɥ̝�ɢżǋ̝�ȕʄˡ͆¥Ƴ����z£mǋ̝̾ƹ���

Ĵ̋す¥Ƅ�、ĴĚ�µ͂ǟsŌǑ”¢�nげɗ}�e��ɢżǋ̝¥ŌǑ�µ�m

ŌǑĮǞr�q�� 3 ǫŎƣ�Ă��ǋ̝�̾ƹ}�tȾ 10Aun�� H2BRFP ¥ˤ

ƙ}�ɢżǋ̝�ŌǑĮǞr� 20 ̋ƣ�Ĵ̋す¥śz}�tȾ 10Bunz�Ĵ̋す}

�ǋ̝¥ 10 ǫŎöȦŌǑ}ɸx�smǋ̝Ƿ̋す�ŌǑ”¢�r��nʣȩ�ǋ̝

̋す¥śz}�ɢżǋ̝��mĴ̋すʠƣr�ǋ̝sv�¢Ǟ�mǋ̝Ƿ̋す¥Ńお

}�tȾ 10Cun 
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図10. 初代培養した黒色素胞の前駆細胞の観察  
tAuƻȯɥ̝�ɢżǋ̝sǋ̝̾ƹ�µ͂ǟnÃªáèØ½ǒĊ}�÷ɮǅɯ�ƆƧĥɯ
�ßr¼ĥɯ¥ 30 ̋Ŏĺ�˥tȐ}�ntBuƻȯɥ̝�ɢżǋ̝sǋ̝Ƿ̋す¥˦¤�n
Ĵ̋す¥śz�÷ɮǅɯ�ƆƧĥɯnÃªáèØ½ǒĊ}�ĥɯ¥ 10 ̋Ŏĺ�˥tȐ}mĴ
̋すƣ� 80 ̋Ŏĺ�˥tȐ}�ntCuƻȯɥ̝�ɢżǋ̝sǋ̝̋す�µ÷ɮǅɯ�ƆƧ
ĥɯnÃªáèØ½ǒĊ}�ĥɯ¥ 20 ̋Ŏĺ�˥tȐ}�nɔ̴˃�ƻȯɥ̝�ɢżǋ̝m
Ɏ̴˃�ɔ̴˃�Ǡ”¢�ƻȯɥ̝�ɢżǋ̝�Ĵ¥ǯ�n 
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2.4 考察 

2.4.1 色素細胞の多核化と細胞老化 

À×èÖ©Æ»å�ɾ˹�ƻȯɥ̝�̶˨Ƀs、ĴĚ}�nµtȾ 5Eun̟

ƑŤ��、ĴĚ}�ƻȯɥ̝smƻȯɥ̝�Ĵ̋す�}v�m��ɢżǋ̝�Ĵ̋す

�ǋ̝̾ƹ����ɋ~µz�¥̩�r�}�tȾ 8, 10un 

つˑこ�ȯɥǋ̝�、ĴĚ�µz��� ǋ̝そĚ¥̼ˆ�µ 35,36nÀ×è

Ö©Æ»å�ƻȯɥ̝� SA-ß-Gal ɝȯ��vɝ�µz�r�mǋ̝そĚsśt�n

µ 14,53n��ɾ˹�ƻȯɥ̝�ǋ̝̋す�ɰȭ}�n 14nz�z�r�ƻȯɥ̝�、

ĴĚ�µz��mɑŶʭ�ǋ̝そĚ¥̼ˆ}mƻȯɥ̝�ɰȭ�̋す¥͇Ʌ}�nµ

z�sƱp�¢µnĂ̛mėȯɥ̝�ɾ˹�ɰȭ�µz�s�tmSA-ß-Gal ɝȯ�ɝ

ȯ”¢�n 14,14,53nėȯɥ̝�、ĴĚŞ�ǋ̝そĚ¥͇Ʌ�µz��� mɾ˹��̋

す◇¥ýǪ}�nµz�sƱp�¢µn 

 

2.4.2 黒色素胞の多核化と体表模様形成 

À×èÖ©Æ»å�ɾ˹̭͂�móʧ}�̭͂sŃɇ�µ�mƻȯɥ̝�ʟ

ŖŎ˅~ȨȖ�え� mǋ̝�˒¢；¤ ���¦�śz��n 54nÀ×èÖ©Æ»

å� 1 Ĵ�ƻȯɥ̝� 2 Ĵ�ƻȯɥ̝¥ȕʄˡ͆}��z£m48 ǫŎʘ�ɋɹ͐� 2

Ĵ�ƻȯɥ̝�̛s 1 Ĵ�ƻȯɥ̝�˰��Ʒr��tȾ 6 Cunz�z�r�mƻȯ

ɥ̝�、ĴĚ}�z��ǋ̝�ą̑sĐʟ�µz��ɾ˹̭͂�ʟŖýǪ�ŏ¤�

�nµĞ◇Ɇsǯǃ”¢�n 

À×èÖ©Æ»å�ɾ˹̭͂Ƃɇ�qn�mƻȯぎĀ�ėȯぎĀ�ŮĬ¥Ƃ

ɇ�µ���ƻȯɥ̝�ü˄���Ƞǵtǋ̝ǣu¥ątśz� 9,55ṋ͂Ƃɇǫ�m

ƻȯɥ̝sü˄�Ƞǵ�����Ƅせ¥ɠʇ�µ�rm��Êé±r�̩�r���

�n�nn}r}mdĴ�ƻȯɥ̝s、ĴĚ}�ƻȯɥ̝� �ǋ̝ǣ¥śz}��

nz�r�mėȯɥ̝�ù�¢�dĴ�ƻȯɥ̝�ɶ�r�Ƞǵ}�nµĞ◇ɆsƱ

p�¢µn 

̟ƑŤ��m1 Ĵ�ƻȯɥ̝�、ĴĚ}�ƻȯɥ̝�ÿʳǟˤƙ�˰ĸĨɐ

�Ƴ���n�nn����mdĴ�eĴ�ƻȯɥ̝�ÿʳǟˤƙ�þn�mȯɥǋ

̝�Ĵ̋す�ǋ̝̾ƹ�ŏ̀�µ̋ǟ��n��̋r��nn}r}ǈźmưȬɟÜ
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êãî�̋˱s（ę}�À×èÖ©Æ»å��m2 Ĵ�ƻȯɥ̝s 2 Ľʪ±}rƙ¢

�nz�sＣƺ”¢mưȬɟÜêãî¥ħ}�»µÌêʳʊs、ĴĚ¥̼ˆ�µ̋ǟ

�Ă��mµz�sǯǃ”¢� 53nưȬɟÜêãî�ƻȯɥ̝�̋Ě�ɇȏ�ŏ¤µ
56nưȬɟÜêãîs（ę}�À×èÖ©Æ»å��ƻȯɥ̝�ǈȈ̋Ěßr°r�

ˤƙs̳ɋƁ�˰��（ę}�n�nz�z�r�mƻȯɥ̝� 1 Ĵ� 2 Ĵ�þn�m

ƻȯɥ̝�ɇȏ�øɹ}�nµĞ◇Ɇsmµn��mつˑこǋ̝�ǋ̝̾ƹ��³ä

ÆØ¼äî´»çîtCx43umTetraspanin Ö§àérmIgsf Ö§àér���̋ǟsŏ

ず}�nµz�sǯ”¢�nµ 57nǋ̝̾ƹ�ŏず�µÿʳǟÖ§àér�ʘ�� 4

ÿʳǟmcx39.4 � cx41.8mtspan3cmigsf11 �３û�ɾ˹̭͂s３Ě�µÿʳǟ�ő�¢

�nµnz�z�r�mɾ˹̭͂３ûɾ�ȯɥǋ̝�、ĴĚsŏず}�nµĞ◇Ɇ�

ǯǃ”¢�n 
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2.5. 結論     

̟ƑŤ��mÀ×èÖ©Æ»å�ƻȯɥ̝s、ĴĚ�µ 3 ʣ �Øì¿½¥

̩�r�}�nƻȯɥ̝�Ĵ̋す�µz��、ĴĚ�µn��ƻȯɥ̝�ɢżǋ̝s

Ĵ̋す���ǋ̝̾ƹ}���m̋ Ě�µz��、ĴĚ}�ƻȯɥ̝sƙ¢µtȾ 11un

”��mƻȯɥ̝�、ĴĚ�ƻȯɥ̝�ɋɹ��ɮŏsmµz�¥ƒȐ}�nz�z

�r�ƻȯɥ̝�、ĴĚ}�ɋɹ◇¥Ȧyµz��À×èÖ©Æ»å�ɾ˹̭͂¥

ʟŖŎýǪ}�nµĞ◇Ɇsmµn 
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図11. 黒色素胞が多核化する経路と、１核と２核黒色素胞の特徴の比較 
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3.  色素細胞間のギャップジャンクションネットワークについて 

3.1  研究背景 

3.1.1 黄色素胞から黒色素胞への遠距離活性化シグナルについて 

À×èÖ©Æ»å�ɾ˹̭͂�m) Ȁこ�ȯɥǋ̝mƻȯɥ̝�ėȯɥ̝�

ɮƢǏ̈́�� Ƃɇ”¢µnz¢���ƑŤr�mz�ɾ˹̭͂Ƃɇ�Ɩ͎�˩ĕĳ

ǔ�œ�n�nµz�sȣ̩”¢mƻȯɥ̝�ėȯɥ̝sɮƢ˩ˤ�µǏ̈́t˩ˤ»

µÌêu�ėȯɥ̝r�ƻȯɥ̝�ɋɹýǪ¥ɲ�Ǐ̈́tľɆĚ»µÌêusǯ”¢

� (
n�

ėȯɥ̝r�ƻȯɥ̝��ľɆĚ»µÌê����mz¢���̸Ă 9T>cP�

CAcRW »µÌês˅ʧ”¢�nµnz¢�mƻȯɥ̝�Ȃ́ɾ� @AcRW(P � @AcRW)m
ėȯɥ̝�é±îË� ST>cP8 � ST>cP�>XZT� + sˤƙ}�nµz��mC>89tNotch 

intercellular domainu¥̳ɋƁÀ×èÖ©Æ»å�ƻȯɥ̝�Ĥȧˤƙ�µz��� m

ƻ½ÊèªØ�̇sʅtv�µz�¥ǯ}�ǸƔ�� ȣ̩”¢� )(n��mɾ˹̭

͂ƂɇsĂʣ Ńɇ}�ƻȯɥ̝�ǋ̝ěɵ¥Ȳ�}�ėȯɥ̝�ɗȰ}�q m

CAcRW »µÌê�ƻȯɥ̝�ǋ̝ěɵ¥ħ}�˒く”¢µĞ◇Ɇsǯǃ”¢�nµ

tȾ ()unĂ̛mdeltaC �Ìî¿î½３û¥Ǫ�３ûɾ dlctit446 �½ÊèªØ¥ǯ}m

ɾ˹̭͂s３Ě��mƻȯɥ̝�ƘȞ��n 58n����mȯɥǋ̝s½ÊèªØ¥

Ƃɇ�µ�m� mDelta-Notch »µÌêöı�ľɆĚ»µÌê�ɹǍsǯǃ”¢�n�

 

 

 

Melanophore

Xanthophore

Tg(mitfa-EGFPCAAX-IRES-H2BRFP) golden

図１２. 黒色素胞の細胞仮足  
tə̩̌�ɸt�Ǭ�Ûr¼�Śǌu 
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3.1.2 コネキシン変異体について 

̟ƑŤ��m³äÆØ¼äî´»çîÃîÒ´Ƿmconnexin39.4tcx39.4u�

connexin41.8tcx41.8u�ȡʲ¥ʻ�meȀこ�¸Î²»îsÀ×èÖ©Æ»å�ɾ˹

̭͂Ƃɇ�ġ��̵Ľ��n�Ɛȣ}�ncx39.4 ÏÆ´¨«Ê３ûɾtcx39.4-/-; luchsu

�̪Š̭͂¥ǯ}tȾ 13A, A’u17,59mcx41.8 ÏÆ´¨«Ê３ûɾtcx41.8-/-; leopardu�

˪ʲ̭͂¥ǯ�tȾ 13B, B’u15,17 n”��か̛ÿʳǟ¥Ɖɺ}� cx39.4-/-; cx41.8-/-tWKOu

�ƻȯɥ̝s��¦�ɹǍ}�ntȾ 13C, C’unz�z�r� Cx39.4 � Cx41.8 sŭ

ʞ}�ƻȯɥ̝�ɋɹýǪ�ŏ¤��nµz�s̿ɩ”¢�n�� RT-PCR ��µÿ

ʳǟˤƙĨɐ� cx39.4 � cx41.8 �ØìãrÃr˟じ¥ő� BAC Ú´Ãr¥ǚ̈́}�

ëÞrÃrĨɐr�mcx39.4 � cx41.8 �ƻȯɥ̝�ėȯɥ̝�かǋ̝��ˤƙsĶ˕

”¢�nµ 17,59-61nz¢��ɚƳƑŤr�m³äÆØ¼äî´»çîÃîÒ´Ƿ Cx39.4

� Cx41.8 sėȯɥ̝r�ƻȯɥ̝��ɋɹ»µÌê¥ʳʊ�µ�noěə¥う��n 

 

 

 

 

WKO (cx39.4-/-;cx41.8-/-)

C

cx39.4-/-

A

cx41.8-/-

B

C’

A’ B’

図12. 黒色素胞の細胞仮足  
VA>ST@tȯɥ��nƻȯɥ̝¥̺�µu３ûɾ�ɿ}�mƻȯɥ̝ˈûʭ� :<;E866M
t866M �ǋ̝̣üƳ»µÌêu¥ˤƙ”�� ;cɄʄ�ĳʅƆƧǹȹnƻȯɥ̝sėȯɥ
̝ぎĀ�ǋ̝ěɵ¥Ȳʟ}�nµnƻȯɥ̝� >G:H�=)7G;E �� Ĵs˸ǳ”¢�nµn
ėȯɥ̝�ǰğƆƧ¥Ǫ�n¯ëî¼ȯ�̴˃�ƻȯɥ̝�ǋ̝ěɵ¥ǯ�n½¶rêÑr
� (

�l? ¥ǯ�n�
�

図13. コネキシン変異体の体表模様  
tAucx39.4-/-�̪Š̭͂¥ǯ�ntBucx41.8-/-�˪ʲ̭͂¥ǯ�ntCucx39.4 � cx41.8 �％ȍ
３ûɾtWKOu���¦�ƻȯɥ̝sɹǍ}�nntA’-C’utA-Cu�ɾ˹�ĳʅǹȹ¥ǯ�n
½¶rêÑrtAu� 10 mmmtA’u� 500 µm ¥ǯ�n 
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3.1.３ ギャップジャンクションついて  

³äÆØ¼äî´»çî�mげɗ}�ǋ̝˅ǝ�ʠɗʭ�¸àåÍ¶r»ç

î¥ƳoȨ�m m̋ ǟき 1000 öę�（̋ǟĚƹ̊�ª¯îtcAMPmATPmIP3mCa2+m

K+��usʣĤ�µÅäÎê�mµtȾ 14u62-64n³äÆØ¼äî´»çî�m¸Î

²»î� 6 きɾr��µ¸Î´Áîsmげɗ�µǋ̝�¸Î´Áî�Ƌƹ�µz��

Ƃɇ”¢µn¸Î²»î�¨àÏ̤ʎtN ̤ʎuぎĀ�°êÝ²»ê̤ʎtC ̤ʎu

ぎĀ¥ǋ̝Ƿɳ�Ǫ�gị̃ōʣƁÃîÒ´Ƿ�mµ 65,66nN ̤ʎぎĀ�ÝêÈr¼

¿î¹r�}��ŗ◇¥Ǫ�mÅäÎê�Į０¥ɅƤ�µ 67,68nC ̤ʎぎĀ�ÅäÎ

ê�Į０�ŏ̀�µz��ĝpmZo-1mTubulinm²ÌrÀÃîÒ´Ƿ Src ���Ƌƹ

�µ 69-73n 

 

 

 

 

 

 

つˑこ��q�� 20 Ȁこ�¸Î²»îÿʳǟs˅ʧ”¢�q  74mūこ�q

�� 40 Ȁこ�¸Î²»îÿʳǟ¥Ǫ� 75ņ Î²»î�Ȁこ�û�µ¸Î²»î� 6

きɾ¥Ƃɇ}�ÙÈìâéÆ´¸Î´Áî¥Ƃɇ�µz�smµn��mȀこ�û�

µ¸Î´ÁîsƋƹ}�ÙÈìÈ©ÕÆ´³äÆØ¼äî´»çî¥Ƃɇ�µz�

�mµ 76,77n”�� Cx26 � Cx32 r�Ƃɇ”¢µÜãâéÆ´-ÙÈìÈ©ÕÆ´³

���
��
���


�	��
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図14. ギャップジャンクションの模式図  

¸Î²»îsiきɾ�¸Î´Áî¥Ƃɇ}mげɗ�µǋ̝�¸Î´Áî�³äÆØ¼äî´
»çî¥Ƃɇ�µnɎȯ�ɔȯ�ď＜�¸Î²»îmėぐȯ�ď＜�¸Î²»î�̣ōʣË
âªî¥ǯ�nN �¨àÏ̤ʎmCOOH �°êÝ²»ê̤ʎ¥ǯ�n 



� ��)0���

äÆØ¼äî´»çî�mĲ¸Î²»î�Ǫ�ª¯î˂ĤɆ�þn�� m̋ǟ�ʣ

Ĥ�̛ƪɆ¥ɋ~µ 78n��ɻ��mèÆÊ� Cx40 �½Ûêàî�½Ûêà¼îɹ

ǍĚ�Ɉ͒Ɇ¥ǯ}mıƪt�ʴ͒¥͇Ʌ�µn½Ûêàî�½Ûêà¼î� Cx40 �

N ̤ʎぎĀ� 9 ˮ̰� 13 ˮ̰�µêÃàîǗtEu¥ő� ExxxE ãÅrÖ�ɮƢǏ̈́

}�mÅäÎê�Į０¥ɅƤ�µ 79-81n 

³äÆØ¼äî´»çî�ŏ�µƑŤ�ȺƄǋ̝�ȴŸǋ̝¥ɿȥ�}�Ƒ

Ť�x��vmǈź��ˤɋ�ɦȮǇɋ��ŏず��n��Ｃƺ”¢�nµ 82nさp

�mÀ×èÖ©Æ»å� cx43 �ˤƙき�（ę�� ÓësʍȎ} 83mCx43 �ÙàÅ

äÎêľɆ�ûȩ�ɒʡƼ�˃˳Ǵ̛ƪ�ʍȎ¥ątśz� 84n��¸Î²»î�À

ÏÒ½ど�ǄćƊʧ�Ǉɋʘ�ØèÌé¨�˃˳Ɗʧ�ŏ̀�µz��Ｃƺ”¢�

nµ 85,86n 
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3.2 材料と方法  
3.2.1 ゼブラフィッシュの飼育と系統 

À×èÖ©Æ»å�ɀĘ 28.5 ±m̩ ô¥ 14/10 ǫŎ¹ª´ê�˸ȓňŮę�Ǩ

ā}� 43nťͷ��n��mɇɾ�¨êÈà¨tVETNAM BRINE SHRIMP EGGSumɋ

ƣf＊̰r�̶dïƍ�Ɯɾ��Â«éá»�Ó°é LabotMEITO systemu¥̀p�n 

̟ƑŤ�� Tübingen ƃʾt̳ɋƁumLeot1tcx41.8-/-u15,61mcx39.4-/- 17,59 ¥̈́n

�mǸƔ¥Ƴ���n 

 

3.2.2 Tol2 ベクター作製と遺伝子組み換え系統の作製 

ÿʳǟɦ�ŇpÀ×èÖ©Æ»å�Ǐɍ��mTol2 Êèî½ÞÂî»½Èá

��µÿʳǟɦ�ŇpŜ̜¥̈́n� 44,45 nªî¼¬´»çî̓čt30 ng/µL Plasmid 

DNA, 25 ng/µL Tol2 mRNA, 0.5% FastGreemu¥Ǐɍ}m1 ǋ̝Ŗ�À×èÖ©Æ»å

ど� 1~5 nL/egg ¥ßª´ìªî¼¬´»çî�µz��� ÿʳǟˆ˒¥ƳnmF0 Ʉ

ʄ¥Ǐɍ}�nTol2 mRNA � mMACHINE mMESSAGE SP6tAmbionu¥̈́n� Plasmid 

DNA pCS-TP r�ƹɇ}� 46n F0 Ʉʄ�ÿʳǟ²âèƜɾ¥m̳ɋƁmµn�¸Î

²»î３ûɾ�Ʀ˟”�mF1 Ʉʄ¥Ǿˇ}�n¼¬ÏÃªÕîµq��ëÞrÃrÃ

îÒ´Ƿ H2BRFP �ˤƙĶ˕� BZ-X700 ¯rêªîíîƆƧƓ˴ŲtKeyenceu¥ǚ

̈́}�n 

 

3.2.3 プラスミドコンストラクション 

3.2.3.1 遺伝子組み換えゼブラフィッシュ作製用プラスミド 

ÿ ʳ ǟ ɦ � Ň p À × è Ö © Æ » å Ǐ ɍ � ǚ ̈́ } � Ø è ½ à Ë �

pT2AL200R150G ¥ƕ�}�m̰ʭ�ØìãrÃr˟じ�˸ʭÿʳǟ�˟じ¥ʺǌ}

� 87nƻȯɥ̝ˈûʭ�˸ʭÿʳǟ¥ˤƙ”�µ���mMicrophthalmia-associated 

transcription factor atmitfauÿʳǟ� 1st ATG r�Ȧ̶͒ 1.5kb ¥ØìãrÃr˟じ�

}�ǚ̈́}tȾ 15Aumėȯɥ̝ˈûʭ�˸ʭÿʳǟ¥ˤƙ”�µ���mAldehyde 

oxidase 5taox5uÿʳǟ� 1st ATG r�Ȧ̶͒ 1.7kb ¥ØìãrÃr˟じ�}�ǚ̈́}

�tȾ 15Bu47,48naox5 ØìãrÃr¥ʺǌ}�Øè½àË��mTet-off »½Èá¥ɦ

�ƽ�m˸ʭÿʳǟˤƙ�óʧĚ�Ë²ÁêÔ»î�「ĝ�� ˸ʭÿʳǟ�ˤƙ¥
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͇Ʌ�tµ�o�ɘƇ}�nmitfa ØìãrÃr��� aox5 ØìãrÃr¥ɦ�ƽ¦

� Tol2 Ú´Ãr�m˸ʭÿʳǟ�ˤƙ¥Ķ˕�µëÞrÃr�}�mÓ½Êî H2B

�ƆƧÃîÒ´Ƿ RFP ¥̾ƹ}�ÃîÒ´Ƿ¥ˤƙ�µ IRES-H2BRFP °¿ÆÊ¥˸

ʭÿʳǟ�ę͒�ʺǌ}�ncx41.8 ØìãrÃr� 1st ­´Áîr�Ȧ̶͒gkb �˟

じ¥ǚ̈́}�tȾ 15Cu60n 
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図 15. 遺伝子組み換えゼブラフィッシュ作製に使用した Tol2 トランスポゾンを搭載したプ
ラスミドの模式図  
tAuƻȯɥ̝ˈûʭ�˸ʭÿʳǟ¥ˤƙ�µ���Øè½àË�mmitfa ØìãrÃr�ę
͒� Rabbit ß-globin gene introntbgiu�´ìrÍîµ}�˸ʭÿʳǟ¥ɪ˒}�n��mÿʳ
ǟˤƙĶ˕���� IRES-H2BRFP °¿ÆÊ¥̈́n�ntBuėȯɥ̝ˈûʭ�˸ʭÿʳǟ¥
ˤƙ�µ���Øè½àË� aox5 ØìãrÃr�ę͒� Tet-OFF »½ÈáttTA; tetracyclin-

controlled transactivator, TRE; Tet-responsive elementu¥ɪ˒}m˸ʭÿʳǟ¥��ę͒�ɪ˒
}�n��m˸ʭÿʳǟ�ˤƙ¥Ķ˕�µ��� IRES-H2BRFP °¿ÆÊɪ˒}mÿʳǟˆ
˒Ɯɾ�¼¬ÏÃªÕîµ¥Ŋ̕Ě�µ���æÔ²ÅîØìãrÃrtubi-prou� EGFP

ˤƙ”��ntCuCx41.8 �ĞǥĚ�ǚ̈́}�Øè½àË�mcx41.8 � 1st ­²Áîr�Ȧ͒
̶gkb ¥ØìãrÃr˟じ�}�ǚ̈́}m��ę͒�˸ʭÿʳǟ¥ˤƙ”��n 
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cx39.4, cx41.8 Ş� cx43 �¸rÉ©îµぎĀ�´ìrÍîµ�öę�Ś�Ø

èªßr¿ÆÊ¥̈́n�À×èÖ©Æ»å�·Ïá DNA ¥ÈîØërÊ� PCR

tKOD Fx Neo, Toyobou¥ƳnmPCR Ǖ̊¥ɅƛƵɥ�Ȕ͎}�mTol2 Ú´Ãr�è

ª·r»çîtLigation high Ver.2, Toyobou}�n·Ïá DNA �ʚȐ�� DNeasy Blood 

and Tissue kittQIAGENu¥ǚ̈́}�n 

 

cx39.4 

Forward; 3’-AAACTCGAGGCCACCATGTCCAGAGCTGACTGGGGGTTTCTG-5’ 

Reverse; 3’-AAAGCGGCCGCTCAAACATAATGTCTCGGT-5’ 

 

cx41.8 

Forward; 3’-AAAGTCGACGCCACCATGGCCGACTGGAGTCTGCTGGG-5’ 

Reverse; 3’-AAAGCGGCCGCCTATACCGCAAGGTCGTCCG-5’ 

 

cx43 

Forward; 3’-AAAGTCGACGCCACCATGGGTGACTGGAGTGCGTT-5’ 

Reverse; 3’-AAAGCGGCCCTAGACGTCCAGGTCAG-5’ 

 

spermidine/spermine-N(1)-acetyltransferasetssatu�¸rÉ©îµぎĀ�´ìr

Íîµ�̳ɋƁÀ×èÖ©Æ»å�˙r�Ǐɍ}� cDNA èª×èér¥ÈîØër

Ê�ǚ̈́}�n cDNA èª×èér¥Ǐɍ�µ���mEthyl 3-aminobenzoate 

methanesulfonate salttSigmau�̡ɂȔ͎}�À×èÖ©Æ»år�˙¥ʫȐmRNA ¥

ʚȐ}tRNeasy mini kit, QIAGENumŝ」ǹ˩ĕtSuper Script III, invitrogenu¥Ƴ��

�ncDNA èª×èér�öę�ǯ�Øèªßr¿ÆÊ¥̈́n� PCR ¥ƳnmPCR Ǖ

̊¥ɅƛƵɥȔ͎}� Tol2 Ú´Ãr�èª·r»çî}�n 
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ssat 

Forward; 3’-AAAGTCGACGCCACCATGGCCAATTTTAATTTGCG-5’ 

Reverse; 3’-AAAGCGGCCGCTCACTCTTCAGCAGACATTTTC-5’ 

 

cx39.4 � egfp �̾ƹÿʳǟ�Ǐɍ��mȦȑ�̛̜�´ìrÍîµ}� cx39.4

� pT2AL200R150G �ʺǌ”¢�nµ egfp �˟じ¥あ̈́}�ncx39.4 � egfp �̾ƹ

ÿʳǟ cx39.4ins287EGFP, cx39.4exc256-321EGFP �´ìrÍîµ�m(i) Cx39.4 � N ̤ɳm

(ii) EGFPm(iii) Cx39.4 � C ̤ɳ�˟じ¥öę�Ś�Øèªßr¿ÆÊ¥̈́n��¢�

¢ɰ̇}�nǬ�(i)-(iii)� PCR Ǖ̊¥���m(i)�ǚ̈́}�Ö®írËØèªßr�

(iii)�ǚ̈́}�éÑr½Øèªßr¥̈́n�mǇ± PCR ¥ƳnmɅƛƵɥȔ͎}�m

mitfa ØìãrÃr¥ɦ�ƽ¦� Tol2 Ú´Ãr�ɪ˒}�ncx39.4exc256-337EGFP �´

ìrÍîµ�mcx39.4exc256-321EGFP ¥ÈîØërÊ�ǚ̈́}�möę�Ś�Øèªß

r¿ÆÊ¥̈́n� PCR �ɰ̇}mɅƛƵɥȔ͎¥ƳnmÚ´Ãr�èª·r»çî}

�n 

 

cx39.4ins287EGFP 

(i) Forward; 3’-AAATTTGAATTCGCCACCATGTCCAGAGCTGACTGGGG-5’ 

(i) Reverse; 3’-TCCTCGCCCTTGCTCACCATTCCACCATGTGCTACAGGAAG-5’ 

(ii) Forward; 3’-TTCCTGTAGCACATGGTGGAATGGTGAGCAAGGGCGAGGAG-5’ 

(ii) Reverse; 3’-TCCAACCCTTCGGTAGGGTACTTGTACAGCTCGTCCATGCC-5’ 

(iii) Forward; 3’-GCATGGACGAGCTGTACAAGTACCCTACCGAAGGGTTGGAT-5’ 

(iii) Reverse; 3’-AAATTTGCGGCCGCTCAAACATAATGTCTCGGTT-5’ 

 

cx39.4exc256-321EGFP 

(i) Forward; 3’-AAATTTGAATTCGCCACCATGTCCAGAGCTGACTGGGG-5’ 

(i) Reverse; 3’-TCCTCGCCCTTGCTCACCATCACCTCTGCCTGATATTTCTTCTCT-5’ 

(ii) Forward; 3’-AGAAATATCAGGCAGAGGTGATGGTGAGCAAGGGCGAGGAGCTGT-5’ 
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(ii) Reverse; 3’-TTTAGGAAGATTGTTTTTGTTCTTGTACAGCTCGTCCATGC-5’ 

(iii) Forward; 3’-GCATGGACGAGCTGTACAAGAACAAAAACAATCTTCCTAAA-5’ 

(iii) Reverse; 3’-AAATTTGCGGCCGCTCAAACATAATGTCTCGGTT-5’ 

 

cx41.8 � egfp ��� rfp �̾ƹÿʳǟ�Ǐɍ��mȦȑ�̛̜�´ìrÍî

µ}� cx41.8 � pT2AL200R150G � egfp ˟じ¥あ̈́}�ncx41.8del241-370EGFP �

cx41.8del241-370RFP �´ìrÍîµ�öę�Ś�Øèªßr¿ÆÊ¥̈́n�m(i) Cx41.8

� N ̤ɳ� (ii) EGFP ��� mRFP �˟じ¥�¢�¢ PCR �ɰ̇}�nǬ�(i)-(ii)�

PCR ʐ４¥���m(i)�ǚ̈́}�Ö®írËØèªßr�(ii)�ǚ̈́}�éÑr½Øè

ªßr¥̈́n�mǇ± PCR }mɅƛƵɥȔ͎¥Ƴnmcx41.8 ØìãrÃr¥ɦ�ƽ¦

� Tol2 Ú´Ãr�èª·r»çî}�n 

 

cx41.8del241-370EGFP 

(i) Forward; 3’-CCTCGAATTCGCCACCATGGCCGACTGGAGTCT-5’ 

(i) Reverse; 3’-TCCTCGCCCTTGCTCACCATTTTGGAAGCCTTGTATCCGTG-5’ 

(ii) Forward; 3’-ACGGATACAAGGCTTCCAAAATGGTGAGCAAGGGCGAGGAG-5’ 

(ii) Reverse; 3’-AAAGCGGCCGCTTACTTGTACAGCTCGTCC-5’ 

 

cx41.8del241-370RFP 

(i) Forward; 3’-CCTCGAATTCGCCACCATGGCCGACTGGAGTCT-5’ 

(i) Reverse; 3’-ACGTCCTCGGAGGAGGCCATTTTGGAAGCCTTGTATCCGTG-5’ 

(ii) Forward; 3’-ACGGATACAAGGCTTCCAAAATGGCCTCCTCCGAGGACGTC-5’ 

(ii) Reverse; 3’-AAAGCGGCCGCTTAGGCGCCGGTGGAGTGGC-5’ 

 

3.2.3.2 培養細胞導入用のプラスミドの作製 

つˑこˡ͆ǋ̝¥̈́n�³äÆØ¼äî´»çîØèr´�Ƃɇƨ͐�ɴʧ

�ʴŘɋ͎ĻʭĨɐ¥Ƴo���mpIRES2 DsRed-Express2tClontechu� pEGFP-N1 
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vectortClontechu�Ãµ¥̀ĝ}� cx39.4 � cx41.8 ¥ɦ�ƽ¦�Øè½àË¥Ǐɍ}

�nCx39.4ins287EGFPmCx39.4exc256-321EGFPmCx41.8del241-370EGFPmCx41.8del241-370RFPm

�öę�Ś�Øèªßr¿ÆÊ¥̈́n�mÿʳǟɦ�ŇpÀ×èÖ©Æ»åǏɍ̈́�

Ǐɍ}�Øè½àË¥ÈîØërÊ� PCR ¥ƳnmɅƛƵɥȔ͎}�ml ͆ǋ̝̈́�

Ú´Ãr�èª·r»çî}�n 

 

cx39.4ins287EGFP, cx39.4 exc256-321EGFP 

Forward; 3’-CTTCGAATTCGCCACCATGTCCAGAGCTGACTGGGGGTTTCTG-5’ 

Reverse; 3’-TTTGGATCCTCAAACATAATGTCTCGGT-5’ 

 

cx41.8del241-370RFP 

Forward; 3’-CCTCGAATTCGCCACCATGGCCGACTGGAGTCT-5’ 

Reverse; 3’-AAAGCGGCCGCTTAGGCGCCGGTGGAGTGGC-5’ 

 

cx39.4del256-341EGFP 

Forward; 3’-AAATTTGAATTCGCCACCATGTCCAGAGCTGACTGGGG-5’ 

Reverse; 3’-AAAGCGGCCGCTTACTTGTACAGCTCGTCC-5’ 

 

3.2.4 ゼブラフィッシュ生体観察、色素細胞の観察 

À×èÖ©Æ»å�̭͂�ŌǑ��mMZ16FA Ɠ˴Ų―Ɠ˴Ų̈́É¼Ãê°

âè DFC7000TtLeicau� BZ-X700 ¯rêªîíîƆƧƓ˴ŲtKeyenceu¥̈́n�n

z�ǫm̡ ɂȔ͎}�À×èÖ©Æ»å� 10mM ­ÕÎÖéîtWAKOu¥Ǐ̈́”�m

ȯɥに͔¥ǋ̝ʘĔ�ŴȊ”�mƆƧÃîÒ´Ƿ¥ƐȐ}��v}�n 

 

3.2.5 体表面積あたりの黒色素胞の数の測定 

̡ɂ�­ÕÎÖéîȔ͎¥ǡ}�À×èÖ©Æ»å�ɾŅ̄¥ MZ16FA Ɠ˴

Ų-Ɠ˴Ų̈́É¼Ãê°âè DFC7000T �ǒĊ}�nImageJ � Analyze Particles Çrê
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¥̈́n�mǾˇ}�ĥɯʘ�ƻȯɥ̝�Ƀ¥ǰ˄Ƈɴ}�nƇɴ˭ù�m˃˳Ǵ̛ƪ

s˞Óë�ȱÓë�ɢʎ̄r�ƣʎ̄m˞̈Ǵ̛ƪsßª¯¿ØÃár�ȱÓë��

xǁ�ù�¢�ぎĀ�}tȾ 16umImageJ � measure Çrê¥ǚ̈́}�̬ɑ¥Ţ��n

ɾ˹̬ɑm� �ƻȯɥ̝�Ƀ�ɴʧ��mɾʟtStandard Lengthu26.13±1.63 mm �

ɇɾÀ×èÖ©Æ»å¥̈́n�n 

 

 

 

 

 

3.2.6 明領域の黄色素胞密度の測定 

̡ɂ�­ÕÎÖéîȔ͎¥ǡ}�À×èÖ©Æ»å�ɾŅ̄¥ BZ-X700 ¯r

êªîíîƆƧƓ˴Ų��ǒĊ}�nImageJ � measure ¥ǚ̈́}�mǾˇ}�ĥɯ�

̩ぎĀ�̬ɑ¥Ţ�mėȯɥ̝�Ƀ¥°«îÊ}m̧±¥Ţ��nėȯɥ̝�̧±�

Ƈɴ�ɇɾÀ×èÖ©Æ»å�â½¥ǚ̈́}�n 

 

3.2.7 黒色素胞と黄色素胞のトランスクリプトーム解析 

 ƻȯɥ̝�ėȯɥ̝�ˤƙ�µ¸Î²»îÿʳǟ�Ĩɐ¥Ƴo��m̳ɋƁ

À×èÖ©Æ»år�ƻȯɥ̝mµn�ėȯɥ̝¥ĩȅ}mRNA-sequence ¥Ƴ��n 

 

3.2.7.1 色素細胞の回収 

dĩ�ǸƔ��tm̳ɋƁ�ɇɾÀ×èÖ©Æ»å�¯½�â½Ĳh˵tƇ

10 ˵u¥ǚ̈́}�nȯɥǋ̝�ʋい�ĩȅ̛̜�ɚƳƑŤ�̙�� 49n̡ɂȔ͎}�

À×èÖ©Æ»år�ȱÓë�˳Óë¥ɖȘ}m3 mm ķ�ɖʐ}�nǬ�mÓë４¥

PBS �ɜȫ}���mÊéØ»î̓čt2.5 mg/ml trypsintWorthingtonum1.2 mg/ml BSA

tSigmaum 1 mM EDTA in PBSu�˒¢mȵでt1000 rpm, 30 min, 28˚Cu}�nÓë４

図16. 黒色素胞の数を計測した領域  
ßÀîÃ�Ǹɞ�ù�¢�ぎĀ�ƻȯɥ̝�Ƀ�̬ɑ¥ɴʧ}�nɎ�ʲɞ�ßª¯¿ØÃ
á¥ǯ}mßÀîÃ�ʲɞ�ɴʧぎĀ�ɢʎ�ƣʎ¥ǯ�n�
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¥ PBS � 5 ĩɜȫ}���m̧ è·ÌrÀ̓čt1 mg/ml collagenase I tWorthingtonum

0.1 mg/ml DNaseItWorthingtonum0.1 mg/ml STItWorthingtonum1.2 mg/ml BSA in PBSu

�˒¢mȵでt1000 rpm, 30 min, 28˚Cu}�nɸn�m¸è·ÌrÀȔ͎”¢�Óë

¥Þ¨¹ª¾ 250 μm �ÌªìîâÆ»å»rÊt¹îØèÈÆ´u�づĤ}�nづ

Ĥ}�ǋ̝Əʈč¥ 50% Percoll ̓čtsigmau�ȍɨ}mĒȴt30×g, 10 min, RTu}

�n˰ȍĒȴ�� ĩȅ}�ÛëÆÊ¥ BSA ̓čt2 mg/ml BSA in PBSu�Əʈ}m

2%¨±ìr½¥ˣɨ¸rÈ©îµ}� 35 mm dishtIwakiu�□Ȁ}�nǬ�mǿ˄ǲ

ßª´ìªî¼¬´»çî»½ÈátCellTram Air/Oil/vario, Eppendorfu�ÓrÊÞé

»å}�±è½ȽtGlass Capillary, Narishigeu¥̈́n�mƓ˴Ųę� 25-50 Ɯ�ƻȯɥ

̝�ėȯɥ̝¥Ă���ÕÆ´¨ÆØ}�ĩȅ}�n 

 

3.2.7.2 RNA 抽出、cDNA ライブラリーの作製 

ĩȅ}�ƻȯɥ̝�ėȯɥ̝� SMARTer Ultra Low Input RNA Kit for 

Sequencing-v3tClontechu¥̈́n� RNA ʚȐ� cDNA ƹɇmɰ̇¥Ƴ���nǋ̝

¥ PBS � 3 ĩɜȫ}���m10×Reaction Buffert10×Lysis Buffer, RNase Inhibitor in 

RNase free mQu�¹½Ûî»çî}�nz�ǋ̝̓Ĩč� SMART CDS Primer II A t12 

µMu¥「ĝ}mªî²åÚr»çît72˚C, 3 minu}�nɸn� 5×First-Strand Buffer, 

DTTt100 mMu, dNTP Mixt20 mMu, SMARTer IIA Oligonucleotidet12 µMu, RNase 

Inhibitort40 U/µLu, SMARTScribe Reverse Transcriptaset100 U/µLu¥「ĝ}mŝ」ǹ

˩ĕt42˚C-90 min, 70˚C-10minu¥Ƴ���n 

Ǿˇ}� cDNA � 2×SeqAmp PCR Buffer, PCR Primer II A-v3t12 μMu, SeqAmp 

DNA Polymerase, Nuclease-free water ¥ĝpmPCRt98˚C-10 sec, 65˚C-30 sec, 68˚C-3 min, 

18 cyclesu¥Ƴ���n 

ɰ̇}� cDNA �Ɍɍ� SMARTer Ultra Low Input RNA Kit for Sequencing - v3, 

Ion Xpress Plus Fragment Library KittIon Torrentum AMPureXP beadstBeckman Coulterum 

Magna StandtFast Geneu¥ǚ̈́}�ncDNA ̓č� 10×Lysis Buffer � AMPureXP beads

¥ǂƹ}mɏʕt8 min, RTu}�nǬ�mMagna Stand �¹îØê¥ɘʕ}m����

ǮŘÔr¾sş―}���ȦɊ¥Șn�nɸn�m80%­ÃÏrê� 2 ±ɜȫ}m̅

Ł}�nz�¹îØê� Low TE ¥「ĝ}m5 ĩÕÛÆÈ©îµƣm10 ˼ŎÝêÈÆ
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´½}�n�}� Magna Stand �¹îØê¥ɘʕ}m����ǮŘÔr¾sş―}�

��ȦɊ¥ĩȅ}�n 

cDNA �˗±ɴʧ� Agilent High Sensitivity DNA kittAgilent Technologiesu�

Agilent expert 2100 Ñª¯¨ÌèªºtAgilent Technologiesu¥ǚ̈́} 1 ng öȦ� cDNA

sĩȅ�t�z�¥Ķ˕}�n 

̟ƑŤ��m̶ 400bp � cDNA ʐ４¥»r¶î½˩ĕ�ǚ̈́�µ��mɅƛ

ƵɥȔ͎��  cDNA ¥ʐ４Ě}�ncDNA �ʐ４Ě��mIon Shear Plus Reagents Kit

tIon Torrentu� SMARTer Ultra Low Input RNA Kit for Sequencing-v3 ¥ǚ̈́}�ncDNA

� Ion Shear Plus 10X Reaction Buffer � Nuclease-free water ¥「ĝ}mɸn�ɅƛƵɥ

AfaIt10 Uu� Ion Shear Plus Enzyme Mix II ¥「ĝ}mªî²åÚr»çît37˚C, 8 

minu}�nƵɥ˩ĕƣ�¹îØê� Ion Shear Plus Stop Buffer ¥「ĝ}mƵɥ˩ĕ¥

）Ǣ”�mcDNA ¥Ɍɍ}�n 

 

3.2.7.3 cDNA バーコードライブラリーの作製 

cDNA Ñr¸rËèª×èér�Ǐɍ�� Ion Xpress Plus Fragment Library Kit

� Ion Xpress Barcode Adapters 16 kittIon Torrentu¥̈́n�nɌɍ}�ʐ４Ě cDNA ̓

č� 10×Ligase Buffer, Ion P1 Adapter, Ion Xpress Barcode X, dNTP Mix, Nuclease-free water, 

DNA Ligase, Nick Repair Polymerase ¥「ĝ}mªî²åÚr»çît25˚C -15min, 72˚C 

-5minu}�n 

Ǭ�mE-Gel iBase Power System, E-Gel Safe Imager, E-Gel Size select 2%, 50 bp 

DNA laddertInvitrogenuŞ� Ion Xpress Plus Fragment Library Kit ¥ǚ̈́}� cDNA �

¹ª¾¿ë´»çî¥Ƴ���n¹îØê¥·ê�¨Øèª}mʴŘČ˄t20 minu

¥Ƴnmĩȅ«¬êr�̶ 400 bp � cDNA ��¥ĩȅ}�n 

¹ª¾¿ë´»çî}� cDNA �ɰ̇��mIon Xpress Plus Fragment Library 

Kit ¥ǚ̈́}�ncDNA ̓č� Platinum PCR Super Mix High Fidelity, Library Amplification 

Primer Mix ¥「ĝ}mPCRt95˚C -15 sec, 58˚C -15 sec, 70˚C -1 min, 11 cyclesu¥Ƴ��

�nɰ̇ƣ� cDNA ¥Ɍɍ}m˗±s 100 pM öȦmµz�¥Ķ˕}�n 
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3.2.7.4 エマルジョン PCR 

­ßê¼çî PCR ��mIon PGM Template OT2 400 kittIon Torrentu� Ion 

OneTouch2 InstrumenttIon Torrentu¥ǚ̈́}�n100 pM �ʞɈ}� cDNA ̓č� Reagent 

Mix � PCR Reagent B, Enzyme Mix, Reagent X, Ion Sphere Particles ¥「ĝ}mIon 

OneTouch2 Instrument �˩ĕ”��n˩ĕƣ�̓č� Ion OneTouch Wash Solution ¥「

ĝ}mªî²åÚr»çît50˚C, 2 minu}�n 

­ßê¼çî PCR ˩ĕƣ�¹îØê�˗Ȏ��mIon PGM Template OT2 400 

kit, Ion OneTouch EStIon TorrentumIon PGM enrichment beadstIon TorrentumDynabeads 

tInvitrogenumMagna Stand ¥ǚ̈́}�nNeutralization Solution � Melt-Off Solution

tTween Solution, 1M NaOHumIon PGM MyOne Beads Wash Solution ¥ʞɈ}mIon 

OneTouch ES ¥̈́n�»r¶î½¹îØê¥˗ȎmɌɍ}�n 

 

3.2.7.5 シーケンス 

»r¶î½¹îØê�ʞɈ�mIon PGM Sequence 400 kittIon Torrentu¥ǚ̈́

}�ncDNA èª×èér� 5 µL Control Ion Spheres, Sequencing Primer ¥ĝpmªî

²åÚr»çît95˚C-2 min, 37˚C-2 minu}�nǬ�»r¶î½¹îØê� Ion PGM 

Sequencing 400 Polymerase ¥「ĝ}mªî²å»çrît5 min, RTu}�n»r¶î

½¹îØê¥ Ion 318 Chip v2tIon Torrentu�ìrË}mIon Personal Genome Machine 

�¿ÆÊ}�m»r´­î»îµèî¥Ƴ��n 

 

3.2.7.6 シークエンスデータの解析 

 »r¶î½ÉrÃ¥ Fastq Ƃǲ�Ȑく}mÿʳǟˤƙĨɐÁÖÊ«¬¨ CLC 

Genomics Workbench 11.0.1 ¥ǚ̈́}� Ensemble �À×èÖ©Æ»å·ÏáÉrÃÚ

r½ GRCz10 �ßÆÕîµ¥Ƴ���nÿʳǟˤƙき¥ TPM Ňǖ}�n 

 ̟ƑŤ��mƻȯɥ̝�ėȯɥ̝¥e��ˉう}�¹îØê tBiological 

Replicate 1, 2ur�mfĩ̋tBiological Replicate 1 � 2 ĩmBiological Replicate 2 � 1

ĩu�»r¶î½ÉrÃ¥Ǿˇ}�t˹ 1unǾˇ}�˟じÉrÃ� DNA Data Bank of 

JapantDDBJuÉrÃÚr½�ʶぞ}�tʶぞˮƸpDRA008445un 
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Organism Sample Bio sample ID Replicate Analysis type 

Danio rerio Tü 25 melanophores SAMD00172014 Biological Replicate 1 _01 RNA-Sequencing (400 bp single) 

Danio rerio Tü 25 melanophores SAMD00172015 Biological Replicate 1 _02 RNA-Sequencing (400 bp single) 

Danio rerio Tü 25 xanthophores SAMD00172016 Biological Replicate 1 _01 RNA-Sequencing (400 bp single) 

Danio rerio Tü 25 xanthophores SAMD00172017 Biological Replicate 1 _02 RNA-Sequencing (400 bp single) 

Danio rerio Tü 50 xanthophores SAMD00172018 Biological Replicate 2 RNA-Sequencing (400 bp single) 

Danio rerio Tü 50 melanophores SAMD00172019 Biological Replicate 2 RNA-Sequencing (400 bp single) 

 

 

 

3.2.8 RT-PCR 

2.7.1 �Ś}�̛̜�ƻȯɥ̝�ėȯɥ̝¥�¢�¢q�� 100 Ɯĩȅ}�n

ÿʳǟˤƙ�Þ¼È©×¸îÊìrê��µ˙mŒm͌ɬ�̳ɋƁ�ɇɾÀ×èÖ©

Æ»år�ĩȅ}�nmRNA �ʚȐ�� RNeasy mini kittQiagenu¥ǚ̈́}mŝ」ǹ

˩ĕq�� cDNA èª×èér�Ǐɇ�� ReverTra AcetToyobou¥ǚ̈́}�ncDNA

� KOD Fx Neo ¥̈́n� PCRt98˚C-10sec, 60˚C-5sec, 68˚C-20sec, 39 cyclesu¥Ƴ��

�n˸ʭÿʳǟtcx39.4, cx41.8, cx40.8, cx43, cx31.7, cx34.4,cx35.4, cx43.4u�ƐȐ��m

öę�ǯ� 20-24 mer �Øèªßr¥ɘƇ}�nĂ̄�Øèªßr��n��ŕＣ�˟

じ¥̈́n� 88nƻȯɥ̝ˈûʭ�ˤƙ¥ǯ�ÿʳǟ�}� dctmėȯɥ̝ˈûʭ�ˤƙ

¥ǯ�ÿʳǟ�}� aox5mPCR �Þ¼È©×¸îÊìrê�}� ß-actin ¥ǚ̈́}�n  

cx39.4 

Forward; TCTCAGCGGCAGAAGCTCCTCAC 

Reverse; GCAGATTCCACAGCCGTGCCAAG 

cx41.8 

Forward; TCATCGGTCAACAGAGATAG 

Reverse; CTAGTACCAAGATCCGGAAG 

表 1. ゼブラフィッシュの黒色素胞と黄色素胞から取得した RNA-sequencing データの
サンプル情報 
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cx40.8 

Forward; AAGGACTTATCATAGCACACG 

Reverse; GGTGACTGGAGCGCACTGGGG 

cx43 

Forward; TTGGTGACTGAACTTCAGAG 

Reverse; TTGAAAGCTGACTGCTCGTC 

cx31.7 

Forward; TTGAATCAACGATGAATTGGG 

Reverse; GGGTTGCTGAGTATTGCAGG 

cx34.4 

Forward; ACACAATCACTGCGCTCCGAC 

Reverse; AACCATGACTCTGAAAAGGAAGAC 

cx35.4 

Forward; TAATAAGAGACGGGGAACAG 

Reverse; ATAAACCATGACCCTGAACAC 

cx43.4 

Forward; TTGACCGCCTGCGCAGGCACC 

Reverse; TCTCAATCAAGCATGGATCC 

dct 

Forward; CGAATCAGCCCGCGTTCACG 

Reverse; TATCCCTCCAGTGCATTCCT 

aox5 

Forward; AGGGCATTGGAGAACCCCCAGT 

Reverse; ACACGTTGATGGCCCACGGT 

ß-actin 

Forward; CGGTTTTGCTGGAGATGATG 

Reverse; CGTGCTCAATGGGGTATTTG 
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3.2.9 細胞培養 

3.2.9.1 培養条件 

Cx39.4 � Cx41.8 �Øèr´�ŌǑ�ʴŘɈ͎ǸƔ�mß«½ȺƄĦǋ̝ȁ̻

͉� Neuro 2atN2auǋ̝ŀ¥̈́n�Ƴ��� 89nN2a ǋ̝� 37˚Cm5%CO2 �ȪƎę

�ˡ͆¥Ƴnnǋ̝ˡʔ�� DMEMtSigmaum 10%FBStHyclone, gelifesciencesum

Antibiotic-AntimycotictGibcoumKanamycintGibcou¥ǚ̈́}�n 

 

3.2.9.2 トランスフェクション 

N2a ǋ̝��Øè½àË�ˆ˒� FuGENE HD Transfection ReagenttRocheu

¥ǚ̈́}�nÊèî½Ö¬´»çîɢ＊� 4x104 cells/35mm dish/2mL Media �□Ȁ}

�nØè½àË�Êèî½Ö¬´»çî�mOpti-MEMtGibcou100 µLmØè½àË

2 µgmFuGENE 6 µLtPlasmid DNA : FuGENE = 1 : 3u¥ǂƹ}mªî²åÚr»çî

tRT, 10 minu}�ƣmN2a ¥□Ȁ}�É©Æ»å�「ĝ}�n 

 

3.2.9.3 ギャップジャンクションプラーク観察 

N2a ǋ̝�ˤƙ”�� Cx39.4 ��� Cx41.8 �̾ƹÃîÒ´Ƿ�³äÆØ¼

äî´»çîØèr´�ŌǑ��mÊèî½Ö¬´»çîr� 24 ǫŎƣ�¹îØê

¥̈́n�nØèr´�ŌǑ��mKeyence BZ-X700 ¯rêªîíîƆƧƓ˴ŲmŬȡ

ʲërºrƓ˴Ų LSM780tZEISSu��� IX83 Ɠ˴Ųt¯éîÒ½u¥ǚ̈́}�n 

 

3.2.10 電気生理的解析 

 Cx39.4 �ÒÆÅ´èîØ�mEPC 10 USB DoubletHEKA Elektroniku¥ǚ̈́

}�nCx39.4ecx256-321EGFP ¥Êèî½Ö¬´»çî}�r� 24-72 ǫŎƣ� N2a ǋ̝

¥ PBS � 3 ĩɜȫ}mÑ½ÑÆÖ§rt142 mM NaCl, 1.3mM KCl, 0.8mM MgSO4, 0.9 

mM NaH2PO4, 1.8 mM CaCl2, 4.0 mM CsCl, 2.0 mM TEACl, 5.5 mM dextrose, 10 mM HEPES, 

pH7.4u�ʕŇ}�nÒÆÅ´èîØ�̈́n�±è½ʴŶtNARISHGE G-1u�ʨƭʒ

s 4-6 MΩ ��µ�o�Ƚɚ¥ĝƫ}mˋ̄ÕÛÆÊ̓čt40 mM KCl, 4.9 mM CsCl, 

2.0 mM TEACl, 3.0 mM CaCl2, 5.0 mM K4BAPTA, 1.0 mM MgCl2, 25 mM HEPES, pH = 7.4u
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¥ȋʯ}�n½Ûêà¼îņȂɆ¥Ĩɐ�µǸƔ��m15 mM ��� 30 mM ½Ûê

à¼îǓēǗētCalbiochemu¥mĂ̛�ˋ̄ÕÛÆÊ̓č���ȋʯ}mɗƹ̄ʴ

͒�ɴʧ¥Ƴ���nDextrose � MgATP �ǸƔʠɢ�Ĳ̓č�ĝp�n 

ÒÆÅ´èîØǸƔ�� N2a ǋ̝�³äÆØ¼äî´»çîØèr´sŌǑ

”¢�ǋ̝ɿ��¥ǸƔ�ǚ̈́}�n±è½ʴŶ¥ǋ̝�ªî¼¬´»çî}m³±

»rê¥Ƃɇ”�m８Ǫʴñ¥-40 mV �Ɵʧ}�nǬ�４̛�ʴŶ�-140 mV r�+60 

mV �� 20 mV Ŏĺ� 11 ʑį�ʴñ¥ 10 ˼��̀pm�oĂ̛�ʴŶr�ɗƹ̄ʴ

͒¥Ƈɴ}�tȾ 17unǾˇ}�ÉrÃ� 42 Hz �Ö©êÃrȔ͎¥Ƴ���n 

 

 

 

 

 

 

 

3.2.11 統計処理、グラフ作製 

ȯɥǋ̝�̧±�Ƈɴ�ʴŘɈ͎ǸƔr�Ǿˇ}�ÉrÃ� t Ɛʧmµn� one-way 

ANOVA ��µĨɐ¥Ƴnmȳ͊ŻŎtP ʒus 95^� ʅtv���Ȩƹ�̺úɀ

ȓs 0.05 öę�Ȩƹ�̺úǅm �}�n��mʾ ƇȔ͎q��µèÖǏɇ�� Origin 

version 2015tOriginLabuǚ̈́}�n 

 

  

spd

Vj -Ij

1 sec

Vj

図１７. パッチクランプ実験の模式図 
Øèr´¥Ƃɇ}� C)P �ǋ̝ɿ�ʴŶ¥Ǜ}mɹ ͒き¥Ƈɴ}�n½Ûêà¼îņȂɆ¥
˺Ĝ�µǦƳ��m４Ă̛�ˋ̄ÕÛÆÊ̓č�½Ûêà¼î¥ǂƹ}�nHBS �½Ûêà
¼îmKY �ɗƹ̄ʴñtcaP@bYd@RcXA@P>�eA>cPVTum>Y �ɗƹ̄ʴ͒tYd@RcXA@P>�RdaaT@cu¥ǯ
�n�
�
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3.3  結果     

3.3.1 黒色素胞と黄色素胞の遺伝子発現解析 

��mƻȯɥ̝�ėȯɥ̝�ˤƙ�µ¸Î²»îÿʳǟ¥̩�r��µ��m

̳ɋƁÀ×èÖ©Æ»å�Óër�ʋい}�ƻȯɥ̝�ėȯɥ̝�Êèî½´éØ

ÊráĨɐ¥Ƴ���nȯɥǋ̝�ˉう}� 2 ĩ�ǸƔɫǏr�ĩȅ}mBiological 

replicate 1 r�r� 2 ĩmBiological replicate 2 r� 1 ĩ�ƹƇ 3 ĩ̋�»r¶î½É

rÃ¥Ǿˇ}�t˹ 1unĲ¹îØêm�  1-1.5 ˷̥érË�»r¶î½ÉrÃ¥Ǿ

ˇ}�n»r¶î½ÉrÃ¥ CLC Genomics Workbench 11.0.1 ¥̈́n� Ensemble �À

×èÖ©Æ»å·ÏáÉrÃÚr½ GRCz10 �ßÆÕîµ}�nǬ�mTranscript per 

milliontTPMuʒ¥Ƈǖ}mĲ¸Î²»îÿʳǟ�ˤƙき¥Ţ��t˹ 2unƻȯɥ̝

�� cx39.4, cx40.8, cx41.8, cx43, cx31.7, cx34.4, cx35.4mėȯɥ̝�� cx39.4, cx40.8, 

cx41.8, cx43, cx31.7, cx34.4, cx35.4, cx43.4 s 1 öȦ� TPM ʒ¥ǯ}�n 

Ǭ�ƻȯɥ̝�ėȯɥ̝r�Ǐɍ}� cDNA èª×èér�ɿ}� RT-PCR

¥ƳnmTPM ʒsd� ʅtr��¸Î²»î�ˤƙ�ƐȐ¥Ǧ��n��Ƌġmƻ

ȯɥ̝�ėȯɥ̝�か̛� cx39.4 � cx41.8 �ˤƙ¥Ķ˕}�nĂ̛ cx40.8, cx43, cx31.7, 

cx34.4, cx35.4, cx43.4 �ÿʳǟˤƙ�ƐȐņ±öę���tȾ 18un 
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Melanophore Xanthophore
TPM s.d TPM s.d

GJA cx28.1 0.00 0.00 0.00 0.00
cx28.9 0.00 0.00 0.00 0.00
cx32.2 0.00 0.00 0.00 0.00
cx32.3 0.00 0.00 0.00 0.00
cx34.5 0.00 0.00 0.00 0.00
cx39.4 42.54 35.91 89.03 69.70
cx39.9 0.16 0.22 0.00 0.00
cx40.8 4.02 5.69 0.00 0.00
cx41.8 43.01 35.07 7.99 10.73
cx43 39.77 56.00 22.57 28.44
cx44.1 0.00 0.00 0.00 0.00
cx45.6 0.00 0.00 0.00 0.00
cx48.5 0.00 0.00 0.00 0.00
cx50.5 0.00 0.00 0.00 0.00
cx52.6 0.00 0.00 0.00 0.00
cx52.7 0.16 0.23 0.00 0.00
cx52.9 0.00 0.00 0.00 0.00
cx55.5 0.00 0.00 0.00 0.00

GJB cx27.5 0.00 0.00 0.00 0.00
cx28.6 0.00 0.00 0.00 0.00
cx28.8 0.13 0.18 0.00 0.00
cx30.3 0.00 0.00 0.00 0.00
cx30.9 0.00 0.00 0.00 0.00
cx31.7 8.44 11.94 0.00 0.00
cx34.4 0.00 0.00 57.96 50.32
cx35.4 23.50 18.71 121.58 95.69

GJC cx43.4 0.00 0.00 16.74 14.33
cx44.2 0.00 0.00 0.00 0.00
cx47.1 0.00 0.00 0.00 0.00
cx52.8 0.00 0.00 0.00 0.00

GJD cx34.1 0.00 0.00 0.00 0.00
cx35 0.00 0.00 0.13 0.18
cx36.7 0.00 0.00 0.00 0.00
cx46.8 0.00 0.00 0.00 0.00

GJE cx23 0.00 0.00 0.00 0.00

表2. 黒色素胞と黄色素胞のコネキシンの発現量  
ƻȯɥ̝�ėȯɥ̝� 3 ĩ̋�»r¶î½ÉrÃr�ˇ�¢� TPM ʒ�̍ŷʒ¥˹Ś}�n
s.d�˸ȓ２ǅ¥ǯ�nßÆÕîµ�̈́n�GRCz10�ő�¢�n�r�� cx24, cx40.5, cx34.7, 

cx44.2 �ȦŚ�é½Êr�Șı}�n 
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3.3.2 コネキシン再構成系統の作製と体表模様の解析 

Ĳȯɥǋ̝�qxµ Cx39.4 ��� Cx41.8 �̵Ľ¥̩�r��µ��� WKO

tȾ 19Bu�ɿ}�ƻȯɥ̝ˈûʭ� cx39.4 ��� cx41.8 ¥ˤƙ�µÿʳǟɦ�Ňp

À×èÖ©Æ»å�mėȯɥ̝ˈûʭ� cx39.4 ��� cx41.8mcx43 ¥ˤƙ�µÿʳǟ

ɦ�ŇpÀ×èÖ©Æ»å¥Ǐɍ}�nǬ�mǏɍ}�ÿʳǟɦ�ŇpÀ×èÖ©Æ

»å�ɾ˹̭͂�ɾ˹̬ɑm� �ƻȯɥ̝�Ƀmėȯɥ̝�̧±��n�Ĩɐ}�n 

ƻȯɥ̝ˈûʭ� cx39.4 ¥ˤƙ}�À×èÖ©Æ»åtTg(mitfa-cx39.4) WKOu

�˪ʲ̭͂¥ǯ}�tȾ 19CunĂ̛mƻȯɥ̝ˈûʭ� cx41.8 ¥ˤƙ}�À×èÖ

cx39.4
M X N

cx41.8
M X N

dct
M X N

aox5
M X N

cx40.8
M X Nge

cx43
M X Nbr

cx31.7
geM X N

beta-actin
M X br e ov ge N

cx34.4
e M X N

cx35.4
e M X N

cx43.4
ov M X N

図18. RT-PCR  

ƻȯɥ̝�ėȯɥ̝� cx39.4, cx40.8, cx41.8, cx43, cx31.7, cx34.4, cx35.4, cx43.4 �ÿʳǟˤƙ
Ĩɐ¥Ƴo��m2.8 �Ś}�Øèªßr¿ÆÊ¥̈́n� PCR ¥Ƴ���ndct �ƻȯɥ̝ˈ
ûʭ�ÿʳǟmaox5 �ėȯɥ̝ˈʭ�ÿʳǟ�mß-actin � PCR �Þ¼È©×¸îÊìrê
ÿʳǟ�}�ǚ̈́}�n“ge”�“br”m“e”m“ov”�Ĳ¸Î²»î�Þ¼È©×¸îÊìrê�
}�ǚ̈́}m“ge”�·Ïá DNAm“br”�˙̻͉� cDNAm“e”�Œ̻͉� cDNAm“ov”�͌ɬ
̻͉� cDNA èª×èér¥̈́n�z�¥ǯ�nN �Î±È©×¸îÊìrê¥ǯ}mcDNA

ÈîØërÊ�ʄ¤ � mQ ¥ĝp�n 
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©Æ»åtTg(mitfa-cx41.8) WKOu�ɾ˹̭͂� WKO �˰����¦�３Ěs�r�

�tȾ 19Dunėȯɥ̝ˈûʭ� cx39.4 ¥ˤƙ}�À×èÖ©Æ»åtTg(aox5-cx39.4) 

WKOu�ɃƜ�ƻȯɥ̝s´è½Ãr¥Ǐ��tȾ 19Eun��ėȯɥ̝� cx41.8 ¥

ˤƙ}�À×èÖ©Æ»åtTg(aox5-cx41.8) WKOu�ɾŅ̄�Ă̄�˳ÓëmȱÓë

�̇�Ƭn½ÊèªØ¥ǯ}�tȾ 19Funmitfa ØìãrÃr�ėȯɥ̝ƃじ�˸ʭ

ÿʳǟ�ˤƙsͧ¢µȨƹsmµsm̟ ƑŤ��ëÞrÃrÃîÒ´Ƿ H2BRFP �ˤ

ƙ¥Ķ˕}mƻȯɥ̝ˈûʭ� H2BRFP sˤƙ�µƃʾ¥ɠʧ}�tȾ 19C’-D”un�

�maox5 ØìãrÃr¥ǚ̈́}�ƃʾ�mėȯɥ̝� H2BRFP sˤƙ}�nµz�¥

Ķ˕}�tȾ 19E’-F”unɸn�mǏɍ}�gƃʾ¥ɤ�Ʀ˟”�m̳ɋƁÀ×èÖ©

Æ»åtȾ 19Au�ƻȯɥ̝�ėȯɥ̝sǯ�¸Î²»î�ˤƙȬʁ¥Ǉƙ}��z

£mǜȍÿʳǟɦ�ŇpÀ×èÖ©Æ»åtTg(mitfa-cx39.4, mitfa-cx41.8, aox5-cx39.4, 

aox5-cx41.8) WKOu�½ÊèªØ¥ǯ}�tȾ 19Gunz�z�r�m¸Î²»î３û

ɾ�ɾ˹̭͂¥Ǉƙ�µƃʾ�}�mǏɍ}� 4 ƃʾsあ̈́�tµz�¥Ķ˕}�n

Ǐɍ}� 4 ƃʾ�ɾ˹̬ɑm� �ƻȯɥ̝�Ƀ¥ɴʧ}��z£mn�¢�ƃʾ�

WKO �˰��ɰĝƀƪ¥ǯ}mTg(mitfa- cx41.8) WKO öı�̺ú�ɰĝ¥ǯ}�tȾ

20Am˹ 3unƻȯɥ̝�¸Î²»î¥ˤƙ}�ÿʳǟĪ３À×èÖ©Æ»å� cx39.4

¥ˤƙ}�ƃʾ�̛smcx41.8 ¥ˤƙ}�ƃʾ�˰��ƻȯɥ̝�Ƀsɰĝ}�nĂ

̛mėȯɥ̝ˈûʭ�¸Î²»î¥ˤƙ}�ƃʾ��mcx41.8 ¥ˤƙ}�ƃʾs cx39.4

¥ˤƙ}�ƃʾ�˰��̺ú�ƻȯɥ̝�Ƀ¥ɰ�}�smかƃʾ�ėȯɥ̝�̧±

�˅ʪ±���tȾ 20A, Bun 

Ǭ�mėȯɥ̝�¸Î²»î¥ˤƙ}�ÿʳǟɦ�ŇpÀ×èÖ©Æ»å�

qn�mƻȯɥ̝�ɰĝsėȯɥ̝�̧±¥ɰĝ�µ�r��n�Ɛȣ}�n�z�m

ėȯɥ̝ˈûʭ� cx43 ¥Ĥȧˤƙ�µÀ×èÖ©Æ»åtTg(aox5-cx43) WKOu¥Ǐ

ɍ}mɾ˹̭͂��n�˺Ĝ}�n��Ƌġmƻȯɥ̝�ɰĝ}�r��tȾ 21A-A”un

Ă̛�mėȯɥ̝ˈûʭ� cx39.4mcx41.8mcx43 ¥ˤƙ}�ƃʾ�̩ぎĀ�ėȯɥ̝

̧±�n�¢� WKO �˰��̺ú�ɰĝ}�tȾ 20B, 21unz�z�r�mƻȯɥ

̝˲øɹʭ�mėȯɥ̝�Ƃɇ”¢µ³äÆØ¼äî´»çî�ÅäÎêmµn�ɗ

―�ŗ◇�� mėȯɥ̝�̧±�ʅtv�µz�sǯǃ”¢�n 
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図19. コネキシン再構成系統の作製 

tAu̳ɋƁntBuWKOntCuƻȯɥ̝ˈûʭ� cx39.4 ¥ˤƙ}� WKO ÑÆ´µèîË�
ÿʳǟɦ�ŇpÀ×èÖ©Æ»åntDuƻȯɥ̝ˈûʭ� cx41.8 ¥ˤƙ}� WKO ÑÆ´µ
èîË�ÿʳǟɦ�ŇpÀ×èÖ©Æ»åntEuėȯɥ̝ˈûʭ� cx39.4 ¥ˤƙ}� WKO

ÑÆ´µèîË�ÿʳǟɦ�ŇpÀ×èÖ©Æ»åntFuėȯɥ̝ˈûʭ� cx41.8 ¥ˤƙ}
� WKO ÑÆ´µèîË�ÿʳǟɦ�ŇpÀ×èÖ©Æ»åntC’-F’utC-Fu�ɾ˹̭͂�
ĳʅǹȹntC”-F”utC’-F’u�ƆƧǹȹnˢ̴˃� H2BRFP sˤƙ}�ȯɥǋ̝¥ǯ�nė
̴˃�ėȯɥ̝�ǰğƆƧ¥ǯ�ntGutC-Fu�ɤ��Êèî½¼rî¥Ǫ��gȍÿʳǟ
ɦ�ŇpÀ×èÖ©Æ»ånĲƃʾ�ȯɥǋ̝�ɩʧ”¢µ³äÆØ¼äî´»çîÎÆÊ
ír´¥ɤȻǹȹ�Ė�ǯ}�nėȯɥ̝¥ėȯ�ǜķmƻȯɥ̝¥ƻ�ǜķmCx39.4 �¸
Î´Áî¥ぐȯ�ǜķmCx41.8 �¸Î´Áî¥ɔȯ�ǜķ�˹ǯ}�n½¶rêÑrtAu
� 10 mmmtC”u� 100 µm ¥ǯ�n  
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図20. WKOと図 1９C-F の体表面積あたりの黒色素胞、黄色素胞の密度の比較 
t6uĲƃʾ�ɾ˹̬ɑm� �ƻȯɥ̝�Ƀ¥ÝÆ´½ÅärÊ�ǯ}�n̍ŷʒm˸ȓ
２ǅmƇɴ}�ƜɾɃ��n��˹ 3 �Śǌ}�nt7uėȯɥ̝�¸Î²»î¥ˤƙ}�ÿ
ʳǟɦ�ŇpÀ×èÖ©Æ»å�̩ぎĀ�ėȯɥ̝�̧±¥ÝÆ´½ÅärÊ�ǯ}�n
L#Dt(-0�.(y)
�
,�RT>>b&??)��@4,umIV PAg,�Rg
0�+��L#Dt),
�
0�y�(.�0/�RT>>b&??)��
@�4�,umIV PAg,�Rg+(�/��L#Dt)-
�(.y(.�0/�RT>>b&??)��@4,unÝÆ´½�ʘ�ɀ̍ɞ�
̍ŷʒmȝ”�ǜķ�ʘĔʒm­èrÑr�˸ȓ２ǅ¥ǯ�nƐʧɀȓz0.05 �}m_�̺
úǅsmµz�¥ǯ�nC�H� �̺úǅ�}¥ǯ�n½¶rêÑrt6u� (
�??m 6k�� (

�
l?� ¥ǯ�nÝÆ´½�ʘ�ɀ̍ɞ�̍ŷʒmȝ”�ǜķ�ʘĔʒm­èrÑr�˸ȓ２ǅ
¥ǯ�nƐʧɀȓz0.05 �}m_�̺úǅsmµz�¥ǯ�n 

図21. WKOの黄色素胞にコネキシンを発現した遺伝子組み換えゼブラフィッシュの比較  
tə̩̌�ɸt�Ǭ�Ûr¼�Śǌu 
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3.3.3 cx39.4 -/- バックグラウンドの体表模様の解析 
3.1.2 �Ǐɍ}�ƻȯɥ̝mµn�ėȯɥ̝� cx39.4 ¥ˤƙ�µƃʾ¥�¢�

¢ cx39.4-/-tȾ 22Au�Ʀ˟}mcx39.4-/-ÑÆ´µè«îË�ÿʳǟɦ�ŇpÀ×èÖ

©Æ»å¥Ǐɍ}�nƻȯɥ̝ˈûʭ� cx39.4 ˤƙ}�À×èÖ©Æ»åtTg(mitfa-

cx39.4) cx39.4-/-u�½ÊèªØ¥ǯ}�tȾ 22BunĂ̛mėȯɥ̝ˈûʭ� cx39.4 ˤ

ƙ}�À×èÖ©Æ»åtTg(aox5-cx39.4) cx39.4-/-u�̪Š̭͂������tȾ 22Cun 

  

 

 

 

 

 

  

Tg(mitfa-cx39.4) cx39.4-/- Tg(aox5-cx39.4) cx39.4-/-

cx39.4-/-

B C

A

図 21. WKO の黄色素胞にコネキシンを発現した遺伝子組み換えゼブラフィッシュの比較�
t6uėȯɥ̝ˈûʭ� Rg+
 ¥ˤƙ}� L#D ÑÆ´µèîË�ÿʳǟɦ�ŇpÀ×èÖ©
Æ»ånt6jut6u�ɾ˹̭͂�ĳʅǹȹnt6kut6ju�ƆƧǹȹnȯɥǋ̝�ɩʧ”¢µ³
äÆØ¼äî´»çîÎÆÊír´¥ɤȻǹȹ�Ė�ǯ}�nėȯɥ̝¥ėȯ�ǜķmƻȯ
ɥ̝¥ƻ�ǜķm8g+
 �¸Î´Áî¥Ɏȯ�ǜķ�˹ǯ}�nt7uėȯɥ̝�¸Î²»î
¥ˤƙ}�ÿʳǟɦ�ŇpÀ×èÖ©Æ»å�̩ぎĀ�ėȯɥ̝�̧±¥ÝÆ´½ÅärÊ
�ǯ}�nIV PAg,�Rg+
��L#Dt)(/�
,y-�
(�RT>>b&??)��@4)unÝÆ´½�ʘ�ɀ̍ɞ�̍
ŷʒmȝ”�ǜķ�ʘĔʒm­èrÑr�˸ȓ２ǅ¥ǯ�nP ʒ� t Ɛʧ� ǖȐ}�n½¶
rêÑrt6u� (
�??m 6k�� (

�l?� ¥ǯ�n�  
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図22. 黒色素胞あるいは黄色素胞特異的にcx39.4を発現した遺伝子組み換えゼブラフィッ
シュの体表模様  
tAucx39.4 -/-ntBuƻȯɥ̝ˈûʭ� cx39.4 ¥ˤƙ}� cx39.4 -/-ÑÆ´µèîË�ÿʳǟɦ
�ŇpÀ×èÖ©Æ»åntCuėȯɥ̝ˈûʭ� cx39.4 ¥ˤƙ}� cx39.4 -/-ÑÆ´µèîË
�ÿʳǟɦ�ŇpÀ×èÖ©Æ»ånĲƃʾ�ȯɥǋ̝�ɩʧ”¢µ³äÆØ¼äî´»ç
îÎÆÊír´¥ɤȻǹȹ�Ė�ǯ}�nėȯɥ̝¥ėȯ�ǜķmƻȯɥ̝¥ƻ�ǜķm
Cx39.4 �¸Î´Áî¥ぐȯ�ǜķmCx41.8 �¸Î´Áî¥ɔȯ�ǜķ�˹ǯ}�n½¶rê
Ñr� 10 mm ¥ǯ�n 
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Ǐɍ}� 2 ƃʾ�ɾ˹̬ɑm� �ƻȯɥ̝�Ƀ¥ cx39.4-/-�˰ĸ}��z

£mƻȯɥ̝ˈûʭ� cx39.4 ¥ˤƙ}�ƃʾ�̺ú�ƻȯɥ̝�Ƀsɰĝ}�tȾ

23Am˹ 3unĂ̛mėȯɥ̝ˈûʭ� cx39.4 ¥ˤƙ}�ƃʾ�ƻȯɥ̝�ɰĝƀƪs

��¢�sm̺úǅ��r��n��mėȯɥ̝ˈûʭ� cx39.4 ¥ˤƙ}�ƃʾ�̩

ぎĀ�ėȯɥ̝�̧±� cx39.4-/-�˅ʪ±���tȾ 23Bun 
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図23. 黒色素胞あるいは黄色素胞特異的にcx39.4を発現した遺伝子組み換えゼブラフィッ
シュの体表模様の評価  
tAuȾ 22A-C �ɾ˹̬ɑm� �ƻȯɥ̝�Ƀ¥ÝÆ´½ÅärÊ�ǯ}�n̍ŷʒm˸
ȓ２ǅmƇɴ}�ƜɾɃ��n��˹ 3 �Śǌ}�ntBucx39.4-/-tȾ 22AumTg(aox5-cx39.4) 

cx39.4-/-tȾ 22Cu� WT �̩ぎĀėȯɥ̝�̧±¥ǯ}�ncx39.4-/-t228.24±17.98 cells/mm2, 

n=5umTg(aox5-cx39.4) cx39.4-/-t242.77±44.37 cells/mm2, n=5umWTt385.24±17.15 cells/mm2, n=5un
ÝÆ´½�ʘ�ɀ̍ɞ�̍ŷʒmȝ”�ǜķ�ʘĔʒm­èrÑr�˸ȓ２ǅ¥ǯ�nƐʧ
ɀȓz0.05 �}m_�̺úǅsmµz�¥ǯ�nN.S �̺úǅ�}¥ǯ�n 
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3.3.4  cx41.8 -/- バックグラウンドの体表模様の解析 
3.1.2 �Ǐɍ}�ƻȯɥ̝mµn�ėȯɥ̝� cx41.8 ¥ˤƙ�µƃʾ¥�¢�

¢ cx41.8-/-tȾ 24Au�Ʀ˟}mcx41.8-/-ÑÆ´µè«îË�ÿʳǟɦ�ŇpÀ×èÖ

©Æ»å¥Ǐɍ}�nƻȯɥ̝ˈûʭ� cx41.8 ¥ˤƙ}�À×èÖ©Æ»åtTg(mitfa-

cx41.8) cx41.8-/-u�̄̋ʭ�ǋn½ÊèªØ¥ǯ}�tȾ 24BunĂ̛mėȯɥ̝� cx41.8

¥ˤƙ}�À×èÖ©Æ»åtTg(aox5-cx41.8) cx41.8-/-u�̄̋ʭ�−ɖ¢�nµĢȖ

�±Ã±Ã}�nµĢȖ�mµsm̳ɋƁ�źṋ͂¥ǯ}�tȾ 24Cun 

Ǐɍ}� 2 ƃʾ�ɾ˹̬ɑm� �ƻȯɥ̝�Ƀ¥ cx41.8-/-�˰ĸ}��z

£m2 ƃʾ���̺ú�ɰĝ}�tȾ 25Am˹ 3un��mėȯɥ̝� cx41.8 ¥ˤƙ}

�ƃʾ�̛smƻȯɥ̝� cx41.8 ¥ˤƙ}�ƃʾ�˰��ɾ˹̬ɑm� �ƻȯɥ̝

�Ƀsʅtr��n”��mėȯɥ̝� cx41.8 ¥ˤƙ}�ƃʾ��m̩ぎĀ�ėȯɥ

̧̝±s̳ɋƁ�˅ʪ±��ë½²år}�tȾ 25Bun 

 

 

 

 

 

 

 

 

 

 

Tg(mitfa-cx41.8) cx41.8-/- Tg(aox5-cx41.8) cx41.8-/-
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B C
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図24. 黒色素胞あるいは黄色素胞特異的にcx39.4を発現した遺伝子組み換えゼブラフィッ
シュの体表模様  
tAucx41.8-/-ntBuƻȯɥ̝ˈûʭ� cx41.8 ¥ˤƙ}� cx41.8-/-ÑÆ´µèîË�ÿʳǟɦ
�ŇpÀ×èÖ©Æ»åntCuėȯɥ̝ˈûʭ� cx41.8 ¥ˤƙ}� cx41.8-/-ÑÆ´µèîË
�ÿʳǟɦ�ŇpÀ×èÖ©Æ»ånĲƃʾ�ȯɥǋ̝�ɩʧ”¢µ³äÆØ¼äî´»ç
îÎÆÊír´¥ɤȻǹȹ�Ė�ǯ}�nėȯɥ̝¥ėȯ�ǜķmƻȯɥ̝¥ƻ�ǜķm
Cx39.4 �¸Î´Áî¥ぐȯ�ǜķmCx41.8 �¸Î´Áî¥ɔȯ�ǜķ�˹ǯ}�n½¶rê
Ñr� 10 mm ¥ǯ�n 
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3.3.5 ストライプ形成に必要な最小ギャップジャンションネットワーク 

3.1.2 �Ǐɍ}� 4 ƃʾ¥Ʀ˟”�mƻȯɥ̝�ėȯɥ̝��¢�¢dȀこ�

¸Î²»î¥ˤƙ�µ％ȍÿʳǟɦ�ŇpÀ×èÖ©Æ»å¥Ǐɍ}m��ɾ˹̭͂

�ȯɥǋ̝�Ƀ¥˺Ĝ}�n 

ƻȯɥ̝�ėȯɥ̝�か̛� cx39.4 ¥ˤƙ�µÀ×èÖ©Æ»åtTg(mitfa-

cx39.4, aox5-cx39.4) WKOu�˪ʲ̭͂¥ǯ}�tȾ 26Aun��ƻȯɥ̝�ėȯɥ̝�

か̛� cx41.8 ¥ˤƙ�µÀ×èÖ©Æ»åtTg(mitfa-cx41.8, aox5-cx41.8) WKOu�̪

Š̭͂¥ǯ}mcx39.4-/-�ɾ˹̭͂¥Ǉƙ}�tȾ 26BunǬ�ƻȯɥ̝� cx39.4mėȯ

ɥ̝� cx41.8 ¥ˤƙ�µÀ×èÖ©Æ»åtTg(mitfa-cx39.4, aox5-cx41.8) WKOu¥Ǐ

ɍ�µ�½ÊèªØ����tȾ 26Cunz¢�ɿ}�mƻȯɥ̝� cx41.8mėȯɥ̝

� cx39.4 ¥ˤƙ�µÀ×èÖ©Æ»åtTg(mitfa-cx41.8, aox5-cx39.4) WKOu��̪Š
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図25. 黒色素胞あるいは黄色素胞特異的にcx41.8を発現した遺伝子組み換えゼブラフィッ
シュの体表模様の評価  
tAuȾ 24A-C �ɾ˹̬ɑm� �ƻȯɥ̝�Ƀ¥ÝÆ´½ÅärÊ�ǯ}�n̍ŷʒm˸
ȓ２ǅmƇɴ}�ƜɾɃ��n��˹ 3 �Śǌ}�ntBucx41.8-/-tȾ 24AumTg(aox5-cx41.8) 

cx41.8-/-tȾ 24Cu� WT �̩ぎĀ�ėȯɥ̧̝±¥ǯ}�ncx41.8-/-t185.81±49.08 cells/mm2, 

n=5umTg(aox5-cx41.8) cx41.8-/-t383.60±28.63 cells/mm2, n=5umWTt385.24±17.15 cells/mm2, n=5un
ÝÆ´½�ʘ�ɀ̍ɞ�̍ŷʒmȝ”�ǜķ�ʘĔʒ¥ǯ}m­èrÑr�˸ȓ２ǅ¥ǯ�n
Ɛʧɀȓz0.05 �}m_�̺úǅsmµz�¥ǯ�nN.S �̺úǅ�}¥ǯ�n 
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̭͂����tȾ 26Dun 

ƻȯɥ̝� cx39.4mėȯɥ̝� cx41.8 ¥ˤƙ�µƃʾtȾ 26Cu�mɾ˹̬

ɑm� �ƻȯɥ̝�Ƀs％ȍÿʳǟɦ�ŇpÀ×èÖ©Æ»å�ʘ�ǈ�ʅtvm

˅~v½ÊèªØ¥ǯ}�ǜȍÿʳǟɦ�ŇpÀ×èÖ©Æ»åtȾ 19Gu�˅ʪ±

��ɰĝ}�tȾ 27A, B, ˹ 3unƻȯɥ̝� cx39.4mėȯɥ̝� cx41.8 ¥ˤƙ�µƃ

ʾtȾ 17Cu�ƻ½ÊèªØ�̇�ǜȍÿʳǟɦ�ŇpÀ×èÖ©Æ»åtȾ 19Gu

�˅ʪ±���sm̳ɋƁ� �ǋr��tȾ 27Cun 

˪ʲ̭͂¥Ǫ� cx41.8-/-�ƻȯɥ̝ˈûʭ� cx39.4 ¥ˤƙ�µƃ tʾTg(mitfa-

cx39.4) WKOutȾ 19Cumƻȯɥ̝�ėȯɥ̝�か̛� cx39.4 ¥ˤƙ�µƃ tʾTg(mitfa-

cx39.4, aox5-cx39.4) WKOutȾ 26Au�qn�d��˪ʲ¥Ưɇ�µƻȯɥ̝�Ƀ¥ɴ

ʧ�µ�mn�¢� 15 Ɯɢƣ���tȾ 28A-Dun��  cx39.4 �ƻȯɥ̝�ˤƙ�

µ�x� cx41.8-/-�ɾ˹̭͂¥Ǉƙ}�nöȦ�Ƌġr�mÀ×èÖ©Æ»ås½Êè

ªØ¥Ƃɇ�µ����mȞ�v��ƻȯɥ̝� cx39.4mėȯɥ̝� cx41.8 sˤƙ}

�n�x¢����nz�s̩�r����n 

 

 

 

 

 

 

 

 

 

Tg(mitfa-cx39.4, aox5-cx39.4) WKO

Tg(mitfa-cx39.4, aox5-cx41.8) WKO 

Tg(mitfa-cx41.8, aox5-cx41.8) WKO

Tg(mitfa-cx41.8, aox5-cx39.4) WKO 

B

C D

A

図 26. 黒色素胞と黄色素胞にそれぞれ一種類のコネキシンを発現した遺伝子組み換えゼブ
ラフィッシュの体表模様 
tAu ƻȯɥ̝� cx39.4mėȯɥ̝� cx39.4 ¥ˤƙ}� WKO ÑÆ´µèîË�ÿʳǟɦ�
ŇpÀ×èÖ©Æ»åntBuƻȯɥ̝� cx41.8mėȯɥ̝� cx41.8 ¥ˤƙ}� WKO ÑÆ´
µèîË�ÿʳǟɦ�ŇpÀ×èÖ©Æ»åntCuƻȯɥ̝� cx39.4mėȯɥ̝� cx41.8 ¥
ˤƙ}� WKO ÑÆ´µèîË�ÿʳǟɦ�ŇpÀ×èÖ©Æ»åntDuƻȯɥ̝� cx41.8m
ėȯɥ̝� cx39.4 ¥ˤƙ}� WKO ÑÆ´µèîË�ÿʳǟɦ�ŇpÀ×èÖ©Æ»ånĲ
À×èÖ©Æ»åƃʾ�ɩʧ”¢µ³äÆØ¼äî´»çîÎÆÊír´¥ɤȻǹȹ�Ė�
ǯ}�nėȯɥ̝¥ėȯ�ǜķmƻȯɥ̝¥ƻ�ǜķmCx39.4 �¸Î´Áî¥ぐȯ�ǜķm
Cx41.8 �¸Î´Áî¥ɔȯ�ǜķ�˹ǯ}�n½¶rêÑr� 10 mm ¥ǯ�n 
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図27. 図 26A-Dゼブラフィッシュの体表模様の評価 
tAuȾ 26A-D �ɾ˹̬ɑm� �ƻȯɥ̝�Ƀ¥ÝÆ´½ÅärÊ�ǯ}�ntBuTg(mitfa-

cx39.4, aox5-cx41.8) WKOtȾ 26Cumǜȍÿʳǟɦ�ŇpÀ×èÖ©Æ»åtȾ 19Gu� WT

�ɾ˹̬ɑm� �ƻȯɥ̝�Ƀ¥ÝÆ´½ÅärÊ�ǯ}�n̍ŷʒm˸ȓ２ǅmƇɴ}
�ƜɾɃ��n��˹ 3 �Śǌ}�ntCuTg(mitfa-cx39.4, aox5-cx41.8) WKOtȾ 26Cumǜȍ
ÿʳǟɦ�ŇpÀ×èÖ©Æ»åtȾ 19Gu� WT �ƻ½ÊèªØ̇¥ÝÆ´½ÅärÊ�
ǯ}�nTg(mitfa-cx39.4, aox5-cx41.8) WKOt0.511±0.034 mm, n=11um ǜȍÿʳǟɦ�ŇpÀ
×èÖ©Æ»åt0.466±0.048 mm, n=5umWTt0.549±0.034 mm, n=11unÝÆ´½�ʘ�ɀ̍
ɞ�̍ŷʒmȝ”�ǜķ�ʘĔʒm­èrÑr�˸ȓ２ǅ¥ǯ�nƐʧɀȓz0.05 �}m_
�̺úǅsmµz�¥ǯ�nN.S �̺úǅ�}¥ǯ�n 
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図28. 1 つの斑点を構成する黒色素胞の数の比較  
tAucx41.8-/-�˪ʲ�ĳʅǹȹntBuTg(mitfa-cx39.4) WKO �˪ʲ�ĳʅǹȹntCuTg(mitfa-

cx39.4, aox5-cx39.4) WKO �˪ʲ�ĳʅǹȹntDucx41.8-/-mTg(mitfa-cx39.4) WKOmTg(mitfa-

cx39.4, aox5-cx39.4) WKO � 1 ��˪ʲ¥Ưɇ�µƻȯɥ̝�Ƀ¥ÝÆ´½ÅärÊ�ǯ}
�ncx41.8-/-t14.57±2.06 cells, n=10umTg(mitfa-cx39.4) WKOt15.86±6.58 cells, n=20umTg(mitfa-

cx39.4, aox5-cx39.4) WKOt13.26±3.36 cells, n=10unÝÆ´½�ʘ�ɀ̍ɞ�̍ŷʒmȝ”�
ǜķ�ʘĔʒm­èrÑr�˸ȓ２ǅ¥ǯ�nƐʧɀȓz0.05 �}mN.S �̺úǅ�}¥ǯ
�n½¶rêÑr� 200 µm ¥ǯ�n 
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zz���Ƌġ¥���µ�mƻȯɥ̝�ėȯɥ̝�ˤƙ�µ¸Î²»îÿ

ʳǟ� cx39.4 � cx41.8 ���n��mƻȯɥ̝� cx39.4mėȯɥ̝� cx41.8 ¥ˤƙ

�µÿʳǟɦ�ŇpÀ×èÖ©Æ»å��mɾ˹̬ɑm� �ƻȯɥ̝�Ƀsɰĝ}m

z¢�¥˅ǫ�ˤƙ�µ�½ÊèªØ¥ǯ}�nöȦ�z�r�mÀ×èÖ©Æ»å

�ƻȯɥ̝�ėȯɥ̝�mƻȯɥ̝Ŏ� Cx39.4-Cx39.4mėȯɥ̝Ŏ� Cx41.8-Cx41.8m

ƻȯɥ̝―ėȯɥ̝Ŏ�� Cx39.4-Cx41.8 �³äÆØ¼äî´»çîÎÆÊír´¥

Ưー�µ�½ÊèªØ¥Ƃɇ�µz�sǯǃ”¢�tȾ 29un 

Line                                                melanophores/mm2 s.d N
WT 67.78 6.65 10
cx39.4-/- 36.51 4.28 10
Tg(mitfa-cx39.4)cx39.4-/- 52.30 9.16 7
Tg(aox5-cx39.4)cx39.4-/- 43.29 4.68 4
cx41.8-/- 25.94 5.23 10
Tg(mitfa-cx41.8)cx41.8-/- 38.34 4.94 10
Tg(aox5-cx41.8)cx41.8-/- 69.58 8.95 10
WKO 2.56 2.15 10
Tg(mitfa-cx39.4)WKO 24.25 6.48 18
Tg(mitfa-cx41.8)WKO 8.61 3.00 10
Tg(aox5-cx39.4)WKO 21.56 5.30 10
Tg(aox5-cx41.8)WKO 35.18 6.72 18
Tg(mitfa-cx39.4, aox5-cx39.4)WKO 18.54 2.80 10
Tg(mitfa-cx41.8, aox5-cx41.8)WKO 23.77 5.28 16
Tg(mitfa-cx39.4, aox5-cx41.8)WKO 55.46 7.68 11
Tg(mitfa-cx41.8, aox5-cx39.4)WKO 23.86 2.95 4
Tg(mitfa-cx39.4, mitfa-cx41.8,aox5-cx39.4, aox5-cx41.8)WKO 54.26 9.09 5

表3. 体表面積あたりの黒色素胞の数のまとめ 
Ĳƃʾ�ɾ˹̬ɑm� �ƻȯɥ̝�Ƀ�̍ŷʒm˸ȓ２ǅts.dumƇɴ}�ƜɾɃtNu¥
˹Ś}�n 
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3.3.6 ギャップジャンクションの可視化 

Cx39.4 � Cx41.8 sȯɥǋ̝Ŏ�³äÆØ¼äî´»çî¥Ƃɇ}�nµz

�¥ǯ���m��mN2a ǋ̝¥̈́n�ʴŘɋ͎ĻʭĨɐ¥Ƴo��mCx39.4 � Cx41.8

�ĞǥĚ¥Ǧ��nɚƳƑŤ�qn�mȯɥǋ̝�̫Ďɝȯ̜��µ³äÆØ¼äî

´»çî�ƐȐsǀˌ�mµz�m��m¸Î²»î�ɤʟ˟じ�ƆƧÃîÒ´Ƿ�

̾ƹÃîÒ´Ƿ�m̧ Î²»î３ûɾ�ɾ˹̭͂¥ĩ̆�t�mHeLa ǋ̝�³äÆØ

¼äî´»çî¥Ƃɇ}�nz�¥ǯ}�nµ 60,88n 

 

3.3.6.1 Cx39.4 の可視化 

Cx39.4 sƂɇ�µ³äÆØ¼äî´»çî¥ĞǥĚ�µ��mCx39.4 �ɤʟ

˟じtȾ 30A-Ȧʑu� 256 ˮ̰r� 321 ˮ̰�¨àÏǗ¥Șt EGFP ¥ɪ˒}�

Cx39.4exc256-321EGFPtȾ 30A-ęʑu¥Ǐɍ}�n 

Ǐɇ}�̾ƹÿʳǟ¥ƻȯɥ̝ˈûʭ� cx39.4-/-ÑÆ´µèîË�À×èÖ

©Æ»å�ˤƙ”���z£mTg(mitfa-cx39.4exc256-321EGFP) cx39.4-/- �½ÊèªØ¥

図 29. ゼブラフィッシュがストライプを形成するために必要な色素細胞間の最小ギャップ
ジャンクションネットワークの模式図 
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ǯ}mƻȯɥ̝Ŏ�³äÆØ¼äî´»çîØèr´¥ǯ�ƆƧÃîÒ´Ƿ�Ȋɑs

ŌǑ”¢�tȾ 30B, Cunƻȯɥ̝� EGFP ¥ˤƙ}��x��mǋ̝̣��üƳmǋ

̝̣��ƆƧÃîÒ´Ƿ�Ȋɑ�śz��r��tȾ 30D, EunǬ�mCx39.4exc256-

321EGFP ¥ N2a ǋ̝�ˤƙ”���z£m102 Û¨ʘ 38 Û¨t37.25%us³äÆØ¼

äî´»çîØèr´¥Ƃɇ}�tȾ 30Fun 

 

 

 

 

 

 

 
  

256-321aa

EGFP domain exchange

Cx39.4exc256-321EGFP

F

Cx39.4exc256-321EGFPTg(mitfa-cx39.4exc256-321EGFP) cx39.4-/-

B C

A
341aa

Cx39.4 (full length, 341aa)
TM1 TM2 TM3 TM4

E

Tg(mitfa-EGFP) cx39.4-/-

D

図30. Cx39.4 の imaging  
tAuCx39.4 �ĞǥĚ�̈́n�¸î½Êè´Ê�̭ǲȾntBuƻȯɥ̝ˈûʭ� cx39.4exc256-

321EGFP ¥ˤƙ}� cx39.4-/-ÑÆ´µèîË�ÿʳǟɦ�ŇpÀ×èÖ©Æ»åntCutBu
� F0 Ʉʄ�ɾ˹�ĳʅƆƧǹȹntDuƻȯɥ̝ˈûʭ� EGFP ¥ˤƙ}� cx39.4-/-ÑÆ´µ
èîË�ÿʳǟɦ�ŇpÀ×èÖ©Æ»åntEutDu� F0 Ʉʄ�ɾ˹�ĳʅƆƧǹȹntFu
Cx39.4exc256-321EGFP ¥ˤƙ}� N2a ǋ̝nˢ̴˃mė̴˃�Øèr´¥ǯ�n½¶rêÑr
tBu� 10 mmmtCu� 100 µmmtFu� 10 µm ¥ǯ�n
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3.1.6.2 Cx41.8 の可視化 

Ǭ�mCx41.8 sƂɇ�µ³äÆØ¼äî´»çî�ĞǥĚ¥Ǧ��nCx41.8

� C ̤ʎぎĀ� 240 ˮ̰öƶ�¨àÏǗ¥ȘŦ}mEGFP ¥̾ƹ}�̾ƹÃîÒ´Ƿ

¥ˤƙ�µ¸î½Êè´Ê¥Ǐɍ}�tȾ 31A-ęʑuncx41.8 ØìãrÃr�

cx41.8del241-370EGFP ¥ cx41.8-/-�ˤƙ}�À×èÖ©Æ»åtTg(cx41.8-cx41.8del241-

370EGFP) cx41.8-/-u�½ÊèªØ¥ǯ}tȾ 31BumF0 Ʉʄ��ƻȯɥ̝Ŏ�³äÆØ

¼äî´»çîØèr´¥ǯ�ƆƧÃîÒ´Ƿ�Ȋɑ¥Ķ˕}�tȾ 31Cun̟ ǸƔ�

�mėȯɥ̝sƂɇ�µ³äÆØ¼äî´»çîØèr´�ŌǑ�Ǧ��smėȯɥ

̝�ǰğƆƧ�� ³äÆØ¼äî´»çîØèr´¥ƐȐ�t�r��n 

�� Cx41.8del241-370EGFP ¥ N2a ǋ̝�Êèî½Ö¬´»çî}��z£m

Cx41.8del241-370EGFP ¥ˤƙ�µǋ̝� 562 Û¨ʘdÛ¨t0.18%u}r³äÆØ¼ä

î´»çîØèr´¥Ƃɇ}�r��tȾ 31Dun����m̟ƑŤ�� Cx41.j�ʴ

Řɋ͎ĻʭĨɐ¥Ƴoz�s�t�r��n 

 

 

 

 

 

 

  

240aa EGFP

370aa

Cx41.8del241-370EGFP

Cx41.8 (full length, 370aa)

A

Tg(cx41.8-cx41.8del241-370EGFP) cx41.8-/-

B C

Cx41.8del241-370EGFP

D

図3１. Cx41.8 の imaging  
tAuCx41.8 �ĞǥĚ�̈́n�¸î½Êè´Ê�̭ǲȾntBuƻȯɥ̝ˈûʭ� cx41.8del241-

370EGFP ¥ˤƙ}� cx41.8-/-ÑÆ´µèîË�ÿʳǟɦ�ŇpÀ×èÖ©Æ»åntCutBu�
F0 Ʉʄ�ɾ˹�ĳʅƆƧǹȹntDuCx41.8del241-370EGFP ¥ˤƙ}� N2a ǋ̝nˢ̴˃mė̴
˃�Øèr´¥ǯ�n½¶rêÑrtBu� 10 mmmtCu� 100 µmmtDu� 10 µm ¥ǯ�n
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3.1.6.3 ホモメリック-ヘテロティピックギャップジャンクションの形成 

 Cx39.4 � Cx41.8 �ȯɥǋ̝�qn�mÙÈìâéÆ´³äÆØ¼äî´

»çî¥Ƃɇ�µ 17,59n�z�mN2a ǋ̝� cx39.4ins287EGFPtCx39.4 � 288 ˮ̰�÷

ʕ� EGFP ¥ɪ˒}�¸î½Êè´Êu¥ˤƙ�µØè½àË� cx41.8del241-370RFP

tcx41.8del241-370EGFP � EGFP ¥ RFP �ʕŇ}�¸î½Êè´Êu¥ˤƙ�µØè½

àË¥˅ǫ�Êèî½Ö¬´»çî}�tȾ 32Aun2 Ȁこ�Øè½àËsˆ˒”¢�

N2A ǋ̝ 237 Û¨ʘ 89 Û ẗ37.55%us Cx39.4ins287EGFP � Cx41.8del241-370RFP sǂ

Ǎ}�³äÆØ¼äî´»çîØèr´¥Ƃɇ}�tȾ 32B-Duncx39.4ins287EGFP ¥

ʋˉ�Êèî½Ö¬´»çî}�ǫ� 191 Û¨ʘ 73 Û ẗ38.21%umCx41.8del241-370RFP

¥ʋˉ�Êèî½Ö¬´»çî}�ǫ� 463 Û¨ʘ 4 Û¨t0.86%u�³äÆØ¼ä

î´»çîØèr´sŌǑ”¢�n 

Ǭ�mCx39.4ins287EGFP � Cx41.8del241-370RFP ¥�¢�¢ N2a ǋ̝�Êèî½

Ö¬´»çî}mÊèî½Ö¬´»çîr� 24 ǫŎƣ�か̛�ǋ̝¥ǂ˅}�mȶ

}n±è½Úr½É©Æ»å�□tʠ}�nÊèî½Ö¬´»çîr� 48 ǫŎƣt□

tʠ}r� 24 ǫŎƣu�ǋ̝¥ŌǑ�µ�mCx39.4ins287EGFP ¥ˤƙ�µˡ͆ǋ̝�

Cx41.8del241-370RFP ¥ˤƙ�µǋ̝�Û¨s（˽±t79 Û¨ʘ 3 Û¨t3.80 %uu�Ø

èr´¥Ƃɇ}�tȾ 32E-Gunz�Ƌġr�mCx39.4 � Cx41.8 �ÜãâéÆ´-ÙÈ

ìÈ©ÕÆ´³äÆØ¼äî´»çî¥ N2a ǋ̝��Ǐµz�¥Ķ˕}�n 
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370aa

Cx41.8 (full length, 370aa)

240aa RFP

Cx41.8del241-370RFP

341aa

Cx39.4 (full length, 341aa)

TM1 TM2 TM3 TM4

287aa

EGFP domain insert

Cx39.4ins287EGFP

A

図32. Cx39.4 と Cx41.8 の同時可視化 
t A u Cx39.4ins287EGFP � Cx41.8del241-370RFP �¸î½Êè´Ê�̭ǲȾnt B-D u
Cx39.4ins287EGFP � Cx41.8del241-370RFP ¥˅ǫ�ˤƙ}mÙÈìâéÆ´-ÜãÈ©ÕÆ´³ä
ÆØ¼äî´»çî¥Ƃɇ}� N2a ǋ̝ntE-GuĂ̛�ǋ̝� Cx39.4ins287EGFPm�oĂ̛
�ǋ̝� Cx41.8del241-370RFP ¥ˤƙ}mÜãâéÆ´-ÙÈìÈ©ÕÆ´³äÆØ¼äî´»ç
î¥Ƃɇ}� N2a ǋ̝ntB, Eu� EGFPmtC, Fu� RFP �Ö©êÃr�ǒĊ}�ƆƧǹȹn
tD, Gu� EGFP � RFP �ǒĊ}�ǹȹ¥ßr¼}�ĥɯnė̴˃� N2a ǋ̝ɿ�Ƃɇ”¢
�³äÆØ¼äî´»çîØèr´¥ǯ�n½¶rêÑr� 10µm ¥ǯ�n 
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3.３.7 コネキシンのスペルミジン感受性について 

3.3.7.1 スペルミジン濃度が減少したゼブラフィッシュの体表模様の観察 

½Ûêà¼îƹɇƵɥtspermidine synthase; srmu¥Ɖɺ}�３ûɾ�mɋɾ

ˋ�½Ûêà¼î˗±sƘȞ}mɾ˹̭͂s３Ě�µtȾ 33Au90n̟ ƑŤ��ȯɥǋ

̝�ˤƙ�µ¸Î²»î�½Ûêà¼î�ɿ�µĊų¥Ĩɐ�µ��m½Ûêàîo

½Ûêà¼î̋ĨƵɥtSpermidine/spermine-N(1)-acetyltransferase; ssatu¥ƻȯɥ̝m

µn�ėȯɥ̝�Ĥȧˤƙ}�ÿʳǟɦ�ŇpÀ×èÖ©Æ»å¥Ǐɍ}m��ɾ˹

̭͂¥ŌǑ}�nƻȯɥ̝� ssat ¥Ĥȧˤƙ}�̳ɋƁÑÆ´µèîË�À×èÖ©

Æ»åtTg(mitfa-ssat) WTu�ɾ˹̭͂s͋¢�tȾ 33Bu88nĂ̛mėȯɥ̝� ssat

¥Ĥȧˤƙ}�̳ɋƁÑÆ´µèîË�À×èÖ©Æ»åtTg(aox5-ssat) WTu�½Ê

èªØ¥ǯ}mɾ˹̭͂s͋¢�r��tȾ 33Cunz¢�� ėȯɥ̝���vmƻ

ȯɥ̝�ő�¢µ½Ûêà¼îsmÀ×èÖ©Æ»å�ɾ˹̭͂Ƃɇ�ŏ¤µz�¥

ǯ}�n 

 

 

 

 

 

 

 

 

  

CB

Tg(mitfa-ssat)WT Tg(aox5-ssat)WT

srm-/-

A

図３３. スペルミジンの濃度が減少したゼブラフィッシュの体表模様 
tAusrm-/-ntBuƻȯɥ̝� ssat ¥ˤƙ}� WT ÑÆ´µèîË�ÿʳǟɦ�ŇpÀ×èÖ
©Æ»åntCuėȯɥ̝� ssat ¥ˤƙ}� WT ÑÆ´µèîË�ÿʳǟɦ�ŇpÀ×èÖ©
Æ»ånĲÀ×èÖ©Æ»å�ƃʾ�ɩʧ”¢µ³äÆØ¼äî´»çîÎÆÊír´¥ɤ
Ȼǹȹ�Ė�ǯ}�nėȯɥ̝¥ėȯ�ǜķmƻȯɥ̝¥ƻ�ǜķmCx39.4 �¸Î´Áî¥
ぐȯ�ǜķmCx41.8 �¸Î´Áî¥ɔȯ�ǜķm½Ûêà¼î˗±sƘȞ}�ȯɥǋ̝¥̯
ļx�˹ǯ}�n½¶rêÑr� 10 mm ¥ǯ�n 
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3.3.7.2 Cx39.4 ギャップジャンクションの電気生理学解析 

À×èÖ©Æ»ås½ÊèªØ¥Ƃɇ�µ���mƻȯɥ̝� cx39.4 ¥ˤƙ

�µz�s˶ͅ�m mĿ�mƻȯɥ̝�½Ûêà¼îͅŢɆsmµn�� Cx39.4 �

N2a ǋ̝�³äÆØ¼äî´»çîØèr´¥Ƃɇ�µn�z�mÒÆÅ´èîØ̜

¥̈́n� Cx39.4 �½Ûêà¼îņȂɆ��n�Ĩɐ}�n 

ÒÆÅ´èîØ̜� Cx39.4exc256-321EGFP ¥ N2a ǋ̝�ˤƙ”�m³äÆØ¼

äî´»çîØèr´¥Ƃɇ}�Û¨tȾ 34Du�ʳ¤µʴ͒¥m½Ûêà¼îɹǍ

ę���˲ɹǍę�qn�ɴʧ}�tȾ 34Aun�~��ʴŶ¥Ǜ}� N2a ǋ̝ɿ�

８Ǫʴñ¥-40 mV �Ɵʧ}�nǬ�Ă̛�ǋ̝ɳ�ʴñ¥ 20 mV Ŏĺ�-140 mV r

�+60 mV �� 10 ˼��̀pm˩ɿɳ�ǋ̝�͒¢�ʴ͒tIju¥ɴʧ}�tȾ 34B

Ȧʑun 

��ƋġmCx39.4exc256-321EGFP ¥Êèî½Ö¬´»çî}�n�n N2a �Û

¨� 10 pA öę�ʴ͒sɴʧ”¢m��¦�ʴ͒s͒¢�r��tȾ 34B-2 ʑ̰un

Ǭ� Cx39.4exc256-321EGFP �³äÆØ¼äî´»çîØèr´¥Ƃɇ}� N2a Û¨¥

Ƈɴ}��z£mˋƪt�ıƪt�˅き�ʴ͒¥Ķ˕}�tȾ 34B-3 ʑ̰unɸn�

Ă̛�ˋ̄ÕÛÆÊ̓č� 30 mM �½Ûêà¼î¥ǂƹ}�ǋ̝Ŏ¥ʳ¤µʴ͒¥

ɴʧ}�n��Ƌġm½Ûêà¼î¥ő¦�ǋ̝��ˋƪt�ʴ͒き�ɿ}�ıƪt

�ʴ͒きsȝ”v� mɈ͒Ɇ¥ǯ}�tȾ 34B-ęʑun 

ˋ̄ÕÛÆÊ̓č�½Ûêà¼î˗±¥ 0 mMm15 mMm30 mM �}��¢

�¢ÒÆÅ´èîØ¥Ƴnm��Ƌġ¥ I-V ØìÆÊ�ǯ}�tȾ 34Cun15 mM �

30 mM �½Ûêà¼î¥ˋ̄ÕÛÆÊ̓č�̈́n�ȪƎ��mɗƹ̄ʴñtVjus+40 

mV öȦ��µ� 0 mM ½Ûêà¼î�ȪƎ�˰��m½Ûêà¼î¥ő¦�ǋ̝�

ıƪt�ʴ͒きs̺ú�ƘȞ}�nöȦ�Ƌġr�mCx39.4 s½Ûêà¼îøɹʭ�

Ɉ͒Ɇ¥Ǫ�z�s̩�r����n 
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Vj -Ij

Cx39.4exc256-321EGFP

図34. Cx39.4 の電気生理学的解析  
tAuCx39.4exc256-321EGFP �½Ûêà¼îtSpduņȂɆ¥ɴʧ}�ÒÆÅ´èîØ̜�̭ǲ
ȾntBuȦʑpĂ̛�ǋ̝�ʴñ¥-140 mV r�+60 mV �� 20 mV ��３Ě”�mɻ̛�
ǋ̝�͒¢µʴ͒tIju¥ɴʧ}�n2 ʑ̰pCx39.4exc256-321EGFP ¥Êèî½Ö¬´»çî}
�n�n N2a ǋ̝�ǋ̝ɿ�ɴʧ}�ʴ͒¥ǯ�n3 ʑ̰pCx39.4exc256-321EGFP �³äÆØ
¼äî´»çîØèr´¥Ƃɇ}� N2a �ǋ̝ɿ�ɴʧ}�ʴ͒¥ǯ�nęʑp30 mM ½Û
êà¼î¥ĝp�ˋ̄ÕÛÆÊ̓č�̈́n�mCx39.4exc256-321EGFP �³äÆØ¼äî´»ç
îØèr´¥Ƃɇ}� N2a ǋ̝ɿ�ɴʧ}�ʴ͒¥ǯ�ntCù ̄ÕÛÆÊ̓č�½Ûêà
¼î˗±¥ 0 mMt`um15 mMtaum30 mMtʼu�}�ÒÆÅ´èîØ¥Ƴ���ƇɴƋ
ġ¥ I–V ØìÆÊ�ǯ�nĲ½Ûêà¼î˗±�qn� 5 ĩ̋�ɴʧƋġ�̍ŷ¥Ţ��n
­èrÑr�˸ȓ２ǅ¥ǯ�n 



� ��--���

3.4. 考察     
3.4.1 黄色素胞から黒色素胞への活性化シグナル 

À×èÖ©Æ»å�ɾ˹̭͂Ƃɇ�qxµ Cx39.4 � Cx41.8 �ŗ◇¥͎Ĩ�

µ��mƻȯɥ̝ˈûʭmµn�ėȯɥ̝ˈûʭ� cx39.4 ��� cx41.8 ¥ˤƙ�µ¸

Î²»îǇƯɇƃʾ¥Ǐɍ}�ncx39.4 � cx41.8 �％ȍ３ûɾtWKOu���¦�ƻ

ȯɥ̝sɹǍ}�nsm̟ ƑŤ��mWKO �ƻȯɥ̝� cx39.4mėȯɥ̝� cx41.8 ¥

˅ǫ�ˤƙ}�À×èÖ©Æ»åtTg(mitfa-cx39.4, aox5-cx41.8) WKOus½ÊèªØ

¥Ƃɇ�µz�ǯ}�tȾ 26Cunz¢�� mȯɥǋ̝Ŏ�³äÆØ¼äî´»çî

ÎÆÊír´¥ħ}�ľɆĚ»µÌê�ɹǍsǯǃ”¢�n��mƻȯɥ̝�ő�¢

µ½Ûêà¼îsɾ˹̭͂Ƃɇ�Ŕ̀}mCx39.4 s½Ûêà¼îøɹʭ�Ɉ͒Ɇ¥ǯ

�z�¥̩�r�}�tȾ 34B, CunöȦ�z�r�mƻȯɥ̝� Cx39.4 �ėȯɥ̝

� Cx41.8 r��µ³äÆØ¼äî´»çîsɈ͒Ɇ¥ǯ}mz�̛ƪɆ¥Ǫ��³

äÆØ¼äî´»çî�ėȯɥ̝r�ƻȯɥ̝��ľɆĚ»µÌê¥ʠɗʭ�ʙħ

}�nµĞ◇ɆsƱp�¢µn 

 

3.4.2 スペルミジン減少による体表模様変化について 

ɚƳƑŤ��m½Ûêà¼îƹɇƵɥtspermidine synthetase; srmu�ÏÆ´

¨«ÊÀ×èÖ©Æ»åtsrm-/-mȾ 33Ausɾ˹̭͂３Ě¥ątśz�z�sǯ”¢m

À×èÖ©Æ»å�ɾ˹̭͂Ƃɇ�qxµ½Ûêà¼î�˶ͅɆsǯ”¢� 90n”�

�z�ƑŤ��msrm-/-�ɋɾˋ�½Ûêà¼î˗±sʛ}vƘȞ}�nµz�¥²ä

ÕèérʴŘČ˄-Ƿき̋ɐtCE-MSu��µĨɐr�̩�r�}�nµnʉ}m½Û

êà¼î�ƘȞ�� ̭͂s͋¢µƖĄ�����ɓ˔ǋ̝�Ȁこ¥˅ʧ�t�n

�r��n̟ƑŤ��m½Ûêà¼î�ƘȞsėȯɥ̝���vmƻȯɥ̝�ɋ~µ

z��� À×èÖ©Æ»å�ɾ˹̭͂�３Ě¥ątśz�z�¥ǯ}�n 

cx41.8 �Üãìµ�mµèÆÊ Cx40 �³äÆØ¼äî´»çî�½Ûêà

¼î�½Ûêàîøɹʭ�Ɉ͒Ɇ¥̺}�nµ 81nèÆÊ Cx40 � N ̤ʎぎĀ��µ

êÃàîǗtEu¥ő� E9xxxE13 ãÅrÖsɹǍ�µnExxxE ãÅrÖ�µêÃàî

Ǘ¥é»îtKu�ʕŇ}�èÆÊ Cx40 E9, 13K �½Ûêà¼î�½Ûêàîøɹʭ

�Ɉ͒Ɇ¥ǵoz�r�mExxxE ãÅrÖs½Ûêà¼î�½Ûêàî�ɮƢǏ̈́}

�m³äÆØ¼äî´»çî�Ɉ͒Ɇ¥ɅƤ�µ�Ʊp�¢�nµ 80,81nÀ×èÖ©
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Æ»å� Cx39.4 � Cx41.8 � N ̤ʎぎĀ� ExxxE ãÅrÖ¥̺}�q m½Ûêà¼

î�½Ûêàî��µɈ͒Ɇ�ɅƤ¥Ȃxµz�sȿɴ”¢�n�tȾ 35un̟ƑŤ

��mN2a ǋ̝¥̈́n�ÒÆÅ´èîØ̜��  Cx39.4 s½Ûêà¼îøɹʭ�Ɉ͒

Ɇ¥Ǫ�z�¥ǯ}�nCx39.4 �Ɉ͒Ɇs ExxxE ãÅrÖ�� ɅƤ”¢�nµ�

r��n��mµêÃàîǗ¥é»îtKu�ʕŇ}� Cx39.4 E10,14K � Cx39.4 

E14,18K ��n�ÒÆÅ´èîØǸƔ��µɗƹ̄ʴ͒�ɴʧ�ʼĘʬʧƁ°ìé

âÊér��µ E10xxxE14 mµn� E14xxxE18 �½Ûêà¼î�̋ǟŎɮƢǏ̈́��n

�Ȥǋ�Ĩɐ�µ˶ͅsmµn 

̟ƑŤ�� Cx39.4 �½Ûêà¼îņȂɆ¥ʴŘɋ͎ĻʭĨɐ�� ̩�r

�}�nĂ̛mCx41.8 s N2a ǋ̝�³äÆØ¼äî´»çîØèr´¥Ƃɇ}�r�

���mCx41.8 �½Ûêà¼îņȂɆ¥ʠɗʭ�̛̜�Ɛȣ�µz�s�t�r��n

}r}mɚƳƑŤ�qn�mCx41.8 �½Ûêà¼îņȂɆsmµz�¥Ŏɗʭ�ǯ}

�nµ 88n����mCx39.4 � Cx41.8 r��µÙÈìâéÆ´-ÙÈìÈ©ÕÆ´³

äÆØ¼äî´»çî�½Ûêà¼îņȂɆ¥̺}�nµ�Ʊp�¢µn 

 

 

 

 

 

 

 

½Ûêà¼î�¸Î²»î�ɻ�mˋƪtɈ͒Ɇ°é«áÅäÎêtKiruÖ

§àér�Ɉ͒Ɇ¥ɅƤ�µ 91nÀ×èÖ©Æ»å�ƻȯɥ̝�� Kir7.1 sˤƙ}�

nµnKir7.1 �ƻȯɥ̝�ėȯɥ̝�˩ˤ»µÌê¥ʌoɾ˹̭͂Ƃɇ�Ŷ��ȍͅ

�̋ǟ�mµnKir7.1 �½Ûêà¼îņȂɆ¥ʴŘɋ͎Ļʭ�ǿ̜¥̈́n�Ĩɐ}�

Zf Cx39.4 MSRADWGFLE HLLEEGQEYST

Zf Cx41.8 MADWSLLG SFLEEVQEHST

Rat Cx40 MGDWSFLG EFLEEVHKHST

E10xxxE14 E14xxxE18

E12xxxE16

E9xxxE13

図35. ExxxE モチーフ  
À×èÖ©Æ»å� Cx39.4 � 10m14m15m18 ˮ̰�¨àÏǗsµêÃàîǗ����q m
E10xxxE14mE14xxxE18 �e��ãÅrÖ¥Ǫ�nCx41.8 � 12m15m16 ˮ̰�¨àÏǗ�µê
ÃàîǗ¥̺}�q mE12xxxE16 ãÅrÖ¥Ǫ�nèÆÊ Cx40 � 9m12m13 ˮ̰�¨àÏ
Ǘ�µêÃàîǗ¥̺}�nµn  

z 
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ƑŤ�Ƴ¤¢�n�nsmTg(mitfa-ssat) WT �˹ƙƁ� Kir7.1 �Ɉ͒Ɇ�ɧǵ�mɾ

˹̭͂s３Ě}�ƖĄ����nµ�Ʊp�¢µn 

つˑこ�ǋ̝�d―Ƀ mM �½Ûêà¼î¥ő̺}�nµsm����¦�

� RNA �Ƌƹ}�nµnèÆÊ�ŋǋ̝�̽い½Ûêà¼î�˗±��n��m20 

µM �mǋ̝ˋ�ɤ½Ûêà¼î˗±� 2%ʪ±�mµ 92nz¢���つˑこ� Kir2.1

��m0.1-50 µM �½Ûêà¼î�� ıƪtʴ͒¥͇Ʌ�µz�sＣƺ”¢�nµ
93-95n̟ǸƔ��m15 mM � 30 mM �½Ûêà¼î¥̈́n�mCx39.4 �Ɉ͒Ɇ¥ǯ}

�tȾ 34CunɚƳƑŤ�èÆÊ Cx40 �½Ûêà¼îņȂɆ¥ǯ}�ǸƔ�m5−15mM

�½Ûêà¼î¥ǚ̈́}�nµ 81nÀ×èÖ©Æ»å�ƻȯɥ̝�ő�¢µ½Ûêà

¼î�˗±¥ɴʧ}�ƑŤ��n��mƻȯɥ̝�ʘ�½Ûêà¼î˗±�˿̩�m

µn}r}mƻȯɥ̝� Cx39.4 � Kir7.1 �n��½Ûêà¼î�ɅƤ¥Ȃxµɾ˹

̭͂Ƃɇ�ŏ¤µÃîÒ´Ƿ¥ˤƙ}�nµz��m½Ûêà¼î�˗±ƘȞ�� m

ƻȯɥ̝���Ɠʛ�ĊųsȐµ˹ƙƁ¥Ǫ�z�r�m̽い½Ûêà¼î�˗±s

ɻ�ǋ̝�˰��ƷnĞ◇ɆsƱp�¢µn�}v�m̽い½Ûêà¼îsŵȖʭ�

Ʒ˗±�ɹǍ�µz�� Cx39.4 �³äÆØ¼äî´»çî� Kir7.1 �Ǐ̈́}�nµ

Ğ◇Ɇ�Ʊp�¢µn 

��m½Ûêà¼î¥ő�Þé¨àî˗±�s¦ǋ̝�Ʒvmǋ̝ɰȭĄǟ

�}�ŗ◇�µ�Ʊp�¢�nµ 96n½Ûêà¼î�ƘȞ�ľɆĚ elF5AtelF5A 

Hypusinationu¥͇Ʌ}̷̠ƨ͐s（ę�µ 97nz¢��ɋ͎ľɆǏ̈́�（ę�

Tg(mitfa-ssat) WT �qn�ƻȯɥ̝sƘȞ}�ͅĄ�Ă��Ʊp�¢µn 

 

3.4.3 Cx39.4 と Cx41.8 が行う細胞集団サイズの制御について 

ƻȯɥ̝ˈûʭ� cx39.4 ¥ˤƙ}� WKO ÑÆ´µèîË�À×èÖ©Æ»

åtTg(mitfa-cx39.4) WKOu�˪ʲ̭͂¥ǯ}�tȾ 19CunĂ̛mƻȯɥ̝ˈûʭ�

cx41.8 ¥ˤƙ}� WKO ÑÆ´µèîË�À×èÖ©Æ»åtTg(mitfa-cx41.8) WKOu

��mWKO �˰ĸ�µ�ƻȯɥ̝s¤�r�ɰĝ}��x���tȾ 19DmȾ 20Aun

ɚƳƑŤ��m̄ r¹ªÊ´èîØǸƔ� Cx41.8 �³äÆØ¼äî´»çîs Cx39.4

�³äÆØ¼äî´»çî�˰��ůnʴ÷øɹɆ¥ǯ}mCx41.8 � Cx39.4 �·r

È©îµ�ɆǷsû�µz�¥̩�r�}� 59nz�z�r�mtTg(mitfa-cx39.4) WKOu
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�tTg(mitfa-cx41.8) WKOusǯ�ɾ˹̭͂�þnm��¤�ƻȯɥ̝�Ȋʏ¹ª¾¥

ýǪ�µŗƯ�þn�mƻȯɥ̝�Ŏ�Ƃɇ”¢µ³äÆØ¼äî´»çî�·rÈ

©îµ�ɆǷ�Ċų¥Ȃx�nµĞ◇Ɇsmµn 

ėȯɥ̝ˈûʭ� cx39.4 ��� cx41.8 ¥ˤƙ}� WKO ÑÆ´µè«îË�

À×èÖ©Æ»åtTg(aox5-cx39.4) WKOmTg(aox5-cx41.8) WKOu�mWKO �˰ĸ}

�m̩ぎĀ�ėȯɥ̧̝±sʅtv���tȾ 19E, FmȾ 20Bun̩ぎĀ�ėȯɥ̧̝

±�mėȯɥ̝� cx43 ¥ˤƙ}�À×èÖ©Æ»åtTg(aox5-cx43) WKOu��ɰĝ

}�tȾ 12A, Bun”��ėȯɥ̝s cx39.4 � cx41.8 �か̛¥ˤƙ}mr�ƻȯɥ̝

� cx39.4 ¥ˤƙ}�À×èÖ©Æ»åtTg(aox5-cx41.8) cx41.8-/-u�̩ぎĀ�ėȯɥ̝

̧±s̳ɋƁ�˅ʪ±��ĩ̆}�tȾ 24C, 25BunĂ̛mėȯɥ̝s cx39.4 � cx41.8

�か̛¥ˤƙ}mr�ƻȯɥ̝� cx41.8 ¥ˤƙ}�À×èÖ©Æ»åtTg(aox5-cx39.4) 

cx39.4-/-u�̩ぎĀ�ėȯɥ̧̝±s cx39.4-/-�˅ʪ±�m̳ ɋƁ�˨̋�����tȾ

22C, 23Bunz�z�r�mėȯɥ̝�̧±�¸Î²»î�ˤƙ�x��ʅtv�µsm

ƻȯɥ̝� cx39.4mėȯɥ̝� cx41.8 �ˤƙs�n�Ńɤ��ĩ̆}�nz�sƱp

�¢µnɚƳƑŤ�qn�mƻȯɥ̝s̋Ě}�n mitfaw2tnacreu３ûɾtȾ 36Au
47 �ėȯɥ̧̝±�̳ɋƁ��¢�̺úǅs�vmėȯɥ̧̝±�ƻȯɥ̝˲øɹʭ

�ɅƤ”¢�nµz�¥ǯ}�q m̟ƑŤ��û�µƋġ���� 98n 

Tg(aox5-cx41.8) cx41.8-/-� Tg(mitfa-cx39.4) cx39.4-/-�ƻȯɥ̝� cx39.4mėȯɥ

̝� cx41.8 ¥˅ǫ�ˤƙ}�q mɾ˹̬ɑm� �ƻȯɥ̝�Ƀsʛ}vɰĝ}�

nµtȾ 23AmȾ 25AunTg(aox5-cx41.8) cx41.8-/-�̄̋ʭ�−ɖ¢�ƻ½ÊèªØ�

ͭ¦�ƻ½ÊèªØ¥ʦ}�nµ��ɿ}mTg(mitfa-cx39.4) cx39.4-/-�Ɉ��½Êèª

Ø¥ǯ}�tȾ 24CmȾ 22Bunz�z�r�mƻȯɥ̝�ˤƙ�µ Cx41.8 �½Êè

ªØ�óʧɆ�ŏ̀�µz�sƱp�¢µn 

ƻȯɥ̝Ŏ��� Cx39.4 �³äÆØ¼äî´»çî¥Ƃɇ�µ Tg(mitfa-

cx39.4) WKO �q�� 15 Ɯ�ƻȯɥ̝sȊƹ}�˪ʲ̭͂¥ǯ}�tȾ 19DmȾ 28Dun

˅~v˪ʲ̭͂¥ǯ}� Tg(mitfa-cx39.4, aox5-cx39.4) WKO ��½ÞÆÊ¥Ưɇ�µ

ƻȯɥ̝�Ƀ�q�� 15 Ɯ�３¤��r��tȾ 17AmȾ 19Dunz�z�r�ƻȯ

ɥ̝sǋ̝Ȋʏ¥Ƃɇ�µ����ƻȯɥ̝Ŏ� Cx39.4 �³äÆØ¼äî´»çî

sƂɇ”¢�nµ˶ͅsmµ�Ʊp�¢µn}r}mėȯɥ̝s̋Ě}�n csf1raj4e1     

tPanther/Pfefferu３ûɾ 48 � cx41.8-/-r��µ％ȍ３ûɾtcx41.8-/-; csf1raj4e1u�˪ʲ
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̭͂����ntȾ 36B-Dun����mƻȯɥ̝�´è½ÃrƂɇ��ƻȯɥ̝Ŏ�

Cx39.4-Cx39.4 ³äÆØ¼äî´»çî�ĝp�mėȯɥ̝�ƻȯɥ̝�ɮƢǏ̈́�

˶ͅ�mµ�Ʊp�¢µn 

 

 

 

 

 

 

3.4.4 コネキシンの C末端について 

¸Î²»î� C ̤ʎぎĀ�mnv�r�ÃîÒ´Ƿ�Ƌƹ�µz�s々�¢

�nµnさp� Cx43 � C ̤ʎぎĀ� Zo-1mv-Srcmc-SrcmTubulin ���Ƌƹ�µn

̟ƑŤ��mCx39.4exc256-321EGFP ¥ƻȯɥ̝�ˤƙ}� cx39.4-/-ÑÆ´µèîË�À

×èÖ©Æ»åsɾ˹̭͂¥ɮ９}�tȾ 22B-Dun”��mz�¸î½Êè´Ê¥

N2a ǋ̝�ˤƙ”���z£mÿʳǟˆ˒”¢�ǋ̝Û¨�q��gĽs³äÆØ¼

äî´»çîØèr´¥Ƃɇ}�nCx39.4 � C ̤ʎ�g¨àÏǗǘœ� PDZ Ëâª

îƋƹãÅrÖ����q mPDZ Ëâªî¥Ǫ�ÃîÒ´Ƿ�Ƌƹ�µnɚƳƑŤ

�mCx39.4 � C ̤ʎぎĀsÀ×èÖ©Æ»å� Zo-1a �Ƌƹ�µz�¥ Yeast-two-

hybrid �� ǯ}�nµ 99n����mCx39.4 � C ̤ʎぎĀmˈ�̤ʎg¨àÏǗs

³äÆØ¼äî´»çî�ŵǍmýǪ�ȍͅ�̵Ľ¥ġ�}�nµz�sƱp�¢µn

つˑこ�¸Î²»î��Ȟ�v�� Cx43mCx45mCx46mCx50mCx31.9mCx36 smZo-

1 �Ƌƹ�µＣƺsmµ 69n�z£smÀ×èÖ©Æ»å�ƻȯɥ̝�ėȯɥ̝� Zo-

1a ¥ˤƙ}�n�n 99n̟ƑŤ�Ƴ���Êèî½´éØÊráĨɐ�Ƌġr�mƻ

ȯɥ̝�ėȯɥ̝�� Zo-1b ¥ˤƙ}�nµz�sȿɴ”¢�n����mƻȯɥ̝

cx41.8-/-csf1ra-/- (Panther) cx41.8-/-, csf1ra-/-

B C

mitfa-/- (nacre)

D

A

図36. 色素細胞変異体の体表模様  
tAumitfa ３ûɾnƻȯɥ̝s̋Ě}�nntBucsf1ra ３ûɾnėȯɥ̝s̋Ě}�nntCu
cx41.8-/-ntDucx41.8; csf1ra ％ȍ３ûɾn½¶rêÑr� 10 mm ¥ǯ�n 
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�ėȯɥ̝�ˤƙ�µ Cx39.4 � Zo-1b �Ƌƹ}�nµĞ◇ɆsƱp�¢µn 

Cx41.8del241-370EGFP � Cx41.8del241-370RFP ¥ N2a ǋ̝�ˤƙ”���z£m

³äÆØ¼äî´»çîØèr´¥Ƃɇ}�ǋ̝ɿ� 1%öę���tȾ 31Dun}r

}mCx41.8del241-370EGFP ¥ cx41.8 ØìãrÃr�ˤƙ}� cx41.8-/-ÑÆ´µèîË�

À×èÖ©Æ»å�m½ÊèªØ¥ǯ}�nz�z�r� Cx41.8 � C ̤ʎぎĀ�

Cx41.8 �³äÆØ¼äî´»çîƂɇ��˶�}�˶ͅ��nz�sǯǃ”¢�n}

r}mcx41.8-/-�ƻȯɥ̝�ėȯɥ̝� cx39.4 ¥ˤƙ}�q mCx39.4 � Cx41.8 �Ù

ÈìâéÆ´¸Î´Áî¥Ƃɇ�µtȾ 32B-Dun���� Cx41.8del241-370EGFP �

Cx39.4 �̉ƹɾ¥Ƃɇ}m³äÆØ¼äî´»çîÎÆÊír´¥Ƃɇ�µz��ɾ

˹̭͂së½²år”¢�Ğ◇ɆsmµnCx41.8del241-370EGFP sʋˉ�ɾ˹̭͂Ƃɇ

¥Ƴor��n��mWKO ¥̈́n�ɾ˹̭͂¥Ɛȣ�µ˶ͅsmµn 

³äÆØ¼äî´»çî�eȀこ�·rÈ©îµŗƯmfast gating � slow 

gating �� ÅäÎê�Į０Ȭʁ¥ɅƤ�µnfast gating ��ʅt�ʴ͒s͒¢�ʠƣ

�mšɶ�ʴ͒¥͇Ʌ�µŗƯ�m mslow gating ��ÅäÎê�Ńɤ０ǉȬʁ¥Ƃ

ɇ�µ��v �}�ɡü�mµnÅäÎê�Į０� N ̤ぎĀsǽ�ɅƤ}�nµ

smC ̤ʎぎĀ�ÅäÎê�Į０¥ɅƤ�ŏ¤��nµn��さ�}�mCx43 �ɤʟ

˟じ� EGFP ¥̾ƹ}�ÃîÒ´Ƿ Cx43EGFP � fast gating sǵ¤¢µ 100nz�z�

r�mEGFP Ãµ¥̀ĝ}� Cx39.4 � Cx41.8 �mƆƧÃîÒ´Ƿ¥̀ĝ}�n�n

Cx39.4 � Cx41.8 �·rÈ©îµ�ɆǷsû�µĞ◇ɆsƱp�¢µncx41.8 ３ûɾ

�Ű̂͂Ƴ˄¥ǯ}ɀɭ�（ɨ¥Čwz��mˤɋȕŖ�ƌŉȶɋsɲȼ�µz�s

Ｃƺ”¢�nµ 101,102n̟ ƑŤ�qn� Cx41.8del241-370EGFP �ɾ˹̭͂¥ĩ̆}�sm

ɻ�ûȩ¥ĩ̆�tµr�ƐȣȐ͉�n�nn 

 

3.4.5 黒―黄色素胞間のギャップジャンクションについて 

ɚƳƑŤ��ƻȯɥ̝�ǋ̝ěɵ¥Ȳʟ}�ėȯɥ̝�ɗȰ}�nµz�s

Ｃƺ”¢�nµtȾ 12u21nz�z�r�mƻȯɥ̝�ėȯɥ̝Ŏ� Cx39.4-Cx41.8 �

³äÆØ¼äî´»çî�mƻȯɥ̝�ǋ̝ěɵ�ɚʎ�ėȯɥ̝�Ŏ�Ƃɇ�µz

�sƱp�¢µn¸Î²»î�ĞǥĚƃʾ¥̈́n�mƻȯɥ̝�ǋ̝ěɵ�ɚʎ�ė

ȯɥ̝�Ŏ�³äÆØ¼äî´»çî¥ƐȐ�µz��ƿƣ�ģʆ�mµn  
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3.5  結論     

̟ƑŤ��mɾ˹̭͂Ƃɇ�qxµƻȯɥ̝�ėȯɥ̝�¢�¢�ɿ�µ

Cx39.4 � Cx41.8 �ŗ◇Ĩɐ¥Ƴnmƻȯɥ̝� cx39.4mėȯɥ̝� cx41.8 sˤƙ�

µ�½ÊèªØ¥Ƃɇ�µz�¥ǯ}�n��ɾ˹̭͂Ƃɇ�qn�m½Ûêà¼î

�ƻȯɥ̝�˶ͅ�m mCx39.4 �½Ûêà¼îņȂɆ¥Ǫ�z�sǯ”¢�n 

z¢��Ƌġ¥ˁ�p�möę�ɾ˹̭͂Ƃɇ�ŏ¤µȯɥǋ̝Ŏ�³äÆ

Ø¼äî´»çîÎÆÊír´�ãÉê¥ʩõ�µtȾ 37unÀ×èÖ©Æ»ås½

ÊèªØ¥Ƃɇ�µ���˶ͅ�ǈȝ³äÆØ¼äî´»çîÎÆÊír´�}�m

ƻ−ƻȯɥ̝Ŏ� Cx39.4-Cx39.4mė−ėȯɥ̝Ŏ� Cx41.8-Cx41.8mƻ−ėȯɥ̝�Ŏ

� Cx39.4-Cx41.8 �³äÆØ¼äî´»çîsƯー”¢µn�}�mƻ−ėȯɥ̝Ŏ�

Ƃɇ”¢� Cx39.4-Cx41.8 �³äÆØ¼äî´»çîsmƻȯɥ̝�ő�¢µ½Ûê

à¼î�� mɈ͒Ɇ¥Ǫ�nz�Ɉ͒Ɇ¥あ̈́}�ƻȯɥ̝r�ėȯɥ̝��ľɆ

Ě»µÌêsʳʊ”¢µnz�»µÌê�ƻ−ƻȯɥ̝Ŏ� Cx39.4-Cx39.4 ¥ħ}�げ

ɗ�µƻȯɥ̝�ʳ□�µn 

 

 

 

 

 

 

  


���

Cx41.8-Cx41.8

Cx39.4-Cx39.4

�����	

Cx39.4-Cx41.8

�������


���

図 37. 色素細胞間のギャップジャンクションネットワークモデルとギャップジャンクショ
ンを介した黄色素胞から黒色素胞への活性化シグナルの模式図 
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４  今後の課題、展望 
4.１ 黒色素胞の多核化と体表模様形成との関係について 

̟ƑŤ��ɇɾÀ×èÖ©Æ»å��n�、ĴĚ}�ƻȯɥ̝�Ľƹ¥Ƈɴ

}�smƿƣ�mɾ˹̭͂Ƃɇ−ʘ�qxµ、ĴĚƻȯɥ̝�Ľƹ¥Ƈɴ}m˰ĸƐ

ȣ}�n�Ʊp�nµnÀ×èÖ©Æ»å�ɾ˹̭͂Ƃɇ�ȕŖ�mėȯɥ̝�ƻȯ

ɥ̝s˒ ǂ~��ɹǍ}�nµn��ƣmƻȯぎĀ�ėȯぎĀ�ŮĬ¥Ƃɇ�µ�

��mėȯɥ̝�げɗ�µƻȯɥ̝�ü˄���Ƞǵtǋ̝ǣu¥ątśz�ṋ͂

Ƃɇǫ�mƻȯɥ̝sü˄�Ƞǵ�����Ƅせ¥ɠʇ�µ�rm��Êé±r�̩

�r����n�nn}r}mdĴ�ƻȯɥ̝s、ĴĚ}�ƻȯɥ̝� �ǋ̝ǣ¥

śz}��nz�r�mėȯɥ̝�ù�¢�dĴ�ƻȯɥ̝�ɶ�r�Ƞǵ}�nµ

Ğ◇ɆsƱp�¢µn�z�ɾ˹̭͂Ƃɇǫ�dĴ�、Ĵƻȯɥ̝�ũ˄¥ƅǫʭ�

ŌǑ}m、ĴĚ�ɾ˹̭͂Ƃɇ�ŏſɆ¥̩�r�}�nn 

 

4.２ 体表模様変異体と色素細胞の多核化の関係について 

̳ɋƁ�ɇɾÀ×èÖ©Æ»å�dĴƻȯɥ̝�、ĴĚ}�ƻȯɥ̝sq�

� 1:1 �˰͐�ɹǍ}�n�nƻȯɥ̝�、ĴĚ��n��mưȬɟÜêãî�̋˱

sƘȞ}�À×èÖ©Æ»å�qn�mdĴƻȯɥ̝�Ľƹsɰĝ�µz�sＣƺ

”¢�nµnz¢öı�３ûɾ�qn�mȯɥǋ̝�、ĴĚ��n��Ĩɐ�Ƴ�

¤¢�n�nn”��mÀ×èÖ©Æ»å�ɾ˹̭͂Ƃɇ�ŏず�µÿʳǟÖ§à

ér�ǋ̝̾ƹ�ŏず�µÿʳǟÖ§àér�Ă̄ȍ̉smµz��mɾ˹̭͂Ƃ

ɇ�ŏず�µÿʳǟÖ§àér�そĚ�ŏず�µÿʳǟÖ§àér�ȍ̉smµn

�z�mƻȯɥ̝�Ĵ¥˸ǳ�µz�s�tµ ?XcUP�=)7G;E ¥Ǫ�Êèî½¼¬

Í´À×èÖ©Æ»å¥͂q�ɾ˹̭͂３ûɾÑÆ´µè«îË�Ǐɍ}mƻȯɥ

̝�、ĴĚ�Ľƹ¥˰ĸ�µz��� mƻȯɥ̝�、ĴĚ�ɾ˹̭͂Ƃɇ�qx

µȶř�ɗʲ¥̭ǐ}�nn�

�

4.3 １核の黒色素胞と多核化した黒色素胞の遺伝子発現の違いについて 

̟ƑŤ��mdĴ�ƻȯɥ̝�、ĴĚ}�ƻȯɥ̝�ɆǷ�þn�Ăʎ¥̩

�r�}�nz¢��ɾ˹�ɹǍ�µƻȯɥ̝¥ŷĂ�Ȋʏ�}�ò��t�sm
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̟ƑŤ�Ƌġ�ƻȯɥ̝sÙÈì�Ȋʏ�mµz�¥ǯǃ}�nµnz�z�r

�mdĴ�、ĴĚƻȯɥ̝�ÿʳǟˤƙ�˰ĸĨɐ¥Ƴn�nnz�Ĩɐ¥ʣ}

�mȯɥǋ̝�Ĵ̋すmµn�ǋ̝̾ƹ�˶ͅ�̋ǟ�m、ĴĚ}�ƻȯɥ̝�ǋ

̝ą̑sĐʟ�µâ°Í¾á��n�Ɛȣ}mɇɾ�̳ɋƁÀ×èÖ©Æ»å�q

n�mdĴ�、Ĵƻȯɥ̝�˰sq��d1d�１¢�nµ͎̻¥̩�r�}�nn�

 

4.4 色素細胞間のギャップジャンクションネットワークの完全可視化 

̟ƑŤ��m8g
0�+ � 8g+(�/ � 8 ̤ʎぎĀ�ƆƧÃîÒ´Ƿ¥ɪ˒}�¸

î½Êè´Ê¥}�o}�mRg
0�+ ３ûɾmµn� Rg+(�/� ３ûɾ�ƻȯɥ̝Ŏ�³

äÆØ¼äî´»çî�Ƃɇ¥ǯ�Øèr´¥ŌǑ}�n}r}mƻȯɥ̝�ėȯ

ɥ̝�Ŏ�Ƃɇ”¢µ³äÆØ¼äî´»çî�mėȯɥ̝Ŏ�Ƃɇ”¢µ³äÆ

Ø¼äî´»çîŌǑ�}�n�nn����mȯɥǋ̝Ŏ�Ƃɇ”¢µ³äÆØ

¼äî´»çîÎÆÊír´�ŃɤĞǥĚ��Ǥ��n�nnƙǍ��z£m³ä

ÆØ¼äî´»çîÎÆÊír´�ŃɤĞǥĚsǀˌ�͎̻��n�mėȯɥ̝�

ůnǰğƆƧsũy�¢µnz�̱ʆ�ĨƊ�µ���mĒɔƧ¥ˤ�µ� ?E>d?

� ?CTBcd@TmCXa;E �n��ʟ˛ʟ�ƆƧŶʅ¥Ǫ�ÃîÒ´Ƿ¥あ̈́}�m³ä

ÆØ¼äî´»çî�ĞǥĚ¸î½Êè´Ê¥Ǐɍ�µz�¥Ƈĥ}�nµn�

�

4.５ ギャップジャンクションは体表模様の形成と維持のどちらに必要か 

̟ƑŤ��m½ÊèªØƂɇ�˶ͅ�ƻȯɥ̝�ėȯɥ̝�˶ͅ�¸Î²»

î�ˤƙȪƎ¥̩�r�}�n}r}mȯɥǋ̝Ŏ�Ƃɇ”¢µ³äÆØ¼äî´

»çîsmɾ˹̭͂�ƂɇĤʪ�ȍͅ��rm�¢��ʟŖŎóʧ}�ɾ˹̭͂¥

ýǪ�µ���ȍͅ��r�noʲ��n��̩�r����n�nn̟ƑŤ�ǚ

̈́}� PAg, ØìãrÃr¥ʺǌ}� IA>) Ú´Ãr� ITc�AUU »½Èá¥ʺǌ}�n

µn����mË²»¹ª´éît9Agu�「ĝ�� mPAg, ØìãrÃr�� 

Ëèª×”¢µ˸ʭÿʳǟ�ˤƙ¥͇Ʌ�µz�s�tµn�z�½ÊèªØƂɇ

�˶ͅ�¸Î²»î�ˤƙȪƎ¥̦��％ȍÊèî½¼¬ÍÆ´À×èÖ©Æ»å

IV ?XcUP�Rg
0�+��PAg,�Rg+(�/�L#D ¥̈́n�mɾ˹̭͂ƂɇȕŖmƂɇ−ʘmƂɇ

ƣ� 9Ag Ȕ͎¥Ƴnmɾ˹̭͂�３Ě¥ŌǑ�µn�
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4.6 ギャップジャンクションを通過する物質の同定 

̟ƑŤ�½ÊèªØƂɇ�˶ͅ�¸Î²»î�ˤƙȪƎ¥̩�r�}m³ä

ÆØ¼äî´»çî¥ħ}�mėȯɥ̝r�ƻȯɥ̝�ľɆĚ»µÌê¥ʳʊ�µ

ãÉê¥ʩǯ}�n}r}m³äÆØ¼äî´»çî¥ħ}�ʳʊ”¢µ̋ǟ�ľ

ɆĚ»µÌê�Ǹɾ¥̩�r��t�n�nnƿƣ�ȯɥǋ̝Ŏ�Ƃɇ”¢µ³ä

ÆØ¼äî´»çî¥ʣĤ�µ（̋ǟĚƹ̊�˅ʧ��ʝɛ}�nn�

 

4.7 コネキシンースペルミジンによる体表模様制御機構の解明 

GPc8g+
 �½Ûêà¼îņȂɆ¥ǯ}�ɚƳƑŤ�qn�mGPc8g+
 � C

̤ʎぎĀ� :ggg: ãÅrÖm��¤� 0 � (
 ˮ̰�µêÃàîǗt:u¥é»î

t#u�ʕŇ}� GPc8g+
�:0�(
#� �qn�½Ûêà¼î�ņȂɆ¥ǵ��nµz�

¥ǯ}�nµn̟ƑŤ�� 8g
0�+ �½Ûêà¼îņȂɆsmµz�¥ʴŘɋ͎Ļʭ

Ĩɐr�̩�r�}�n}r}m8g
0�+ � GPc8g+
 �˅͂� C ̤ʎぎĀ� :ggg:

ãÅrÖs½Ûêà¼îņȂɆ�ŏ¤��nµ�r��n��Ɛȣ�t�n�nn

�� 8g
0�+ � C ̤ʎぎĀ� :ggg: ãÅrÖ¥eĢȖ̺}�nµn�z�m�µê

ÃàîǗ¥é»î�ʕŇ}� 8g
0�+ ��n�ÒÆÅ´èîØǸƔ¥Ƴnm��ɾ˹

̭͂Ƃɇ��Ċų¥ŌǑ}m8g
0�+ �½Ûêà¼î�ɮƢǏ̈́¥Ɨ̧�ȣ̩}�

nn�

8g+(�j�Ŏɗʭ�½Ûêà¼îņȂɆ¥̺}�nµz�sɚƳƑŤ�qn

�ǯ”¢�nµn}r}m8g+(�/ST>)+(�
.
:<;E �つˑこˡ͆ǋ̝ C)P � =T>P �q

n�ǋ̝̣�üƳ}�r����m̟ƑŤ��ÒÆÅ´èîØ̜��µĨɐ¥Ƴo

z�s�t�r��n�z�ƆƧÃîÒ´Ƿ�ɪ˒ȨȖ¥ǈʮĚ}mつˑこˡ͆ǋ

̝�ǋ̝̣�üƳ�µȪƎ¥Ɛˀ�µ˶ͅsmµn��mˋƪtɈ͒Ɇ°é«áÅ

äÎêtKiruÖ§àér�Ɉ͒Ɇ¥ɅƤ�µ 91nɾ˹̭͂３ûɾ YPVdPa �ƖĄÿʳ

ǟ� #Xa.�( �ƻȯɥ̝�ˤƙ}mƻȯɥ̝�ėȯɥ̝�˩ˤ»µÌê�ŏ¤��n

µsmKir7.1 ½Ûêà¼îņȂɆ��n��ʠɗʭ�ȣ̩�Ƴ¤¢�n�n��mƐ

ȣ�µ˶ͅsmµn�}�mƿƣ�ƅɸʭ�ƑŤ�� mɾ˹̭͂Ƃɇ�ŏ¤µ¸

Î²»î�½Ûêà¼î�ɅƤŗƯ¥Ĩ̩��µz��� mȯɥǋ̝�ǋ̝Ŏɮ

ƢǏ̈́�̋ǟâ°Í¾á¥Ȥǋ�Śȑ�tµz�sŖ・”¢µn 
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