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CƛƎǳǊŜ сΦсΥ {ǇƻƴǘŀƴŜƻǳǎ /ŀнҌ ǘǊŀƴǎƛŜƴǘ ǇǊƻǇŜǊǝŜǎ ǿŜǊŜ ƛƴŎǊŜŀǎŜŘ ƛƴ ǇŀǝŜƴǘ ƛt{/πŘŜǊƛǾŜŘ ƴŜǳǊƻƴǎ ƻǾŜǊǝƳŜ ƛƴ 

ŎǳƭǘǳǊŜ ōŜǘǿŜŜƴ Řŀȅ сл ŀƴŘ Řŀȅ мллΦ уф ............................................................................................................. мум 

CƛƎǳǊŜ сΦтΥ {ǇƻƴǘŀƴŜƻǳǎ /ŀнҌ ǘǊŀƴǎƛŜƴǘǎ ǿŜǊŜ ƭŀǊƎŜƭȅ ŘǊƛǾŜƴ ōȅ bŀҌ ŎƘŀƴƴŜƭǎ ǘƘƻǳƎƘ ŀŎǝƻƴ ǇƻǘŜƴǝŀƭ 

ǇǊƻǇŀƎŀǝƻƴΦфл .................................................................................................................................................... муо 

CƛƎǳǊŜ сΦуΦ ƛt{/πŘŜǊƛǾŜŘ ŎƻǊǝŎŀƭ ƴŜǳǊƻƴǎ ŘƛǎǇƭŀȅŜŘ ŀ ǇƻǎƛǝǾŜ ǊŜǎǇƻƴǎŜ ǘƻ ƎƭǳǘŀƳŀǘŜ ǘǊŜŀǘƳŜƴǘΦ фм ................ муп 

CƛƎǳǊŜ сΦфΦ ƛt{/π ŘŜǊƛǾŜŘ ŎƻǊǝŎŀƭ ƴŜǳǊƻƴǎ ŀǊŜ ƎƭǳǘŀƳŀǘŜǊƎƛŎ ǿƛǘƘ ŀ ƴŜƎŀǝǾŜ ǊŜǎǇƻƴǎŜ ǘƻ /bv· ǘǊŜŀǘƳŜƴǘΦ фн мур 

CƛƎǳǊŜ сΦмлΥ Y/bvнπ ƛt{/ ŘŜǊƛǾŜŘ ŎƻǊǝŎŀƭ ƴŜǳǊƻƴǎ ŘƛǎǇƭŀȅ ŀƭǘŜǊŜŘ ŎŀƭŎƛǳƳ ŘȅƴŀƳƛŎǎ ŀǘ Řŀȅ мллΦфо ................. мут 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 

   

 

[ƛǎǘ ƻŦ ¢ŀōƭŜǎ 

¢ŀōƭŜ мΦмΥ ±ƻƭǘŀƎŜπƎŀǘŜŘ ƛƻƴπŎƘŀƴƴŜƭ YǾ ŦŀƳƛƭȅ ŀƴŘ ǎǳōπŦŀƳƛƭƛŜǎ ƳŀǊƪƛƴƎ ǘƘŜ YǾт ŦŀƳƛƭȅ όY/bvύ ƛƴ ǊŜŘΦ м ........... мл 

¢ŀōƭŜ мΦнΥ Y/bvн όYǾтΦнύ ŦǳƴŎǝƻƴΣ ŎƭƛƴƛŎŀƭ ǇƘŜƴƻǘȅǇŜǎΣ ŦǳƴŎǝƻƴŀƭ ŘŜŦŜŎǘǎΣ ŀƴŘ ŀǇǇǊƻŀŎƘ ǘƻ ǎǇŜŎƛŬŎ ǘǊŜŀǘƳŜƴǘǎΦ 

!ŘŀǇǘŜŘ ŦǊƻƳ ό!ƭƭŜƴ Ŝǘ ŀƭΦΣ нлнлύΦн ....................................................................................................................... мп 

¢ŀōƭŜ мΦо [ƛǘŜǊŀǘǳǊŜ ǊŜƭŀǘŜŘ ǘƻ ƛt{/ н5 ŀƴŘ о5 ƴŜǳǊƻƴŀƭ ŘƛũŜǊŜƴǝŀǝƻƴ ǇǊƻǘƻŎƻƭǎ ό{ƛƳƪƛƴ Ŝǘ ŀƭΦΣ нлннύ о............ нн 

¢ŀōƭŜ мΦпΦ !ǾŀƛƭŀōƭŜ ŎƘŀƴƴŜƭƻǇŀǘƘȅπŀǎǎƻŎƛŀǘŜŘ ŜǇƛƭŜǇǎȅ ƛt{/ ƭƛƴŜǎ όŦǊƻƳ {ƛƳƪƛƴ Ŝǘ ŀƭΣ нлннύ  п ........................... нп 

¢ŀōƭŜ нΦм {ƻǳǊŎŜ LƴŦƻǊƳŀǝƻƴ ƻŦ ǇŀǝŜƴǘ ŀƴŘ ŎƻƴǘǊƻƭ ŬōǊƻōƭŀǎǘǎ р ........................................................................ ос 

¢ŀōƭŜ нΦнΦ [ƛǎǘ ƻŦ ǇǊƛƳŀǊȅ ŀƴǝōƻŘƛŜǎ ǳǎŜŘ с .......................................................................................................... оф 

¢ŀōƭŜ нΦоΦ [ƛǎǘ ƻŦ ǎŜŎƻƴŘŀǊȅ ŀƴǝōƻŘƛŜǎ ǳǎŜŘ т ....................................................................................................... пл 

¢ŀōƭŜ нΦпΦ [ƛǎǘ ƻŦ w¢πǉt/w ŀƴŘ t/w ǇǊƛƳŜǊǎ ǳǎŜŘ у ................................................................................................ пл 

¢ŀōƭŜ нΦрΦ Lt{/ ƭƛƴŜǎ ƎŜƴŜǊŀǘŜŘ ŦǊƻƳ Y/bvн ǇŀǝŜƴǘǎ ŀƴŘ ƘŜŀƭǘƘȅ ŎƻƴǘǊƻƭǎ ф ....................................................... пп 

¢ŀōƭŜ нΦсΥ CǳƴŎǝƻƴŀƭ ŘƻƳŀƛƴǎ ǿƛǘƘ Y/bvн ǘǊŀƴǎƳŜƳōǊŀƴŜ ǇǊƻǘŜƛƴ  мл ................................ ро 

¢ŀōƭŜ нΦт {ǳƳƳŀǊȅ ƻŦ ƛt{/πŘŜǊƛǾŜŘ ƴŜǳǊƻƴŀƭ ƳƻŘŜƭǎ ƛƴ Y/bvнπ599 мм ............................................................... рп 

¢ŀōƭŜ оΦм tǊƛƳŜǊǎ ŦƻǊ ǎƎwb! ǎȅƴǘƘŜǎƛǎ ŀƴŘ ǎǎh5b ǘŜƳǇƭŀǘŜǎ мн ........................................................................... тп 

¢ŀōƭŜ оΦнΥ {ǘŜǇ м ƻŦ ǇǊƻǘƻŎƻƭ ŦƻǊ ƛƴ ǾƛǘǊƻ ǎƎwb! ǎȅƴǘƘŜǎƛǎ мо ................................................................................. тс 

¢ŀōƭŜ оΦоΥ {ǘŜǇ н ƻŦ ǇǊƻǘƻŎƻƭ ŦƻǊ ƛƴ ǾƛǘǊƻ ǎƎwb! ǎȅƴǘƘŜǎƛǎ мп ................................................................................. тс 

¢ŀōƭŜ оΦпΥ wbt ŎƻƳǇƭŜȄ ŎƻƳǇƻƴŜƴǘǎ мр ................................................................................................................ ту 

¢ŀōƭŜ оΦрΥ 9ƭŜŎǘǊƻǇƻǊŀǝƻƴ ǊŜŀŎǝƻƴ ǎŜǘǳǇ мс ......................................................................................................... ту 

¢ŀōƭŜ оΦсΥ Lƴ ǾƛǘǊƻ ŘƛƎŜǎǝƻƴ ƻŦ 5b! ǘŜƳǇƭŀǘŜ ǳǎƛƴƎ wbt ŎƻƳǇƭŜȄ мт .................................................................... тф 

¢ŀōƭŜ пΦмΦ LƴŦƻǊƳŀǝƻƴ ƻŦ ƛt{/ ƭƛƴŜǎ ǳǎŜŘ ŦƻǊ ŎƻǊǝŎŀƭ ƴŜǳǊƻƴ ŘƛũŜǊŜƴǝŀǝƻƴ му.................................................... фф 

¢ŀōƭŜ пΦнΦ LƳǇƻǊǘŀƴǘ ǝƳŜǇƻƛƴǘǎ ŦƻǊ ŎƘŀǊŀŎǘŜǊƛǎŀǝƻƴ ƻŦ ƴŜǳǊƻƴǎ мф ................................................................... млн 

¢ŀōƭŜ пΦоΦ tǊƛƳŜǊǎ ǳǎŜŘ ŦƻǊ /ƻǊǝŎŀƭ bŜǳǊƻƴŀƭ 5ƛũŜǊŜƴǝŀǝƻƴ нл ........................................................................ мло 

¢ŀōƭŜ пΦпΦ [ƛǎǘ ƻŦ ŀƴǝōƻŘƛŜǎ ǳǎŜŘ ŦƻǊ ŎƻǊǝŎŀƭ ƴŜǳǊƻƴ ŎƘŀǊŀŎǘŜǊƛȊŀǝƻƴ нм ........................................................... млп 

¢ŀōƭŜ пΦрΦ [ƛǎǘ ƻŦ ǎŜŎƻƴŘŀǊȅ ŀƴǝōƻŘƛŜǎ ǳǎŜŘ ŦƻǊ ŎƻǊǝŎŀƭ ƴŜǳǊƻƴ ŎƘŀǊŀŎǘŜǊƛǎŀǝƻƴ нн ......................................... млр 

¢ŀōƭŜ рΦмΦ [ƛǎǘ ƻŦ ƛt{/ ƭƛƴŜǎ ǳǎŜŘ ŦƻǊ a9! ŀƴŀƭȅǎƛǎ но .......................................................................................... моп 

¢ŀōƭŜ рΦнΦ 5ŜŬƴƛǝƻƴ ƻŦ ǇŀǊŀƳŜǘŜǊǎ ǳǎŜŘ ƛƴ ǘƘƛǎ ǎǘǳŘȅ нп .................................................................................... мот 

¢ŀōƭŜ рΦоΦ [ƛǎǘ ƻŦ ŘǊǳƎǎ ǳǎŜŘ ŦƻǊ a9! ǊŜŎƻǊŘƛƴƎǎ нр ............................................................................................ моф 

¢ŀōƭŜ сΦм [ƛǎǘ ƻŦ /ŀƭŎƛǳƳ /ƘŀƴƴŜƭ ǎǳōǳƴƛǘǎ нс ..................................................................................................... мсу 

¢ŀōƭŜ сΦнΦ [ƛǎǘ ƻŦ ƛt{/ ƭƛƴŜǎ ŀƴŘ ŜȄǇŜǊƛƳŜƴǘŀƭ ǎŜǘ ǳǇ ŦƻǊ /ŀƭŎƛǳƳ LƳŀƎƛƴƎ ŜȄǇŜǊƛƳŜƴǘǎ нт ................................. мтн 

¢ŀōƭŜ сΦоΦ [ƛǎǘ ƻŦ ŘǊǳƎǎ ǳǎŜŘ ƛƴ /ŀƭŎƛǳƳ ŜȄǇŜǊƛƳŜƴǘǎ ну ..................................................................................... мто 
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!ŎƪƴƻǿƭŜŘƎŜƳŜƴǘ 

CƛǊǎǘƭȅΣ L ǿƻǳƭŘ ƭƛƪŜ ǘƻ ǘƘŀƴƪ Ƴȅ ǇǊƛƳŀǊȅ ǎǳǇŜǊǾƛǎƻǊ tǊƻŦΦ bƛŎƘƻƭŀǎ !ƭƭŜƴ ŦƻǊ ǘƘŜ ƎǊŜŀǘ 

ƻǇǇƻǊǘǳƴƛǘȅ ǘƻ ǿƻǊƪ ƻƴ ǘƘƛǎ Y/bvн ǇǊƻƧŜŎǘΣ ǿƘƛŎƘ Ƙŀǎ ōŜŜƴ ǎƻ ŦǳƭŬƭƭƛƴƎ ŀƴŘ ƛƴǘŜǊŜǎǝƴƎ ǘƻ 

ǿƻǊƪ ƻƴΦ ¢Ƙŀƴƪ ȅƻǳ ŦƻǊ ŀƭƭ ȅƻǳǊ ƎǳƛŘŀƴŎŜ ŀƴŘ ǎǳǇǇƻǊǘ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ Ǉŀǎǘ п ȅŜŀǊǎΦ !ƭǎƻΣ L 

ǿƻǳƭŘ ƭƛƪŜ ǘƻ ǘƘŀƴƪ Ƴȅ ǎŜŎƻƴŘŀǊȅ ǎǳǇŜǊǾƛǎƻǊΣ tǊƻŦΦ {ŀƴōƛƴƎ {ƘŜƴ ŦƻǊ ǘŜŀŎƘƛƴƎ ƳŜ ƛƴǾŀƭǳŀōƭŜ 

ǎƪƛƭƭǎ ƛƴ ǘƘŜ ƭŀō ŀƴŘ ƛƴǘǊƻŘǳŎƛƴƎ ƳŜ ǘƻ ǘƘŜ ǿƻƴŘŜǊŦǳƭ ǿƻǊƭŘ ƻŦ ƛt{/ǎΦ  

L ǿƻǳƭŘ ŀƭǎƻ ƭƛƪŜ ǘƻ ǘƘŀƴƪ Ƴȅ Dw/ ƳŜƳōŜǊǎ tǊƻŦΦ 5ŀǾƛŘ CƛƴƴΣ [Ŝƻ vǳƛƴƭŀƴΣ ŀƴŘ ¦ƴŀ CƛǘȊƎŜǊŀƭŘ 

ŦƻǊ ȅƻǳǊ ŀŘǾƛŎŜ ŀƴŘ ǎǳǇǇƻǊǘ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ŎƻǳǊǎŜ ƻŦ Ƴȅ tƘ5Φ L ǿƻǳƭŘ ƭƛƪŜ ǘƻ ǘƘŀƴƪ ōƻǘƘ tǊƻŦΦ 

[Ŝƻ vǳƛƴƭŀƴ ŀƴŘ 5ǊΦ YŀǘŀǊȊȅƴŀ ²Ƙȅǎŀƭƭ ŦƻǊ ǘƘŜƛǊ ŎƻƴǘǊƛōǳǝƻƴǎ ǘƻ ǘƘŜ ǇǊƻƧŜŎǘ ƛƴ 

ŜƭŜŎǘǊƻǇƘȅǎƛƻƭƻƎȅ ŀƴŘ Ƴƛwb! ŜȄǇŜǊƛƳŜƴǘǎΣ ǊŜǎǇŜŎǝǾŜƭȅΦ L ǿƻǳƭŘ ƭƛƪŜ ǘƻ ǘƘŀƴƪ ŜǾŜǊȅƻƴŜ ƛƴ ƻǳǊ 

ƎǊƻǳǇΣ ŜǎǇŜŎƛŀƭƭȅ !ƭŜǎǎƛŀ !Ǌōƛƴƛ ǿƘƻ L ǿƻǊƪŜŘ ŎƭƻǎŜƭȅ ǿƛǘƘ ƻƴ ǘƘƛǎ ǇǊƻƧŜŎǘΦ  L ǿƻǳƭŘ ŀƭǎƻ ƭƛƪŜ ǘƻ 

ǘƘŀƴƪ ŜǾŜǊȅƻƴŜ ƛƴ w9a95L ŦƻǊ ŀƭƭ ǘƘŜƛǊ ǎǳǇǇƻǊǘ ƛƴ ōƻǘƘ ŜȄǇŜǊƛƳŜƴǘǎ ŀƴŘ ŦǊƛŜƴŘǎƘƛǇǎ ƻǾŜǊ ǘƘŜ 

Ǉŀǎǘ ȅŜŀǊǎΦ  

¢Ƙŀƴƪǎ ǘƻ ŀƭƭ Ƴȅ ŦǊƛŜƴŘǎ ƛƴ Dŀƭǿŀȅ ŦƻǊ ŀƭƭ ǘƘŜƛǊ ŜƴŎƻǳǊŀƎƛƴƎ ǿƻǊŘǎ ŀƴŘ ǎǳǇǇƻǊǘ ƳŀƪƛƴƎ Ƴȅ 

tƘ5 ƭƛŦŜ ǎƻ ŜȄŎƛǝƴƎΦ L ǿƻǳƭŘ ƭƛƪŜ ǘƻ ǘƘŀƴƪ Ƴȅ ŦŀƳƛƭȅ ŦƻǊ ŀƭƭ ǘƘŜƛǊ ƭƻǾŜ ŀƴŘ ǎǳǇǇƻǊǘΦ CƛƴŀƭƭȅΣ L 

ǿƻǳƭŘ ƭƛƪŜ ǘƻ ǘƘŀƴƪ Ƴȅ ǇŀǊǘƴŜǊΣ {ǘŜǇƘŜƴΣ ŦƻǊ ƭƛǎǘŜƴƛƴƎ όǎŜƭŜŎǝǾŜƭȅύ ǘƻ ƳŜ ŜƴŘƭŜǎǎƭȅ ǘŀƭƪƛƴƎ 

ŀōƻǳǘ Ƴȅ ǇǊƻƧŜŎǘ ŀƴŘ ƪŜŜǇƛƴƎ ƳŜ ŎŀƭƳ ŘǳǊƛƴƎ ǘƘŜ ǎǘǊŜǎǎŦǳƭ ƳƻƳŜƴǘǎΦ 

 

 



   

 

II  
 

5ŜŎƭŀǊŀǝƻƴ 

¢Ƙƛǎ ǘƘŜǎƛǎ ŘŜǎŎǊƛōŜǎ ǿƻǊƪ ǘƘŀǘ L ǳƴŘŜǊǘƻƻƪ ōŜǘǿŜŜƴ нлмф ŀƴŘ нлно ŀǘ ǘƘŜ wŜƎŜƴŜǊŀǝǾŜ 

aŜŘƛŎƛƴŜ LƴǎǝǘǳǘŜΣ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ DŀƭǿŀȅΣ LǊŜƭŀƴŘΦ ¢Ƙƛǎ ǿƻǊƪ ǿŀǎ ǎǳǇŜǊǾƛǎŜŘ ŀƴŘ ƳŜƴǘƻǊŜŘ ōȅ 

tǊƻŦŜǎǎƻǊ bƛŎƘƻƭŀǎ !ƭƭŜƴ ϧ tǊƻŦŜǎǎƻǊ {ŀƴōƛƴƎ {ƘŜƴΦ  

L ŘŜŎƭŀǊŜ ǘƘŀǘ ǘƘŜ ǊŜǎǳƭǘǎ ƛƴ ǘƘƛǎ ǘƘŜǎƛǎ ŀǊŜ ŦǊƻƳ ƻǊƛƎƛƴŀƭ ŜȄǇŜǊƛƳŜƴǘŀƭ ǿƻǊƪ ŎŀǊǊƛŜŘ ƻǳǘ ōȅ ƳŜ 

ŦƻǊ ǘƘŜ ǇǳǊǇƻǎŜ ƻŦ ǘƘƛǎ tƘ5 ǘƘŜǎƛǎΦ ¢ƘŜ ǊŜǎǳƭǘǎ ƎŜƴŜǊŀǘŜŘ ŦƻǊ ǘƘƛǎ ǘƘŜǎƛǎ Ƙŀǎ ƴƻǘ ōŜŜƴ 

ǎǳōƳƛǧŜŘ ŦƻǊ ŀ ŘŜƎǊŜŜΣ ŘƛǇƭƻƳŀΣ ƻǊ ŀƴȅ ƻǘƘŜǊ ǉǳŀƭƛŬŎŀǝƻƴ ŀǘ ŀƴȅ ƻǘƘŜǊ ƛƴǎǝǘǳǝƻƴΦ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 

III  
 

!ōǎǘǊŀŎǘ 

aǳǘŀǝƻƴǎ όǇŀǘƘƻƎŜƴƛŎ ǾŀǊƛŀƴǘǎύ ƛƴ Y/bvнΣ ǿƘƛŎƘ ŜƴŎƻŘŜ ǘƘŜ ǾƻƭǘŀƎŜπŘŜǇŜƴŘŜƴǘ YҌ ŎƘŀƴƴŜƭ 

YǾтΦн όǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ƴŜǳǊƻƴŀƭ aπŎǳǊǊŜƴǘύ Ŏŀƴ ŎŀǳǎŜ ŘŜǾŜƭƻǇƳŜƴǘŀƭ ŜǇƛƭŜǇǝŎ 

ŜƴŎŜǇƘŀƭƻǇŀǘƘȅ ό599ύΣ ŀ ŘƛǎƻǊŘŜǊ ǇǊŜǎŜƴǝƴƎ ǿƛǘƘ ǎŜǾŜǊŜ ŜŀǊƭȅπƻƴǎŜǘ ǎŜƛȊǳǊŜǎ ŀƴŘ ƛƳǇŀƛǊŜŘ 

ƴŜǳǊƻŘŜǾŜƭƻǇƳŜƴǘΦ ¢ǊŜŀǘƳŜƴǘ ƻŦ ǘƘƛǎ ŘƛǎƻǊŘŜǊ ƛǎ ǾŜǊȅ ŘƛŶŎǳƭǘ ōŜŎŀǳǎŜ ǘƘŜ ŜũŜŎǘ ƻŦ 

Y/bvн Ƴǳǘŀǝƻƴǎ ƻƴ ƴŜǳǊƻŘŜǾŜƭƻǇƳŜƴǘ ƛǎ ǎǝƭƭ ƭŀǊƎŜƭȅ ǳƴƪƴƻǿƴΦ Lƴ ǘƘƛǎ ǎǘǳŘȅΣ ǿŜ ƎŜƴŜǊŀǘŜŘ 

ǇŀǝŜƴǘπǎǇŜŎƛŬŎ ƛt{/ǎ ŦǊƻƳ п ǇŀǝŜƴǘǎ ƘŀǊōƻǳǊƛƴƎ ŘƛũŜǊŜƴǘ Y/bvнπ599  ƭƻǎǎπƻŦπŦǳƴŎǝƻƴΣ 

ƳǳǘŀǝƻƴǎΥ wнмоvΣ Cнсм[Σ !нср¢ ŀƴŘ !нфп±Σ ŀƴŘ п ǎƛōƭƛƴƎ ŎƻƴǘǊƻƭǎ ǿƘƛŎƘ ǿŜǊŜ ǎǳōǎŜǉǳŜƴǘƭȅ 

ŘƛũŜǊŜƴǝŀǘŜŘ ƛƴǘƻ ŜȄŎƛǘŀǘƻǊȅ ŎƻǊǝŎŀƭ ƴŜǳǊƻƴǎ ǘƻ ƳƻŘŜƭ ǘƘŜ ŘƛǎŜŀǎŜ ƛƴ ǾƛǘǊƻΦ ²Ŝ ǇŜǊŦƻǊƳŜŘ 

ƳǳƭǝπŜƭŜŎǘǊƻŘŜ ŀǊǊŀȅ όa9!ύ ǊŜŎƻǊŘƛƴƎǎ ƻŦ ŎƻǊǝŎŀƭ ƴŜǳǊƻƴǎ ǿƛǘƘ ǘƘŜ Y/bvнπ599 ǇŀǘƘƻƎŜƴƛŎ 

ǾŀǊƛŀƴǘǎ Cнсм[Σ !нср¢ ŀƴŘ !нфп± ŀƴŘ ŦƻǳƴŘ ǘƘŀǘ ŦƻǊ ŜŀŎƘ ƳǳǘŀǝƻƴΣ ƴŜǳǊƻƴǎ ǿŜǊŜ 

ƘȅǇŜǊŜȄŎƛǘŀōƭŜ ŀƴŘ ŘƛǎǇƭŀȅŜŘ ŀ ōǳǊǎǘπǎǳǇǇǊŜǎǎƛƻƴ ŬǊƛƴƎ ǇŀǧŜǊƴ ǘƘŀǘ ƛǎ ǊŜƳƛƴƛǎŎŜƴǘ ƻŦ ǘƘŜ 

ƛƴǘŜǊƛŎǘŀƭ ŜƭŜŎǘǊƻŜƴŎŜǇƘŀƭƻƎǊŀǇƘȅ ǇŀǧŜǊƴ ǎŜŜƴ ƛƴ ǇŀǝŜƴǘǎ όōǳǊǎǘ ǎǳǇǇǊŜǎǎƛƻƴύΦ ²Ŝ ŎƘƻǎŜ ǘƻ 

ŦƻŎǳǎ ƻƴ ǘƘŜ ǇŀǘƘƻƎŜƴƛŎ ǾŀǊƛŀƴǘ !нср¢ ŦƻǊ ŦǳǊǘƘŜǊ ŦǳƴŎǝƻƴŀƭ ŀƴŀƭȅǎƛǎ ŀƴŘ ŦƻǳƴŘ ǘƘŀǘ !нср¢ 

ƴŜǳǊƻƴǎ ŘƛǎǇƭŀȅŜŘ ŦǳƴŎǝƻƴŀƭ ŜƴƘŀƴŎŜƳŜƴǘ ƻŦ bŀҌ  ŎƘŀƴƴŜƭǎ ŀƴŘ /ŀнҌ ŀŎǝǾŀǘŜŘ YҌ ŎƘŀƴƴŜƭǎ 

ǿƘƛƭŜ ŀƭǎƻ ŜȄƘƛōƛǘŜŘ ŀƭǘŜǊŜŘ ǎǇƻƴǘŀƴŜƻǳǎ /ŀнҌ ǘǊŀƴǎƛŜƴǘǎ Ǿƛŀ /ŀнҌ ƛƳŀƎƛƴƎ ŜȄǇŜǊƛƳŜƴǘǎΦ ²Ŝ 

ǎƘƻǿŜŘ ǘƘŀǘ ǘƘŜ bŀҌ  ŎƘŀƴƴŜƭ ōƭƻŎƪŜǊ ŎŀǊōŀƳŀȊŜǇƛƴŜΣ ŀƴŘ ǘƘŜ YҌ ŎƘŀƴƴŜƭ ƻǇŜƴŜǊ ǊŜǝƎŀōƛƴŜΣ 

ǿŜǊŜ ŎŀǇŀōƭŜ ƻŦ ǊŜŘǳŎƛƴƎ ǘƘŜ ǇƘŜƴƻǘȅǇŜ ƛƴ ǇŀǝŜƴǘ ƴŜǳǊƻƴǎΣ ŀƭōŜƛǘ ƴƻǘ ǘƻ ǘƘŜ ƭŜǾŜƭ ƻŦ ŎƻƴǘǊƻƭǎΦ 

hǳǊ Řŀǘŀ ǎƘƻǿǎ ŦƻǊ ǘƘŜ ŬǊǎǘ ǝƳŜ ǘƘŀǘ ǇŀǝŜƴǘπǎǇŜŎƛŬŎ ƛt{/πŘŜǊƛǾŜŘ ŎƻǊǝŎŀƭ ƴŜǳǊƻƴǎ 

ƘŀǊōƻǳǊƛƴƎ ǘƘŜ ǇŀǘƘƻƎŜƴƛŎ ǾŀǊƛŀƴǘǎ Cнсм[Σ !нср¢ ŀƴŘ !нфп± ŀǊŜ ƘȅǇŜǊŜȄŎƛǘŀōƭŜ ŀƴŘ ŘƛǎǇƭŀȅ 

ŀƴ ƛǊǊŜƎǳƭŀǊ ŬǊƛƴƎ ǇŀǧŜǊƴ ŎƻƳǇŀǊŜŘ ǘƻ ǎƛōƭƛƴƎ ŎƻƴǘǊƻƭǎΦ aƻǊŜƻǾŜǊΣ ǿŜ ƘŀǾŜ ƎŜƴŜǊŀǘŜŘ ŀ 

ǇŀǝŜƴǘπǎǇŜŎƛŬŎ ŘƛǎŜŀǎŜ ƳƻŘŜƭ ǿƘƛŎƘ ƛǎ ƛƴǾŀƭǳŀōƭŜ ŦƻǊ ŘǊǳƎ ǘŜǎǝƴƎ ŀƴŘ ŘƛǎŎƻǾŜǊȅ ǿƛǘƘ ƎǊŜŀǘ 

ǇƻǘŜƴǝŀƭ ŦƻǊ ǇǊŜŎƛǎƛƻƴ ƳŜŘƛŎƛƴŜΦ  
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Chapter 1. Introduction 

¢Ƙƛǎ ǘƘŜǎƛǎ ŘŜǎŎǊƛōŜǎ ǘƘŜ ƎŜƴŜǊŀǝƻƴ ƻŦ ƘǳƳŀƴ ƛƴŘǳŎŜŘ ǇƭǳǊƛǇƻǘŜƴǘ ǎǘŜƳ ŎŜƭƭǎ όƛt{/ǎύ ŀƴŘ 

ƛt{/πŘŜǊƛǾŜŘ ƴŜǳǊƻƴǎ ŦǊƻƳ ƘǳƳŀƴ ǇŀǝŜƴǘǎ όŎƘƛƭŘǊŜƴύ ǎǳũŜǊƛƴƎ ŦǊƻƳ ŀ ǎŜǾŜǊŜ ǊŀǊŜ ƎŜƴŜǝŎ 

ŜǇƛƭŜǇǎȅ ƪƴƻǿƴ ŀǎ Y/bvнπŘŜǾŜƭƻǇƳŜǘƴŀƭ ŀƴŘ ŜǇƛƭŜǇǝŎ ŜƴŎŜǇƘŀƭƻǇŀǘƘȅ όY/bvнπ599ύΣ ŀ 

ǇƻǘŀǎǎƛǳƳ ƛƻƴ ŎƘŀƴƴŜƭƻǇŀǘƘȅΦ ¢Ƙƛǎ ƛƴǘǊƻŘǳŎǘƻǊȅ /ƘŀǇǘŜǊ ǇǊƻǾƛŘŜǎ ŀ ōǊƛŜŦ ƻǾŜǊǾƛŜǿ ƻŦ ǘƘŜ 

ŜǇƛƭŜǇǎƛŜǎ όƛƴ ƘǳƳŀƴǎύΣ ǘƘŜƛǊ ŎƭŀǎǎƛŬŎŀǝƻƴ ŀƴŘ ŎŀǳǎŜǎΦ ¢ƘŜ /ƘŀǇǘŜǊ ŀƭǎƻ ŘƛǎŎǳǎǎŜǎ ǘƘŜ 

ǇƻǘŀǎǎƛǳƳ ƛƻƴ ŎƘŀƴƴŜƭ ŘƛǎƻǊŘŜǊǎΣ ǿƛǘƘ ŀ ŦƻŎǳǎ ƻƴ Y/bvнπŜǇƛƭŜǇǎƛŜǎΣ ǇŀǘƘƻπƳŜŎƘŀƴƛǎƳǎΣ 

ǘǊŜŀǘƳŜƴǘǎΣ ŀƴŘ ŎƘŀƭƭŜƴƎŜǎΦ L ǘƘŜƴ ŘŜǎŎǊƛōŜ ǘƘŜ ǇŜǊǝƴŜƴǘ ƭƛǘŜǊŀǘǳǊŜ όƛƴ ōǊƛŜŦύ ƻŦ ǘƘŜ ƳƻŘŜƭǎ 

ǳǎŜŘ ǘƻ ƛƴǾŜǎǝƎŀǘŜ ǘƘƛǎ ŘƛǎƻǊŘŜǊ ŀƴŘ ǇǊƻǾƛŘŜ ŀƴ ƻǾŜǊǾƛŜǿ ƻŦ ƛt{/πƭƛǘŜǊŀǘǳǊŜ ƛƴ ƎŜƴŜǊŀƭ ƛƴ ōǊŀƛƴ 

ŘŜǾŜƭƻǇƳŜƴǘŀƭ ƛƻƴπŎƘŀƴƴŜƭ ŀƴŘ ŜǇƛƭŜǇǎȅ ŘƛǎƻǊŘŜǊǎ ŀƴŘ ǿƘŜǊŜ ǊŜƭŜǾŀƴǘΣ ǘƻ Y/bvнπ599Φ {ƻƳŜ 

ƻŦ ǘƘŜ ŘƛǎŎǳǎǎƛƻƴ ǇƻƛƴǘǎΣ ǿƛƭƭ ōŜ ōǊƻǳƎƘǘ ƻǳǘ ƛƴ ƎǊŜŀǘŜǊ ŘŜǘŀƛƭ ƛƴ ǾŀǊƛƻǳǎ ƻǘƘŜǊ ŜȄǇŜǊƛƳŜƴǘŀƭΣ 

ŀƴŘ ǘƘŜ Ŭƴŀƭ 5ƛǎŎǳǎǎƛƻƴ /ƘŀǇǘŜǊǎΦ 

1.1 Definition and prevalence of epilepsy  

9ǇƛƭŜǇǎȅ ƛǎ ŀ ōǊŀƛƴ ŘƛǎƻǊŘŜǊ ƛƴǾƻƭǾƛƴƎ ǳƴǇǊƻǾƻƪŜŘ ǊŜŎǳǊǊŜƴǘ ǎŜƛȊǳǊŜǎ όaƻǎƘŞ Ŝǘ ŀƭΦΣ нлмрύΦ !ƴ 

ŜǇƛƭŜǇǝŎ ǎŜƛȊǳǊŜ Ŏŀƴ ōŜ ŘŜŬƴŜŘ ŀǎ ŀ ǇŜǊƛƻŘ ƻŦ ǎȅƳǇǘƻƳǎ ǘƘŀǘ ƻŎŎǳǊ ŀǎ ŀ ǊŜǎǳƭǘ ƻŦ ŀōƴƻǊƳŀƭ 

ƴŜǳǊƻƴŀƭ ŀŎǝǾƛǘȅ ƛƴ ǘƘŜ ōǊŀƛƴ όIǳũ Ŝǘ ŀƭΦΣ нлноύΦ 9ǇƛƭŜǇǎȅ ŀũŜŎǘǎ ŀǇǇǊƻȄΦ рл Ƴƛƭƭƛƻƴ ǇŜƻǇƭŜ 

ǿƻǊƭŘǿƛŘŜ ŀƴŘ ƻǾŜǊ прΣллл ǇŜƻǇƭŜ ƛƴ LǊŜƭŀƴŘ ό¢ƘƛƧǎ Ŝǘ ŀƭΦΣ нлмфύΦ hŦ ǘƘƛǎ прΣллл ǇŜƻǇƭŜΣ ƻǾŜǊ 

млΣллл ƻŦ ǘƘŜǎŜ ŀǊŜ ŎƘƛƭŘǊŜƴΦ ¢ƘŜ ǇǊŜǾŀƭŜƴŎŜ ƻŦ ŜǇƛƭŜǇǎȅ ƛǎ ƭŀǊƎŜƭȅ ŘŜǇŜƴŘŜƴǘ ƻƴ ŀ ƴǳƳōŜǊ ƻŦ 

ŦŀŎǘƻǊǎ ǎǳŎƘ ŀǎ ǎƻŎƛƻπŜŎƻƴƻƳƛŎ ōŀŎƪƎǊƻǳƴŘΣ ŀƎŜΣ ŀƴŘ ƎŜƴŘŜǊ ό.ŜƎƘƛΣ нлнлύΦ ¢ƘŜ ƛƴŎƛŘŜƴŎŜ ƻŦ 

ŜǇƛƭŜǇǎȅ ƛǎ ƘƛƎƘŜǊ όмоф ǇŜǊ мллΣлллύ ƛƴ ƭƻǿ ǘƻ ƳƛŘŘƭŜ ƛƴŎƻƳŜ ŎƻǳƴǘǊƛŜǎ ŎƻƳǇŀǊŜŘ ǘƻ ƘƛƎƘŜǊ 

ƛƴŎƻƳŜ ŎƻǳƴǘǊƛŜǎ όпуΦф ǇŜǊ мллΣлллύ όCƛŜǎǘ Ŝǘ ŀƭΦΣ нлмтύ ŀƴŘ ŀƭǎƻ ǎƭƛƎƘǘƭȅ ƘƛƎƘŜǊ ƛƴ ƳŀƭŜǎ ǘƘŀƴ 

ŦŜƳŀƭŜǎ όIǳ Ŝǘ ŀƭΦΣ нлнмύΦ  

1.2 Classification of seizures and the epilepsies 

/ƭŀǎǎƛŬŎŀǝƻƴ ƛǎ ŎǊƛǝŎŀƭ ŀǎ ƛǘ ǇǊƻǾƛŘŜǎ ŀ ŎƻƳƳƻƴ ƭŀƴƎǳŀƎŜ ŦƻǊ ŎƭƛƴƛŎŀƭ ŎŀǊŜΣ ŦŀƳƛƭƛŜǎΣ ŀƴŘ ŦƻǊ 

ŎƭƛƴƛŎŀƭ ǊŜǎŜŀǊŎƘΦ /ƭŀǎǎƛŬŎŀǝƻƴ ǎȅǎǘŜƳǎ ǎƘƻǳƭŘ ŀŘŀǇǘ ŀƭƻƴƎǎƛŘŜ ŀŘǾŀƴŎŜǎ ƛƴ ƻǳǊ 

ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ŘƛǎŜŀǎŜΣ ƭƛƪŜ ǿŜ ƘŀǾŜ ǎŜŜƴ ƛƴ ǘƘŜ ƴǳƳŜǊƻǳǎ ŎƭŀǎǎƛŬŎŀǝƻƴ ǎȅǎǘŜƳǎ ǇǊƻǇƻǎŜŘ 

ǎƛƴŎŜ мфур ό{ŎƘŜũŜǊ Ŝǘ ŀƭΦΣ нлмтύΦ Lƴ нлмтΣ ǘƘŜ LƴǘŜǊƴŀǝƻƴŀƭ [ŜŀƎǳŜ !Ǝŀƛƴǎǘ 9ǇƛƭŜǇǎȅ όL[!9ύ 

ǇǳōƭƛǎƘŜŘ ǇŀǇŜǊǎ ƻƴ ƴŜǿ ŎƭŀǎǎƛŬŎŀǝƻƴ ƻŦ ǎŜƛȊǳǊŜǎ ŀƴŘ ǘƘŜ ŜǇƛƭŜǇǎƛŜǎ ό{ŎƘŜũŜǊ Ŝǘ ŀƭΦΣ нлмтύΦ 

¢Ƙƛǎ ƴŜǿ ǎȅǎǘŜƳ ǳǎŜǎ ŎƭŜŀǊŜǊ ƭŀƴƎǳŀƎŜκǿƻǊŘƛƴƎΣ ǊŜƳƻǾŜǎ ƛƳǇǊŜŎƛǎŜ ǘŜǊƳƛƴƻƭƻƎȅΣ ŀƴŘ ƛǎ 

ǘǊŀƴǎƭŀǘŀōƭŜ ƛƴǘƻ Ƴŀƴȅ ƭŀƴƎǳŀƎŜǎ
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!ǎ ŀ ǊŜǎǳƭǘ ƻŦ ƳƻǊŜ ǊŜŎŜƴǘ ǊŜǎŜŀǊŎƘΣ ǘƘŜ L[!9 ƛƴǘǊƻŘǳŎŜŘ ƴŜǿ ǘŜǊƳǎ ǎǳŎƘ ŀǎ ŘŜǾŜƭƻǇƳŜƴǘŀƭ 

ŀƴŘ ŜǇƛƭŜǇǝŎ ŜƴŎŜǇƘŀƭƻǇŀǘƘƛŜǎ ό599ΩǎύΣ  ǎƘƻǿƛƴƎ ǘƘŀǘ ŀƴ ŜǇƛƭŜǇǎȅ Ŏŀƴ ƻŎŎǳǊ ŀǎ ǇŀǊǘ ƻŦ ŀ ǿƛŘŜǊ 

όŜΦƎ ƎŜƴŜǝŎύ ōǊŀƛƴ ŘƛǎƻǊŘŜǊΣ ŀũŜŎǝƴƎ ƴŜǳǊƻŘŜǾŜƭƻǇƳŜƴǘΣ ǿƘƛŎƘ ƛǎ ƛƴŘŜǇŜƴŘŜƴǘ ƻŦ ǎŜƛȊǳǊŜǎΦ 

¢ƘŜ ƴŜǿ ŎƭŀǎǎƛŬŎŀǝƻƴ ǎȅǎǘŜƳ Ƙŀǎ ƛƴŎƭǳŘŜŘ Ƴŀƴȅ ŘŜŎŀŘŜǎ ƻŦ ŀŘǾŀƴŎŜǎ ƛƴ ǘƘŜ ǳƴŘŜǊǎǘŀƴŘƛƴƎ 

ƻŦ ǘƘŜ ŜǇƛƭŜǇǎƛŜǎΣ ŎǊŜŀǝƴƎ ŀƴ ǳǇπǘƻπŘŀǘŜ ǎȅǎǘŜƳ ǘƘŀǘ ŀƭƭƻǿǎ ŦƻǊ ƳƻǊŜ ŀŎŎǳǊŀǘŜ ŘƛŀƎƴƻǎƛǎ ŀƴŘ 

ǘǊŜŀǘƳŜƴǘ ŦƻǊ ŜǇƛƭŜǇǎȅ ǇŀǝŜƴǘǎΦ 

1.3 Seizure classification 

5ǳǊƛƴƎ ŀ ǎŜƛȊǳǊŜ ŜǾŜƴǘΣ ǎŜƛȊǳǊŜ ƻƴǎŜǘ ƻǊ ǎŜƳƛƻƭƻƎȅΣ Ŏŀƴ ŜƛǘƘŜǊ ōŜ ŀ ŦƻŎŀƭ ƻƴǎŜǘΣ ƎŜƴŜǊŀƭƛǎŜŘ 

ƻƴǎŜǘΣ ƻǊ ƘŀǾŜ ŀƴ ǳƴƪƴƻǿƴ ƻƴǎŜǘ  ό{ŎƘŜũŜǊ Ŝǘ ŀƭΦΣ нлмтύΦ 5ǳǊƛƴƎ ŦƻŎŀƭ ƻƴǎŜǘ ǎŜƛȊǳǊŜǎΣ ǘƘŜ 

ǎŜƛȊǳǊŜ ŀǊƛǎŜǎ ƛƴ ŀ ǎǇŜŎƛŬŎ ǇŀǊǘ ƻŦ ǘƘŜ ōǊŀƛƴ ƛƴ ƻƴŜ ƘŜƳƛǎǇƘŜǊŜΦ Lƴ ƎŜƴŜǊŀƭƛǎŜŘ ƻƴǎŜǘ ǎŜƛȊǳǊŜǎΣ 

ǘƘŜ ǎŜƛȊǳǊŜ ŀǊƛǎŜǎ ŦǊƻƳ ōƻǘƘ ƘŜƳƛǎǇƘŜǊŜǎ ŀǘ ǘƘŜ ǎŀƳŜ ǝƳŜ όCŀƭŎƻπ²ŀƭǘŜǊ Ŝǘ ŀƭΦΣ нлмуύΦ 

¦ƴƪƴƻǿƴ ƻƴǎŜǘ ǎŜƛȊǳǊŜǎ Ƴŀȅ ƻŎŎǳǊ ƛŦ ǘƘŜ ǎŜƛȊǳǊŜ ƘŀǇǇŜƴǎ ǿƘƛƭŜ ǘƘŜ ǇŀǝŜƴǘ ƛǎ ŀǎƭŜŜǇ ŀǘ ƘƻƳŜ 

ƻǊ ƛŦ ƛǘ ƛǎ ƴƻǘ ǿƛǘƴŜǎǎŜŘ ōȅ ŀƴȅƻƴŜ ό/ƘŀƴƎ Ŝǘ ŀƭΦΣ нлмтύΦ ¢Ƙƛǎ ƛƴŦƻǊƳŀǝƻƴΣ ŎƻƳōƛƴŜŘ ǿƛǘƘ 

ǇǊŜǾƛƻǳǎ ƪƴƻǿƭŜŘƎŜ ƻŦ ǘƘŜ ǾŀǊƛƻǳǎ ǎŜƛȊǳǊŜ ǘȅǇŜǎΣ ŜƛǘƘŜǊ ƳƻǘƻǊ ƻǊ ƴƻƴπƳƻǘƻǊΣ ǇǊƻǾƛŘŜ ŀ ŎƭŜŀǊ 

ŀƴŘ ŎƻƴŎƛǎŜ ǇŀǘƘǿŀȅ ŦƻǊ ƳŀƪƛƴƎ ŀƴ ƛƴŦƻǊƳŜŘ ŘŜŎƛǎƛƻƴ ƻƴ ŀƴ ŜǇƛƭŜǇǎȅ ŘƛŀƎƴƻǎƛǎ όCƛƎǳǊŜ мΦмύΦ 

¢ƘŜ ƭŀǘŜǎǘ ǎŜƛȊǳǊŜ ŎƭŀǎǎƛŬŎŀǝƻƴ ǎȅǎǘŜƳ ŦǊƻƳ ǘƘŜ L[!9 ƛǎ ƻǳǘƭƛƴŜ ōŜƭƻǿ ƛƴ CƛƎǳǊŜ мΦмΦ 
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Figure 1.1: Classification of seizure types by the ILAE.   

aƻǘƻǊ ǎŜƛȊǳǊŜǎ όƛƴǾƻƭǾŜ Ƴŀƴȅ ŘƛũŜǊŜƴǘ ǘȅǇŜǎ ƻŦ ƳƻǾŜƳŜƴǘǎ πǎŜŜ ǳƴŘŜǊ ǘƘƛǎ ŎŀǘŜƎƻǊȅ ŀōƻǾŜύ ǿƘƛŎƘ 
Ŏŀƴ ōŜ ŦǳǊǘƘŜǊ ŎƘŀǊŀŎǘŜǊƛǎŜŘ ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜƛǊ ŜȄŀŎǘ ƴŀǘǳǊŜΦ bƻƴπƳƻǘƻǊ ǎŜƛȊǳǊŜǎ ƛƴǾƻƭǾŜ ōŜƘŀǾƛƻǳǊ 
ŀǊǊŜǎǘΣ ƳŜŀƴƛƴƎ ƳƻǾŜƳŜƴǘ ǎǘƻǇǎ ǿƘƛŎƘ Ŏŀƴ ōŜ ŦǳǊǘƘŜǊ ŎŀǘŜƎƻǊƛǎŜŘ ŘŜǇŜƴŘƛƴƎ ƻƴ ǎŜƛȊǳǊŜ ƻƴǎŜǘΣ ŀƴŘ 
ƻǘƘŜǊ ǎŜƛȊǳǊŜ ǘȅǇŜǎ όŜΦƎΦΣ ǎŜƴǎƻǊȅ ŦƻǊ ŦƻŎŀƭ ƻǊ ŀōǎŜƴŎŜ ŦƻǊ ƎŜƴŜǊŀƭƛǎŜŘ ς ǎŜŜ ǳƴŘŜǊ ǘƘƛǎ ŎŀǘŜƎƻǊȅ 
ŀōƻǾŜύΦ ¢Ƙƛǎ ǎŜƛȊǳǊŜ ŎƭŀǎǎƛŬŎŀǝƻƴ ǎȅǎǘŜƳ ƛǎ ǿƛŘŜƭȅ ŀǇǇƭƛŜŘ ƛƴ ŎƭƛƴƛŎŀƭ ǇǊŀŎǝŎŜ όCŀƭŎƻπ²ŀƭǘŜǊ Ŝǘ ŀƭΦΣ 
нлмуύΦ  

1.4 Epilepsy classification 

9ǇƛƭŜǇǎȅ ǘȅǇŜ ƛǎ ŘŜǘŜǊƳƛƴŜŘ ōȅ ǎŜƛȊǳǊŜ ǘȅǇŜ ƛΦŜΦΣ ǇŀǝŜƴǘǎ ǿƛǘƘ ŦƻŎŀƭ ǎŜƛȊǳǊŜǎ ƘŀǾŜ ŦƻŎŀƭ 

ŜǇƛƭŜǇǎȅ ŀƴŘ ǇŀǝŜƴǘǎ ǿƛǘƘ ƎŜƴŜǊŀƭƛǎŜŘ ǎŜƛȊǳǊŜǎ ƘŀǾŜ ƎŜƴŜǊŀƭƛǎŜŘ ŜǇƛƭŜǇǎȅΦ CƻǊ Ƴŀƴȅ ǇŀǝŜƴǘǎΣ 

ƛǘΩǎ ǇƻǎǎƛōƭŜ ǘƻ ŘŜǘŜǊƳƛƴŜ ŀ ǎǇŜŎƛŬŎ ŜǇƛƭŜǇǎȅ ǎȅƴŘǊƻƳŜΦ 9ǇƛƭŜǇǎȅ ǎȅƴŘǊƻƳŜǎ ǳǎǳŀƭƭȅ ƘŀǾŜ 

ŎƻƳƳƻƴ ŎƘŀǊŀŎǘŜǊƛǎǝŎǎ ǎǳŎƘ ŀǎ ǘȅǇŜǎ ƻŦ ǎŜƛȊǳǊŜόǎύΣ 99D ŦŜŀǘǳǊŜǎΣ ŎƻπƳƻǊōƛŘƛǝŜǎ ŀƴŘ ŀƎŜ ƻŦ 

ƻƴǎŜǘ όYŀǘȅŀȅŀƴ Ŝǘ ŀƭΦΣ нлнмύΦ 9ǇƛƭŜǇǎȅ ǘȅǇŜκǎȅƴŘǊƻƳŜ ǘƘŜƴ ƎǳƛŘŜǎ ǘƘŜ ǊŜƭŜǾŀƴǘ ǘǊŜŀǘƳŜƴǘǎΣ 

ƛƴǾŜǎǝƎŀǝƻƴΣ ŀƴŘ ǇǊƻƎƴƻǎƛǎ ŦƻǊ ǇŀǝŜƴǘǎΦ 9Ǿŀƭǳŀǝƻƴ ƻŦ ŎƻπƳƻǊōƛŘƛǝŜǎ ŀƴŘ ŀŜǝƻƭƻƎȅ ƛǎ ŎǊƛǝŎŀƭ 

ŦƻǊ ƻǇǝƳŀƭ ǘǊŜŀǘƳŜƴǘ ŀƴŘ Ƙŀǎ ƴƻǿ ŀƭǎƻ ōŜŜƴ ƛƴŎƭǳŘŜŘ ƛƴ ǘƘŜ ŜǇƛƭŜǇǎȅ ŎƭŀǎǎƛŬŎŀǝƻƴ ǎȅǎǘŜƳǎ 

όCŀƭŎƻπ²ŀƭǘŜǊ Ŝǘ ŀƭΦΣ нлмуύΦ ¢ƘŜ ƛƴŎƭǳǎƛƻƴ ƻŦ ŀŜǝƻƭƻƎȅ Ƙŀǎ ōŜŜƴ ŦŀŎƛƭƛǘŀǘŜŘ ōȅ ŀŘǾŀƴŎŜƳŜƴǘǎ 

ƛƴ ƴŜȄǘ ƎŜƴŜǊŀǝƻƴ ǎŜǉǳŜƴŎƛƴƎ όbD{ύ ǘŜŎƘƴƻƭƻƎƛŜǎ ŀƴŘ ŀ ƎǊŜŀǘŜǊ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ǘƘŜ 

ŀŜǝƻƭƻƎȅ ƻŦ ŜǇƛƭŜǇǎƛŜǎ ƛƴ ǘƘŜ ŬŜƭŘΦ  
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Figure 1.2 : Structure of the 2017 ILAE classification of epilepsies. 

¢Ƙƛǎ ŎƭŀǎǎƛŬŎŀǝƻƴ ƛǎ ŎƭƛƴƛŎŀƭ όƛΦŜΦΣ ƴƻǘ ŀ ǎŎƛŜƴǝŬŎ ŎƭŀǎǎƛŬŎŀǝƻƴ ǎȅǎǘŜƳύΦ {ŜƛȊǳǊŜ ǘȅǇŜ ƛƴŦƻǊƳǎ ŜǇƛƭŜǇǎȅ 
ǘȅǇŜ ǿƘƛŎƘ ŜƴŀōƭŜǎ ǘƘŜ ŘƛŀƎƴƻǎƛǎ ƻŦ ǎǇŜŎƛŬŎ ŜǇƛƭŜǇǎȅ ǎȅƴŘǊƻƳŜǎ ƛƴ рл҈ ƻŦ ǇŀǝŜƴǘǎ ŜΦƎΦΣ ²Ŝǎǘ 
ǎȅƴŘǊƻƳŜΦ /ƻπƳƻǊōƛŘƛǝŜǎ ŀǊŜ ŀƴ ŜǎǎŜƴǝŀƭ ǇŀǊǘ ƻŦ ǘƘŜ ŜǇƛƭŜǇǎȅ ŎƭŀǎǎƛŬŎŀǝƻƴΦ 5ŜǘŜǊƳƛƴƛƴƎ ǇƻǎǎƛōƭŜ 
ŀŜǝƻƭƻƎƛŜǎ ŀǊŜ ŀƭǎƻ ŎǊƛǝŎŀƭ ŦƻǊ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ǿƘȅ ǘƘŜ ŜǇƛƭŜǇǎȅ Ƙŀǎ ƻŎŎǳǊǊŜŘ ŀƴŘ ŦƻǊ ŘŜǾƛǎƛƴƎ 
ƛƴǾŜǎǝƎŀǝƻƴǎ ŀƴŘ ǘǊŜŀǘƳŜƴǘ Ǉƭŀƴǎ ŦƻǊ ǇŀǝŜƴǘǎ ό{ŎƘŜũŜǊ Ŝǘ ŀƭΦΣ нлмтύΦ 

1.5 Epilepsy syndromes 

Lƴ нлннΣ ǘƘŜ L[!9 ŎƭŀǎǎƛŬŜŘ ǘƘŜ ŜǇƛƭŜǇǎȅ ǎȅƴŘǊƻƳŜǎ ƛƴ ŀ ƴǳƳōŜǊ ƻŦ Ǉƻǎƛǝƻƴ ǇŀǇŜǊǎ ό½ǳōŜǊƛ Ŝǘ 

ŀƭΦΣ нлннύΦ ¢ƘŜȅ ŦƻǊƳŀƭƭȅ ŘŜŬƴŜŘ ŀƴ ŜǇƛƭŜǇǎȅ ǎȅƴŘǊƻƳŜ ŀǎ άŀ ŎƘŀǊŀŎǘŜǊƛǎǝŎ ŎƭǳǎǘŜǊ ƻŦ ŎƭƛƴƛŎŀƭ 

ŀƴŘ 99D ŦŜŀǘǳǊŜǎΣ ƻƊŜƴ ǎǳǇǇƻǊǘŜŘ ōȅ ǎǇŜŎƛŬŎ ŜǝƻƭƻƎƛŎŀƭ ŬƴŘƛƴƎǎ όǎǘǊǳŎǘǳǊŀƭΣ ƎŜƴŜǝŎΣ 

ƳŜǘŀōƻƭƛŎΣ ƛƳƳǳƴŜΣ ŀƴŘ ƛƴŦŜŎǝƻǳǎύέΦ ¢ƻ ŘŀǘŜΣ ǘƘŜǊŜ ŀǊŜ пл ŘƛǎǝƴŎǘ ŜǇƛƭŜǇǎȅ ǎȅƴŘǊƻƳŜǎΣ ǿƛǘƘ 

ŜŀŎƘ ǎȅƴŘǊƻƳŜ ƻƊŜƴ ƘŀǾƛƴƎ ŀƎŜπŘŜǇŜƴŘŜƴǘ ǇǊŜǎŜƴǘŀǝƻƴǎΣ ǎǇŜŎƛŬŎ 99D ǇŀǧŜǊƴǎΣ ǎǇŜŎƛŬŎ 

ǎŜƛȊǳǊŜ ǘȅǇŜǎΣ ŀƴŘ ŀ ǊŀƴƎŜ ƻŦ ǎǇŜŎƛŬŎ ŎƻπƳƻǊōƛŘƛǝŜǎΦ Lƴ ǘƘŜ ƴŜǿ ŎƭŀǎǎƛŬŎŀǝƻƴ ƻŦ ŜǇƛƭŜǇǎȅ 

ǎȅƴŘǊƻƳŜǎΣ ǎȅƴŘǊƻƳŜǎ ŀǊŜ ƻǊƎŀƴƛǎŜŘ ƛƴ ƴǳƳŜǊƻǳǎ ǿŀȅǎΣ ǎǳŎƘ ŀǎ ŀƎŜ ƻŦ ƻƴǎŜǘΦ IƻǿŜǾŜǊΣ ǘƘŜȅ 

Ƴŀȅ ŀƭǎƻ ōŜ ŘƛǾƛŘŜŘ ƛƴǘƻ ŜǇƛƭŜǇǎȅ ǎȅƴŘǊƻƳŜǎ ǿƘƛŎƘ ƘŀǾŜ ŀύ ŦƻŎŀƭ ǎŜƛȊǳǊŜǎΣ ōύ ǘƘƻǎŜ ǿƛǘƘ 

ƎŜƴŜǊŀƭƛǎŜŘ ǎŜƛȊǳǊŜǎΣ ŀƴŘ Ŏύ ǘƘƻǎŜ ǿƛǘƘ ŘŜǾŜƭƻǇƳŜƴǘŀƭ ŀƴŘ ŜǇƛƭŜǇǝŎ ŜƴŎŜǇƘŀƭƻǇŀǘƘȅ ό599ύΣ 

ǿƘƛŎƘ Ŏŀƴ ŀǊƛǎŜ ƛƴ ǾŀǊƛƻǳǎ ŀƎŜ ƎǊƻǳǇǎΦ ¢ƘŜ 599 ƎǊƻǳǇ ƻƊŜƴ ǇǊŜǎŜƴǘǎ ƛƴ ȅƻǳƴƎ ŎƘƛƭŘǊŜƴΣ 

ǎŜƛȊǳǊŜǎ ŀǊŜ ƻƊŜƴ ŘǊǳƎ ǊŜǎƛǎǘŀƴǘ ŀƴŘ ŎƻƳƻǊōƛŘƛǝŜǎ ƛƴŎƭǳŘŜ ŀ ǊŀƴƎŜ ƻŦ ƭŜŀǊƴƛƴƎΣ ōŜƘŀǾƛƻǳǊŀƭ 

ŀƴŘ ǇƘȅǎƛŎŀƭ ŘƛǎŀōƛƭƛǝŜǎ ό{ǇŜŎŎƘƛƻ Ŝǘ ŀƭΦΣ нлнмύΦ ! ƴƻǘŜǿƻǊǘƘȅ ǎǳōπƎǊƻǳǇ ƻŦ ǘƘŜ 599ǎ ƛƴŎƭǳŘŜǎ 

ǘƘŜ ŀŜǝƻƭƻƎȅπǎǇŜŎƛŬŎ ǎȅƴŘǊƻƳŜǎΦ Lƴ ǘƘŜǎŜ ǎȅƴŘǊƻƳŜǎΣ ǘƘŜǊŜ ƛǎ ŀ ǎǇŜŎƛŬŎ ƪƴƻǿƴ ŀŜǝƻƭƻƎȅ ŦƻǊ 

ǘƘŜ ŜǇƛƭŜǇǎȅΣ ǿƘƛŎƘ ƛǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ŀ ŎƭŜŀǊƭȅ ŘƛǎǝƴŎǘ ŎƭƛƴƛŎŀƭ ǇƘŜƴƻǘȅǇŜ ƛƴ ǘƘŜ ƳŀƧƻǊƛǘȅ ƻŦ 

ŀũŜŎǘŜŘ ƛƴŘƛǾƛŘǳŀƭǎΦ ¢ƘŜ ŀŜǝƻƭƻƎȅ Ƴŀȅ ōŜ ŀƴȅ ƻŦ ǘƘƻǎŜ ŘƛǎŎǳǎǎŜŘ ŀōƻǾŜ ǎǳŎƘ ŀǎ ŀ ƎŜƴŜǝŎ 
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ƳǳǘŀǝƻƴΣ ŀ ǎǘǊǳŎǘǳǊŀƭ ōǊŀƛƴ ƭŜǎƛƻƴΣ ŀ ŘŜŬƴŜŘ ƳŜǘŀōƻƭƛŎ ŀƭǘŜǊŀǝƻƴΣ ŀ ǎǇŜŎƛŬŎ ƴŜǳǊƻƴŀƭ 

ŀǳǘƻŀƴǝōƻŘȅΣ ƻǊ ŀƴ ƛƴŦŜŎǝƻǳǎ ŀƎŜƴǘ ό{ŎƘŜũŜǊ ϧ [ƛŀƻΣ нлнлŀύΦ CƻǊ ŜȄŀƳǇƭŜΣ Y/bvнπ599 ƛǎ ŀ 

ǊŜƭŀǝǾŜƭȅ ƴŜǿƭȅ ŀŎŎŜǇǘŜŘ ŀŜǝƻƭƻƎȅπǎǇŜŎƛŬŎ ŜǇƛƭŜǇǎȅ ǎȅƴŘǊƻƳŜύΦ 

 

 

Figure 1.3. Classification of the 2022 ILAE Epilepsy syndromes by age of onset.  

!ƴ ŜǇƛƭŜǇǎȅ ǎȅƴŘǊƻƳŜ ƎŜƴŜǊŀƭƭȅ ǊŜŦŜǊǎ ǘƻ ŀ ǊŀƴƎŜ ƻŦ ǇŀǊŀƳŜǘŜǊǎ ƛƴŎƭǳŘƛƴƎ ǎŜƛȊǳǊŜ ǘȅǇŜǎΣ 99DΣ ŀƎŜ ƻŦ 
ƻƴǎŜǘΣ ƛƳŀƎƛƴƎ ŦŜŀǘǳǊŜǎΣ ǎŜƛȊǳǊŜ ǘǊƛƎƎŜǊǎΣ ŀƴŘ ǎƻƳŜǝƳŜǎ ǇǊƻƎƴƻǎƛǎΦ Lǘ Ƴŀȅ ŀƭǎƻ ōŜ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ 
ŎƻƳƻǊōƛŘƛǝŜǎ ǎǳŎƘ ŀǎ ƛƴǘŜƭƭŜŎǘǳŀƭ ŀƴŘ ǇǎȅŎƘƛŀǘǊƛŎ ŘȅǎŦǳƴŎǝƻƴΦ ¢ƘŜǊŜ ŀǊŜ ǎŜǾŜǊŀƭ ǿŜƭƭ ǊŜŎƻƎƴƛȊŜŘ 
ǎȅƴŘǊƻƳŜǎΣ ŦƻǊ ŜȄŀƳǇƭŜΣ ŎƘƛƭŘƘƻƻŘ ŀōǎŜƴŎŜ ŜǇƛƭŜǇǎȅΣ ²Ŝǎǘ ǎȅƴŘǊƻƳŜΣ ŀƴŘ 5ǊŀǾŜǘ ǎȅƴŘǊƻƳŜΦ {Ƙƻǿƴ 
ƘŜǊŜ ŀǊŜ ǎȅƴŘǊƻƳŜǎ ǿƛǘƘ ŘŜǾŜƭƻǇƳŜƴǘŀƭ ŀƴŘκƻǊ ŜǇƛƭŜǇǝŎ ŜƴŎŜǇƘŀƭƻǇŀǘƘȅ ƻǊ ǿƛǘƘ ǇǊƻƎǊŜǎǎƛǾŜ 
ƴŜǳǊƻƭƻƎƛŎŀƭ ŘŜǘŜǊƛƻǊŀǝƻƴ ǘƘŜ ǘȅǇƛŎŀƭ ŀƎŜǎ ƻŦ ǇǊŜǎŜƴǘŀǝƻƴΣ ǿƛǘƘ ǊŀƴƎŜǎ ƛƴŘƛŎŀǘŜŘ ōȅ ŀǊǊƻǿǎΦ 
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1.5.1 Epilepsy Diagnosis 

{ŜƛȊǳǊŜ ŀƴŘ ŜǇƛƭŜǇǎȅ ŘƛŀƎƴƻǎŜǎ ŀǊŜ ƻƊŜƴ ōŀǎŜŘ ƻƴ ŎƭƛƴƛŎŀƭ ǎȅƳǇǘƻƳǎ ŀƴŘ ǎƛƎƴǎ όǘƘŜ 

ƘƛǎǘƻǊȅκǎǘƻǊȅ ƻǊ ǿƛǘƴŜǎǎŜŘ ǎŜƛȊǳǊŜ ŜǾŜƴǘǎύΦ IƻǿŜǾŜǊΣ ŀƴ ŜƭŜŎǘǊƻŜƴŎŜǇƘŀƭƻƎǊŀƳ ό99Dύ ƛǎ ǘƘŜ 

ǇǊƛƳŀǊȅ ǘƻƻƭ ǳǎŜŘ ŦƻǊ ŀƭǎƻ ŀƛŘƛƴƎ ŘƛŀƎƴƻǎƛǎ ƻŦ ǎŜƛȊǳǊŜ ǘȅǇŜǎ ŀƴŘ ŜǇƛƭŜǇǎȅ ŎƭŀǎǎƛŬŎŀǝƻƴΦ !ƴ 99D 

ǊŜŎƻǊŘǎ ǘƘŜ ŜƭŜŎǘǊƛŎŀƭ ŀŎǝǾƛǘȅ ƛƴ ǘƘŜ ōǊŀƛƴ ŀƴŘ Ŏŀƴ ŘŜǘŜŎǘ ŀ ƳǳƭǝǘǳŘŜ ƻŦ ƛǊǊŜƎǳƭŀǊ ŜǇƛƭŜǇǝŦƻǊƳ 

ŘƛǎŎƘŀǊƎŜ ǇŀǧŜǊƴǎ ŀƴŘ ōǊŀƛƴ ǎǘŀǘŜǎΣ ƛƴ ŜǇƛƭŜǇǎȅ ǇŀǝŜƴǘǎ όtŀǎȊƪƛŜƭΣ нлнлύΦ .Ǌŀƛƴ ƛƳŀƎƛƴƎ 

όƳŀƎƴŜǝŎ ǊŜǎƻƴŀƴŎŜ ƛƳŀƎƛƴƎύ ƛǎ ǘƘŜ ǊŀŘƛƻƭƻƎƛŎŀƭ ƛƳŀƎƛƴƎ ǘƻƻƭ ƻŦ ŬǊǎǘ ŎƘƻƛŎŜΣ ǿƘƛŎƘ Ƴŀȅ 

ǳƴŎƻǾŜǊ ŀ ǎǘǊǳŎǘǳǊŀƭ ƭŜǎƛƻƴ ƛƴ ǎƻƳŜ ǇŀǝŜƴǘǎ ǿƛǘƘ ŜǇƛƭŜǇǎȅΦ hǘƘŜǊ ƛƴǾŜǎǝƎŀǝƻƴǎ ŘŜǇŜƴŘƛƴƎ ƻƴ 

ǘƘŜ ŎƻƴǘŜȄǘ όǎŜƛȊǳǊŜ ǘȅǇŜΣ ŀƎŜΣ ŜǇƛƭŜǇǎȅ ǘȅǇŜύ Ƴŀȅ ŀƭǎƻ ƛƴŦƻǊƳ ǘƘŜ ǘȅǇŜ ƻŦ ŜǇƛƭŜǇǎȅΣ ŀƴŘ ǘƘŜ 

ǳƴŘŜǊƭȅƛƴƎ ŎŀǳǎŜ όƻǊ ŀŜǝƻƭƻƎȅύΦ 9ΦƎΦΣ ƎŜƴŜǝŎ ƛƴǾŜǎǝƎŀǝƻƴǎΣ ƳŜǘŀōƻƭƛŎ ǘŜǎǝƴƎΣ ŜǘŎΦ 

1.6 Aetiology of Epilepsy 

Lƴ ǘƘŜ Ƴƻǎǘ ǊŜŎŜƴǘ ŎƭŀǎǎƛŬŎŀǝƻƴ ƻŦ ǘƘŜ ŜǇƛƭŜǇǎƛŜǎ ōȅ ǘƘŜ L[!9Σ ǘƘŜ ƴŜǿ ŦǊŀƳŜǿƻǊƪ ƻǳǘƭƛƴŜǎ 

ǘƘŜ ƛƳǇƻǊǘŀƴŎŜ ƻŦ ŎƻƴǎƛŘŜǊƛƴƎ ŀŜǝƻƭƻƎȅ ŀǘ ŜŀŎƘ ƭŜǾŜƭΥ ǎŜƛȊǳǊŜ ǘȅǇŜΣ ŜǇƛƭŜǇǎȅ ǘȅǇŜΣ ŀƴŘ 

ŜǇƛƭŜǇǎȅ ǎȅƴŘǊƻƳŜ όCƛǎƘŜǊ Ŝǘ ŀƭΦΣ нлмпύΦ ¢ƘŜ ŘƛũŜǊŜƴǘ ŎŀǘŜƎƻǊƛŜǎ ƻŦ ŀŜǝƻƭƻƎƛŜǎ ƛƴŎƭǳŘŜ όƛύ 

ǎǘǊǳŎǘǳǊŀƭΣ όƛƛύ ƎŜƴŜǝŎΣ όƛƛƛύ ƛƴŦŜŎǝƻǳǎΣ όƛǾύ ƳŜǘŀōƻƭƛŎΣ όǾύ ƛƳƳǳƴŜΣ ƻǊ όǾƛύ ǳƴƪƴƻǿƴ όCƛƎǳǊŜ мΦнύΦ 

aƻǊŜ ǘƘŀƴ ƻƴŜ ŀŜǝƻƭƻƎȅ Ƴŀȅ ōŜ ǇǊŜǎŜƴǘ ŦƻǊ ŀ ǇŀǝŜƴǘ ǿƛǘƘ ŜǇƛƭŜǇǎȅΣ ŦƻǊ ŜȄŀƳǇƭŜΣ ŀ ƳŜǘŀōƻƭƛŎ 

ŘƛǎƻǊŘŜǊ Ƴŀȅ ŀƭǎƻ ƘŀǾŜ ŀ ƎŜƴŜǝŎ ǳƴŘŜǊǇƛƴƴƛƴƎ ŜΦƎΦΣ D[¦¢м ŘŜŬŎƛŜƴŎȅ ǎȅƴŘǊƻƳŜΦ ¢ƘŜ 

ǳƴƪƴƻǿƴ ŎŀǘŜƎƻǊȅΣ ǿƘƛŎƘ ŀŎŎƻǳƴǘ ŦƻǊ ŀ ǎǳōǎǘŀƴǝŀƭ ǇŜǊŎŜƴǘŀƎŜ ƻŦ ǇŀǝŜƴǘǎΣ ƛǎ ŘǳŜ ǘƻ ŀ 

ŎƻƳōƛƴŀǝƻƴ ƻŦ ōƻǘƘ ƎŀǇǎ ƛƴ ƻǳǊ ƪƴƻǿƭŜŘƎŜ ŀƴŘ ŀ ƭŀŎƪ ƻŦ ŘƛŀƎƴƻǎǝŎ ǘƻƻƭǎ ό{ȅǾŜǊǘǎŜƴ Ŝǘ ŀƭΦΣ 

нлмрύΦ  

1.6.1 Structural Aetiology 

! ǎǘǊǳŎǘǳǊŀƭ ŀŜǝƻƭƻƎȅ ƛǎ ǿƘŜǊŜōȅ ǾƛǎƛōƭŜ ŀōƴƻǊƳŀƭƛǝŜǎ Ŏŀƴ ōŜ ǎŜŜƴ ǳǎƛƴƎ ǎǘǊǳŎǘǳǊŀƭ 

ƴŜǳǊƻƛƳŀƎƛƴƎ ǘŜŎƘƴƛǉǳŜǎ ǎǳŎƘ ŀǎ ōǊŀƛƴ awLΦ !ƴ ŜƭŜŎǘǊƻŎƭƛƴƛŎŀƭ ŀǎǎŜǎǎƳŜƴǘ ŎƻƳōƛƴŜŘ ǿƛǘƘ 

ǘƘŜ ƴŜǳǊƻƛƳŀƎƛƴƎ ŬƴŘƛƴƎǎ Ƙŀǎ ƭŜŘ ǘƻ ŀ ǊŜŀǎƻƴŀōƭŜ ƛƴŦŜǊŜƴŎŜ ǘƘŀǘ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭ ŀōƴƻǊƳŀƭƛǘȅ 

ǎŜŜƴ ŦǊƻƳ ǘƘŜ ƛƳŀƎƛƴƎ ƛǎ ǘƘŜ ƭƛƪŜƭȅ ŎŀǳǎŜ ƻŦ ǘƘŜ ǎŜƛȊǳǊŜǎ ό.ŜǊƎ Ŝǘ ŀƭΦΣ нлмлύΦ {ǘǊǳŎǘǳǊŀƭ 

ŀōƴƻǊƳŀƭƛǝŜǎ Ƴŀȅ ōŜ ŀŎǉǳƛǊŜŘΣ ŦƻǊ ŜȄŀƳǇƭŜ ŀƊŜǊ ŀ ōǊŀƛƴ ƛƴƧǳǊȅ ǎǳŎƘ ŀǎ ŀ ǎǘǊƻƪŜ ŘǳŜ ǘƻ Ǝƭƛŀƭ 

ǎŎŀǊǊƛƴƎ ǘƘŀǘ ƻŎŎǳǊǎ ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ ǘƘŜ ƛƴƧǳǊȅ ό{ǘŜƛƴƘŅǳǎŜǊ Ŝǘ ŀƭΦΣ нлмсύΦ hǘƘŜǊ ŎƻƳƳƻƴ ŎŀǳǎŜǎ 

ƻŦ ǎǘǊǳŎǘǳǊŀƭ ŀōƴƻǊƳŀƭƛǝŜǎ ǘƘŀǘ ŀǊŜ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ŦƻŎŀƭ ǎŜƛȊǳǊŜǎ ƛƴŎƭǳŘŜ ƘƛǇǇƻŎŀƳǇŀƭ 

ǎŎƭŜǊƻǎƛǎΣ ƳŀƭŦƻǊƳŀǝƻƴǎ ƻŦ ŎƻǊǝŎŀƭ ŘŜǾŜƭƻǇƳŜƴǘΣ ǾŀǎŎǳƭŀǊ ƳŀƭŦƻǊƳŀǝƻƴǎΣ ōǊŀƛƴ ǘǳƳƻǳǊǎ ŀƴŘ 

ƛƴƅŀƳƳŀǝƻƴ ƛƴ ǘƘŜ ōǊŀƛƴ ό.ƭǳƳŎƪŜ Ŝǘ ŀƭΦΣ нлмтύΦ IƻǿŜǾŜǊΣ ǘƘŜ ŎŀǳǎŜ ƻŦ ŀ ǎǘǊǳŎǘǳǊŀƭ 

ŀōƴƻǊƳŀƭƛǘȅ Ƴŀȅ ŀƭǎƻ ōŜ ƎŜƴŜǝŎΣ ƻǊ ōƻǘƘ ŀŎǉǳƛǊŜŘ ŀƴŘ ƎŜƴŜǝŎ ό²ƘŜƭŀƴ Ŝǘ ŀƭΦΣ нлмуύΦ CƻǊ 

ŜȄŀƳǇƭŜΣ ǇƻƭȅƳƛŎǊƻƎȅǊƛŀΣ ŀƴ ŜǇƛƭŜǇǘƻƎŜƴƛŎ ƳŀƭŦƻǊƳŀǝƻƴ ƻŦ ŎƻǊǝŎŀƭ ŘŜǾŜƭƻǇƳŜƴǘΣ Ƴŀȅ ƻŎŎǳǊ 
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ŘǳŜ ǘƻ Ƴǳǘŀǝƻƴǎ ƛƴ ƎŜƴŜǎ ǎǳŎƘ ŀǎ DtwрсΣ ƻǊ Ƴŀȅ ōŜ ŀŎǉǳƛǊŜŘΣ ŘǳŜ ǘƻ ŀƴ ƛƴǘǊŀǳǘŜǊƛƴŜ 

ŎȅǘƻƳŜƎŀƭƻǾƛǊǳǎ ƛƴŦŜŎǝƻƴ όDǳŜǊǊƛƴƛ ϧ 5ƻōȅƴǎΣ нлмпύΦ  

1.6.2 Genetic Aetiology 

! ƎŜƴŜǝŎ ŀŜǝƻƭƻƎȅ ƛǎ ǿƘŜƴ ŜǇƛƭŜǇǎȅ ǊŜǎǳƭǘǎ ŘƛǊŜŎǘƭȅ ŦǊƻƳ ŀ ƪƴƻǿƴ ƎŜƴŜǝŎ Ƴǳǘŀǝƻƴ 

ό{ǘŜƛƴƭŜƛƴΣ нллуύΦ aŀƴȅ ǇŀǝŜƴǘǎ ǿƛǘƘ ŜŀǊƭȅπƻƴǎŜǘ ŜǇƛƭŜǇǎȅ ǿƘƻ ŀǊŜ ŀƭǎƻ ŘŜǾŜƭƻǇƳŜƴǘŀƭƭȅ 

ŘŜƭŀȅŜŘ ŀƴŘ Ǉƻǎǎƛōƭȅ ŘǊǳƎπǊŜǎƛǎǘŀƴǘ ŀǊŜ ƭƛƪŜƭȅ ŎŀƴŘƛŘŀǘŜǎ ŦƻǊ ŀ ƎŜƴŜǝŎ ŎŀǳǎŜ ƻŦ ŜǇƛƭŜǇǎȅΦ ¢ƘŜ 

Ƴƻǎǘ ŎƻƳƳƻƴ ŜȄŀƳǇƭŜ ƛǎ 5ǊŀǾŜǘ ǎȅƴŘǊƻƳŜΣ ǿƘŜǊŜōȅ ƻǾŜǊ ул҈ ƻŦ ǇŀǝŜƴǘǎ ƘŀǾŜ ŀ ǇŀǘƘƻƎŜƴƛŎ 

ǾŀǊƛŀƴǘ ƛƴ ǘƘŜ {/bм! ƎŜƴŜ όōǊǳƴƪƭŀǳǎ Ŝǘ ŀƭΦΣ нлмоύΦ Lƴ ǘƘŜǎŜ ƎŜƴŜǝŎ ŜǇƛƭŜǇǎƛŜǎΣ ŀ ƭŀǊƎŜ ŀƳƻǳƴǘ 

ŀǊŜ ŎŀǳǎŜŘ ōȅ ŘŜ ƴƻǾƻ Ƴǳǘŀǝƻƴǎ ŜΦƎΦΣ Y/bvнπǊŜƭŀǘŜŘ ŜǇƛƭŜǇǎƛŜǎ ό²ŜŎƪƘǳȅǎŜƴ Ŝǘ ŀƭΦΣ нлмнύΦ  

1.6.3 Infectious Aetiology 

LƴŦŜŎǝƻǳǎ ŀŜǝƻƭƻƎȅ ƛǎ ǿƘŜǊŜ ŜǇƛƭŜǇǎȅ ƻŎŎǳǊǎ ŀǎ ŀ ŘƛǊŜŎǘ ǊŜǎǳƭǘ ƻŦ ŀƴ ƛƴŦŜŎǝƻƴΣ ǿƘŜǊŜōȅ 

ǎŜƛȊǳǊŜǎ ŀǊŜ ŀ ŎƻǊŜ ǎȅƳǇǘƻƳ ƻŦ ǘƘŜ ŘƛǎƻǊŘŜǊ ό±ŜȊȊŀƴƛ Ŝǘ ŀƭΦΣ нлмсύΦ ¢ƘŜ ǘȅǇŜ ƻŦ ŘƛǎŜŀǎŜ Ƴŀȅ 

ōŜ ǎǇŜŎƛŬŎ ǘƻ ŎŜǊǘŀƛƴ ǊŜƎƛƻƴǎ ƻŦ ǘƘŜ ǿƻǊƭŘ ǎǳŎƘ ŀǎ IL±Σ ŎŜǊŜōǊŀƭ ƳŀƭŀǊƛŀΣ ŎŜǊŜōǊŀƭ 

ǘƻȄƻǇƭŀǎƳƻǎƛǎΣ ŀƴŘ ŎƻƴƎŜƴƛǘŀƭ ƛƴŦŜŎǝƻƴǎ ǎǳŎƘ ŀǎ ŎȅǘƻƳŜƎŀƭƻǾƛǊǳǎ ŀƴŘ ½ƛƪŀ ±ƛǊǳǎ όbƎǳƎƛ Ŝǘ ŀƭΦΣ 

нлмоύΦ ¢ƘŜǎŜ ƛƴŦŜŎǝƻƴǎ Ƴŀȅ ŀƭǎƻ ƘŀǾŜ ŀ ǎǘǊǳŎǘǳǊŀƭ ŎƻƳǇƻƴŜƴǘ όCŀƭŎƻπ²ŀƭǘŜǊ Ŝǘ ŀƭΦΣ нлмуύΦ  

1.6.4 Metabolic Aetiology 

! ǿƛŘŜ ǊŀƴƎŜ ƻŦ ŜƛǘƘŜǊ ŀŎǉǳƛǊŜŘ ƻǊ ƎŜƴŜǝŎ ƳŜǘŀōƻƭƛŎ ŘƛǎƻǊŘŜǊǎ ŀǊŜ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ŜǇƛƭŜǇǎȅΦ 

!ŎǉǳƛǊŜŘ ƳŜǘŀōƻƭƛŎ ŎŀǳǎŜǎ ƻŦ ŜǇƛƭŜǇǎȅ Ŏŀƴ ƻŎŎǳǊ ŘǳŜ ǘƻ ƴǳǘǊƛǝƻƴŀƭ ŘŜŬŎƛŜƴŎƛŜǎΣ ƭƛǾŜǊ ŦŀƛƭǳǊŜ 

ƻǊ ŜȄƻƎŜƴƻǳǎ ǘƻȄƛƴǎ ό!ƴƎŜƭ Ŝǘ ŀƭΦΣ нлммύΦ aŜǘŀōƻƭƛŎ ŎŀǳǎŜǎ Ŏŀƴ ǊŜǎǳƭǘ ƛƴ ƳŜǘŀōƻƭƛŎ ŘŜŦŜŎǘǎ 

ǿƛǘƘ ōƛƻŎƘŜƳƛŎŀƭ ŎƘŀƴƎŜǎ ǎŜŜƴ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ōƻŘȅ ǎǳŎƘ ŀǎ ǳǊŀŜƳƛŀΣ ǇƻǊǇƘȅǊƛŀΣ 

ŀƳƛƴƻŀŎƛŘƻǇŀǘƘƛŜǎΣ ƻǊ ǇȅǊƛŘƻȄƛƴŜπŘŜǇŜƴŘŜƴǘ ǎŜƛȊǳǊŜǎ ό!ƭƳŀƴƴŀƛ Ŝǘ ŀƭΦΣ нлнмύΦ Lƴ ŎŜǊǘŀƛƴ 

ŎŀǎŜǎΣ ƳŜǘŀōƻƭƛŎ ŘƛǎƻǊŘŜǊǎ ǿƛƭƭ ŀƭǎƻ ƘŀǾŜ ŀ ƎŜƴŜǝŎ ŘŜŦŜŎǘΦ LƴōƻǊƴ ŜǊǊƻǊǎ ƻŦ ƳŜǘŀōƻƭƛǎƳΣ ǿƘƛƭŜ 

ǊŀǊŜΣ Ŏŀƴ ƭŜŀŘ ǘƻ ŜǇƛƭŜǇǎȅ όwŀƘƳŀƴ Ŝǘ ŀƭΦΣ нлмоΤ ²ƻƭŦ Ŝǘ ŀƭΦΣ нллрύΦ LŘŜƴǝŦȅƛƴƎ ǎǇŜŎƛŬŎ 

ƳŜǘŀōƻƭƛŎ ŎŀǳǎŜǎ ƻŦ ŜǇƛƭŜǇǎȅ ƛǎ ŎǊƛǝŎŀƭ ŘǳŜ ǘƻ ƛƳǇƭƛŎŀǝƻƴǎ ŦƻǊ ǎǇŜŎƛŬŎ ǘƘŜǊŀǇƛŜǎ ǎǳŎƘ ŀǎ 

ǎǳōǎǘǊŀǘŜ ǊŜǇƭŀŎŜƳŜƴǘ ǘƘŜǊŀǇȅΣ ǿƛǘƘƻǳǘ ǿƘƛŎƘ ǎȅƳǇǘƻƳǎ Ƴŀȅ ǿƻǊǎŜƴ ǘƘŜ ǇŀǝŜƴǘΩǎ 

ŜƴŎŜǇƘŀƭƻǇŀǘƘȅ ƻǊ ŘŜǾŜƭƻǇƳŜƴǘŀƭ ƻǳǘŎƻƳŜ ό¢ŀƴ Ŝǘ ŀƭΦΣ нлмрύΦ 9ȄŀƳǇƭŜǎ ƻŦ ƳŜǘŀōƻƭƛŎ 

ŀŜǝƻƭƻƎƛŜǎ ƛƴŎƭǳŘŜ ǇȅǊƛŘƻȄƛƴŜπŘŜǇŜƴŘŜƴǘ ŜǇƛƭŜǇǎȅΣ Dƭǳǘπм ŘŜŬŎƛŜƴŎȅΣ ŀƴŘ ǾƛǘŀƳƛƴ 

ŘŜǇŜƴŘŜƴŎȅ ό{ǘƻŎƪƭŜǊ Ŝǘ ŀƭΦΣ нлммΤ DǊŀǎ Ŝǘ ŀƭΦΣ нлмпύΦ  

1.6.5 Immune Aetiology 
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LƳƳǳƴŜ ŀŜǝƻƭƻƎȅ ǊŜŦŜǊǎ ǘƻ ŜǇƛƭŜǇǎȅ ǘƘŀǘ ǊŜǎǳƭǘǎ ŘƛǊŜŎǘƭȅ ŦǊƻƳ ŀƴ ƛƳƳǳƴŜ ŘƛǎƻǊŘŜǊ όDǊŀƴŀǘŀ 

Ŝǘ ŀƭΦΣ нлммύΦ  LƳƳǳƴŜ ŜǇƛƭŜǇǎƛŜǎ ǇǊŜǎŜƴǘ ƛƴ ōƻǘƘ ŀŘǳƭǘǎ ŀƴŘ ǘƻ ŀ ƭŜǎǎŜǊ ŜȄǘŜƴǘΣ ŎƘƛƭŘǊŜƴ όIǳǎŀǊƛ 

Ŝǘ ŀƭΦΣ нлмфύΦ  DǊŜŀǘŜǊ ŀŎŎŜǎǎ ǘƻ ŀƴǝōƻŘȅ ǘŜǎǝƴƎ Ƙŀǎ ǊŜǎǳƭǘŜŘ ƛƴ ŀƴ ƛƴŎǊŜŀǎŜŘ ŘƛŀƎƴƻǎƛǎ ƛƴ 

ŀǳǘƻƛƳƳǳƴŜ ŜǇƛƭŜǇǎƛŜǎ όDŜƛǎ Ŝǘ ŀƭΦΣ нлмфύΦ 9ȄŀƳǇƭŜǎ ƻŦ ŀǳǘƻπƛƳƳǳƴŜ ŜǇƛƭŜǇǎƛŜǎ ƛƴŎƭǳŘŜ ŀƴǝπ

ba5! όbπƳŜǘƘȅƭπŘπŀǎǇŀǊǘŀǘŜύ ǊŜŎŜǇǘƻǊ ŜƴŎŜǇƘŀƭƛǝǎΣ ƳDƭǳǊрΣ Dƭȅw ŀƴŘ ŀƴǝπ[DLм ŜƴŎŜǇƘŀƭƛǝǎ 

ό.ŀƭŜǎǘǊƛƴƛ Ŝǘ ŀƭΦΣ нлнмύΦ ¢ƘŜǎŜ ǘȅǇŜǎ ƻŦ ŜǇƛƭŜǇǎȅ ǊŜǎǇƻƴŘ ǿŜƭƭ ǘƻ ƛƳƳǳƴƻǘƘŜǊŀǇȅ ŜΦƎΦΣ 

ƛƳƳǳƴƻƎƭƻōǳƭƛƴǎ ŀƴŘ ǎǘŜǊƻƛŘǎ όWŀƴƎ Ŝǘ ŀƭΦΣ нлнлύΦ  

1.6.6 Unknown Aetiology 

¦ƴƪƴƻǿƴ ŀŜǝƻƭƻƎȅ ƳŜŀƴǎ ǘƘŀǘ ǘƘŜ ŎŀǳǎŜ ƻŦ ǘƘŜ ŜǇƛƭŜǇǎȅ ƛǎ ƴƻǘ ȅŜǘ ƪƴƻǿƴΦ ¢ƘŜ ƴǳƳōŜǊ ƻŦ 

ǳƴƪƴƻǿƴ ŀŜǝƻƭƻƎƛŜǎ ƛǎ ŘŜŎǊŜŀǎƛƴƎ ŘǳŜ ǘƻ ŀŘǾŀƴŎŜǎ ƛƴ ŘƛŀƎƴƻǎǝŎ ǘƻƻƭǎ ŀƴŘ ƛƴŎǊŜŀǎŜŘ 

ƪƴƻǿƭŜŘƎŜΦ !ƴ ŜȄŀƳǇƭŜ ƻŦ ǘƘŜǎŜ ŀŘǾŀƴŎŜƳŜƴǘǎ Ŏŀƴ ōŜ ǎŜŜƴ ƛƴ ǘƘŜ о¢ awL ǿƘƛŎƘ Ƙŀǎ 

ǎƛƎƴƛŬŎŀƴǘƭȅ ƛƴŎǊŜŀǎŜŘ ǘƘŜ ŘŜǘŜŎǝƻƴ ǊŀǘŜ ƻŦ ŜǇƛƭŜǇǘƻƎŜƴƛŎ ƭŜǎƛƻƴǎ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ǇǊŜǾƛƻǳǎƭȅ 

ǳǎŜŘ мΦр¢ awL όCƛǘǎƛƻǊƛ Ŝǘ ŀƭΦΣ нлмфύΦ  

1.7 Genetic Aetiology in Paediatric Epilepsies 

1.7.1 Monogenic Epilepsies and DEEs  

DŜƴƻƳƛŎǎ ǘŜŎƘƴƻƭƻƎƛŜǎ ƘŀǾŜ ŜƴŀōƭŜŘ ǘƘŜ ŘƛǎŎƻǾŜǊȅ ƻŦ ƴǳƳŜǊƻǳǎ ƳƻƴƻƎŜƴƛŎ ŜǇƛƭŜǇǎƛŜǎ ŀƴŘ 

599ǎ ό5ǳƴƴ Ŝǘ ŀƭΦΣ нлмуύΦ 5ǳŜ ǘƻ ǘƘŜ ŎƻƳǇƭŜȄƛǘȅ ƻŦ ǘƘŜ ƘǳƳŀƴ ōǊŀƛƴΣ ƛǘΩǎ ƴƻǘ ǎǳǊǇǊƛǎƛƴƎ ǘƘŀǘ 

Ƴŀƴȅ ƎŜƴŜ ŘƛǎŎƻǾŜǊƛŜǎ ƘŀǾŜ ƻŎŎǳǊǊŜŘ ƛƴ ǘƘŜ ŬŜƭŘ ƻŦ ŜǇƛƭŜǇǎȅΦ ¢ƘŜ ƳŀƧƻǊƛǘȅ ƻŦ ƳƻƴƻƎŜƴƛŎ 

ŘƛǎŎƻǾŜǊƛŜǎ ƻŎŎǳǊǊŜŘ ƛƴ ǘƘŜ 599ǎ ό{ǘŜƴǎƘƻǊƴŜ Ŝǘ ŀƭΦΣ нлннύΦ ¢ƘŜǊŜ ŀǊŜ ƘǳƴŘǊŜŘǎ ƻŦ ƪƴƻǿƴ 

ŘƛǎǝƴŎǘ ƳƻƴƻƎŜƴƛŎ ƴŜǳǊƻŘŜǾŜƭƻǇƳŜƴǘŀƭ ŘƛǎƻǊŘŜǊǎΣ ǘƘƻǳƎƘ ǎƻƳŜ ŀǊŜ ƳƻǊŜ ŦǊŜǉǳŜƴǘƭȅ ƭƛƴƪŜŘ 

ǘƻ ŦǊŜǉǳŜƴǘ ǎŜƛȊǳǊŜǎ ŀƴŘ ŜǇƛƭŜǇǎȅ ŜΦƎΦΣ {/bм!Σ {/bн!Σ {/bу!Σ Y/bvнκоΣ ŜǘŎ όCƛƎǳǊŜ мΦпύ 

ό¢ŇǊƭǳƴƎŜŀƴǳ Ŝǘ ŀƭΦΣ нлмуύΦ Lƴ ƳƻƴƻƎŜƴƛŎ ŜǇƛƭŜǇǎƛŜǎΣ ƎŜƴƻǘȅǇŜπǇƘŜƴƻǘȅǇŜ ƘŜǘŜǊƻƎŜƴŜƛǘȅ ƛǎ 

ŎƻƳƳƻƴΣ ǿƘŜǊŜōȅ ƻƴŜ ƎŜƴŜǝŎ ŘƛǎƻǊŘŜǊ Ŏŀƴ ƎƛǾŜ ǊƛǎŜ ǘƻ ŘƛũŜǊŜƴǘ ǇƘŜƴƻǘȅǇŜǎ ƻŦ ǾŀǊȅƛƴƎ 

ǎŜǾŜǊƛǘȅ όbŀǇǇƛ Ŝǘ ŀƭΦΣ нлнлύΦ {ƛƳƛƭŀǊƭȅΣ ŀƴ ŜǇƛƭŜǇǎȅ ǘȅǇŜ Ŏŀƴ ŀƭǎƻ ōŜ ŎŀǳǎŜŘ ōȅ ǎŜǇŀǊŀǘŜ ƎŜƴŜǝŎ 

ƳǳǘŀǝƻƴǎΦ CƻǊ Ƴŀƴȅ 599ǎΣ ƛƴƘŜǊƛǘŀƴŎŜ ƛǎ ƻƊŜƴ ŘŜ ƴƻǾƻ όƴƻ ƻǘƘŜǊ ŦŀƳƛƭȅ ƳŜƳōŜǊǎ ŀũŜŎǘŜŘύ 

ŀƭǘƘƻǳƎƘ ǊŜŎŜǎǎƛǾŜΣ ·πƭƛƴƪŜŘ ƛƴƘŜǊƛǘŀƴŎŜΣ ŀƴŘ ƳƻǎŀƛŎƛǎƳ ŀƭǎƻ ƻŎŎǳǊǎ ό.ŀǊǘƻƭƛƴƛΣ нлнмύΦ CƛƴŀƭƭȅΣ 

ŎƻǇȅ ƴǳƳōŜǊ ǾŀǊƛŀƴǘǎ ό/b±ǎύΣ ƻǊ ŎƘǊƻƳƻǎƻƳŀƭ ŀƭǘŜǊŀǝƻƴǎ ƛƴ ǇŀǝŜƴǘǎ ǿƛǘƘ ǎŜǾŜǊŜ ŜǇƛƭŜǇǎƛŜǎ 

ŀƭǎƻ ŎƻƴǘǊƛōǳǘŜ ǘƻ ǘƘŜǎŜ ŜǇƛƭŜǇǎƛŜǎΣ ŀŎŎƻǳƴǝƴƎ ŦƻǊ ŀǇǇǊƻȄΦ рπмл҈ ƻŦ ǘƘƛǎ ƎǊƻǳǇ ό/ƻǇǇƻƭŀ Ŝǘ 

ŀƭΦΣ нлмфύΦ 
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Figure 1.4. Timeline of gene discoveries in the epilepsies.  

¢ƘŜ ǝƳŜƭƛƴŜ ƻŦ ƎŜƴŜ ŘƛǎŎƻǾŜǊȅ ƛƴ ǘƘŜ ŜǇƛƭŜǇǎƛŜǎΣ ƛƴŎƭǳŘƛƴƎ мнс Ƴŀƴǳŀƭƭȅ ǊŜǾƛŜǿŜŘ ƎŜƴŜǎ ŀŎǊƻǎǎ ǘƘŜ 
ǘƘǊŜŜ Ƴŀƛƴ ŜǊŀǎ ƻŦ ŜǇƛƭŜǇǎȅ ƎŜƴŜ ŘƛǎŎƻǾŜǊȅΣ ƴŀƳŜƭȅΣ ǘƘŜ /ƘŀƴƴŜƭƻǇŀǘƘȅ ŜǊŀΣ ǘƘŜ 5ŀǊƪ !ƎŜǎΣ ŀƴŘ ǘƘŜ 
DŜƴƻƳƛŎ 9ǊŀΦ ¢ƘŜ ƛƴǎŜǘ ƻƴ ǘƘŜ ƭŜƊ ƘƛƎƘƭƛƎƘǘǎ ƎŜƴŜǎ ƻŶŎƛŀƭƭȅ ǊŜǾƛŜǿŜŘ ōȅ ŀ  /ƭƛƴDŜƴ 9ǇƛƭŜǇǎȅ DŜƴŜ 
/ǳǊŀǝƻƴ 9ȄǇŜǊǘ tŀƴŜƭ όD/9tύ ǘƻ ǾŀƭƛŘŀǘŜ ǘƘŜ ƎŜƴŜǎΦ CǊƻƳ ·ƛŀƴƎ ŀƴŘ IŜƭōƛƴƎ нлно 
όƘǧǇΥκκŜǇƛƭŜǇǎȅƎŜƴŜǝŎǎΦƴŜǘκнлноκлмκмуκǘƘŜπƘƛǎǘƻǊȅπƻŦπŜǇƛƭŜǇǎȅπƎŜƴŜǝŎǎκύΦ 

1.8 Potassium channel Epilepsies  

1.8.1 Potassium ion channels 

/ƘŀƴƴŜƭƻǇŀǘƘƛŜǎ ŀǊŜ ŀ ƎǊƻǳǇ ƻŦ ŜǇƛƭŜǇǝŎ ŘƛǎƻǊŘŜǊǎ ǿƘƛŎƘ ƻŎŎǳǊ ŘǳŜ ǘƻ ǇŀǘƘƻƎŜƴƛŎ ǾŀǊƛŀƴǘǎ ƛƴ 

ƛƻƴπŎƘŀƴƴŜƭ ƎŜƴŜǎ ƛΦŜΦΣ bŀҌΣ YҌΣ /ŀнҌŀƴŘ /ƭπ ŎƘŀƴƴŜƭǎ ό!ƭƭŜƴ Ŝǘ ŀƭΦΣ нлнлύΦ wŜŎŜƴǘ ŜǎǝƳŀǘŜǎ 

ōŜƭƛŜǾŜ ǘƘŀǘ Ϥнр҈ ƻŦ ƎŜƴŜǎ ƛŘŜƴǝŬŜŘ ƛƴ ŜǇƛƭŜǇǎȅ ŜƴŎƻŘŜ ƛƻƴ ŎƘŀƴƴŜƭǎ όhȅǊŜǊ Ŝǘ ŀƭΦΣ нлмуύΦ 

¢ƘŜ ǾƻƭǘŀƎŜπƎŀǘŜŘ YҌ ŎƘŀƴƴŜƭ ǎǳǇŜǊŦŀƳƛƭȅ όYǾύ ƳŀƪŜǎ ǳǇ ǘƘŜ ƭŀǊƎŜǎǘ ŎƻƳǇƻƴŜƴǘ ƻŦ ǘƘŜǎŜ 

http://epilepsygenetics.net/2023/01/18/the-history-of-epilepsy-genetics/
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ŎƘŀƴƴŜƭƻǇŀǘƘƛŜǎΣ ǊŜǇǊŜǎŜƴǝƴƎ ŀ ŘƛǾŜǊǎŜ ƎǊƻǳǇ ƻŦ ŀǇǇǊƻȄΦ ул ǇǊƛƳŀǊȅ ƎŜƴŜǎ ό!ƭƭŜƴ Ŝǘ ŀƭΦΣ 

нлнлύΦ YҌ ŎƘŀƴƴŜƭǎ ƘŀǾŜ ŀ ǿƛŘŜ ŀǊǊŀȅ ƻŦ ŦǳƴŎǝƻƴǎ ƛƴŎƭǳŘƛƴƎ ŎƻƴǘǊƻƭƭƛƴƎ ǘƘŜ ǊŜǎǝƴƎ ƳŜƳōǊŀƴŜ 

ǇƻǘŜƴǝŀƭ όwatύΣ ǎƘŀǇƛƴƎ ŀŎǝƻƴ ǇƻǘŜƴǝŀƭǎ ό!tǎύ ŀƴŘ ŎƻƴǘǊƻƭ ŜȄŎƛǘŀōƛƭƛǘȅ ƛƴ ƴŜǳǊƻƴǎ 

όIǳƳǇƘǊƛŜǎ ϧ 5ŀǊǘΣ нлмрύΦ 5ƛũŜǊŜƴǘ ǘȅǇŜǎ ƻŦ YҌ ŎƘŀƴƴŜƭǎ ƘŀǾŜ ŘƛũŜǊŜƴǘ ǊƻƭŜǎ ƛƴ 

ƴŜǳǊƻǇƘȅǎƛƻƭƻƎȅΦ ¢ƘŜǎŜ YҌ ŎƘŀƴƴŜƭǎ ŀǊŜ ŎŀǘŜƎƻǊƛǎŜŘ ƛƴǘƻ п ƭŀǊƎŜǊ ƎǊƻǳǇǎΥ  ŀύ YǾ ŦŀƳƛƭȅ όǾƻƭǘŀƎŜπ

ƎŀǘŜŘύ ōύ Y/ŀ ŦŀƳƛƭȅ όŎŀƭŎƛǳƳπŀŎǝǾŀǘŜŘύΣ Ŏύ YƛǊ ŦŀƳƛƭȅ όƛƴǿŀǊŘ ǊŜŎǝŬŜǊύΣ ŀƴŘ Řύ Yнt όǘǿƻπǇƻǊŜύ 

όbƻƘ Ŝǘ ŀƭΦΣ нлмфύΦ ²ƛǘƘƛƴ ǘƘŜǎŜ ŦŀƳƛƭƛŜǎΣ ǘƘŜǊŜ ŀǊŜ YҌ ŎƘŀƴƴŜƭ ǎǳōπŦŀƳƛƭƛŜǎΣ ōŀǎŜŘ ƻƴ ŀƳƛƴƻπ

ŀŎƛŘ ǎŜǉǳŜƴŎŜ ǎƛƳƛƭŀǊƛǝŜǎ ƻŦ ǘƘŜ ǇǊƻǘŜƛƴ ŎƻǊŜ ό!ƭƭŜƴ Ŝǘ ŀƭΦΣ нлнлύΦ ¢ƘŜ YǾ ŦŀƳƛƭȅ ƛǎ ŘƛǾƛŘŜŘ ƛƴǘƻ 

мн ǎǳōŦŀƳƛƭƛŜǎ όYǾмπмнύΣ ŎƻƳǇƻǎŜŘ ƻŦ ŀǇǇǊƻȄƛƳŀǘŜƭȅ пл ƛƴŘƛǾƛŘǳŀƭ πhǎǳōǳƴƛǘǎ όƎŜƴŜǎύό¢ŀōƭŜ 

мύΦ Y/bvπǊŜƭŀǘŜŘ όYǾтύ ŜǇƛƭŜǇǎƛŜǎ ǊŜǇǊŜǎŜƴǘ ǘƘŜ ƭƻƴƎŜǎǘ ǎǘǳŘƛŜŘ ŘƛǎƻǊŘŜǊǎ ƻŦ ǘƘƛǎ ƎǊƻǳǇ ǘƻ ŘŀǘŜ 

ǎƛƴŎŜ мффу όCƛƎǳǊŜ мΦпύ ό{ƛƴƎƘ Ŝǘ ŀƭΦΣ мффуύΦ  

 

Table 1.1: Voltage-gated ion-channel Kv family and sub-families marking the Kv7 family (KCNQ) in 
red. 1 

/ƘŀƴƴŜƭǎ ό hǎǳōǳƴƛǘǎύ DŜƴŜǎ  
YǾмΦмπYǾмΦу Y/b!мπтΣ мл  

YǾнΦмπYǾнΦн Y/b.мπн 

YǾоΦмπYǾоΦп Y/b/мπп 

YǾпΦмπYǾпΦо Y/b5мπо 

YǾрΦм Y/bCм 

YǾсΦмΣYǾсΦп Y/bDмΣп 

YǾтΦмπYǾтΦр Y/bvмπр 

YǾуΦнπYǾсΦн Y/b±нΣо 

YǾфΦмπYǾфΦо Y/b{мπо 

YǾмлΦмπYǾмлΦн Y/bIмΣр 

YǾммΦмπYǾммΦо Y/bIнΣсΣт 

YǾмнΦмπYǾмнΦо Y/bIуΣоΣп  

 

1.8.2 Structure of Kv potassium channels 

YҌ ŎƘŀƴƴŜƭǎ ŀǊŜ ǘǊŀƴǎƳŜƳōǊŀƴŜ ό¢aύ ǇǊƻǘŜƛƴǎ ǘƘŀǘ ǎǇŀƴ ǘƘŜ ƭƛǇƛŘ ōƛƭŀȅŜǊΦ 9ŀŎƘ YҌ ŎƘŀƴƴŜƭ ƛǎ 

ƳŀŘŜ ǳǇ ƻŦ πhǎǳōǳƴƛǘǎ όCƛƎǳǊŜ мΦрύ ό{ŀƴǎƻƳ Ŝǘ ŀƭΦΣ нллнύΦ ²ƛǘƘƛƴ ŜŀŎƘ πhǎǳōǳƴƛǘ ŜȄƛǎǘǎ ŀ 

ƘƻƳƻƭƻƎƻǳǎ ǇƻǊŜ ǎŜƎƳŜƴǘ ǿƘƛŎƘ ƛǎ ǎŜƭŜŎǝǾŜ ŦƻǊ YҌ ƛƻƴǎ ŀƴŘ ǇƻǎǎŜǎǎŜǎ ƻǘƘŜǊ ƎŀǝƴƎ 

ƳŜŎƘŀƴƛǎƳǎ ŀƴŘ ŘƻƳŀƛƴǎ ǘƘŀǘ ŀƭƭƻǿ ǊŜǎǇƻƴǎƛǾŜƴŜǎǎ ǘƻ ŘƛǾŜǊǎŜ ǎǝƳǳƭƛ ǎǳŎƘ ŀǎ ǘƘŜ ǾƻƭǘŀƎŜπ

ǎŜƴǎƛƴƎ ŘƻƳŀƛƴ ŀƴŘ ǘƘŜ /πǘŜǊƳƛƴǳǎ ό¸ƛ Ŝǘ ŀƭΦΣ нллмύΦ ¢ƘŜ πhǎǳōǳƴƛǘ ǎǘǊǳŎǘǳǊŜ ƻŦ ǘƘŜ YǾ ŦŀƳƛƭȅ 

Ŏƻƴǘŀƛƴǎ с ¢a ǎŜƎƳŜƴǘǎ ŀƴŘ Ŏŀƴ ŀǎǎŜƳōƭŜ ƛƴǘƻ ǘŜǘǊŀƳŜǊǎ ǿƘŜƴ п πhǎǳōǳƴƛǘǎ ƭƻŎŀƭƛǎŜ 

ǘƻƎŜǘƘŜǊ όǘŜǘǊŀƳŜǊƛǎŀǝƻƴύ ǊŜǎǳƭǝƴƎ ƛƴ ŀ ǇƻǊŜπŦƻǊƳƛƴƎ YҌ ŎƘŀƴƴŜƭ όwŀƴƧŀƴ Ŝǘ ŀƭΦΣ нлмфύΦ hπ

ǎǳōǳƴƛǘǎ Ƴŀȅ ŎƻƳōƛƴŜ ǘƻ ōŜ ŎƻƳǇƻǎŜŘ ƻŦ ŜƛǘƘŜǊ ƛŘŜƴǝŎŀƭ όƘƻƳƻƳŜǊƛŎύ ƻǊ ŘƛũŜǊŜƴǘ 

όƘŜǘŜǊƻƳŜǊƛŎύ πhǎǳōǳƴƛǘǎ ǘƻ ŦƻǊƳ ŜƛǘƘŜǊ ƘƻƳƻπǘŜǘǊŀƳŜǊǎ ƻǊ ƘŜǘŜǊƻπǘŜǘǊŀƳŜǊǎΦ CǳǊǘƘŜǊ 
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ƳƻƭŜŎǳƭŀǊ ŘƛǾŜǊǎƛǘȅ ƛǎ ǎŜŜƴ ŀǎ ŜŀŎƘ YǾ ŎƘŀƴƴŜƭ Ƙŀǎ ǎǇŜŎƛŬŎ ƴŜǳǊƻƴŀƭ ǘȅǇŜǎΣ ǎǳōŎŜƭƭǳƭŀǊ 

ŘƛǎǘǊƛōǳǝƻƴǎ ŀƴŘ ŜȄǇǊŜǎǎƛƻƴ ǇŀǧŜǊƴǎΣ ŀƴŘ ƳŜƳōǊŀƴŜ ǎƛƎƴŀƭƭƛƴƎ ƛƴǘŜǊŀŎǝƻƴǎ ό¢ǊƛƳƳŜǊΣ нлмрύΦ 

hǳǊ ǇŀǊǝŎǳƭŀǊ ƎŜƴŜ ƻŦ ƛƴǘŜǊŜǎǘΣ  Y/bvнΣ ƛǎ ŜȄǇǊŜǎǎŜŘ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ /b{Σ ǿƛǘƘ ǇŀǊǝŎǳƭŀǊ 

ŜƴǊƛŎƘƳŜƴǘ ǎŜŜƴ ŀǘ ǘƘŜ ŀȄƻƴ ƛƴƛǝŀƭ ǎŜƎƳŜƴǘ ό!L{ύ ό/ŀǾŀǊŜǧŀ Ŝǘ ŀƭΦΣ нлмпύΦ YǾтΦн ŎƘŀƴƴŜƭǎ 

Ƴƻǎǘ ŎƻƳƳƻƴƭȅ ŦƻǊƳ ƘŜǘŜǊƻπǘŜǘǊŀƳŜǊǎ ǿƛǘƘ YǾтΦо ŎƘŀƴƴŜƭǎ ŀƴŘ ƭŜǎǎ ŦǊŜǉǳŜƴǘƭȅ ŦƻǊƳ ƘŜǘŜǊƻπ

ǘŜǘǊŀƳŜǊǎ ǿƛǘƘ YǾтΦр ŎƘŀƴƴŜƭǎ ό5ƛǊƪȄ Ŝǘ ŀƭΦΣ нлнлύΦ YǾт ŎƘŀƴƴŜƭΩǎ Ƴŀƛƴ ŦǳƴŎǝƻƴ ƛǎ ǊŜƎǳƭŀǝƴƎ 

ǘƘŜ a ŎǳǊǊŜƴǘΣ ŀ ǎƭƻǿπŀŎǝǾŀǝƴƎΣ ƴƻƴπƛƴŀŎǝǾŀǝƴƎ ǇƻǘŀǎǎƛǳƳ ŎǳǊǊŜƴǘ ǘƘŀǘ ŎƻƴǘǊƻƭǎ ƳŜƳōǊŀƴŜ 

ŜȄŎƛǘŀōƛƭƛǘȅ ό²ŀƴƎΣ мффуύΦ  

 

 

Figure 1.5. Structure of a KCNQ2 h -subunit and formation of hetero-tetramers. 

πhǎǳōǳƴƛǘ ǎǘǊǳŎǘǳǊŜ ǎƘƻǿǎ с ǘǊŀƴǎƳŜƳōǊŀƴŜ ǎǇŀƴƴƛƴƎ ǊŜƎƛƻƴǎ ŀŎǊƻǎǎ ǘƘŜ ƭƛǇƛŘ ōƛƭŀȅŜǊΣ ǘƘŜ {п ǾƻƭǘŀƎŜ 
ǎŜƴǎƛƴƎ ŘƻƳŀƛƴΣ ǘƘŜ ǇƻǊŜπŦƻǊƳƛƴƎ ǊŜƎƛƻƴΣ ŀƴŘ ǘƘŜ bπ ŀƴŘ /π ǘŜǊƳƛƴƛΦ YǾтΦн πhǎǳōǳƴƛǘǎ όƎǊŜŜƴύ ŦƻǊƳ 
ƘŜǘŜǊƻπǘŜǘǊŀƳŜǊǎ ǿƛǘƘ YǾтΦо πhǎǳōǳƴƛǘǎ όȅŜƭƭƻǿύ ƻǊ ǿƛǘƘ YǾтΦр πhǎǳōǳƴƛǘǎ όōƭǳŜύ ǘƻ ŦƻǊƳ ŀ ǇƻǊŜπŦƻǊƳƛƴƎ 
YҌ ŎƘŀƴƴŜƭǎ όCƛƎǳǊŜ ƎŜƴŜǊŀǘŜŘ ǿƛǘƘ ǇŜǊƳƛǎǎƛƻƴΣ ōȅ tǊƻŦΦ bƛŎƘƻƭŀǎ !ƭƭŜƴ ŀŘŀǇǘŜŘ ŦǊƻƳ ό!ƭƭŜƴ Ŝǘ ŀƭΦΣ 
нлнлύύΦ  

1.8.3 Effects of KCNQ2 functional defects 

tŀǘƘƻƎŜƴƛŎ ƎŜƴŜ ǾŀǊƛŀƴǘǎ ŎƻƳƳƻƴƭȅ ŀũŜŎǘ ƘƛƎƘƭȅ ŎƻƴǎŜǊǾŜŘ ǊŜƎƛƻƴǎ ǿƛǘƘƛƴ ǘƘŜ ŎƘŀƴƴŜƭ 

ǎǳōǳƴƛǘǎ ŜΦƎΦΣ ǘƘŜ ǾƻƭǘŀƎŜπǎŜƴǎƻǊ ƛƴ ŀ ǾƻƭǘŀƎŜπƎŀǘŜŘ ŎƘŀƴƴŜƭ ό{ǳƴ Ŝǘ ŀƭΦΣ нлмфύΦ bǳƳŜǊƻǳǎ ƛƴ 

ǎƛƭƛŎƻ ŀƴŀƭȅǎƛǎ ǘƻƻƭǎ Ŏŀƴ ōŜ ǳǎŜŘ ǘƻ ŜǎǝƳŀǘŜ ǘƘŜ ƭƛƪŜƭƛƘƻƻŘ ƻŦ ǘƘŜ ǇŀǘƘƻƎŜƴƛŎ ŜũŜŎǘǎ ƻŦ ŀ 

ǇŀǊǝŎǳƭŀǊ ǾŀǊƛŀƴǘ ƛƴ ŀ ǇŀǊǝŎǳƭŀǊ ƎŜƴŜ όtŞǊŜȊπtŀƭƳŀ Ŝǘ ŀƭΦΣ нлнлύΦ IƻǿŜǾŜǊΣ ƳƻŘŜƭƭƛƴƎ ǘƘŜ 

ŜũŜŎǘ ƻŦ ǘƘŜ Ƴǳǘŀǝƻƴ ŜȄǇŜǊƛƳŜƴǘŀƭƭȅΣ ƛǎ ǘƘŜ Ƴƻǎǘ ǳǎŜŦǳƭ ŎǊƛǘŜǊƛƻƴ ŦƻǊ ǇŀǘƘƻƎŜƴƛŎƛǘȅ 

όwƛŎƘŀǊŘǎ Ŝǘ ŀƭΦΣ нлмрύΦ Lƴ YǾ ŎƘŀƴƴŜƭǎΣ ƛƴŎƭǳŘƛƴƎ Y/bvнΣ ǘƘƛǎ Ŏŀƴ ōŜ ŘŜǘŜǊƳƛƴŜŘ ōȅ 

ŎƻƳǇŀǊƛƴƎ ǘƘŜ ŜũŜŎǘ ƻŦ Ƴǳǘŀƴǘ ǾŜǊǎǳǎ ǿƛƭŘǘȅǇŜ ό²¢ύΣ ŎƻƳƳƻƴƭȅ ǳǎƛƴƎ ƛƴ ǾƛǘǊƻ 

ŜƭŜŎǘǊƻǇƘȅǎƛƻƭƻƎƛŎŀƭ ǘŜŎƘƴƻƭƻƎƛŜǎ ƛƴ ƴƻƴπƴŜǳǊƻƴŀƭ ƘŜǘŜǊƻƭƻƎƻǳǎ ŜȄǇǊŜǎǎƛƻƴ ǎȅǎǘŜƳǎ όŜΦƎΦ 

±ƻƭǘŀƎŜπŎƭŀƳǇƛƴƎ ƛƴ ·ŜƴƻǇǳǎ hƻŎȅǘŜǎ ƻǊ ǇŀǘŎƘπŎƭŀƳǇƛƴƎ ƛƴ /Ih ƻǊ I9Y ŎŜƭƭǎύ όYŀƴƎ Ŝǘ ŀƭΦΣ 

нлмфύΦ ! ǇŀǘƘƻƎŜƴƛŎ ǾŀǊƛŀƴǘ Ŏŀƴ ŀũŜŎǘ ŘƛũŜǊŜƴǘ ǇǊƻǇŜǊǝŜǎ ƻŦ ǘƘŜ ŎƘŀƴƴŜƭ ǎǳŎƘ ŀǎ ŎƘŀƴƴŜƭ 
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ŀǎǎŜƳōƭȅΣ ǇƘȅǎƛƻƭƻƎȅΣ ƻǊ ōƛƻǇƘȅǎƛŎŀƭ ǇǊƻǇŜǊǝŜǎ ǎǳŎƘ ŀǎ ŎƘŀƴƴŜƭ ƎŀǝƴƎ ƪƛƴŜǝŎǎ ό[ŀŘŘŀŎƘ Ŝǘ 

ŀƭΦΣ нлнмύΦ ¢ƘŜǎŜ ǇŀǘƘƻƎŜƴƛŎ ŜũŜŎǘǎ ǳƭǝƳŀǘŜƭȅ ǊŜǎǳƭǘ ƛƴ ŜƛǘƘŜǊ ŀ ƭƻǎǎπƻŦπŦǳƴŎǝƻƴ ό[hCύ ƻǊ 

ƎŀƛƴπƻŦπŦǳƴŎǝƻƴ όDhCύ ŜũŜŎǘǎ όaƛŎŜƭƛ Ŝǘ ŀƭΦΣ мффоύΦ !ŘŘƛǝƻƴŀƭƭȅΣ ŀ ŘƻƳƛƴŀƴǘπƴŜƎŀǝǾŜ ŜũŜŎǘ 

ό5b9ύκƳǳǘŀǝƻƴ Ƴŀȅ ŀƭǎƻ ŜȄƛǎǘΣ ǿƘŜǊŜōȅ ŀ Ƴǳǘŀƴǘ ǇǊƻǘŜƛƴ όǎǳōǳƴƛǘύ Ŏŀƴ ǎƛƎƴƛŬŎŀƴǘƭȅ ƛƳǇŀƛǊ 

²¢ ŎƻπŀǎǎŜƳōƭŜŘ ŎƘŀƴƴŜƭǎ ό!ƭƭŜƴ Ŝǘ ŀƭΦΣ нлнлύΦ [hC ƛƴ YǾтΦн ŎƘŀƴƴŜƭǎ ƛǎ ƳƻǊŜ ŎƻƳƳƻƴ ǘƘŀƴ 

DhCΣ ŀƴŘ ǊŜǎǳƭǘǎ ƛƴ ǊŜŘǳŎŜŘ Y/bvн ǇǊƻǘŜƛƴΣ ǇƻǘŜƴǝŀƭƭȅ ŘǳŜ ǘƻ ŘŜŦŜŎǘǎ ƛƴ ƎŀǝƴƎκŜȄǇǊŜǎǎƛƻƴ 

ƻŦ ǘƘŜ YǾтΦн ŎƘŀƴƴŜƭǎ ŀǘ ǘƘŜ !L{ όaƛƭƭƛŎƘŀǇ Ŝǘ ŀƭΦΣ нлмсύΦ DhC Ŏŀƴ ŀƭǎƻ ƻŎŎǳǊ ƛƴ Y/bvнπǊŜƭŀǘŜŘ 

ŘƛǎƻǊŘŜǊǎ ǿƘŜǊŜōȅ ǘƘŜǊŜ ƛǎ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ YҌ ŎƻƴŘǳŎǘŀƴŎŜΣ ǘƘƻǳƎƘǘ ǘƻ ōŜ ŀǧǊƛōǳǘŀōƭŜ ǘƻ ŀ 

ƭŀǊƎŜ ƛƴŎǊŜŀǎŜ ƛƴ ǎƛƴƎƭŜ ŎƘŀƴƴŜƭ ƻǇŜƴ ǇǊƻōŀōƛƭƛǘȅ όbŀǇǇƛ Ŝǘ ŀƭΦΣ нлннύΦ Y/bvн ǇŀǘƘƻƎŜƴƛŎ 

ǾŀǊƛŀƴǘǎ ŀǊŜ ŎƭǳǎǘŜǊŜŘ ǿƛǘƘƛƴ Ƴǳǘŀǝƻƴŀƭ ΨƘƻǘǎǇƻǘǎΩΣ ǿƛǘƘƛƴ ǘƘŜ ŎǊƛǝŎŀƭΣ ŦǳƴŎǝƻƴŀƭ ŘƻƳŀƛƴǎ 

ƻŦ ǘƘŜ ǇǊƻǘŜƛƴ όCƛƎǳǊŜ мΦсύ όaƛƭƭƛŎƘŀǇ Ŝǘ ŀƭΦΣ нлмсύΦ  

1.8.4 Genotype-phenotype correlation in KCNQ2-related epilepsies  

5ŜǘŜǊƳƛƴƛƴƎ ŀ ƎŜƴƻǘȅǇŜπǇƘŜƴƻǘȅǇŜ ŎƻǊǊŜƭŀǝƻƴ Ŏŀƴ ǇǊƻǾƛŘŜ ƛƴŦƻǊƳŀǝƻƴ ƻƴ ŘƛǎŜŀǎŜ 

ǇŀǘƘƻƎŜƴƛŎƛǘȅΣ ŦǳǘǳǊŜ ŘƛǎŜŀǎŜ ǇǊƻƎǊŜǎǎƛƻƴ ŀƴŘ ŘƛǎŜŀǎŜ ǎŜǾŜǊƛǘȅ όCǊŜǿ Ŝǘ ŀƭΦΣ нлмфύΦ 

tŀǘƘƻƎŜƴƛŎ ǾŀǊƛŀƴǘǎ ƛƴ Y/bvн ǘȅǇƛŎŀƭƭȅ ŎŀǳǎŜǎ ƻƴŜ ƻŦ ǘǿƻ ǇƘŜƴƻǘȅǇŜǎΤ όƛύ ōŜƴƛƎƴ ŦŀƳƛƭƛŀƭ 

ƴŜƻƴŀǘŀƭ ŜǇƛƭŜǇǎȅ ό.Cb9ύόŀƭǎƻ ƪƴƻǿƴ ŀǎ {ŜƭŦπƭƛƳƛǘŜŘ όŦŀƳƛƭƛŀƭύ ƴŜƻƴŀǘŀƭ ŜǇƛƭŜǇǎȅύ ƻǊ όƛƛύ 

ŘŜǾŜƭƻǇƳŜƴǘŀƭ ŜǇƛƭŜǇǝŎ ŜƴŎŜǇƘŀƭƻǇŀǘƘȅ ό599ύ ό!ƭƭŜƴ Ŝǘ ŀƭΦΣ нлнлύΦ Lǘ Ƙŀǎ ōŜŜƴ ǎƘƻǿƴ ǘƘŀǘ 

ǇŀǘƘƻƎŜƴƛŎ ǾŀǊƛŀƴǘǎ ƭƻŎŀǘŜŘ ŎƭƻǎŜ ǘƻƎŜǘƘŜǊ ƛƴ ŀ ǎǇŜŎƛŬŎ ƭƻŎŀǝƻƴ ǿƛǘƘƛƴ ǘƘŜ ǇǊƻǘŜƛƴ ƛΦŜΦΣ ǘƘŜ 

ǇƻǊŜπŦƻǊƳƛƴƎ ŘƻƳŀƛƴ Ƴŀȅ ŎŀǳǎŜ ǎƛƳƛƭŀǊ ǇƘŜƴƻǘȅǇŜǎ ƛƴ ǇŀǝŜƴǘǎΦ ! ǎǘǳŘȅ ƭƻƻƪŜŘ ŀǘ нмс 

ŘƛũŜǊŜƴǘ ǇŀǘƘƻƎŜƴƛŎ Y/bvн ǾŀǊƛŀƴǘǎ ŀƴŘ ŦƻǳƴŘ ǘƘŀǘ .Cb9 ǾŀǊƛŀƴǘǎ ŀǊŜ ƳƻǊŜ ƭƛƪŜƭȅ ǘƻ ōŜ 

ƭƻŎŀǘŜŘ ƛƴ ǘƘŜ ƛƴǘǊŀŎŜƭƭǳƭŀǊ ŘƻƳŀƛƴ ōŜǘǿŜŜƴ {н ŀƴŘ {оΣ ǿƘƛƭŜ 599 ǾŀǊƛŀƴǘǎ ŀǊŜ ƳƻǊŜ ƭƛƪŜƭȅ 

ǘƻ ōŜ ǎƛǘǳŀǘŜŘ ƛƴ ǘƘŜ ǇƻǊŜ ǊŜƎƛƻƴΣ {с ǎŜƎƳŜƴǘ ŀƴŘ ǘƘŜ ƛƴǘǊŀŎŜƭƭǳƭŀǊ ŘƻƳŀƛƴ ōŜǘǿŜŜƴ {с ŀƴŘ 

ƘŜƭƛȄ ! όDƻǘƻ Ŝǘ ŀƭΦΣ нлмфύΦ Lƴ ŀ ǎǘǳŘȅ ǿƛǘƘ мл ŘƛũŜǊŜƴǘ Y/bvн ǇŀǘƘƻƎŜƴƛŎ ǾŀǊƛŀƴǘǎ ƭƻŎŀǘŜŘ 

ƛƴ ƻǊ ƴŜŀǊōȅ ǘƘŜ ǇƻǊŜπŘƻƳŀƛƴΣ ǘƻƴƛŎ ǎŜƛȊǳǊŜǎ ǿŜǊŜ ǇǊŜǎŜƴǘ ƛƴ фκмл ǇŀǝŜƴǘǎΣ ŀƴŘ ŀƭƭ ƘŀŘ ŀ 

ōǳǊǎǘπǎǳǇǇǊŜǎǎƛƻƴ ό99D ǇŀǧŜǊƴύ ǇƘŜƴƻǘȅǇŜ ōȅ мΦр ƳƻƴǘƘǎ ƻŦ ŀƎŜ όhƭǎƻƴ Ŝǘ ŀƭΦΣ нлмтύΦ 

IƻǿŜǾŜǊΣ ǘƘŜǊŜ ǿŀǎ ƴƻ ŎƭŜŀǊ ǇŀǧŜǊƴ ƻŦ ƳŜŘƛŎŀǝƻƴ ǊŜǎǇƻƴǎŜ ǎŜŜƴ ƛƴ ǘƘŜǎŜ ǇŀǝŜƴǘǎΦ ! ƳƻǊŜ 

ǊŜŎŜƴǘ ǎǘǳŘȅ ŜȄŀƳƛƴŜŘ ǘƘŜ ŜũŜŎǘǎ ƻŦ ну ŘŜ ƴƻǾƻ ǇŀǘƘƻƎŜƴƛŎ Y/bvн ǾŀǊƛŀƴǘǎ ŎƭǳǎǘŜǊŜŘ ƛƴ ŀ 

ŎƻƴǎŜǊǾŜŘ ǊŜƎƛƻƴ ƻŦ ǘƘŜ ǇǊƻǘŜƛƴ ŀƴŘ ŎƻǳƭŘ ƴƻǘ ƛŘŜƴǝŦȅ ŀ ǊŜƭŀǝƻƴǎƘƛǇ ōŜǘǿŜŜƴ ǾŀǊƛŀƴǘ 

ƭƻŎŀǝƻƴ ŀƴŘ ǎŜƛȊǳǊŜ ƻũǎŜǘ ƻǊ ŎƻƎƴƛǝǾŜ ƻǳǘŎƻƳŜ όaŀƭŜǊōŀ Ŝǘ ŀƭΦΣ нлнлύΦ ¢Ƙƛǎ ǎǘǳŘȅ ƘƛƎƘƭƛƎƘǘǎ 

ǘƘŜ ŎƻƳǇƭŜȄƛǘȅ ƻŦ ǳǎƛƴƎ ǾŀǊƛŀƴǘ ƭƻŎŀǝƻƴ ǘƻ ƛƴǘŜǊǇǊŜǘ ǘƘŜ ƛƳǇŀŎǘ ƻŦ ŀ ŘŜ ƴƻǾƻ ƳǳǘŀǝƻƴΦ  
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Figure 1.6: Schematic illustrating the location of pathogenic KCNQ2 variants within the 
transmembrane protein. 

tŀǘƘƻƎŜƴƛŎ ǾŀǊƛŀƴǘǎ όǊŜŘ ŎƛǊŎƭŜǎύ ŀǊŜ ƳŀǊƪŜŘ ŀƭƻƴƎ ǘƘŜ ǘǊŀƴǎƳŜƳōǊŀƴŜ ǇǊƻǘŜƛƴΦ /ƭǳǎǘŜǊŜŘ ŀǊŜŀǎ ƻŦ 
ƳǳǘŀǝƻƴǎκǾŀǊƛŀƴǘǎ ƭƻŎŀǘŜŘ ǿƛǘƘƛƴ ǘƘŜ ŎǊƛǝŎŀƭΣ ŦǳƴŎǝƻƴŀƭ ŘƻƳŀƛƴǎ ό{п ǾƻƭǘŀƎŜ ǎŜƴǎƻǊΣ tƻǊŜΣ ŀƴŘ /ŀƳ ! 
ŀƴŘ /ŀƳ . ǊŜƎƛƻƴ ƻŦ ǘƘŜ / ǘŜǊƳƛƴǳǎύ ŀǊŜ ƘƛƎƘƭƛƎƘǘŜŘ ƛƴ ƭŀǊƎŜ Ǉƛƴƪ ŎƛǊŎƭŜǎΦ όaƛƭƭƛŎƘŀǇ Ŝǘ ŀƭΦΣ нлмсύ 

1.8.5 Effects of KCNQ2 functional defects 

! DhC Ƴǳǘŀǝƻƴ ƛǎ ŎƘŀǊŀŎǘŜǊƛǎŜŘ ōȅ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ǘƘŜ ƳŜŀƴ YҌ ŎǳǊǊŜƴǘ ŀƳǇƭƛǘǳŘŜ ŀƴŘ ŀ 

ƴŜƎŀǝǾŜ ǎƘƛƊ ƛƴ wat ό5ƛǊƪȄ Ŝǘ ŀƭΦΣ нлнлύΦ ±ŀǊƛƻǳǎ Y/bvн DhC Ƴǳǘŀǝƻƴǎ ƘŀǾŜ ōŜŜƴ ǊŜǇƻǊǘŜŘ 

ƛƴ ǇŀǝŜƴǘǎΣ ǘƘƻǳƎƘ ƭŜǎǎ ŎƻƳƳƻƴƭȅ ǘƘŀƴ [hC ƳǳǘŀǝƻƴǎΦ tŀǝŜƴǘǎ ŎŀǊǊȅƛƴƎ Y/bvн wмпп DhC 

ǾŀǊƛŀƴǘǎΣ ƭƻŎŀǘŜŘ ǿƛǘƘƛƴ ǘƘŜ {н ǎŜƎƳŜƴǘΣ ŜȄǇŜǊƛŜƴŎŜ ŘŜǾŜƭƻǇƳŜƴǘŀƭ ŘŜƭŀȅ ǿƛǘƘ ǇǊƻƳƛƴŜƴǘ 

ƭŀƴƎǳŀƎŜ ƛƳǇŀƛǊƳŜƴǘΣ ŀǳǝǎǝŎ ŦŜŀǘǳǊŜǎΣ ƻƊŜƴ ŀŎŎƻƳǇŀƴƛŜŘ ōȅ ƛƴŦŀƴǝƭŜπ ǘƻ ŎƘƛƭŘƘƻƻŘπƻƴǎŜǘ 

ŜǇƛƭŜǇǎȅ ŀƴŘ 99D ǎƭŜŜǇπŀŎǝǾŀǘŜŘ ŜǇƛƭŜǇǝŦƻǊƳ ŀŎǝǾƛǘȅΦ ! ǎǘǳŘȅ ǳǎŜŘ ǇŀǘŎƘπŎƭŀƳǇƛƴƎ ǘƻ 

ŀƴŀƭȅǎŜ ǘƘŜ ŦǳƴŎǝƻƴŀƭ ŘŜŦŜŎǘǎ ƻŦ ǘƘŜ ǾŀǊƛŀƴǘ ƛƴ /Ih ŎŜƭƭǎ ŀƴŘ ŦƻǳƴŘ ŀƴ ƛƴŎǊŜŀǎŜŘ YҌ 

ŎƻƴŘǳŎǘŀƴŎŜΣ ŀƴŘ ǎƛƎƴƛŬŎŀƴǘ ŎƘŀƴƎŜǎ ƛƴ ŀŎǝǾŀǝƻƴ ƎŀǝƴƎΣ ƭƛƪŜƭȅ ŘǳŜ ǘƻ tLtπн ōƛƴŘƛƴƎ όaƛŎŜƭƛ 

Ŝǘ ŀƭΦΣ нлннύΦ ¢ƘŜȅ ǎƘƻǿŜŘ ǘƘŀǘ ǘƘŜ YǾтΦнκтΦо ŎƘŀƴƴŜƭ ōƭƻŎƪŜǊ ŀƳƛǘǊƛǇǘȅƭƛƴŜ ŎƻǳƭŘ ǎǳŎŎŜǎǎŦǳƭƭȅ 

ōƭƻŎƪ ǘƘŜ YҌ ŎǳǊǊŜƴǘ ƛƴ ǘƘŜ ŘƛǎŜŀǎŜŘ ƳƻŘŜƭΦ ¢ƘŜ ŀōǎŜƴŎŜ ƻŦ ƴŜƻƴŀǘŀƭ ǎŜƛȊǳǊŜǎ ƛǎ ŀƴ ƛƳǇƻǊǘŀƴǘ 

ŎƭƛƴƛŎŀƭ ŘƛũŜǊŜƴǝŀǘƻǊ ōŜǘǿŜŜƴ Y/bvн DhC ŀƴŘ [hC ǾŀǊƛŀƴǘǎΦ 

! [hC Ƴǳǘŀǝƻƴ ƛǎ ŎƘŀǊŀŎǘŜǊƛǎŜŘ ōȅ ŀ ŘŜŎǊŜŀǎŜ ƛƴ ǘƘŜ ƳŜŀƴ YҌ ŎǳǊǊŜƴǘ ŀƳǇƭƛǘǳŘŜΦ ! ǎǘǳŘȅ 

ŀƴŀƭȅǎŜŘ ǘƘŜ ǇƘŜƴƻǘȅǇŜ ƻŦ т ǇŀǝŜƴǘǎ ŎŀǊǊȅƛƴƎ ǘƘŜ ǊŜŎǳǊǊŜƴǘ !нфп± Ƴǳǘŀǝƻƴ όŀ Y/bvн 

Ƴǳǘŀǝƻƴ ǿƘƛŎƘ ƛǎ ǎǳōƧŜŎǘ ƻŦ ǘƘƛǎ ǘƘŜǎƛǎύ ƭƻŎŀǘŜŘ ǿƛǘƘƛƴ ǘƘŜ {с ǎŜƎƳŜƴǘ ƻŦ ǘƘŜ ǇƻǊŜπŦƻǊƳƛƴƎ 

ŘƻƳŀƛƴ ό!ōƛŘƛ Ŝǘ ŀƭΦΣ нлмрύΦ Lƴ ǘƘƛǎ ǎǘǳŘȅ ǘƘŜȅ ǎƛƳǳƭǘŀƴŜƻǳǎƭȅ ŀƴŀƭȅǎŜŘ ǘƘŜ ŦǳƴŎǝƻƴŀƭ ŀƴŘ 

ǎǳōŎŜƭƭǳƭŀǊ ŎƻƴǎŜǉǳŜƴŎŜǎ ƻŦ ǘƘƛǎ Ƴǳǘŀǝƻƴ ŀƴŘ ŀƴƻǘƘŜǊ Ƴǳǘŀǝƻƴ ƭƻŎŀǘŜŘ ƻƴ ǘƘŜ ǎŀƳŜ 
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ǊŜǎƛŘǳŜ ǿƘƛŎƘ ŎŀǳǎŜǎ .Cb9Σ !нфпDΦ Lƴ /Ih ŎŜƭƭǎΣ ǘƘŜ ǘƻǘŀƭ ŜȄǇǊŜǎǎƛƻƴ ƻŦ YǾтΦн ό!нфп±ύ ŀƭƻƴŜΣ 

ŀǎǎŜǎǎŜŘ ōȅ ǿŜǎǘŜǊƴ ōƭƻǩƴƎΣ ǿŀǎ ƻƴƭȅ нл҈ ŎƻƳǇŀǊŜŘ ǘƻ ǿƛƭŘπǘȅǇŜΣ ƘƻǿŜǾŜǊΣ ǘƘƛǎ ŎƻǳƭŘ ōŜ 

ǊŜǎŎǳŜŘ ǘƻ ǿƛƭŘπǘȅǇŜ ƭŜǾŜƭǎ ƛƴ ŎŜƭƭǎ ŎƻπŜȄǇǊŜǎǎƛƴƎ ǘƘŜ YǾтΦо ǎǳōǳƴƛǘΦ Lƴ ŎƻƴǘǊŀǎǘ ǘƻ !нфп±Σ ǘƘŜ 

ŎǳǊǊŜƴǘ ŘŜƴǎƛǘȅ ƻŦ ƘƻƳƻƳŜǊƛŎ !нфпD ǿŀǎ ƴƻǘ ǎƛƎƴƛŬŎŀƴǘƭȅ ŎƘŀƴƎŜŘ ŎƻƳǇŀǊŜŘ ǘƻ ǿƛƭŘπǘȅǇŜ 

YǾтΦн ό!ōƛŘƛ Ŝǘ ŀƭΦΣ нлмрύΦ CǳǊǘƘŜǊƳƻǊŜΣ ƛƴ ƴŜǳǊƻƴǎΣ ǘƘŜȅ ǎƘƻǿŜŘ ǘƘŀǘ ǘƘŜ !нфп± Ƴǳǘŀǝƻƴ 

ƛƴŘǳŎŜŘ ŀ ƳƛǎπƭƻŎŀƭƛȊŀǝƻƴ ƻŦ ƘŜǘŜǊƻƳŜǊƛŎ Ƴǳǘŀƴǘ ŎƘŀƴƴŜƭǎ ǘƻ ǘƘŜ !L{Σ ǿƘƛƭŜ ǘƘŜ !нфпD 

Ƴǳǘŀǝƻƴ ƘŀŘ ƴƻ ŜũŜŎǘ ƻƴ ǘƘŜ ƭƻŎŀƭƛȊŀǝƻƴ ƻŦ ǘƘŜ ƘŜǘŜǊƻƳŜǊƛŎ ŎƘŀƴƴŜƭǎ ǘƻ ǘƘŜ !L{Φ ¢ƘŜǎŜ 

ǊŜǎǳƭǘǎ ǎƘƻǿ ǘƘŀǘ ŀ Ƴǳǘŀǝƻƴ ŀǘ ǘƘƛǎ ǊŜǎƛŘǳŜ Ŏŀƴ ŎŀǳǎŜ ŜƛǘƘŜǊ ŀ ǎŜǾŜǊŜ ƻǊ ŀ ōŜƴƛƎƴ ŜǇƛƭŜǇǎȅ 

ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ŀƳƛƴƻ ŀŎƛŘ ŎƘŀƴƎŜΦ ¢Ƙƛǎ ǎǘǳŘȅ ǊŜǾŜŀƭŜŘ ǘƘŀǘ ǘƘŜ ŦǳƴŎǝƻƴŀƭ ŜũŜŎǘ ƻŦ ǘƘŜ 

!нфп± Ƴǳǘŀǝƻƴ ƛǎ ƴƻǘ ŘǳŜ ǘƻ ŀ ŘƻƳƛƴŀƴǘπƴŜƎŀǝǾŜ ŜũŜŎǘ ƻŦ ƭƻǎǎ ƻŦ YҌ ŎǳǊǊŜƴǘΣ ōǳǘ ǊŀǘƘŜǊ ƛǎ 

ŘǳŜ ǘƻ ǘƘŜ ŀƭǘŜǊŀǝƻƴ ƛƴ ǘƘŜ ǇǊŜŦŜǊŜƴǝŀƭ ŀȄƻƴŀƭ ǘŀǊƎŜǝƴƎ ƻŦ ƘŜǘŜǊƻƳŜǊƛŎ YǾт ŎƘŀƴƴŜƭǎΦ ¢Ƙƛǎ 

Řŀǘŀ ŀƭǎƻ ǎǳƎƎŜǎǘǎ ǘƘŀǘ ŘƛǎŜŀǎŜ ǎŜǾŜǊƛǘȅ Ƴŀȅ ƴƻǘ ƴŜŎŜǎǎŀǊƛƭȅ ōŜ ŀ ŎƻƴǎŜǉǳŜƴŎŜ ƻŦ ǎǘǊƻƴƎ a 

ŎǳǊǊŜƴǘ ƛƴƘƛōƛǝƻƴ ŀƴŘ ǘƘŀǘ ƻǘƘŜǊ ƳŜŎƘŀƴƛǎƳǎ ǎǳŎƘ ŀǎ ŀōƴƻǊƳŀƭ ǎǳōŎŜƭƭǳƭŀǊ ŘƛǎǘǊƛōǳǝƻƴ ƻŦ 

YǾт ŎƘŀƴƴŜƭǎ ŎƻǳƭŘ ōŜ ŘŜǘŜǊƳƛƴŀƴǘΦ ¢ŀōƭŜ н ǎǳƳƳŀǊƛǎŜǎ ǘƘŜ ŦǳƴŎǝƻƴŀƭ ŜũŜŎǘǎ ŀƴŘ 

ŎƻǊǊŜƭŀǝƻƴ ǘƻ ǎŜǾŜǊƛǘȅ ŀƴŘ ƪƴƻǿƴ ŀǇǇǊƻŀŎƘ ǘƻ ǘǊŜŀǘƳŜƴǘǎΣ ǎǇŜŎƛŬŎ ǘƻ Y/bvнπǊŜƭŀǘŜŘ 

ŘƛǎƻǊŘŜǊǎΦ  

¢ŀōƭŜ мΦнΥ Y/bvн όYǾтΦнύ ŦǳƴŎǝƻƴΣ ŎƭƛƴƛŎŀƭ ǇƘŜƴƻǘȅǇŜǎΣ ŦǳƴŎǝƻƴŀƭ ŘŜŦŜŎǘǎΣ ŀƴŘ ŀǇǇǊƻŀŎƘ ǘƻ ǎǇŜŎƛŬŎ 

ǘǊŜŀǘƳŜƴǘǎΦ !ŘŀǇǘŜŘ ŦǊƻƳ ό!ƭƭŜƴ Ŝǘ ŀƭΦΣ нлнлύн 

YǾ ƎŜƴŜ 
όŎƘŀƴƴŜƭ 
ǎǳōǳƴƛǘύ 

9ǇƛƭŜǇǎȅ όŀƴŘ 
ǊŜƭŀǘŜŘύ ǇƘŜƴƻǘȅǇŜǎ 

9ȄŀƳǇƭŜǎ ƻŦ ƪŜȅ 
ŦǳƴŎǝƻƴŀƭ ŘŜŦŜŎǘǎ ŀƴŘ 

ǾŀǊƛŀƴǘǎ 

LƴŘƛǾƛŘǳŀƭ 
ǘƘŜǊŀǇŜǳǝŎ 
ŎƻƴǎƛŘŜǊŀǝƻƴǎ 

Y/bvн όYǾтΦнύ .Cb9 [hC όǳǎǳŀƭƭȅ ƘŀǇƭƻπ
ƛƴǎǳŶŎƛŜƴŎȅύΦ  
[Ŝǎǎ ǎŜǾŜǊŜ ƭƻǎǎ ƻŦ a ŎǳǊǊŜƴǘΦ 

bŀҌ ŎƘŀƴƴŜƭ ōƭƻŎƪŜǊǎΦ 

599 [hC όƳŀƴȅ ƳƛǎǎŜƴǎŜ 
Ƴǳǘŀǝƻƴǎ ŀƭƻƴƎ ΨƘƻǘǎǇƻǘΩ 
ȊƻƴŜǎύΦ 
{ŜǾŜǊŜ ƭƻǎǎ ƻŦ a ŎǳǊǊŜƴǘ 
όhƊŜƴ ŘƻƳƛƴŀƴǘ ƴŜƎŀǝǾŜύΦ 

bŀҌ ŎƘŀƴƴŜƭ ōƭƻŎƪŜǊǎ 
wŜǝƎŀōƛƴŜ όYҌ ƻǇŜƴŜǊύΦ 

tbI [hC ό5ƻƳƛƴŀƴǘ ƴŜƎŀǝǾŜύΦ bŀҌ ŎƘŀƴƴŜƭ ōƭƻŎƪŜǊǎΦ 

tǊƻŦƻǳƴŘ ƴŜǿπōƻǊƴ 
ŜƴŎŜǇƘŀƭƻǇŀǘƘȅ ǿƛǘƘƻǳǘ 
ǎŜƛȊǳǊŜǎ 

DhC wнлм/κwнлмIΦ  /ƻƴǎƛŘŜǊ ŀǾƻƛŘƛƴƎ YҌ 

ŎƘŀƴƴŜƭ ƻǇŜƴŜǊǎΦ 

Y/bvо όYǾтΦоύ LƴŦŀƴǝƭŜ {ǇŀǎƳǎ пπс Ƴƻ 
 
.Cb9 όǊŀǊŜύ 

DhC ŜΦƎΦΣ wмфуvΦό{пύΦ 
 
[hC ƳƛǎǎŜƴǎŜ ƳŀƧƻǊƛǘȅΦ 

/ƻƴǎƛŘŜǊ ŀǾƻƛŘƛƴƎ YҌ 

ŎƘŀƴƴŜƭ ƻǇŜƴŜǊǎΦ 
 
bŀҌ ŎƘŀƴƴŜƭ ōƭƻŎƪŜǊǎΦ 

{ŜǾŜǊŜ 599 όƴŜƻƴŀǘŀƭ 
ƻƴǎŜǘύ 
 
5ŜǾŜƭƻǇƳŜƴǘŀƭ Řƛǎŀōƛƭƛǘȅ 
ǿƛǘƘ ŦŜǿ ǎŜƛȊǳǊŜǎ 

[hCΥ ōƛπŀƭƭŜƭƛŎ όǊŀǊŜύ 
ƘƻƳƻȊȅƎƻǳǎ CропƭŦǎϝмрΦ 
 
DhCΥ ƳƛǎǎŜƴǎŜ пннтv ό{пύΦ 

/ƻƴǎƛŘŜǊ YҌ  ŎƘŀƴƴŜƭ 
ƻǇŜƴŜǊǎΦ 
 
 
bŀҌ ŎƘŀƴƴŜƭ ōƭƻŎƪŜǊǎΦ 
 

bŜǳǊƻŘŜǾŜƭƻǇƳŜƴǘŀƭ 
ŘƛǎŀōƛƭƛǘȅΥ ƴƻƴπǾŜǊōŀƭ ǿƛǘƘ 
!{5Φ  

DhCΥ wнол/Σ wнолIΣ wнол{Φ /ƻƴǎƛŘŜǊ ŎƘŜŎƪƛƴƎ ŦƻǊ 
9{9{ ό9ƭŜŎǘǊƛŎŀƭ ǎǘŀǘǳǎ 
ŜǇƛƭŜǇǝŎǳǎύΦ 

!ōōΥ .Cb9Σ ōŜƴƛƎƴ ŦŀƳƛƭƛŀƭ ƴŜƻƴŀǘŀƭ ŜǇƛƭŜǇǎȅΤ 599Σ ŘŜǾŜƭƻǇƳŜƴǘŀƭ ŀƴŘ ŜǇƛƭŜǇǝŎ ŜƴŎŜǇƘŀƭƻǇŀǘƘȅΤ tbIΣ ǇŜǊƛǇƘŜǊŀƭ 
ƴŜǊǾŜ ƘȅǇŜǊŜȄŎƛǘŀōƛƭƛǘȅ ŘƛǎƻǊŘŜǊΤ !{5Σ ŀǳǝǎƳ ǎǇŜŎǘǊǳƳ ŘƛǎƻǊŘŜǊΤ [hCΣ ƭƻǎǎ ƻŦ ŦǳƴŎǝƻƴΤ DhCΣ Ǝŀƛƴ ƻŦ ŦǳƴŎǝƻƴΦ 
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мΦ9 Pharmacological therapies in Epilepsy and KCNQ2-related disorders 

1.9.1 Anti-seizure therapies 

hŦ ǘƘŜ ŀǇǇǊƻȄƛƳŀǘŜƭȅ ну ǊƻǳǝƴŜƭȅ ǳǎŜŘ ŀƴǝπǎŜƛȊǳǊŜ ƳŜŘƛŎŀǝƻƴǎ ό!{aǎύΣ ǿƛǘƘ ǾŀǊƛƻǳǎ 

ƳŜŎƘŀƴƛǎƳǎ ƻŦ ŀŎǝƻƴ όCƛƎǳǊŜ мΦтύΣ ƴƻƴŜ ǘǊŜŀǘ ǘƘŜ ǳƴŘŜǊƭȅƛƴƎ ƳƻƭŜŎǳƭŀǊ ōŀǎƛǎ ƻŦ ǘƘŜ ŘƛǎŜŀǎŜ 

ŦƻǊ ƛƴŘƛǾƛŘǳŀƭ ǇŀǝŜƴǘǎΦ 5ŜǎǇƛǘŜ ǘƘŜ ƴǳƳōŜǊ ƻŦ !{aΩǎΣ ол҈ ƻŦ ǇŜƻǇƭŜ ǎǝƭƭ ŎƻƴǝƴǳŜ ǘƻ 

ŜȄǇŜǊƛŜƴŎŜ ǎŜƛȊǳǊŜǎ ό±ŜƴǘƻƭŀΣ нлмпύΦ Lƴ ŀ ǎǘǳŘȅ ŜȄŀƳƛƴƛƴƎ ǘƘŜ ŜũŜŎǘǎ ƻŦ ŎƻƳƳƻƴ !{aΩǎ ƻƴ 

Y/bvнπ599Σ ƻƴƭȅ ср҈ ƻŦ ǇŀǝŜƴǘǎ ǊŜǎǇƻƴŘŜŘ ǘƻ ǊƻǳǝƴŜƭȅ ǳǎŜŘ ǎƻŘƛǳƳπŎƘŀƴƴŜƭ ōƭƻŎƪŜǊǎ 

όYǳŜǊǎǘŜƴ Ŝǘ ŀƭΦΣ нлнлύΣ ƘƻǿŜǾŜǊ ǇŀǝŜƴǘǎ ŎƻƴǝƴǳŜ ǘƻ ƻƊŜƴ ƘŀǾŜ ǎŜƛȊǳǊŜǎΣ ŀƴŘ ǘƘŜ ǳƴŘŜǊƭȅƛƴƎ 

ŘŜǾŜƭƻǇƳŜƴǘŀƭ ōǊŀƛƴ ŘƛǎƻǊŘŜǊ Ƙŀǎ ƴƻǘ ōŜŜƴ ǎƘƻǿƴ ǘƻ ƛƳǇǊƻǾŜ ǳǎƛƴƎ ǘƘŜǎŜ ŀƴǝπǎŜƛȊǳǊŜ 

ǘƘŜǊŀǇƛŜǎΦ ¢ƘŜǊŜŦƻǊ ǘƘŜǊŜ ƛǎ ǎǝƭƭ ŀ ƭŀǊƎŜ ŎƻƘƻǊǘ ƻŦ ǇŀǝŜƴǘǎ ǿƘƻ Řƻ ƴƻǘ ōŜƴŜŬǘ ŦǊƻƳ ǘƘŜǎŜ 

ǘǊŜŀǘƳŜƴǘǎΣ ǊŜǎǳƭǝƴƎ ƛƴ ŀ ƭŀǊƎŜ ǘǊŜŀǘƳŜƴǘ ƎŀǇ ƛƴ ŜǇƛƭŜǇǎȅ ǘƘŜǊŀǇȅΣ ǇǊƛƴŎƛǇŀƭƭȅ ǘƻ ǘŀŎƪƭŜ ǘƘŜ 

ǳƴŘŜǊƭȅƛƴƎ ŎŀǳǎŜ ƻŦ ǘƘŜ ŘƛǎŜŀǎŜΦ 
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Figure 1.7Υ ! ǎƛƳǇƭƛŦƛŜŘ ƛƭƭǳǎǘǊŀǘƛƻƴ ƻŦ ǘƘŜ ƳŜŎƘŀƴƛǎƳ ƻŦ ŀŎǘƛƻƴ ƻŦ ǘƘŜ Ƴŀƛƴ !{aΩǎ ƛƴ ǘƘŜ ǎȅƴŀǇǎes. 

CƻǊ Ƴŀƴȅ ǇŀǝŜƴǘǎΣ ǘƘŜ ŎƘƻƛŎŜ ƻŦ ŀƴǝǎŜƛȊǳǊŜ ƳŜŘƛŎŀǝƻƴǎ ŀǊŜ ōŀǎŜŘ ƻƴ ŎƭƛƴƛŎŀƭ ǇǊŜǎŜƴǘŀǝƻƴΣ 
ŜȄǇŜǊƛŜƴŎŜΣ ƪƴƻǿƴ ŜŶŎŀŎȅ ƛƴ ǎǇŜŎƛŬŎ ǎŜƛȊǳǊŜ ǘȅǇŜǎΣ ŜǇƛƭŜǇǎȅ ǘȅǇŜǎ ŀƴŘ ŜǇƛƭŜǇǎȅ ǎȅƴŘǊƻƳŜǎΦ ŜΦƎΦΣ 
ŎŀǊōŀƳŀȊŜǇƛƴŜ ƛǎ ǳǎŜŘ ǘƻ ǘǊŜŀǘ ŦƻŎŀƭ ǎŜƛȊǳǊŜǎ ǿƘƛƭŜ ŜǘƘƻǎǳȄƛƳƛŘŜ ƛǎ ǳǎŜŘ ŀǎ ŀ ŬǊǎǘ ƭƛƴŜ ƛƴ ŀōǎŜƴŎŜ 
ǎŜƛȊǳǊŜǎ όałƭŀƎŀ Ŝǘ ŀƭΦΣ нлмфύΦ  

1.9.2 Precision therapies in Epilepsies 

tǊŜŎƛǎƛƻƴ ǘƘŜǊŀǇȅ ƻǊ ǇŜǊǎƻƴŀƭƛǎŜŘ ƳŜŘƛŎƛƴŜ ƛǎ ǿƘŜǊŜ ǘƘŜ ǘǊŜŀǘƳŜƴǘ ƛǎ ǘŀǊƎŜǘŜŘ ǘƻ ǘƘŜ 

ƛƴŘƛǾƛŘǳŀƭ ƴŜŜŘǎ ƻŦ ǇŀǝŜƴǘǎ ōŀǎŜŘ ƻƴ ƎŜƴŜǝŎ ŀƴŘ ǇƘŜƴƻǘȅǇƛŎ ŎƘŀǊŀŎǘŜǊƛǎǝŎǎΦ !ǎ ŀ ƭŀǊƎŜ 

ǇŜǊŎŜƴǘŀƎŜ ƻŦ ŜǇƛƭŜǇǎƛŜǎ ƛƴ ŎƘƛƭŘǊŜƴ ƘŀǾŜ ŀ ƎŜƴŜǝŎ ŎƻƳǇƻƴŜƴǘΣ ƛƴŘƛǾƛŘǳŀƭ ŎƻƴǎƛŘŜǊŀǝƻƴǎ ŀǊŜ 

ǊŜǉǳƛǊŜŘΣ ƻƊŜƴ ōŀǎŜŘ ƻƴ ǎƛƳǇƭŜ ǎŜƛȊǳǊŜ ŀƴŘ ŜǇƛƭŜǇǎȅ ŎƭŀǎǎƛŬŎŀǝƻƴΦ IƻǿŜǾŜǊΣ ƛƴ ǎƻƳŜ ŎŀǎŜǎΣ 

ǘƘŜ ŎŀǳǎŜ ƻŦ ǘƘŜ ŜǇƛƭŜǇǎȅ Ƴŀȅ ŀƭǎƻ ōŜ ǘƘŜ ŎŀǳǎŜ ƻŦ ǘƘŜ ǳƴŘŜǊƭȅƛƴƎ ŘŜǾŜƭƻǇƳŜƴǘŀƭΣ ŎƻƎƴƛǝǾŜΣ 

ǇƘȅǎƛŎŀƭΣ ŀƴŘ ǎƻŎƛŀƭ ǇǊƻōƭŜƳǎ ŀƴŘ ŎƻπƳƻǊōƛŘƛǝŜǎ ŜȄǇŜǊƛŜƴŎŜŘ ōȅ ǘƘŜ ǇŀǝŜƴǘǎΦ ¢ƘŜǊŜŦƻǊŜΣ 

ŜǾŜƴ ǿƘŜƴ ǎŜƛȊǳǊŜǎ ŀǊŜ ǿŜƭƭ ƳŀƴŀƎŜŘ ōȅ !{aΩǎΣ Ƴŀƴȅ ǇŀǝŜƴǘǎΣ ǇŀǊǝŎǳƭŀǊƭȅ ǘƘƻǎŜ ǿƛǘƘ 599Σ 
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ǊŜƳŀƛƴ ǘƻ ōŜ ǎŜǾŜǊŜƭȅ ƴŜǳǊƻƭƻƎƛŎŀƭƭȅ ƛƳǇŀƛǊŜŘ ŀũŜŎǝƴƎ ǘƘŜƛǊ ǉǳŀƭƛǘȅ ƻŦ ƭƛŦŜΦ tǊŜŎƛǎƛƻƴ 

ǘƘŜǊŀǇƛŜǎ ǿƘƛŎƘ ŘƛǊŜŎǘƭȅ ǘŀǊƎŜǘ ǘƘŜ ǳƴŘŜǊƭȅƛƴƎ ŘƛǎŜŀǎŜΣ ǊŀǘƘŜǊ ǘƘŀƴ ǘƘŜ ǎȅƳǇǘƻƳǎΣ ǿƛƭƭ ƎǊŜŀǘƭȅ 

ƛƳǇǊƻǾŜ ǘƘŜ ƻǳǘŎƻƳŜ ŦƻǊ ǘƘŜǎŜ ǇŀǝŜƴǘǎΦ   

tǊŜŎƛǎƛƻƴ ƳŜŘƛŎƛƴŜ ƛƴ ŜǇƛƭŜǇǎȅ ƛǎ ƴƻǘ ƻƴƭȅ ǘŀǊƎŜǘŜŘ ǘƻ ƎŜƴŜǝŎ ŜǇƛƭŜǇǎƛŜǎ όƳƻƭŜŎǳƭŀǊ ǇŀǘƘǿŀȅǎύ 

ōǳǘ ƛǎ ŀƭǎƻ ǘŀǊƎŜǘŜŘ ǘƻ ƳƻƭŜŎǳƭŀǊ ŀŜǝƻƭƻƎȅκǇŀǘƘƻǇƘȅǎƛƻƭƻƎȅ ƻŦ ŀ ŘƛǎŜŀǎŜ όaŎDƛƴƴ Ŝǘ ŀƭΦΣ 

нлннύΦ  ¢ƻ ŘŀǘŜΣ ƛƴ ǇǊŀŎǝŎŜΣ ƎƻƻŘ ŜǾƛŘŜƴŎŜ ōŀǎŜŘ ŜũŜŎǝǾŜ ǇǊŜŎƛǎƛƻƴ ǘƘŜǊŀǇƛŜǎ ǘŀǊƎŜǝƴƎ ǘƘŜ 

ƳƻƭŜŎǳƭŀǊ ōŀǎƛǎ ƻŦ ŘƛǎŜŀǎŜ ŜȄƛǎǘǎ ŦƻǊ ƻƴƭȅ ŀ ŦŜǿ ǊŀǊŜ ƎŜƴŜǝŎ ŘƛǎƻǊŘŜǊǎ όŜΦƎΦΣ ǘǳōŜǊƻǳǎ 

ǎŎƭŜǊƻǎƛǎύΣ ŀƴŘ ƳŜǘŀōƻƭƛŎ ŜǇƛƭŜǇǎƛŜǎ όŜΦƎΦΣ ǇȅǊƛŘƻȄƛƴŜπŘŜǇŜƴŘŜƴǘ ŜǇƛƭŜǇǎƛŜǎ ƻǊ D[¦¢м 

ŘŜŬŎƛŜƴŎȅ ǎȅƴŘǊƻƳŜύ ό{ŎƘǳōŜǊǘπ.ŀǎǘ Ŝǘ ŀƭΦΣ нлнмύΦ  

1.9.3 Treatment and precision therapy in KCNQ2-related Epilepsy 

Lƴ Y/bvнπ599 ǿƛǘƘ ŀ [hC ƳǳǘŀǝƻƴΣ ŀ ǇƻǘŀǎǎƛǳƳ ŎƘŀƴƴŜƭ ƻǇŜƴŜǊ ǊŜǝƎŀōƛƴŜΣ ǿŀǎ ǎƘƻǿƴ ǘƻ 

ŜũŜŎǝǾŜƭȅ ƻǇŜƴ YҌ ŎƘŀƴƴŜƭǎΣ ǇǊŜǎŜƴǝƴƎ ŀ ǇƻǘŜƴǝŀƭ ǇǊŜŎƛǎƛƻƴ ǘƘŜǊŀǇȅ ŦƻǊ ǇŀǝŜƴǘǎ ōŀǎŜŘ ƻƴ 

ǘƘŜ ƎŜƴŜǝŎ ƳǳǘŀǝƻƴΦ ¢Ƙƛǎ ŘǊǳƎ ǿŀǎ ǎǳōǎŜǉǳŜƴǘƭȅ ǿƛǘƘŘǊŀǿƴ ŘǳŜ ǘƻ ǎŀŦŜǘȅ ŎƻƴŎŜǊƴǎ ōǳǘ ƛǎ 

ōŜƛƴƎ ǊŜπŜȄŀƳƛƴŜŘ ŦƻǊ ǊŜπǇǳǊǇƻǎŜ ƛƴ ǎŜǾŜǊŜ Y/bvнπ599Σ ƎƛǾŜƴ ǘƘŜ ǎŜǾŜǊƛǘȅ ŀƴŘ ƭŀŎƪ ƻŦ 

ŀǾŀƛƭŀōƭŜ ǎǇŜŎƛŬŎ !{aǎ ƛƴ ǘƘƛǎ ŘƛǎƻǊŘŜǊΦ Lƴ ŀŘŘƛǝƻƴΣ ǎǳƭŬŘŜ ŀƴŀƭƻƎǳŜǎ ǘƘŀǘ ŦǳƴŎǝƻƴ ŀǎ 

ǇƻǘŀǎǎƛǳƳ ƻǇŜƴŜǊǎ ŎƻǳƭŘ ǘƘŜƻǊŜǝŎŀƭƭȅ ŀǾƻƛŘ ǘƘŜ ƴŜƎŀǝǾŜ ǎƛŘŜ ŜũŜŎǘǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ 

ǊŜǝƎŀōƛƴŜ ŀƴŘ ǎŜǊǾŜ ŀǎ ŀ ǇƻǘŜƴǝŀƭ ǇǊŜŎƛǎƛƻƴ ǘƘŜǊŀǇȅ ŦƻǊ ŎŜǊǘŀƛƴ ǇŀǝŜƴǘǎ ό.ƻŎƪ Ŝǘ ŀƭΦΣ нлмфύΦ 

.ŜƴŜŬǘǎ ƻŦ ƎŀōŀǇŜƴǝƴ ƘŀǾŜ ŀƭǎƻ ōŜŜƴ ǇǳōƭƛǎƘŜŘ ōǳǘ ƻƴƭȅ ƛƴ ƻƴŜ ŎŀǎŜ ƻŦ Y/bvнπ599 

ǇŀǘƘƻƎŜƴƛŎ ǾŀǊƛŀƴǘΣ Dомл{Σ ŘǳŜ ǘƻ [hC Ƴǳǘŀǝƻƴ ό{ƻƭŘƻǾƛŜǊƛ Ŝǘ ŀƭΦΣ нлнлύΦ ! ǊŜŎŜƴǘ ǎǘǳŘȅ 

ŜǾŀƭǳŀǘŜŘ ǘƘŜ ŜŶŎŀŎȅ ƻŦ ǘƘŜ YǾт ƻǇŜƴŜǊǎΣ ǊŜǝƎŀōƛƴŜΣ Ibот ŀƴŘ ·9bммлм ƻƴ с Ƴǳǘŀǝƻƴǎ ŀƭƭ 

ƭƻŎŀǘŜŘ ǿƛǘƘƛƴ ǘƘŜ ǇƻǊŜ ǊŜƎƛƻƴΦ ¢ƘŜȅ ŦƻǳƴŘ ǘƘŀǘ ŦƻǊ ŜŀŎƘ ŘǊǳƎΣ ǘƘŜ ǊŜǎǘƻǊŀǝƻƴ ƻŦ ǘƘŜ ƭƻǎǎ ƻŦ 

ǇƻǘŀǎǎƛǳƳ ŎǳǊǊŜƴǘ ǾŀǊƛŜŘ ōŜǘǿŜŜƴ ŜŀŎƘ ƳǳǘŀǝƻƴΣ ƛƭƭǳǎǘǊŀǝƴƎ ǘƘŜ ǇƻǘŜƴǝŀƭ ƻŦ ǘƘŜǎŜ ŘǊǳƎǎ ŦƻǊ 

ǇŜǊǎƻƴŀƭƛǎŜŘ ƳŜŘƛŎƛƴŜ ό¸ŀƴƎ Ŝǘ ŀƭΦΣ нлноύΦ  

1.10 In vivo and In vitro models of KCNQ2 mutations 

1.10.1 Introduction to in vivo model systems 

!ƴƛƳŀƭ ƳƻŘŜƭǎ ŦƻǊ ŜǇƛƭŜǇǎȅ ŀƴŘ ǎŜƛȊǳǊŜǎ ƘŀǾŜ ǇƭŀȅŜŘ ŀ ŎǊǳŎƛŀƭ ǊƻƭŜ ƛƴ ŀŘǾŀƴŎƛƴƎ ƻǳǊ 

ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ōŀǎƛŎ ƳŜŎƘŀƴƛǎƳǎ ǳƴŘŜǊƭȅƛƴƎ ŜǇƛƭŜǇǘƻƎŜƴŜǎƛǎ ŀƴŘ ƘŀǾŜ ōŜŜƴ ŎǊƛǝŎŀƭ ƛƴ ǘƘŜ 

ŘƛǎŎƻǾŜǊȅ ƻŦ ƴƻǾŜƭ ŀƴǝŜǇƛƭŜǇǝŎ ŘǊǳƎǎ ό!95ǎύό[ǀǎŎƘŜǊΣ нлммύΦ !ƴƛƳŀƭ ƳƻŘŜƭǎ ƻũŜǊ Ƴŀƴȅ 

ōŜƴŜŬǘǎ ŀǎ ƳƻŘŜƭ ǎȅǎǘŜƳǎ ŜΦƎΦΣ ŘŜǘŜŎǝƻƴ ƻŦ ŀƴǝπŎƻƴǾǳƭǎŀƴǘ ŀŎǝǾƛǘȅΣ ŀŘǾŜǊǎŜ ǎƛŘŜ ŜũŜŎǘǎ ŀƴŘ 

ŜǎǝƳŀǝƻƴ ƻŦ ŜũŜŎǝǾŜ ǇƭŀǎƳŀ ŎƻƴŎŜƴǘǊŀǝƻƴǎ ƻŦ ƴŜǿ ŘǊǳƎǎ ό²ƘƛǘŜ Ŝǘ ŀƭΦΣ нллсύΦ ¢ƘŜ ƳŀƧƻǊƛǘȅ 

ƻŦ ŀƴƛƳŀƭ ƳƻŘŜƭǎ ǳǎŜŘ ƛƴ ŜǇƛƭŜǇǎȅ ǊŜǎŜŀǊŎƘ ŀǊŜ ǎŜƛȊǳǊŜ ƳƻŘŜƭǎ ǊŀǘƘŜǊ ǘƘŀƴ ƳƻŘŜƭǎ ƻŦ ŜǇƛƭŜǇǎȅΣ 
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ŀǎ ǎŜƛȊǳǊŜǎ ŀǊŜ ƛƴŘǳŎŜŘ ƛƴ ŀ ƴƻǊƳŀƭΣ ƴƻƴπŜǇƛƭŜǇǝŎ ŀƴƛƳŀƭǎΦ aƻǊŜ ŀŎŎǳǊŀǘŜ ŀƴƛƳŀƭ ƳƻŘŜƭǎ ƻŦ 

ŜǇƛƭŜǇǎȅ ŀǊŜ ǘǊŀƴǎƎŜƴƛŎ ƳƻŘŜƭǎ ǿƛǘƘ ǎǇƻƴǘŀƴŜƻǳǎ ǊŜŎǳǊǊŜƴǘ ǎŜƛȊǳǊŜǎΣ ǿƘƛŎƘ ƳƻǊŜ ŀŎŎǳǊŀǘŜƭȅ 

ǊŜǇǊŜǎŜƴǘ ƘǳƳŀƴ ƳƻŘŜƭǎΦ aƛŎŜ ŀǊŜ ŎƻƳƳƻƴƭȅ ǳǎŜŘ ƛƴ ǾƛǾƻ ŜǇƛƭŜǇǎȅ ƳƻŘŜƭǎΦ ! ǊŜŎŜƴǘ ǎǘǳŘȅ 

ǳǎƛƴƎ ŀ ƳƻǳǎŜ ƳƻŘŜƭ ƻŦ Y/bvнπ.Cb9 όǿƛǘƘ ŀ ƘŜǘŜǊƻȊȅƎƻǳǎ ŘŜƭŜǝƻƴ ƻŦ Y/bvнύ ǊŜǾŜŀƭŜŘ ŦƻǊ 

ǘƘŜ ŬǊǎǘ ǝƳŜΣ ǘƘŜ ŜŶŎŀŎȅ ƻŦ ǘƘŜ ǎƻŘƛǳƳ ŎƘŀƴƴŜƭ ōƭƻŎƪŜǊ ŜǎƭƛŎŀǊōŀȊŜǇƛƴŜ ŀŎŜǘŀǘŜ ό9{[ύ ŀƴŘ 

ŜǎƭƛŎŀǊōŀȊŜǇƛƴŜ ƳŜǘŀōƻƭƛǘŜ ό{π[ƛŎύ ƛƴ ǊŜŘǳŎƛƴƎ ǎŜƛȊǳǊŜ ǘƘǊŜǎƘƻƭŘ ƛƴ ǘƘŜ ƳƛŎŜΦ !ƴƻǘƘŜǊ ǎǘǳŘȅ 

ŜȄŀƳƛƴŜŘ ǘƘŜ ǇŀǘƘƻǇƘȅǎƛƻƭƻƎȅ ƻŦ ŀ Y/bvнπ599 ǇŀǘƘƻƎŜƴƛŎ ǾŀǊƛŀƴǘ ¢нтпa ƛƴ ŀ ƪƴƻŎƪπƛƴ 

ƳƻǳǎŜ ƳƻŘŜƭΦ ¢ƘŜȅ ǊŜǾŜŀƭŜŘ ǘƘŀǘ ǘƘŜ Ƴǳǘŀǝƻƴ ŎŀǳǎŜŘ ƎŜƴŜǊŀƭƛǎŜŘ ǎǇƻƴǘŀƴŜƻǳǎ ǎŜƛȊǳǊŜǎ ŀƴŘ 

ǘƘŀǘ ǘƘŜ ōǊŀƛƴǎ ƘŀŘ ƴƻ ƳŀƧƻǊ ǎǘǊǳŎǘǳǊŀƭ ŘŜŦŜŎǘǎΣ ǎƛƳƛƭŀǊ ǘƻ ǘƘŀǘ ǎŜŜƴ ƛƴ ƘǳƳŀƴǎ όaƛƭƘ Ŝǘ ŀƭΦΣ 

нлнлύΦ !ƴƛƳŀƭ ƳƻŘŜƭǎ ƻŦ ŜǇƛƭŜǇǎȅ ƘŀǾŜ ŘƻƳƛƴŀǘŜŘ ǘƘŜ ŬŜƭŘ ǿƛǘƘ ǊŜƎŀǊŘ ǘƻ ǊŜǎŜŀǊŎƘ ŀƴŘ 

ŘŜǾŜƭƻǇƳŜƴǘΣ ƘƻǿŜǾŜǊ ƛƴ ǊŜŎŜƴǘ ȅŜŀǊǎ ǘƘŜȅ ƘŀǾŜ ŦŀƛƭŜŘ ǘƻ ŘŜƭƛǾŜǊ ƴŜǿ ŀƎŜƴǘǎ ǘƘŀǘ Ŏŀƴ ǇǊƻǾƛŘŜ 

ǎŜƛȊǳǊŜ ŎƻƴǘǊƻƭ ƛƴ ǇŀǝŜƴǘǎ ǿƛǘƘ ŘǊǳƎ ǊŜŦǊŀŎǘƻǊȅ ŜǇƛƭŜǇǎȅΦ aƻǊŜƻǾŜǊΣ ǘƘŜǎŜ ƳƻŘŜƭǎ ŀƭǎƻ ƘŀǾŜ 

ǎǳōǎǘŀƴǝŀƭ ƛǎǎǳŜǎ ǿƛǘƘ ǊŜƎŀǊŘ ǘƻ ǾŀƭƛŘƛǘȅ ŀƴŘ ŀƴƛƳŀƭ ǿŜƭŦŀǊŜ ŎƻƴǎƛŘŜǊŀǝƻƴǎ όaƻǊǊƛǎΣ нлнмύΦ  

1.10.2 Introduction to in vitro model systems 

/ƘƛƴŜǎŜ ƘŀƳǎǘŜǊ ƻǾŀǊȅ ό/Ihύ ŎŜƭƭǎ ŀǊŜ ŀ ŎƻƳƳƻƴƭȅ ǳǎŜŘ ŎŜƭƭ ƭƛƴŜ ŀǎ ǘƘŜȅ ŀǊŜ Ŝŀǎƛƭȅ ƳƻŘƛŬŜŘΣ 

ƳŀƪƛƴƎ ǘƘŜƳ ƛŘŜŀƭ ŦƻǊ ǊŜŎƻƳōƛƴŀƴǘ ǇǊƻǘŜƛƴ ǇǊƻŘǳŎǝƻƴ ŀƴŘ ŎƭƻƴƛƴƎ όwŀƘƛƳǇƻǳǊ Ŝǘ ŀƭΦΣ нлмсύΦ 

/Ih ŎŜƭƭǎ ƘŀǾŜ ōŜŜƴ ǳǎŜŘ ŜȄǘŜƴǎƛǾŜƭȅ ŀǎ ŀƴ ƛƴ ǾƛǘǊƻ ƳƻŘŜƭ ƻŦ ŜǇƛƭŜǇǎȅ ŦƻǊ ŘǊǳƎ ŘƛǎŎƻǾŜǊȅ ŀƴŘ 

ǘŜǎǝƴƎ ό.ŀƴŘŀǊŀƴŀȅŀƪŜ Ŝǘ ŀƭΦΣ нлмпύΦ wŜǝƎŀōƛƴŜΣ ǘƘŜ YǾтΦн ŎƘŀƴƴŜƭ ƻǇŜƴŜǊΣ ǿŀǎ ŘƛǎŎƻǾŜǊŜŘ 

ǳǎƛƴƎ ŀ /Ih ŎŜƭƭ ƭƛƴŜ ǘǊŀƴǎŦŜŎǘŜŘ ǿƛǘƘ Y/bvнκY/bvо ŎƻƴǎǘǊǳŎǘǎΦ Lƴ ǘƘƛǎ ǎǘǳŘȅ ǘƘŜȅ ǎƘƻǿŜŘ 

ǘƘŀǘ ǊŜǝƎŀōƛƴŜ ǿŀǎ ŎŀǇŀōƭŜ ƻŦ ƻǇŜƴƛƴƎ ǘƘŜ YǾтΦнκYǾтΦо ŎƘŀƴƴŜƭǎ ǘƘŀǘ ǿŜǊŜ ŜȄǇǊŜǎǎŜŘ ƛƴ ǘƘŜ 

/Ih ŎŜƭƭ ƭƛƴŜ ŜȄǇǊŜǎǎƛƻƴ ǎȅǎǘŜƳΣ ǘƘǳǎ ŘƛǎŎƻǾŜǊƛƴƎ ǘƘŜ ŬǊǎǘ a ŎǳǊǊŜƴǘ ŀŎǝǾŀǘƻǊ όwǳƴŘŦŜƭŘǘ Ŝǘ 

ŀƭΦΣ нлллύΦ !ǎƛŘŜ ŦǊƻƳ ŘǊǳƎ ŘƛǎŎƻǾŜǊȅΣ /Ih ŎŜƭƭ ƭƛƴŜǎ ƘŀǾŜ ŀƭǎƻ ōŜŜƴ ǳǎŜŘ ǘƻ ƳƻŘŜƭ ŘƛǎŜŀǎŜ 

ǇƘŜƴƻǘȅǇŜǎ ƛƴ ǾƛǘǊƻΦ hƴŜ ǎǘǳŘȅ ǊŜŎǊǳƛǘŜŘ п ǳƴǊŜƭŀǘŜŘΣ ǎŜƛȊǳǊŜπŦǊŜŜΣ ǇŀǝŜƴǘǎ ŀƭƭ ǿƛǘƘ ǘƘŜ ǎŀƳŜ 

Y/bvн ǇŀǘƘƻƎŜƴƛŎ ǾŀǊƛŀƴǘΣ wмфуvΣ ŀƴŘ ŜȄǇǊŜǎǎŜŘ ǘƘŜǎŜ ǾŀǊƛŀƴǘǎ ƛƴ /Ih ŎŜƭƭǎ ōȅ ǘǊŀƴǎƛŜƴǘ 

ǘǊŀƴǎŦŜŎǝƻƴΦ ¢ƘŜȅ ǎƘƻǿŜŘ ǘƘŀǘ ǘƘŜ YǾтΦн wмфуv ǎǳōǳƴƛǘΣ ŜȄǇǊŜǎǎŜŘ ŀƭƻƴŜ ƻǊ ƛƴ ŎƻƳōƛƴŀǝƻƴ 

ǿƛǘƘ YǾтΦн ŀƴŘκƻǊ YǾтΦо ǎǳōǳƴƛǘǎΣ ƛƴŎǊŜŀǎŜŘ ǇƻǘŀǎǎƛǳƳ ŎǳǊǊŜƴǘ ŀŎǝǾŀǘŜŘ ōȅ ǇŀǊǝŀƭ ƳŜƳōǊŀƴŜ 

ŘŜǇƻƭŀǊƛȊŀǝƻƴΦ ¢ƘŜȅ ǎŀǿ ƴƻ ǎƛƎƴƛŬŎŀƴǘ ŎƘŀƴƎŜǎ ƛƴ ǘƘŜ ǇƻǊŜ ǇǊƻǇŜǊǝŜǎΣ ƘŜǘŜǊƻƳŜǊƛȊŀǝƻƴ ƻǊ 

ƴŜǳǊƻƴŀƭ ǎǳōŎŜƭƭǳƭŀǊ ƭƻŎŀƭƛȊŀǝƻƴΦ ¢Ƙƛǎ ǎǘǳŘȅ ƭŜŘ ǘƻ ǘƘŜ ŘƛǎŎƻǾŜǊȅ ƻŦ ŀ ƴŜǿ ǎǳōŎƭŀǎǎ ƻŦ Y/bvн 

ǾŀǊƛŀƴǘǎ ŎŀǳǎƛƴƎ ƛƴŦŀƴǝƭŜ ǎǇŀǎƳǎ ŀƴŘ ŜƴŎŜǇƘŀƭƻǇŀǘƘȅΣ ǿƛǘƘƻǳǘ ǇǊŜŎŜŘƛƴƎ ƴŜƻƴŀǘŀƭ ǎŜƛȊǳǊŜǎ 

όaƛƭƭƛŎƘŀǇ Ŝǘ ŀƭΦΣ нлмтύΦ hǘƘŜǊ ƘŜǘŜǊƻƭƻƎƻǳǎ ŜȄǇǊŜǎǎƛƻƴ ǎȅǎǘŜƳǎ ƛƴ ƴƻƴπƴŜǳǊƻƴŀƭ ŎŜƭƭ ƭƛƴŜǎ 

όǎǳŎƘ ŀǎ I9Yнфо ƻǊ ·ŜƴƻǇǳǎ ƭŀŜǾƛǎ ƻƻŎȅǘŜǎύ ŀǊŜ ŀƭǎƻ ǳǎŜŘ ǘƻ ŀƴŀƭȅǎŜ ǇǊƻǘŜƛƴ ŘȅǎŦǳƴŎǝƻƴ 

ŎŀǳǎŜŘ ōȅ ŀ ƎŜƴŜǝŎ ǾŀǊƛŀƴǘ ƻǊ ŀ 5b9 ǘƘŀǘ ǘƘŜ Ƴǳǘŀƴǘ ǇǊƻǘŜƛƴ Ƴŀȅ ŜȄŜǊǘ ƻƴ ǘƘŜ ²¢ 

ŎƻǳƴǘŜǊǇŀǊǘǎΦ IƻǿŜǾŜǊΣ ǇǊƻǘŜƛƴǎ Ƴŀȅ ŦǳƴŎǝƻƴ ŘƛũŜǊŜƴǘƭȅ ƻǳǘǎƛŘŜ ǘƘŜƛǊ ƴƻƴπƴŀǝǾŜ 



   

 

19 
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ƛƴǘŜǊŀŎǝƻƴǎ ǿƛǘƘ ŘƛũŜǊŜƴǘ ǇǊƻǘŜƛƴǎΣ ŎŜƭƭǳƭŀǊ ŀƴŘ ǇǊƻǘŜƛƴ ǘǊŀŶŎƪƛƴƎΣ ŀƴŘ ǾŀǊƛƻǳǎ ƻǘƘŜǊ 

ƴŜǳǊƻƴŀƭ ŦŀŎǘƻǊǎ ό{ƛƳƪƛƴ Ŝǘ ŀƭΦΣ нлмуύΦ 

1.11 Use of induced pluripotent stem cells (iPSCs) in modelling epilepsy 

5ŜǎǇƛǘŜ ǘƘŜ Ƴŀƴȅ ŀŘǾŀƴǘŀƎŜǎ ǘƘŜ ŀŦƻǊŜƳŜƴǝƻƴŜŘ ƳƻŘŜƭǎ ƻũŜǊΣ ŎƻƴǎƛŘŜǊŀōƭŜ ŘƛũŜǊŜƴŎŜǎ ƛƴ 

ƎŜƴŜ ŜȄǇǊŜǎǎƛƻƴΣ ǇǊƻǘŜƛƴ ŦǳƴŎǝƻƴΣ ŀƴŘ ƴŜǘǿƻǊƪ ǇŀǊǝŎƛǇŀǝƻƴ ŜȄƛǎǘ ōŜǘǿŜŜƴ ƘǳƳŀƴǎ ŀƴŘ 

ƳƛŎŜ ǿƛǘƘ ǊƻǳƎƘƭȅ нл҈ ƻŦ /b{ ƎŜƴŜǎ ǎƘƻǿƛƴƎ ŘƛǎǝƴŎǘ ŜȄǇǊŜǎǎƛƻƴ ǇŀǧŜǊƴǎ ƛƴ ǘƘŜ ŎƻǊǘŜȄ ό·ǳ 

Ŝǘ ŀƭΦΣ нллтύΦ ¢ƘŜǎŜ ŘƛǎŎǊŜǇŀƴŎƛŜǎ Ƴŀȅ ŜȄǇƭŀƛƴ ǘƘŜ ŘƛǎǇŀǊŀǘŜ ŜŶŎƛŜƴŎƛŜǎ ƻŦ !{aǎ ƛƴ ŎƭƛƴƛŎŀƭ 

ǘǊƛŀƭǎ ŀƴŘ ǿƘȅ ǊŜŦǊŀŎǘƻǊȅ ŜǇƛƭŜǇǎȅ ǎǝƭƭ ǊŜƳŀƛƴǎ ŀǘ ол҈Φ ¢ƘŜǊŜŦƻǊŜΣ ǘƘŜǊŜ ƛǎ ŀƴ ƻōǾƛƻǳǎ 

ǊŜǉǳƛǊŜƳŜƴǘ ǘƻ ƎŜƴŜǊŀǘŜ ŀ ƳƻŘŜƭ ǘƘŀǘ ƳƻǊŜ ŎƭƻǎŜƭȅ ǊŜǎŜƳōƭŜǎ ƘǳƳŀƴ ŎƻƴŘƛǝƻƴǎΦ ¢Ƙƛǎ ƘŀŘ 

ǇǊŜǾƛƻǳǎƭȅ ōŜŜƴ ƘŀƳǇŜǊŜŘ ōȅ ǘƘŜ ƛƴŀōƛƭƛǘȅ ǘƻ ƛǎƻƭŀǘŜ ƘǳƳŀƴ ƴŜǳǊƻƴŀƭ ǝǎǎǳŜ ǳƴǝƭ ǘƘŜ 

ŘƛǎŎƻǾŜǊȅ ƻŦ ƛƴŘǳŎŜŘ ǇƭǳǊƛǇƻǘŜƴǘ ǎǘŜƳ ŎŜƭƭǎ όƛt{/ǎύ ƛƴ нллсΦ ¢ƘŜ ŘƛǎŎƻǾŜǊȅ ƻŦ ƛt{/ǎΣ ǿƘƛŎƘ Ŏŀƴ 

ōŜ ǊŜŀŘƛƭȅ ƎŜƴŜǊŀǘŜŘ ōȅ ǊŜǇǊƻƎǊŀƳƳƛƴƎ ŀŘǳƭǘ ǎƻƳŀǝŎ ŎŜƭƭ ǘȅǇŜǎ ǎǳŎƘ ŀǎ ǎƪƛƴπŘŜǊƛǾŜŘ 

ŬōǊƻōƭŀǎǘǎΣ ƘŀǾŜ ŀƭƭƻǿŜŘ ǳǎ ǘƻ ŜƭǳŎƛŘŀǘŜ ƘǳƳŀƴ ǇŀǘƘƻƎŜƴƛŎ ƳŜŎƘŀƴƛǎƳǎ ƻŦ ƎŜƴŜǝŎ ŘƛǎŜŀǎŜǎ 

ǎǳŎƘ ŀǎ Y/bvнπ599Σ ǿƘƛŎƘ ǿƛƭƭ ōŜ ǘƘŜ ŦƻŎǳǎ ƻŦ ǘƘƛǎ tƘ5Φ  

1.11.1 Definition of iPSCs 

¢ƘŜ ŘƛǎŎƻǾŜǊȅ ƻŦ ƛt{/ ǘŜŎƘƴƻƭƻƎȅ ƻŎŎǳǊǊŜŘ ƛƴ нллс ōȅ ǘƘŜ ¸ŀƳŀƴŀƪŀ ƎǊƻǳǇ ǿƛǘƘ ƳƻǳǎŜ 

ŜƳōǊȅƻƴƛŎ ŀƴŘ ŀŘǳƭǘ ŬōǊƻōƭŀǎǘǎ ό¢ŀƪŀƘŀǎƘƛ Ŝǘ ŀƭΦΣ нллсύΣ ǿƘƛŎƘ ǿŀǎ ǎƻƻƴ ŀƊŜǊ ǊŜǇƭƛŎŀǘŜŘ ƛƴ 

ƘǳƳŀƴ ŀŘǳƭǘ ŬōǊƻōƭŀǎǘǎ ƛƴ нллт ό¢ŀƪŀƘŀǎƘƛ Ŝǘ ŀƭΦΣ нллтύΦ ¢ƘǊŜŜ ǇǊŜǾƛƻǳǎ ǎŎƛŜƴǝŬŎ ǎǘǳŘƛŜǎ 

ŎƻƴǘǊƛōǳǘŜŘ ǘƻ ǘƘŜ ŘƛǎŎƻǾŜǊȅ ƻŦ ƛt{/ ǘŜŎƘƴƻƭƻƎȅΦ ¢ƘŜ ŬǊǎǘ ƻŦ ǘƘŜǎŜ ǎǘǳŘƛŜǎ ƻŎŎǳǊǊŜŘ ƛƴ мфсн 

ōȅ DǳǊŘƻƴΩǎ ƭŀōƻǊŀǘƻǊȅ ό¸ŀƳŀƴŀƪŀΣ нлмнύΦ DǳǊŘƻƴ ŘƛǎŎƻǾŜǊŜŘ ǎƻƳŀǝŎ ŎŜƭƭ ƴǳŎƭŜŀǊ ǘǊŀƴǎŦŜǊ 

ό{/b¢ύ ōȅ ƛǎƻƭŀǝƴƎ ǘƘŜ ƴǳŎƭŜǳǎ ƻŦ ŀ ǘŜǊƳƛƴŀƭƭȅ ŘƛũŜǊŜƴǝŀǘŜŘ ŀŘǳƭǘ ŎŜƭƭ ŦǊƻƳ ŀ ·ŜƴƻǇǳǎ ƭŀŜǾƛǎ 

ǿƘƛŎƘ ǿŀǎ ǎǳōǎŜǉǳŜƴǘƭȅ ǘǊŀƴǎǇƭŀƴǘŜŘ ƛƴǘƻ ŀƴ ƻƻŎȅǘŜΣ ƎŜƴŜǊŀǝƴƎ ŀ ŎƭƻƴŜŘ ŦǊƻƎ ǘƘŀǘ ŎŀǊǊƛŜŘ 

5b! ƛŘŜƴǝŎŀƭ ǘƻ ǘƘŜ ǘǊŀƴǎǇƭŀƴǘŜŘ ƴǳŎƭŜǳǎ όDǳǊŘƻƴΣ мфснύΦ hǾŜǊ ол ȅŜŀǊǎ ƭŀǘŜǊΣ ²ƛƭƳǳǘ Ŝǘ ŀƭ 

ǳǝƭƛǎŜŘ {/b¢ ǘƻ ŎǊŜŀǘŜ ǘƘŜ ŬǊǎǘ ƳŀƳƳŀƭƛŀƴ ŎƭƻƴŜΣ ǘƘŜ ŦŀƳƻǳǎ Ψ5ƻƭƭȅΩ ǘƘŜ ǎƘŜŜǇ ό²ƛƭƳǳǘ Ŝǘ 

ŀƭΦΣ мффтύΦ ¢ƘŜǎŜ ŎǊƛǝŎŀƭ ŜȄǇŜǊƛƳŜƴǘǎ ƛƴŘƛŎŀǘŜŘ ǘƘŀǘ ŀƭƭ ƴǳŎƭŜƛΣ ǿƘŜǘƘŜǊ ƛƳƳŀǘǳǊŜ ƻǊ 

ǘŜǊƳƛƴŀƭƭȅ ŘƛũŜǊŜƴǝŀǘŜŘΣ Ŏƻƴǘŀƛƴ ǘƘŜ ƎŜƴŜǝŎ ƛƴŦƻǊƳŀǝƻƴ ƴŜŎŜǎǎŀǊȅ ǘƻ ŦƻǊƳ ŀ ǿƘƻƭŜ 

ƻǊƎŀƴƛǎƳΦ ¢ƘŜ ǎŜŎƻƴŘ ƛƳǇƻǊǘŀƴǘ ƳƛƭŜǎǘƻƴŜ ǿŀǎ ǘƘŜ ǊŜǾŜƭŀǝƻƴ ƻŦ ΨƳŀǎǘŜǊΩ ǘǊŀƴǎŎǊƛǇǝƻƴ 

ŦŀŎǘƻǊǎΦ aŀǎǘŜǊ ǘǊŀƴǎŎǊƛǇǝƻƴ ŦŀŎǘƻǊǎ ŀǊŜ ŎǊƛǝŎŀƭ ƎŜƴŜǎ ǘƘŀǘ ŎƻƻǊŘƛƴŀǘŜ ǘƘŜ ǇŀǘƘǿŀȅǎ 

ƎƻǾŜǊƴƛƴƎ ŎŜƭƭ ŦŀǘŜ όaŀǩŎƪΣ нлмлύΦ ¢ƘŜ ǘƘƛǊŘ ŀƴŘ Ŭƴŀƭ ǊŜǾŜƭŀǝƻƴ ǿŀǎ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ 9{/ 

ŎǳƭǘǳǊŜ ŎƻƴŘƛǝƻƴǎ ǘƘŀǘ ŀƭƭƻǿŜŘ 9{/ǎ ǘƻ Ƴŀƛƴǘŀƛƴ ǘƘŜƛǊ ǇƭǳǊƛǇƻǘŜƴǘ ǎǘŀǘŜ ƛƴ ǾƛǘǊƻ ό¸ŀƳŀƴŀƪŀΣ 

нлмнύΦ 
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¢ŀƪŜƴ ǘƻƎŜǘƘŜǊΣ ǘƘŜǎŜ ǎŎƛŜƴǝŬŎ ƳƛƭŜǎǘƻƴŜǎ ƭŜŘ ǘƻ ǘƘŜ ƘȅǇƻǘƘŜǎƛǎ ǘƘŀǘ ƪŜȅ ŦŀŎǘƻǊǎ ƛƴ 

ƳŀƛƴǘŀƛƴƛƴƎ ǇƭǳǊƛǇƻǘŜƴŎȅ ƛƴ 9{/ǎΣ ŎƻǳƭŘ ōŜ ǳǎŜŘ ǘƻ ŘƛǊŜŎǘƭȅ ǊŜǇǊƻƎǊŀƳƳŜ ŀŘǳƭǘ ǎƻƳŀǝŎ ŎŜƭƭǎ 

ǘƻ ŀƴ ŜƳōǊȅƻƴƛŎ ǎǘŀǘŜΦ Lƴ нллтΣ ¢ŀƪŀƘŀǎƘƛ Ŝǘ ŀƭΦ ό¢ŀƪŀƘŀǎƘƛ Ŝǘ ŀƭΦΣ нллтύ ƎŜƴŜǊŀǘŜŘ ŀ ƭƛǎǘ ƻŦ нп 

ŎŀƴŘƛŘŀǘŜ ƎŜƴŜǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǇƭǳǊƛǇƻǘŜƴŎȅ ƛƴ 9{/ǎ ǿƘƛŎƘ ǿŀǎ ƴŀǊǊƻǿŜŘ Řƻǿƴ ǘƻ п ŦŀŎǘƻǊǎΣ 

ƪƴƻǿƴ ŀǎ ǘƘŜ ¸ŀƳŀƴŀƪŀ ŦŀŎǘƻǊǎ ώhŎǘŀƳŜǊπōƛƴŘƛƴƎ ǘǊŀƴǎŎǊƛǇǝƻƴ ŦŀŎǘƻǊ п όhŎǘпύΣ ŎπaȅŎΣ 

YǊǸǇǇŜƭπƭƛƪŜ ŦŀŎǘƻǊ п όYƭŦпύ ŀƴŘ {w¸πōƻȄ н ό{ƻȄнύϐ Φ ¢ƘŜ ¢ƘƻƳǇǎƻƴ ƎǊƻǳǇ ŀƭǎƻ ŜǎǘŀōƭƛǎƘŜŘ ŀ 

ǎƛƳƛƭŀǊ ǎŜǘ ƻŦ ǘǊŀƴǎŎǊƛǇǝƻƴ ŦŀŎǘƻǊǎ ŎŀǇŀōƭŜ ƻŦ ǊŜǇǊƻƎǊŀƳƳƛƴƎ ǎƻƳŀǝŎ ŎŜƭƭǎ όhŎǘпΣ {ƻȄнΣ 

bŀƴƻƎ ŀƴŘ [ƛƴнуύ ό¸ǳ Ŝǘ ŀƭΦΣ нллтύΦ ¢ƘŜ ƛƴǘǊƻŘǳŎǝƻƴ ƻŦ ǘƘŜǎŜ ǘǊŀƴǎŎǊƛǇǝƻƴ ŦŀŎǘƻǊǎ ƛƴǘƻ ƘǳƳŀƴ 

ǎƻƳŀǝŎ ŎŜƭƭǎΣ Ƴƻǎǘ ŎƻƳƳƻƴƭȅ ŘŜǊƳŀƭ ŬōǊƻōƭŀǎǘǎ ƻǊ ƳƻƴƻƴǳŎƭŜŀǊ ōƭƻƻŘ ŎŜƭƭǎΣ ǊŜǎǳƭǘǎ ƛƴ ǘƘŜ 

ŦƻǊƳŀǝƻƴ ƻŦ ŜƳōǊȅƻƴƛŎ ǎǘŜƳπƭƛƪŜ ŎŜƭƭǎ ŎŀǇŀōƭŜ ƻŦ ǎŜƭŦπǊŜƴŜǿŀƭ ŀƴŘ ǘƘŜ ŀōƛƭƛǘȅ ǘƻ ŘƛũŜǊŜƴǝŀǘŜ 

ƛƴǘƻ ǘƘŜ ǘƘǊŜŜ ƎŜǊƳ ƭŀȅŜǊǎΦ  

1.11.2 Application of iPSCs  

¢ƘŜ ŀǇǇƭƛŎŀǝƻƴǎ ƻŦ ƛt{/ǎ Ŏŀƴ ōŜ ŘƛǾƛŘŜŘ ƛƴǘƻ ǘƘǊŜŜ ƳŀƧƻǊ ƎǊƻǳǇǎΥ ǊŜƎŜƴŜǊŀǝǾŜ ƳŜŘƛŎƛƴŜΣ ŘǊǳƎ 

ŘƛǎŎƻǾŜǊȅ ŀƴŘ ŘƛǎŜŀǎŜ ƳƻŘŜƭƭƛƴƎ ό{ǘŀŘǜŜƭŘ Ŝǘ ŀƭΦΣ нлмлύΦ Lƴ ŜŀŎƘ ƻŦ ǘƘŜǎŜ ŀǇǇƭƛŎŀǝƻƴǎΣ ƛt{/ǎ 

ŀǊŜ ǊŜǉǳƛǊŜŘ ǘƻ ōŜ ŘƛũŜǊŜƴǝŀǘŜŘ ƛƴǘƻ ŀ ǎǇŜŎƛŬŎ ŎŜƭƭ ǘȅǇŜ ŜΦƎΦΣ ƴŜǳǊƻƴǎΣ ǊŜƭŀǘŜŘ ǘƻ ǘƘŜ ŘƛǎƻǊŘŜǊ 

ƻŦ ƛƴǘŜǊŜǎǘ ŜΦƎΦΣ ŜǇƛƭŜǇǎȅ όbƛǎƘƛƘŀǊŀ Ŝǘ ŀƭΦΣ нлмфύΦ ƛt{/ǎ ƘŀǾŜ ŀ ƳŀƧƻǊ ŀŘǾŀƴǘŀƎŜ ƛƴ ǘƘŜ ŬŜƭŘ ƻŦ 

ǊŜƎŜƴŜǊŀǝǾŜ ƳŜŘƛŎƛƴŜ ŎƻƳǇŀǊŜŘ ǘƻ 9{/ǎΣ ŀǎ ǘƘŜȅ ŀǊŜ ŀǳǘƻƭƻƎƻǳǎ ǎƻ ŀǊŜ ƭŜǎǎ ƭƛƪŜƭȅ ǘƻ ǇǊƻǾƻƪŜ 

ŀƴ ƛƳƳǳƴŜ ǊŜŀŎǝƻƴ ƛƴ ǘƘŜ ǇŀǝŜƴǘ ό{ŎƘŜƛƴŜǊ Ŝǘ ŀƭΦΣ нлмпύΦ ƛt{/ǎ ŀǎ ŀ ƳŜǘƘƻŘ ƻŦ ŎŜƭƭǳƭŀǊ 

ǘƘŜǊŀǇȅκǊŜǇŀƛǊ ƘŀǾŜ ŀƴ ŀǊǊŀȅ ƻŦ ǘƘŜǊŀǇŜǳǝŎ ŀǇǇƭƛŎŀǝƻƴǎ ŦƻǊ ƎŜƴŜǝŎ ŘƛǎƻǊŘŜǊǎ ǎǳŎƘ ŀǎ 

ŜǇƛƭŜǇǎȅΣ ƴŜǳǊƻŘŜƎŜƴŜǊŀǝǾŜ ŘƛǎƻǊŘŜǊǎ ƛƴŎƭǳŘƛƴƎ !ƭȊƘŜƛƳŜǊΩǎ ƻǊ tŀǊƪƛƴǎƻƴΩǎ ŘƛǎŜŀǎŜ ŀƴŘ 

ŀŎŎƛŘŜƴǘŀƭ ƛƴƧǳǊƛŜǎ ǎǳŎƘ ŀǎ ǎǇƛƴŀƭ ŎƻǊŘ ƛƴƧǳǊƛŜǎ όbŀƎƻǎƘƛ Ŝǘ ŀƭΦΣ нлмфύΦ 

tŀǝŜƴǘπŘŜǊƛǾŜŘ ƛt{/ ƳƻŘŜƭǎ ŀǊŜ ŀƴ ƛŘŜŀƭ ƳŜǘƘƻŘ ŦƻǊ ƘƛƎƘ ǘƘǊƻǳƎƘǇǳǘ ǎŎǊŜŜƴƛƴƎ ƻŦ 

ǇƘŀǊƳŀŎŜǳǝŎŀƭ ŎƻƳǇƻǳƴŘǎ ǿƘƛŎƘ Ƴŀȅ ƭŜŀŘ ǘƻ ǘƘŜ ƛŘŜƴǝŬŎŀǝƻƴ ƻŦ ƴŜǿ ŘǊǳƎǎΦ ¢ƘŜȅ ŀƭǎƻ ƘŀǾŜ 

ǘƘŜ ǇƻǘŜƴǝŀƭ ŦƻǊ ǇŜǊǎƻƴŀƭƛǎŜŘ ǘƘŜǊŀǇȅΣ ǿƘƛŎƘ ŀǎ ŘƛǎŎǳǎǎŜŘ ǇǊŜǾƛƻǳǎƭȅ Ƴŀȅ ōŜ ǾŜǊȅ 

ŀŘǾŀƴǘŀƎŜƻǳǎ ŦƻǊ ƳƻƴƻƎŜƴƛŎ ŜǇƛƭŜǇǎƛŜǎ ό/Ƙǳƴ Ŝǘ ŀƭΦΣ нлммύΦ ƛt{/ ƳƻŘŜƭǎ  ƳƻǊŜ ŀŎŎǳǊŀǘŜƭȅ 

ǊŜǇǊŜǎŜƴǘ ƘǳƳŀƴ ŎƻƴŘƛǝƻƴǎΣ ǇǊƻǾƛŘƛƴƎ ƳƻǊŜ ŀŎŎǳǊŀǘŜ Řŀǘŀ ƻƴ ǎŀŦŜǘȅ ŀƴŘ ŜŶŎŀŎȅ ƛƴ ŘǊǳƎ 

ǎŎǊŜŜƴƛƴƎ ǘƘŀƴ ŀƴƛƳŀƭ ƳƻŘŜƭǎΦ [ŀŎƪ ƻŦ ŜŶŎŀŎȅ ŀƴŘ ǘƻȄƛŎƛǘȅ ŎƻƴŎŜǊƴǎ ŀǊŜ ǎƻƳŜ ƻŦ ǘƘŜ ǊŜŀǎƻƴǎ 

ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǇǊƻŘǳŎǘ ŦŀƛƭǳǊŜ ƛƴ ŎƭƛƴƛŎŀƭ ǘǊƛŀƭǎ ό{ǳƴ Ŝǘ ŀƭΦΣ нлннύΦtŀǝŜƴǘπŘŜǊƛǾŜŘ ƛt{/ ƳƻŘŜƭǎ 

Ŏŀƴ ǊŜŘǳŎŜ ǘƘŜ Ŏƻǎǘ ŀƴŘ ǘƘŜ ǝƳŜ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ŎƭƛƴƛŎŀƭ ǘǊƛŀƭ ŦŀƛƭǳǊŜ ŘǳŜ ǘƻ ŀ ǇǊƻŘǳŎǘ ǘƘŀǘ 

Ƴŀȅ ǇǊƻǾŜ ǘƻ ōŜ ŎȅǘƻǘƻȄƛŎ ŘǳŜ ǘƻ ƛƴŀŎŎǳǊŀǘŜ Řŀǘŀ ƻōǘŀƛƴŜŘ ŦǊƻƳ ƛƴŀŎŎǳǊŀǘŜκƛƴŀǇǇǊƻǇǊƛŀǘŜ ƛƴ 

ǾƛǘǊƻ ŀƴŘ ƛƴ ǾƛǾƻ ƳƻŘŜƭǎ ό¢ƘŀƴŀǎƪƻŘȅ Ŝǘ ŀƭΦΣ нлннύΦ IƻǿŜǾŜǊΣ ŀƴƛƳŀƭ ƳƻŘŜƭǎ ŀƴŘ ƛt{/ ƳƻŘŜƭǎ 

ŀǊŜ ǳǎŜŘ ǎȅƴŜǊƎƛŎŀƭƭȅ ǘƻ ƳƻŘŜƭ ƘǳƳŀƴ ŘƛǎƻǊŘŜǊǎ ŀǎ ǘƘŜȅ ōƻǘƘ ƻũŜǊ ǳƴƛǉǳŜ ŀŘǾŀƴǘŀƎŜǎΦ 
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Lƴ Ƴŀƴȅ ŎŀǎŜǎΣ ǘƘŜ ǇŀǘƘƻǇƘȅǎƛƻƭƻƎȅ ƻŦ ŎŜǊǘŀƛƴ ŘƛǎŜŀǎŜǎ ŀǊŜ ƴƻǘ Ŧǳƭƭȅ ǳƴŘŜǊǎǘƻƻŘΦ 5ǳŜ ǘƻ ŀƴ 

ƛƴŎǊŜŀǎŜ ƛƴ ǘƘŜ ŘƛǎŎƻǾŜǊȅ ƻŦ ƎŜƴŜǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ŜǇƛƭŜǇǎȅ ŘǳŜ ǘƻ bD{ ŀŘǾŀƴŎŜǎΣ ǘƘŜǊŜ ƛǎ ŀƴ 

ŜǾŜƴ ƎǊŜŀǘŜǊ ƴŜŜŘ ǘƻ ƳƻŘŜƭ ǘƘŜǎŜ Ƴǳǘŀǝƻƴǎ ƛƴ ŀǇǇǊƻǇǊƛŀǘŜ ŘƛǎŜŀǎŜ ƳƻŘŜƭǎ ǘƻ ŜƭǳŎƛŘŀǘŜ 

ŘƛǎŜŀǎŜ ƳŜŎƘŀƴƛǎƳǎ όIƳŜƭƧŀƪ Ŝǘ ŀƭΦΣ нлмфύΦ !ǎ ƛt{/ǎ Ŏŀƴ ǇǊƻƭƛŦŜǊŀǘŜ ƛƴŘŜŬƴƛǘŜƭȅ ŀƴŘ Ŏŀƴ 

ŘƛũŜǊŜƴǝŀǘŜ ƛƴǘƻ ŀƭƭ ŎŜƭƭ ǘȅǇŜǎΣ ŜȄŎƭǳŘƛƴƎ ŜȄǘǊŀπŜƳōǊȅƻƴƛŎ ǝǎǎǳŜ ǎǳŎƘ ŀǎ ǘƘŜ ǇƭŀŎŜƴǘŀΣ ǘƘŜǎŜ 

ŎŜƭƭǎ ŀǊŜ ŜȄŎŜƭƭŜƴǘ ŦƻǊ ǎǘǳŘȅƛƴƎ ŀ ǿƛŘŜ ǊŀƴƎŜ ƻŦ ŘƛǎŜŀǎŜǎ ό{ŀǘƻ Ŝǘ ŀƭΦΣ нлнмύΦ ¢ƻ ŘŀǘŜΣ ƴǳƳŜǊƻǳǎ 

н5 ŀƴŘ о5 ǇǊƻǘƻŎƻƭǎ ƘŀǾŜ ōŜŜƴ ŘŜǾŜƭƻǇŜŘ ŦƻǊ ŘƛũŜǊŜƴǝŀǝƴƎ ƛt{/ǎ ƛƴǘƻ ǾŀǊƛƻǳǎ ŎŜƭƭ ǘȅǇŜǎ ŀƴŘ 

ƻǊƎŀƴƻƛŘǎ ǊŜǎǇŜŎǝǾŜƭȅ ό/ŜƴǘŜƴƻ Ŝǘ ŀƭΦΣ нлмуύΦ ¢ƘŜǎŜ ƛt{/πŘŜǊƛǾŜŘ ƳƻŘŜƭǎ ƘŀǾŜ ŀƴŘ ǿƛƭƭ 

ŎƻƴǝƴǳŜ ǘƻ ŜƴŀōƭŜ ǘƘŜ ŘƛǎŎƻǾŜǊȅ ƻŦ ƴƻǾŜƭ ǇŀǘƘǿŀȅǎ ƛƴǾƻƭǾŜŘ ƛƴ ǇŀǘƘƻƎŜƴŜǎƛǎ ŀƴŘ 

ƛŘŜƴǝŬŎŀǝƻƴ ƻŦ ƴŜǿ ǘƘŜǊŀǇŜǳǝŎ ǘŀǊƎŜǘǎΦ  

 

Figure 1.8: Schematic illustrating the applications of iPSC-derived neurons.  

tŀǝŜƴǘπǎǇŜŎƛŬŎ ǎǘŜƳ ŎŜƭƭ ƭƛƴŜǎ ŦƻǊ ŎŜƭƭ ǊŜǇƭŀŎŜƳŜƴǘ ǘƘŜǊŀǇȅΣ ŘǊǳƎ ŘƛǎŎƻǾŜǊȅ ŀƴŘ ŘƛǎŜŀǎŜ ƳƻŘŜƭƭƛƴƎΦ 
{ƻƳŀǝŎ ŎŜƭƭǎΣ ǳǎǳŀƭƭȅ ǘŀƪŜƴ ŦǊƻƳ ǘƘŜ ǇŀǝŜƴǘΩǎ ǎƪƛƴ ƻǊ ōƭƻƻŘ ŎŜƭƭǎΣ Ŏŀƴ ōŜ ƛǎƻƭŀǘŜŘ ŀƴŘ ǊŜǇǊƻƎǊŀƳƳŜŘ 
ƛƴǘƻ ƛt{/ǎΦ ¢ƘŜǎŜ ŎŜƭƭǎ Ŏŀƴ ōŜ ŘƛũŜǊŜƴǝŀǘŜŘ ƛƴǘƻ ŘƛũŜǊŜƴǘ ƴŜǳǊƻƴŀƭ ǇƻǇǳƭŀǝƻƴǎ ŀƴŘ Ŏŀƴ ōŜ ǳǎŜŘ ǘƻ 
ŦǳǊǘƘŜǊ ǎǘǳŘȅ ǘƘŜ ǇŀǘƘƻǇƘȅǎƛƻƭƻƎȅ ƻŦ ǘƘŜ ŘƛǎŜŀǎŜ ƻǊ ŀǎ ŀ ŘǊǳƎ ǎŎǊŜŜƴƛƴƎ ƳƻŘŜƭ ǘƻ ǘŜǎǘ ƴƻǾŜƭ ǘƘŜǊŀǇƛŜǎΦ 
!ŘŘƛǝƻƴŀƭƭȅΣ ǘƘŜǎŜ ƭƛƴŜǎ Ŏŀƴ ǳƴŘŜǊƎƻ ƎŜƴŜ ŜŘƛǝƴƎ ǳǎƛƴƎ /wL{twκ/ŀǎф  ǘƻ ƎŜƴŜǊŀǘŜ ƛǎƻƎŜƴƛŎ ƛt{/ǎ 
όWŀǾŀƛŘ Ŝǘ ŀƭΦΣ нлннύΦ 

1.11.3 iPSC-derived neuronal 2D and 3D protocols 

tŀǝŜƴǘǎ ǿƛǘƘ ŘƛũŜǊŜƴǘ Ƴǳǘŀǝƻƴǎ ƛƴ ǘƘŜ ǎŀƳŜ ƎŜƴŜ Ŏŀƴ ƘŀǾŜ Ǿŀǎǘƭȅ ŘƛũŜǊŜƴǘ ŎƭƛƴƛŎŀƭ 

ǇǊŜǎŜƴǘŀǝƻƴǎΣ ŀǎ ǿŜ ƘŀǾŜ ǎŜŜƴ ƛƴ ǘƘŜ ƳƛƭŘŜǊ ǇƘŜƴƻǘȅǇŜ ƻŦ Y/bvнπ.Cb9 ǾŜǊǎǳǎ Y/bvнπ599Φ 

!ŘŘƛǝƻƴŀƭƭȅΣ ǇŀǝŜƴǘǎ Ŏŀƴ ƘŀǾŜ ŘƛũŜǊŜƴǘ ŎƭƛƴƛŎŀƭ ǊŜǎǇƻƴǎŜǎ ǘƻ ǇƘŀǊƳŀŎƻƭƻƎƛŎŀƭ ǘǊŜŀǘƳŜƴǘǎ 

όwƻŘŜƴ Ŝǘ ŀƭΦΣ нлммύΦ ¢ƘŜ ǇǊƻŦƻǳƴŘ ŀŘǾŀƴǘŀƎŜ ƻŦ ƛt{/ǎ ƛǎ ǘƘŀǘ ǘƘŜȅ ŜƴŀōƭŜ ǘƘŜ ǎǘǳŘȅ ƻŦ ƘǳƳŀƴ 
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ŘƛǎŜŀǎŜ ƛƴ ǘƘŜ ŎƻƴǘŜȄǘ ƻŦ ŜŀŎƘ ǇŜǊǎƻƴϥǎ ǳƴƛǉǳŜ ƎŜƴŜǝŎ ƳŀƪŜǳǇΣ ƛƴ ŘƛǎŜŀǎŜπǊŜƭŜǾŀƴǘ ŎŜƭƭǎΣ 

ǿƘƛƭŜ ŀƭǎƻ ǇǊƻǾƛŘƛƴƎ ŀ ǇƭŀǜƻǊƳ ŦƻǊ ƳƻŘŜƭƭƛƴƎ ǘƘŜ ŜũŜŎǘǎ ƻŦ ƎŜƴŜǝŎ ǾŀǊƛŀƴǘǎ ƛƴ ŜŀǊƭȅ 

ŘŜǾŜƭƻǇƳŜƴǘŀƭ ǎǘŀƎŜǎ ƻŦ ǘƘŜ ŘƛǎŜŀǎŜ ό{ƛƳƪƛƴ Ŝǘ ŀƭΦΣ нлмуύΦ bŜǳǊƻƴŀƭ ǎǳōπǘȅǇŜǎ ŘŜǊƛǾŜŘ ŦǊƻƳ 

ǇŀǝŜƴǘ ƛt{/ǎ ƘŀǾŜ ōŜŜƴ ǳǎŜŘ ǘƻ ŜũŜŎǝǾŜƭȅ ƳƻŘŜƭ Ƴŀƴȅ ƴŜǳǊƻŘŜǾŜƭƻǇƳŜƴǘŀƭ ŘƛǎŜŀǎŜǎ 

ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ŜǇƛƭŜǇǎȅΣ ƛƴŎƭǳŘƛƴƎ 5ǊŀǾŜǘ {ȅƴŘǊƻƳŜ ŘǳŜ ǘƻ {/bм! Ƴǳǘŀǝƻƴǎ ό[ƛǳ Ŝǘ ŀƭΦΣ 

нлмоύΣ ¢ƛƳƻǘƘȅ {ȅƴŘǊƻƳŜ όYǊŜȅ Ŝǘ ŀƭΦΣ нлмоύΣ !ƴƎŜƭƳŀƴ {ȅƴŘǊƻƳŜ ό{ǘŀƴǳǊƻǾŀ Ŝǘ ŀƭΦΣ нлмсύ 

ŀƴŘ {¢·.tмπŀǎǎƻŎƛŀǘŜŘ 99 ό¸ŀƳŀǎƘƛǘŀ Ŝǘ ŀƭΦΣ нлмсύΦ  

¢ǊŀŘƛǝƻƴŀƭ ƛt{/ ǇǊƻǘƻŎƻƭǎ ŀǊŜ ōŀǎŜŘ ƻƴ ǘƘŜ ŘƛũŜǊŜƴǝŀǝƻƴ ƻŦ ŀŘƘŜǊŜƴǘ н5 ŎǳƭǘǳǊŜǎ ǳǎƛƴƎ 

ŜƛǘƘŜǊ ŀ ŎƻƳōƛƴŀǝƻƴ ƻŦ ǎƳŀƭƭ ƳƻƭŜŎǳƭŜǎ ƻǊ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ƪŜȅ ǊŜƎǳƭŀǘƻǊȅ ǘǊŀƴǎŎǊƛǇǝƻƴ ŦŀŎǘƻǊǎΦ 

Lƴ ƳƻǊŜ ǊŜŎŜƴǘ ȅŜŀǊǎΣ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ о5 ŎŜǊŜōǊŀƭ ƻǊƎŀƴƻƛŘǎ Ƙŀǎ ŦŀŎƛƭƛǘŀǘŜŘ ǘƘŜ 

ŘƛũŜǊŜƴǝŀǝƻƴ ƻŦ ƳǳƭǝπŎŜƭƭǳƭŀǊ ƳƻŘŜƭǎ ǘƘŀǘ ǊŜŎŀǇƛǘǳƭŀǘŜ ǎǇŜŎƛŬŎ ǎǇŀǝŀƭ ŀƴŘ ǘŜƳǇƻǊŀƭ ŀǎǇŜŎǘǎ 

ǎŜŜƴ ƛƴ ƘǳƳŀƴ ōǊŀƛƴ ŘŜǾŜƭƻǇƳŜƴǘ ό[ŀƴŎŀǎǘŜǊ Ŝǘ ŀƭΦΣ нлмпύΦ ¢ŀōƭŜ мΦо ƛƴŎƭǳŘŜ ŀ ƭƛǎǘ ƻŦ ǾŀǊƛƻǳǎ 

н5 ŀƴŘ о5 ŘƛũŜǊŜƴǝŀǝƻƴ ǇǊƻǘƻŎƻƭǎ ǊŜƭŜǾŀƴǘ ŦƻǊ ǎǘǳŘȅƛƴƎ 99ǎ ό{ƛƳƪƛƴ Ŝǘ ŀƭΦΣ нлннύΦ ¢ƘŜǊŜ ŀǊŜ 

Ƴŀƴȅ ōŜƴŜŬǘǎ ǘƻ ōƻǘƘ н5 ŀƴŘ о5 ƴŜǳǊƻƴŀƭ ŘƛũŜǊŜƴǝŀǝƻƴ ǇǊƻǘƻŎƻƭǎΣ ŀƴŘ ŎŀǊŜŦǳƭ 

ŎƻƴǎƛŘŜǊŀǝƻƴ ǎƘƻǳƭŘ ōŜ ǘŀƪŜƴ ǘƻ ŎƘƻƻǎŜ ǘƘŜ ǇǊƻǘƻŎƻƭ Ƴƻǎǘ ǊŜƭŜǾŀƴǘ ǘƻ ǘƘŜ ǊŜǎŜŀǊŎƘ ǉǳŜǎǝƻƴΦ 

н5 ǇǊƻǘƻŎƻƭǎ ƘŀǾŜ ōŜŜƴ ǳǎŜŘ ƳƻǊŜ ŜȄǘŜƴǎƛǾŜƭȅ ŀƴŘ ǘƘŜǊŜ ƴƻǿ ŜȄƛǎǘǎ ƴǳƳŜǊƻǳǎ ǿŜƭƭπ

ŜǎǘŀōƭƛǎƘŜŘ ǇǊƻǘƻŎƻƭǎ ǿƛǘƘ ǎǳŶŎƛŜƴǘ ǊŜǇǊƻŘǳŎƛōƛƭƛǘȅΦ hƴ ǘƘŜ ƻǘƘŜǊ ƘŀƴŘΣ о5 ǇǊƻǘƻŎƻƭǎ Ƴŀȅ 

ƳƻǊŜ ŀŎŎǳǊŀǘŜƭȅ ǊŜǎŜƳōƭŜ ǘƘŜ ǎǇŀǝŀƭ ŀƴŘ ǘŜƳǇƻǊŀƭ ŀǎǇŜŎǘǎ ƛƴ ǘƘŜ ƘǳƳŀƴ ōǊŀƛƴΣ ōǳǘ ǘƘŜǎŜ 

ǇǊƻǘƻŎƻƭǎ ŀǊŜ ƳƻǊŜ ŎƻǎǘƭȅΣ ǘŜŎƘƴƛŎŀƭƭȅ ŎƘŀƭƭŜƴƎƛƴƎΣ ŀƴŘ ǎǝƭƭ ƛƴ ǘƘŜƛǊ ƛƴŦŀƴŎȅ ό/ŜƴǘŜƴƻ Ŝǘ ŀƭΦΣ 

нлмуύΦ  

 

 Table 1.3 Literature related to iPSC 2D and 3D neuronal differentiation protocols (Simkin et al., 2022) 3 

Protocol type Cell type Protocol details Reference 

Small 
molecule-
mediated 

Cortical neurons 
WNT/dual-SMAD 
inhibition 

(Chambers et al., 2009) 

Glutamatergic neurons  (Shi et al., 2012a; Shi et al., 2012b) 

GABAergic neurons  (Liu et al., 2013a; Maroof et al., 2013) 

Dopaminergic neurons  (Kriks et al., 2011; Zhang et al., 2014) 

Serotonergic neurons  (Lu et al., 2016) 

Hippocampal neurons  (Yu et al., 2014; Sarkar et al., 2018) 

Sensory peripheral neurons  (Guimaraes et al., 2018) 

Astrocytes  
(Krencik and Zhang, 2011; Gupta et al., 2012; Santos et 
al., 2017; Tcw et al., 2017) 

Oligodendrocytes  
(Hu et al., 2009; Wang et al., 2013; Douvaras et al., 2014; 
Douvaras and Fossati, 2015; Piao et al., 2015) 

Microglia  (Muffat et al., 2016; Abud et al., 2017) 

Transcription 
factor-

mediated 

Glutamatergic neurons 
NGN2, WNT/dual-
SMAD inhibition 

(Zhang et al., 2013; Nehme et al., 2018) 

GABAergic neurons ASCL1 and DLX2 (Sun et al., 2016a; Yang et al., 2017) 

Dopaminergic neurons 
ASCL1, NURR1, 
LMX1A or PITX3 

(Caiazzo et al., 2011; Theka et al., 2013; Mahajani et al., 
2019) 
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Serotonergic neurons 
NKX2.2, FEV, 
GATA2, LMX1B, 
ASCL1, NGN2 

(Vadodaria et al., 2016) 

Motor neurons LHX3, NGN2, ISL1 (Goto et al., 2017) 

Astrocytes SOX9, NFIB (Canals et al., 2018) 

Oligodendrocytes 
SOX10, OLIG2, 
NKX60.2 

(Ehrlich et al., 2017; Pawlowski et al., 2017) 

Organoids 

Cerebral whole brain 
organoids 

 (Lancaster et al., 2013; Lancaster et al., 2017) 

Cerebral whole brain 
organoids 

 (Li et al., 2017) 

Cerebral whole brain 
organoids 

 (Quadrato et al., 2017) 

Cortical organoids  (Eiraku et al., 2008) 

Cortical organoids  (Kadoshima et al., 2013, 2014) 

Cortical organoids  (Bershteyn et al., 2017) 

Forebrain organoids  (Rigamonti et al., 2016) 

Forebrain organoids  (Qian et al., 2016) 

MGE  (Xiang et al., 2017) 

Dorsal, ventral forebrain 
assembloids 

 (Bagley et al., 2017) 

Pallialςsubpallial 
assembloids 

 (Birey et al., 2017) 

Cortical spheroids  (Pasca et al., 2015; Sloan et al., 2017; Pasca, 2019) 

Cortico-striatal assembloids  (Miura et al., 2020) 

Oligodendrocytes containing 
neurocortical spheroids 

 (Madhavan et al., 2018) 

Microglia containing 
neurocortical spheroids 

 (Song et al., 2019) 

Midbrain organoids  (Jo et al., 2016) 

Midbrain organoids  (Qian et al., 2016) 

Hypothalamus  (Qian et al., 2016) 

Cerebellum  (Muguruma et al., 2015) 

Hippocampus and choroid 
plexus 

 (Sakaguchi et al., 2015) 

Blood brain barrier 
organoids 

 (Bergmann et al., 2018; Wimmer et al., 2019) 

 

1.11.4 iPSC modelling in epilepsy related ion-channelopathies 

/ƘŀƴƴŜƭƻǇŀǘƘȅ ŀŎŎƻǳƴǘǎ ŦƻǊ ŀ ǎƛƎƴƛŬŎŀƴǘ ōǳƭƪ ƻŦ ƎŜƴŜǝŎ Ƴǳǘŀǝƻƴǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ŜǇƛƭŜǇǎȅ 

όhȅǊŜǊ Ŝǘ ŀƭΦΣ нлмуύΦ ƛt{/ ƳƻŘŜƭƭƛƴƎ Ƙŀǎ ƎǊŜŀǘƭȅ ŀŎŎŜƭŜǊŀǘŜŘ ǊŜǎŜŀǊŎƘ ƛƴ ƛƻƴπŎƘŀƴƴŜƭƻǇŀǘƘƛŜǎΣ 

ǇŀǊǝŎǳƭŀǊƭȅ ƛƴ bŀҌ ŀƴŘ YҌ ŎƘŀƴƴŜƭƻǇŀǘƘƛŜǎ ŀǎ ǘƘŜǎŜ ŀǊŜ ǘƘŜ Ƴƻǎǘ ŀōǳƴŘŀƴǘΦ ±ƻƭǘŀƎŜπƎŀǘŜŘ 

ǎƻŘƛǳƳ ŎƘŀƴƴŜƭǎ όbŀ±ύ Ǉƭŀȅ ŀ ŦǳƴŘŀƳŜƴǘŀƭ ǊƻƭŜ ƛƴ ǘƘŜ ŘŜǇƻƭŀǊƛȊƛƴƎ ǇƘŀǎŜ ƻŦ ŀƴ !tΣ ōȅ 

ǇǊƻƳƻǝƴƎ ǎǇƛƪŜ ŬǊƛƴƎǎ ό¸ǳ Ŝǘ ŀƭΦΣ нллоύΦ Lƴ ǘƘŜ ƳŀǘǳǊŜ /b{Σ bŀ±мΦмΣ bŀ±мΦнΣ ŀƴŘ bŀ±мΦс 

όŜƴŎƻŘŜŘ ōȅ {/bм!Σ {/bн!Σ ŀƴŘ {/bу!Σ ǊŜǎǇŜŎǝǾŜƭȅύ ŀǊŜ ǘƘŜ Ƴƻǎǘ ŀōǳƴŘŀƴǘ ǎƻŘƛǳƳ 

ŎƘŀƴƴŜƭǎ ŀƴŘ ŀǊŜ ŀƭƭ ŎƭƻǎŜƭȅ ƭƛƴƪŜŘ ǘƻ ŜǇƛƭŜǇǎȅ ό²ŀƴƎ Ŝǘ ŀƭΦΣ нлмтύΦ bŀ±мΦм Ƙŀǎ ōŜŜƴ ǘƘŜ Ƴƻǎǘ 

ŜȄǘŜƴǎƛǾŜƭȅ ǎǘǳŘƛŜŘ bŀ± ƛƴ ǘƘŜ ƘǳƳŀƴ ƛƴ ǾƛǘǊƻ ǎȅǎǘŜƳΦ bŀ±мΦм ƛǎ ƭƻŎŀǘŜŘ ŀǘ ǘƘŜ !L{ ƻŦ ƴŜǳǊƻƴǎ 

ŀƴŘ ŎƻƴǘǊƛōǳǘŜǎ ǘƻ ǘƘŜ ƛƴƛǝŀǝƻƴ ŀƴŘ ǇǊƻǇŀƎŀǝƻƴ ƻŦ ŀŎǝƻƴ ǇƻǘŜƴǝŀƭǎ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜƛǊ 

ŜȄŎƛǘŀōƛƭƛǘȅ ό/ƘƛƭŘ Ŝǘ ŀƭΦΣ нлмпύΦ ¦ǎƛƴƎ ƛt{/ǎπŘŜǊƛǾŜŘ ƛƴƘƛōƛǘƻǊȅ ƴŜǳǊƻƴǎ ŦǊƻƳ ŀ ǇŀǝŜƴǘ 

ƘŀǊōƻǳǊƛƴƎ ŀ {/bм! Ƴǳǘŀǝƻƴ ό{монуtύΣ ƛǘ Ƙŀǎ ōŜŜƴ ǎƘƻǿƴ ǘƘŀǘ ƴŜǳǊƻƴǎ ŎŀǊǊȅƛƴƎ ǘƘƛǎ [hC 
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ƳǳǘŀǝƻƴΣ ŘƛǎǇƭŀȅŜŘ ŀ ǊŜŘǳŎŜŘ bŀҌ ŎǳǊǊŜƴǘ ŀƳǇƭƛǘǳŘŜ ό{ǳƴ Ŝǘ ŀƭΦΣ нлмсύΦ CǳǊǘƘŜǊ ǎǘǳŘƛŜǎ 

ǎƘƻǿŜŘ ǘƘŀǘ {/bм! όŎΦпнсмDҔ¢κŎΦортсψорулŘŜƭ ¢/!!!ύ ƳǳǘŀǘŜŘ ƴŜǳǊƻƴǎ ŘƛǎǇƭŀȅŜŘ 

ŘŜŎǊŜŀǎŜŘ bŀҌ ŎǳǊǊŜƴǘ ŘŜƴǎƛǘȅ όYƛƳ Ŝǘ ŀƭΦΣ нлмуύΣ ǿƛǘƘ {/bм! όŎΦ пнсмD Ҕ ¢ύ ǎƘƻǿƛƴƎ ŀ ƎǊŜŀǘŜǊ 

ǊŜŘǳŎǝƻƴ ƛƴ bŀҌ ŎǳǊǊŜƴǘ ŎƻƳǇŀǊŜŘ ǘƻ {/bм! όŎΦортсψорулŘŜƭ ¢/!!!ύΦ ¢ƘŜ ŘƛũŜǊŜƴŎŜǎ ǎŜŜƴ 

ƛƴ ōƛƻǇƘȅǎƛŎŀƭ ǇǊƻǇŜǊǝŜǎ ŦǊƻƳ ǘƘŜǎŜ Ƴǳǘŀǝƻƴǎ ŎƻǊǊŜƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ǎŜǾŜǊƛǘȅ ƻŦ ǎȅƳǇǘƻƳǎ ƛƴ 

ǘƘŜ ǇŀǝŜƴǘǎ ǿƘƻǎŜ ƛt{/ǎ ǿŜǊŜ ƎŜƴŜǊŀǘŜŘ ŦǊƻƳΦ LƴǘŜǊŜǎǝƴƎƭȅΣ ǘƘŜǎŜ ŘƛǎǇŀǊƛǝŜǎ ƛƴ bŀҌ ŎǳǊǊŜƴǘ 

ŀƳǇƭƛǘǳŘŜ ǿŜǊŜ ǇǊƛƳŀǊƛƭȅ ƻōǎŜǊǾŜŘ ƛƴ ƛƴƘƛōƛǘƻǊȅ ƴŜǳǊƻƴǎ ōǳǘ ƴƻǘ ŜȄŎƛǘŀǘƻǊȅ ƴŜǳǊƻƴǎΦ  

±ƻƭǘŀƎŜπƎŀǘŜŘ ǇƻǘŀǎǎƛǳƳ ƛƻƴπŎƘŀƴƴŜƭǎ όYǾΩǎύ ƳŀƪŜπǳǇ ǘƘŜ ƭŀǊƎŜǎǘ ƎǊƻǳǇ ƻŦ ƛƻƴ ŎƘŀƴƴŜƭǎ ƛƴ ǘƘŜ 

ƴŜǊǾƻǳǎ ǎȅǎǘŜƳΦ YǾΩǎ ŀƭƭƻǿ ǘƘŜ ǎŜƭŜŎǝǾŜ ŜƉǳȄ ƻŦ YҌ ƛƻƴǎ ŀƴŘ ŀǊŜ ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ǊŜǇƻƭŀǊƛȊƛƴƎ 

ŀƴŘ ƘȅǇŜǊǇƻƭŀǊƛȊƛƴƎ ƳŜƳōǊŀƴŜ ǇƻǘŜƴǝŀƭǎ ǘƻ ǇǊŜǾŜƴǘ ƘȅǇŜǊŜȄŎƛǘŀōƛƭƛǘȅ όYƛƳ ϧ bƛƳƛƎŜŀƴΣ 

нлмсύΦ hƴƭȅ ŀ ŦŜǿ YǾ Ƴǳǘŀǝƻƴǎ ƘŀǾŜ ōŜŜƴ ƳƻŘŜƭƭŜŘ ǳǎƛƴƎ ƛt{/πŘŜǊƛǾŜŘ ƳƻŘŜƭǎ ό¢ŀōƭŜ мΦпύΦ 

! ǎǘǳŘȅ ƛƴǾŜǎǝƎŀǘŜŘ ǘƘŜ Y/bvн [hC Ƴǳǘŀǝƻƴ wрумv ŀƴŘ ǊŜǾŜŀƭŜŘ ǘƘŀǘ ǘƘŜ Ƴǳǘŀǝƻƴ ƭŜŘ ǘƻ 

ŦŀǎǘŜǊ !t ǊŜǇƻƭŀǊƛȊŀǝƻƴ ŀƴŘ ǎƘƻǊǘŜǊ ǎǇƛƪŜ ǿƛŘǘƘ ό{ƛƳƪƛƴ Ŝǘ ŀƭΦΣ нлмуύΦ 9ƛǘƘŜǊ ŀǎ ŀ ŎƻƴǎŜǉǳŜƴŎŜ 

ƻŦ ǘƘŜ ƭƻǎǎ ƻŦ YǾтΦн ŀŎǝǾƛǘȅΣ ƻǊ ŀǎ ŀ ŎƻƴǎŜǉǳŜƴŎŜ ƻŦ ǘƘŜ ƎŜƴŜǝŎ Ƴǳǘŀǝƻƴ ƛǘǎŜƭŦΣ ǘƘŜ Ƴǳǘŀƴǘ 

ƴŜǳǊƻƴǎ ŜȄƘƛōƛǘŜŘ ŀ ƘƛƎƘŜǊ ǎǇƻƴǘŀƴŜƻǳǎ ŬǊƛƴƎ ŦǊŜǉǳŜƴŎȅ ŀƴŘ ōǳǊǎǘ ŀŎǝǾƛǘȅ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ 

ŎƻƴǘǊƻƭ ǳǎƛƴƎ ŀ ƳǳƭǝπŜƭŜŎǘǊƻŘŜ ŀǊǊŀȅ όa9!ύ ŀǎǎŀȅΦ ¢Ƙƛǎ ǊŜǾŜŀƭŜŘ ŦƻǊ ǘƘŜ ŬǊǎǘ ǝƳŜ ƛƴ ǾƛǘǊƻΣ ǘƘŀǘ 

ǘƘŜ Y/bvн [hC Ƴǳǘŀǝƻƴ wрумv ƛƴ ŜȄŎƛǘŀǘƻǊȅ ƴŜǳǊƻƴǎ ƭŜŘ ǘƻ ŀƴ ƛƴŎǊŜŀǎŜŘ ŜȄŎƛǘŀōƛƭƛǘȅΦ ! 

ŎƻƳǇƭŜǘŜ ƭƛǎǘ ƻŦ ŎƘŀƴƴŜƭƻǇŀǘƘȅπŀǎǎƻŎƛŀǘŜŘ ŜǇƛƭŜǇǎȅ ƛt{/ ƭƛƴŜǎ ƛǎ ǇǊƻǾƛŘŜŘ ƛƴ ¢ŀōƭŜ мΦпΦ 

 

Table 1.4. Available channelopathy-associated epilepsy iPSC lines (from Simkin et al, 2022)  4 

Gene Mutation 
Patient or 

Control iPSC 
line 

Clinical diagnosis Source Phenotype 

CACNA1C c.1216G>A; p.G406R 
Patient mutant (plus 
isogenic control) 

Timothy Syndrome 

(Birey et al., 2017) 
Abnormal migration of 
interneurons in neural spheroids 

(Pasca et al., 2011) 

Defects in calcium signaling and 
activity-dependent gene 
expression; abnormal expression of 
tyrosine hydroxylase; increased 
production of dopamine and 
norepinephrine in cortical neurons 

(Krey et al., 2013) 
Dendritic retraction in cortical 
neurons 

(Yazawa et al., 2011) 
Irregular contraction, calcium 
handling, and prolonged APs in 
cardiomyocytes 

CACNA1C c.1216G>A; p.G406R 
engineered mutant 
(homozygous) 

Timothy Syndrome 
associated mutation 

(Martinez et al., 
2015) 

No phenotype reported 

CACNA1C Gene knockout 
engineered mutant 
(homozygous) 

CACNA1C knockout 
(Deneault et al., 
2018) 

Reduced frequency of spontaneous 
excitatory postsynaptic currents 
(non-significant) in excitatory 
neurons 

CACNA1S c.4060A>T; p.T1354S patient mutant 
Ataxia; cerebral palsy, hand 
tremors, developmental 
delay 

Coriell institute No phenotype reported 

KCNA2 c.869T>G; p.L290R patient mutant DEE (Arbini et al., 2020) No phenotype reported 

KCNA2 c.890G>A; p.R297Q patient mutant DEE 
(Schwarz et al., 
2019) 

No phenotype reported 
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KCNA2 c.982G>C; p.L328V patient mutant DEE 
(Schwarz et al., 
2018) 

No phenotype reported 

KCNA2 c.1120A>G; p.T374A patient mutant DEE (Uysal et al., 2019) No phenotype reported 

KCNA2 c.1214C>T; p.P405L patient mutant DEE (Gong et al., 2020) No phenotype reported 

KCNB1 c.990G>T; p.E330D patient mutant DEE (Guo et al., 2021) No phenotype reported 

KCNC1 c.959G>A; p.R320H patient mutant 
Myoclonus Epilepsy and 
Ataxia 

(Nengqing et al., 
2020) 

No phenotype reported 

KCNC1 c.959G>A; p.R320H patient mutant 
Myoclonus Epilepsy and 
Ataxia 

European Bank for 
iPSCs (EBiSC) 

No phenotype reported 

KCNQ2 c.619C>T; p.R207W 
Patient mutant 
(plus isogenic 
control) 

KCNQ2-related DEE 
(Simkin et al., 
2022b) 

No phenotype reported 

KCNQ2 c.683A>G; p.H228R 
Patient mutant 
(plus isogenic 
control) 

KCNQ2-related DEE 
(Simkin et al., 
2022b) 

No phenotype reported 

KCNQ2 c.821C>T; p.T274M 
Patient mutant 
(plus isogenic 
control) 

KCNQ2-related DEE 
(Simkin et al., 
2022b) 

No phenotype reported 

KCNQ2 c.1004C>T; p.P335L 
Patient mutant 
(plus isogenic 
control) 

KCNQ2-related DEE 
(Simkin et al., 
2022b) 

No phenotype reported 

KCNQ2 c.1742G>A; p.R581Q 
Patient mutant 
(plus isogenic 
control) 

KCNQ2-related DEE (Simkin et al., 2021) 

Faster AP repolarization; larger 
post-burst after-hyperpolarization; 
enhancement of calcium-activated 
potassium channels; overall 
increased bursting in cortical 
excitatory neurons 

KCNQ2 Gene knockout 
engineered mutant 
(homozygous) 

KCNQ2 knockout 
(Deneault et al., 
2018) 

Reduced spontaneous excitatory 
postsynaptic current frequencies; 
reduced AP firing in cortical 
excitatory neurons 

KCNQ3 
c.1599dup; p.F534I 
fsTer15 

patient mutant 
(homozygous) 

Neonatal-onset epilepsy 
and non-syndromic 
intellectual disability 

(Longobardi et al., 
2021) 

No phenotype reported 

KCNT1 c.2771C>T; p.P924L 
engineered mutant 
(homozygous) 

KCNT1-related epilepsy 
associated mutation 

(Quraishi et al., 
2019) 

Increased sodium-activated 
potassium current; faster AP 
repolarization; increased numbers 
of evoked APs and firing rates; 
increased bursting in iCell Neurons 
(Cellular Dynamics) 

LGI1 c.1418C>T; p.S473L patient mutant 
Autosomal dominant 
temporal lobe epilepsy 
(ADTLE) 

(Tan et al., 2017) No phenotype reported 

SCN1A c.23del; p.P8H fsTer91 engineered mutant 
Dravet syndrome associated 
mutation 

(Frasier et al., 2018) 
Increased sodium current and rates 
of spontaneous contraction in 
cardiomyocytes 

SCN1A c.314C>T; p.T105I patient mutant Dravet syndrome 
European Bank for 
iPSCs (EBiSC) 

No phenotype reported 

SCN1A 
c.323_326dupTGTA; 
p.I110V fsTer10 

patient mutant Dravet syndrome 
European Bank for 
iPSCs (EBiSC) 

No phenotype reported 

SCN1A c.434T>C; p.M145T patient mutant 
Febrile seizures (FS), 
temporal lobe epilepsy 
(TLE) 

(Scalise et al., 2020) No phenotype reported 

SCN1A c.650C>G; p.T217R patient mutant Dravet syndrome 
(Schuster et al., 
2019a; Schuster et 
al., 2019b) 

Reduced sodium current, impaired 
response to oxidative stress and 
dysregulated transcriptomic 
pathways for chromatin 
remodeling and neurodevelopment 
in GABAergic neurons 

SCN1A c.664C>T; p.R222Ter 
patient mutant (plus 
isogenic control) 

Dravet syndrome (Frasier et al., 2018) 
Increased sodium current and rates 
of spontaneous contraction in 
cardiomyocytes 

SCN1A 
c.730G>T; 735G>T; 
736A>T; p.V244L; 
p.K245Ter 

patient mutant (plus 
isogenic control) 

Dravet syndrome (Maeda et al., 2016) 

Increased levels of tyrosine 
hydroxylase transcript; higher 
concentrations of secreted 
dopamine in excitatory neurons 

SCN1A c.965G>T; p.R322I 
patient mutant (plus 
isogenic control) 

Dravet syndrome (Frasier et al., 2018) 
Increased sodium current and rates 
of spontaneous contraction in 
cardiomyocytes 

SCN1A c.975T>A; p.Y325Ter patient mutant Dravet syndrome (Liu et al., 2013b) 

Increased sodium currents; 
spontaneous bursting; general 
hyperexcitability in forebrain-like 
pyramidal- and bipolar-shaped 
neurons 
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SCN1A c.975T>A; p.Y325Ter 
patient mutant (plus 
isogenic control) 

Dravet syndrome (Frasier et al., 2018) 
Increased sodium current and rates 
of spontaneous contraction in 
cardiomyocytes 

SCN1A c.1112C>T; p.A371V 
patient mutant (plus 
isogenic control) 

Dravet syndrome 
European Bank for 
iPSCs (EBiSC) 

No phenotype reported 

SCN1A 
c.1649_1650del; 
p.550fs * 

patient mutant Dravet syndrome 
European Bank for 
iPSCs (EBiSC) 

No phenotype reported 

SCN1A c.2593C>T; p.R865Ter patient mutant Epilepsy 
hPSC Registry, 
INSERM, France 

No phenotype reported 

SCN1A 
c.2672delG; 
p.G891EfsTer3 

patient mutant Dravet syndrome 
(Simkin et al., 
2022b) 

No phenotype reported 

SCN1A c.2965G>C; p.A989P patient mutant 
Dravet syndrome with 
developmental delay 

(Schuster et al., 
2019a; Schuster et 
al., 2019b) 

Reduced sodium current, impaired 
response to oxidative stress and 
dysregulated transcriptomic 
pathways for chromatin 
remodeling and neurodevelopment 
in GABAergic neurons 

SCN1A c.3306C>A; p.Y1102Ter patient mutant Dravet syndrome (Kimura et al., 2020) No phenotype reported 

SCN1A 
c.3576_3580del; 
p.I1194CfsTer21 

patient mutant Dravet syndrome (Kim et al., 2018) 
Reduced sodium current density 
and reduced AP firing in GABAergic 
neurons 

SCN1A c.3733C>T; p.R1245Ter 
patient mutant (plus 
isogenic control) 

Dravet syndrome 
European Bank for 
iPSCs (EBiSC) 

No phenotype reported 

SCN1A c.3809A>C; p.K1270T 

patient mutant (plus 
isogenic control) 
and engineered 
mutant 
(homozygous) 

Dravet syndrome (Xie et al., 2020) 

Reduced sodium current and AP 
firing in inhibitory neurons; 
reduced sodium current in 
excitatory neurons  

SCN1A c.3982T>C; p.S1328P 
patient mutant (plus 
isogenic control) 

Dravet syndrome (Frasier et al., 2018) 
Increased sodium current and rates 
of spontaneous contraction in 
cardiomyocytes 

SCN1A c.3982T>C; p.S1328P patient mutant Dravet syndrome (Sun et al., 2016b) 

Reduced sodium currents and AP 
firing in medial ganglionic 
eminence-like inhibitory neurons; 
no phenotype detected in 
telecephalic excitatory neurons 

SCN1A p.V1352CfsTer5 * patient mutant 
Dravet syndrome with 
developmental delay 

European Bank for 
iPSCs (EBiSC) 

No phenotype reported 

SCN1A c.4243T>A; p.F1415I   patient mutant Dravet syndrome (Jiao et al., 2013) 

Increased persistent sodium 
current; increased spontaneous 
and evoked activity in 
glutamatergic excitatory neurons 

SCN1A c.4261G>T; p.G1421W patient mutant Dravet syndrome (Kim et al., 2018) 
Reduced sodium current density 
and reduced AP firing in GABAergic 
neurons 

SCN1A 
c.4522TdelT; 
p.Y1508fsTer4 

patient mutant Dravet syndrome 
European Bank for 
iPSCs (EBiSC) 

No phenotype reported 

SCN1A c.4573C>T; p.R1525Ter patient mutant Dravet syndrome 
(Tanaka et al., 
2018a) 

No phenotype reported 

SCN1A c.4933C>T; p.R1645Ter 
patient mutant (plus 
isogenic control) 

Dravet syndrome 
(Higurashi et al., 
2013; Tanaka et al., 
2018b) 

Reduced AP firing in GABAergic 
neurons 

SCN1A c.5162C>A; p.T1721K patient mutant Dravet syndrome 
European Bank for 
iPSCs (EBiSC) 

No phenotype reported 

SCN1A c.5222G>C; p.C1741S patient mutant Dravet syndrome 
European Bank for 
iPSCs (EBiSC) 

No phenotype reported 

SCN1A 
c.5502_5509dupGCTT
GAAC; 
p.P1837RfsTer24 

patient mutant 
Dravet syndrome with 
developmental delay and 
ataxia 

(Schuster et al., 
2019a; Schuster et 
al., 2019b) 

Reduced sodium current, impaired 
response to oxidative stress and 
dysregulated transcriptomic 
pathways for chromatin 
remodeling and neurodevelopment 
in GABAergic neurons 

SCN1A c.5768A>G; p.Q1923R 

patient mutant (plus 
isogenic control) 
and engineered 
mutant 

Partial epilepsy with febrile 
seizures (PEFS+) 

(Liu et al., 2016; 
Zhao et al., 2020a; 
Zhao et al., 2020b; 
Zhao et al., 2020c) 

Reduced sodium current and 
reduced AP firing in GABAergic 
neurons, altered postsynaptic 
currents 

SCN1A c.5768A>G; p.Q1923R patient mutant Mild febrile seizures (Jiao et al., 2013) 

Increased persistent sodium 
current; increased spontaneous 
and evoked activity in 
glutamatergic excitatory neurons 

SCN1A c.5768A>G; p.Q1923R engineered mutant 
Dravet syndrome associated 
mutation 

(Chen et al., 2014) No phenotype reported 

SCN1A Gene knockout engineered mutant SCN1A knockout (Shan et al., 2021) No phenotype reported 
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SCN1A c.IVS14+3A>T patient mutant Dravet syndrome (Liu et al., 2013b) 

Increased sodium currents; 
spontaneous bursting; general 
hyperexcitability in forebrain-like 
pyramidal- and bipolar-shaped 
neurons 

SCN1B Gene knockout engineered mutant SCN1B knockout 
hPSC Registry: 
Beijing Tiantan 
Hospital (BJTTH) 

No phenotype reported 

SCN1B Gene knockout 
engineered mutant 
(heterozygous and 
homozygous) 

SCN1B knockout (Tidball et al., 2017) No phenotype reported 

SCN2A 
c.386+2T>C; 
IVS3+2T>C 

patient mutant ASD, Epilepsy Simon's Foundation No phenotype reported 

SCN2A c.584A>G; p.D195G patient mutant ASD, Epilepsy Simon's Foundation No phenotype reported 

SCN2A 
c.605+1G>T; 
IVS5+1G>T 

patient mutant ASD, Epilepsy Simon's Foundation No phenotype reported 

SCN2A c.788C>T; p.A263V patient mutant ASD, Epilepsy Simon's Foundation No phenotype reported 

SCN2A c.1283A>T; p.Y428F patient mutant ASD, Epilepsy Simon's Foundation No phenotype reported 

SCN2A c.2566C>T; p.R856Ter patient mutant ASD, Epilepsy 
(Sampaio et al., 
2019) 

No phenotype reported 

SCN2A c.2877C>A; p.C959Ter patient mutant ASD, Epilepsy Simon's Foundation No phenotype reported 

SCN2A 
c.3464_3468delAACAG
; p.E1155A fsTer2 

patient mutant ASD, Epilepsy Simon's Foundation No phenotype reported 

SCN2A c.4025T>C; p.L1342P 
engineered mutant 
(heterozygous) 

SCN2A-related epilepsy 
associated mutation 

(Que et al., 2021) 
Increased sodium currents, faster 
AP repolarization, increased spike 
and bursting frequency 

SCN2A c.4264A>G; p.K1422E patient mutant Epileptic encephalopathy 
European Bank for 
iPSCs (EBiSC) 

No phenotype reported 

SCN2A 
c.4308+1G>A; 
IVS23+1G>A 

patient mutant ASD, Epilepsy Simon's Foundation No phenotype reported 

SCN2A c.4801G>T; p.V1601L patient mutant ASD, Epilepsy Simon's Foundation No phenotype reported 

SCN2A c.4832T>C; p.L1611P patient mutant ASD, Epilepsy Simon's Foundation No phenotype reported 

SCN2A c.4904G>A; p.R1635Q patient mutant ASD, Epilepsy Simon's Foundation No phenotype reported 

SCN2A c.4996C>T; p.L1666F patient mutant ASD, Epilepsy Simon's Foundation No phenotype reported 

SCN2A Gene knockout engineered mutant SCN2A knockout (Lu et al., 2019) 
Reduced network activity in mixed 
excitatory/inhibitory cultures 

SCN2A Gene knockout 
engineered mutant 
(homozygous) 

SCN2A knockout 
(Deneault et al., 
2018) 

Reduced spontaneous excitatory 
postsynaptic current frequencies; 
reduced AP firing in cortical 
excitatory neurons 

SCN8A c.4774G>C; p.V1592L patient mutant 
SCN8A-related epileptic 
encephalopathy 

(Tidball et al., 2020) 
Elevated persistent sodium current; 
shorter axon initial segment in 
cortical excitatory neurons 

SCN8A c.5269G>A; p.V1757I patient mutant 
SCN8A-related epileptic 
encephalopathy 

(Tidball et al., 2020) No phenotype reported 

SCN8A c.5276A>G; p.N1759S patient mutant 
SCN8A-related epileptic 
encephalopathy 

(Tidball et al., 2020) 

Increased resurgent sodium 
current; shorter axon initial 
segment; prolonged AP 
repolarization; increased bursting 
in cortical excitatory neurons 

SCN8A c.5615G>T; p.R1872L patient mutant 
SCN8A-related epileptic 
encephalopathy 

(Tidball et al., 2020) 

Elevated persistent sodium current; 
shorter axon initial segment; 
prolonged AP repolarization; 
increased bursting in cortical 
excitatory neurons  

SCN8A Gene knockout 
engineered mutant 
(heterozygous and 
homozygous) 

SCN8A knockout (Tidball et al., 2017) No phenotype reported 

 

 

1.12 Applications of gene-editing and iPSCs 

¢ƘŜ ŘƛǎŎƻǾŜǊȅ ƻŦ ƎŜƴŜ ŜŘƛǝƴƎ Ƙŀǎ ƛƴǘǊƻŘǳŎŜŘ ǘƘŜ ŀōƛƭƛǘȅ ǘƻ ŀƭǘŜǊ ǘƘŜ ƎŜƴƻƳŜ ƻŦ ŎŜƭƭǎΣ ǘƘǳǎ 

ŜƴŀōƭƛƴƎ ǘƘŜ ŎƻǊǊŜŎǝƻƴ ƻŦ ƎŜƴŜǝŎ Ƴǳǘŀǝƻƴǎ ƛƴ ǇŀǝŜƴǘǎ ǿƛǘƘ ƳƻƴƻƎŜƴƛŎ ŘƛǎŜŀǎŜǎ ǎǳŎƘ ŀǎ 
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Y/bvн ό/ƘǳŀƴƎ Ŝǘ ŀƭΦΣ нлмтύΦ Lƴ ŘǊǳƎ ǎŎǊŜŜƴƛƴƎ ŜȄǇŜǊƛƳŜƴǘǎΣ ƎŜƴŜ ŜŘƛǝƴƎ ǘƘŀǘ ǎǇŜŎƛŬŎŀƭƭȅ 

ǘŀǊƎŜǘǎ ǘƘŜ ƳǳǘŀǘŜŘ ƎŜƴŜ ƭƻŎǳǎ Ŏŀƴ ŎƻǊǊŜŎǘ ǘƘŜ ƳǳǘŀǝƻƴΣ ƎŜƴŜǊŀǝƴƎ ƛǎƻƎŜƴƛŎ ŎƻƴǘǊƻƭǎ ŦǊƻƳ 

ǇŀǝŜƴǘ ŎŜƭƭǎΣ ǘƘǳǎ ǊŜŘǳŎƛƴƎ ƎŜƴŜǝŎ ǾŀǊƛŀǝƻƴ ŀƴŘ ƻǘƘŜǊ ǾŀǊƛŀōƭŜǎ ǘƘŀǘ Ƴŀȅ ƛƴƅǳŜƴŎŜ 

ǇƘŜƴƻǘȅǇƛŎ ŘƛũŜǊŜƴŎŜǎ ό.ǊƻƻƪƘƻǳǎŜǊ Ŝǘ ŀƭΦΣ нлмтύΦ ¢ƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ǘƘŜ /wL{tw όŎƭǳǎǘŜǊŜŘ 

ǊŜƎǳƭŀǊƭȅ ƛƴǘŜǊǎǇŀŎŜŘ ǎƘƻǊǘ ǇŀƭƛƴŘǊƻƳƛŎ ǊŜǇŜŀǘǎύ π/ŀǎф ǎȅǎǘŜƳ ŦƻǊ ƎŜƴƻƳŜπŜŘƛǝƴƎ ƛƴ нлмнΣ 

Ƙŀǎ ƳŀŘŜ ƎŜƴŜπŜŘƛǝƴƎ ƳƻǊŜ ŜŶŎƛŜƴǘΣ ŀŎŎŜǎǎƛōƭŜΣ ŀƴŘ ŎƻǎǘπŜũŜŎǝǾŜ ǘƘŀƴ ǇǊŜǾƛƻǳǎ ƎŜƴŜπ

ŜŘƛǝƴƎ ǘŜŎƘƴƛǉǳŜǎ όWƛƴŜƪ Ŝǘ ŀƭΦΣ нлмнύΦ DŜƴŜπŜŘƛǝƴƎ ǘŜŎƘƴƛǉǳŜǎΣ ǇŀǊǝŎǳƭŀǊƭȅ /wL{twκ/!{ф 

ƘŀǾŜ ōŜŜƴ ǳǎŜŘ ŜȄǘŜƴǎƛǾŜƭȅ ƛƴ ŘƛǎŜŀǎŜ ƳƻŘŜƭƭƛƴƎ ŜȄǇŜǊƛƳŜƴǘǎ ŦƻǊ ƳƻƴƻƎŜƴƛŎ ŘƛǎƻǊŘŜǊǎ ŀƴŘ 

ǿƛƭƭ ōŜ ŘƛǎŎǳǎǎŜŘ ŦǳǊǘƘŜǊ ƛƴ /ƘŀǇǘŜǊ оΦ  

1.13 Conclusion  

!ŘǾŀƴŎŜǎ ƛƴ bD{ ŀƴŘ ƻǘƘŜǊ ǘŜŎƘƴƻƭƻƎƛŜǎΣ Ƙŀǎ ŜƴŀōƭŜŘ ŀƴ ƛƴŎǊŜŀǎŜŘ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ǘƘŜ 

ŘƛǎŜŀǎŜ ŀŜǝƻƭƻƎȅ ǇŀǊǝŎǳƭŀǊƭȅ ƛƴ ǘƘŜ ŜŀǊƭȅπƻƴǎŜǘ ŜǇƛƭŜǇǎƛŜǎΦ hōǘŀƛƴƛƴƎ ŀ ƎŜƴŜǝŎ ŘƛŀƎƴƻǎƛǎ ƛǎ 

ŀŘǾŀƴǘŀƎŜƻǳǎ ŀƴŘ ŘƛŀƎƴƻǎǝŎ ǎǘǊŀǘŜƎƛŜǎ ŀǊŜ Ŏƻƴǎǘŀƴǘƭȅ ŜǾƻƭǾƛƴƎΦ LƳǇǊƻǾŜŘ ŜǇƛƭŜǇǎȅ 

ŜȄǇŜǊƛƳŜƴǘŀƭ ƳƻŘŜƭǎΣ ŘǊǳƎ ŘƛǎŎƻǾŜǊȅκŘŜǎƛƎƴΣ Řŀǘŀ ǎƘŀǊƛƴƎ ŀƴŘ ŎƻƭƭŀōƻǊŀǝƻƴΣ ŀǊŜ ŎƘŀƴƎƛƴƎ 

ǘƘŜ ǿŀȅ ǿŜ ǇǊŀŎǝŎŜ ƳƻǊŜ ƛƴŘƛǾƛŘǳŀƭƛǎŜŘΣ ǇǊŜŎƛǎƛƻƴ ǘƘŜǊŀǇƛŜǎ ŦƻǊ ǇŀǝŜƴǘǎΦ ²ƛǘƘ ŦǳǊǘƘŜǊ 

ŀŘǾŀƴŎŜǎ ƛƴ ƎŜƴŜ ŜŘƛǝƴƎ ǘƻƻƭǎΣ ŀƴŘ ƛƳǇǊƻǾŜŘ ŘǊǳƎ ŘŜƭƛǾŜǊȅ ǎȅǎǘŜƳǎΣ ǘƘŜǊŜ ƛǎ ƎǊŜŀǘ ǇƻǘŜƴǝŀƭ 

ŦƻǊ ǘǊŀƴǎƭŀǝƻƴ ƻŦ ƴŜǿ ƎŜƴŜ ǘƘŜǊŀǇƛŜǎΦ /ƻƳōƛƴƛƴƎ ŎƻƭƭŀōƻǊŀǝǾŜ ƎŜƴƻǘȅǇŜπǇƘŜƴƻǘȅǇŜ ŘŀǘŀΣ 

ƳƛŎǊƻπwb! ŀǇǇǊƻŀŎƘŜǎΣ ǘƘŜ Ƴŀƴȅ πƻƳƛŎǎ ŀǇǇǊƻŀŎƘŜǎΣ ŀƴŘ ƴŜǿ ŜȄǇŜǊƛƳŜƴǘŀƭ ƳƻŘŜƭǎ 

ƛƴŎƭǳŘƛƴƎ ƛt{/ǎπŘŜǊƛǾŜŘ ƳƻŘŜƭǎΣ ƛǘ ƛǎ ƭƛƪŜƭȅ ǘƘŀǘ ƳƻǊŜ ǊŜƭŜǾŀƴǘ ǇǊŜŎƛǎƛƻƴ ƳŜŘƛŎƛƴŜǎ ǿƛƭƭ ōŜ ǘƘŜ 

ŦǳǘǳǊŜ ƛƴ ŜǇƛƭŜǇǎȅ ǊŜǎŜŀǊŎƘΦ IƻǿŜǾŜǊΣ ƎƛǾŜƴ ǘƘŜ ǳƴŘŜǊƭȅƛƴƎ ƳŜŎƘŀƴƛǎƳǎ ƻŦ Ƴŀƴȅ ƻŦ ǘƘŜ ƴŜǿƭȅ 

ŘƛǎŎƻǾŜǊŜŘ ƎŜƴŜǝŎ ŘƛǎƻǊŘŜǊǎ ƛƴŎƭǳŘƛƴƎ Y/bvнπǊŜƭŀǘŜŘ 599Σ ŀƴŘ ǘƘŜ ƭŀǊƎŜ ƴǳƳōŜǊ ƻŦ ŘƛũŜǊŜƴǘ 

ǘȅǇŜǎ ƻŦ ƳǳǘŀǝƻƴǎΣ ŎƻƳōƛƴŜŘ ǿƛǘƘ ǘƘŜ ŎǳǊǊŜƴǘ ƭŀŎƪ ƻŦ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ŀƴŘ ǘƘŜǊŀǇƛŜǎΣ ǇƻǎŜǎ ŀ 

ƳŀǎǎƛǾŜ ŎƘŀƭƭŜƴƎŜΣ ŀƴŘ ƴƻ ǎǇŜŎƛŬŎ ƎŜƴŜπƳƻŘƛŦȅƛƴƎ ŀƴŘ ŘƛǎŜŀǎŜ ƳƻŘƛŦȅƛƴƎ ǘƘŜǊŀǇƛŜǎ ƘŀǾŜ ǘƻ 

ŘŀǘŜ ōŜŜƴ ǳǎŜŘ ƛƴ ǊƻǳǝƴŜ ŎƭƛƴƛŎŀƭ ǇǊŀŎǝŎŜΦ  

1.14 Aim of the study 

¢ƘŜ ŀƛƳ ƻŦ ǘƘƛǎ ǎǘǳŘȅ ƛǎ ǘƻ ƳƻŘŜƭ ǘƘŜ ǇƘŜƴƻǘȅǇŜ ƻŦ о ǇŀǘƘƻƎŜƴƛŎ Y/bvн ǾŀǊƛŀƴǘǎ ŦǊƻƳ ƘǳƳŀƴ 

ǇŀǝŜƴǘǎ ǎǳũŜǊƛƴƎ ŦǊƻƳ ǎŜǾŜǊŜ ŜŀǊƭȅ ƻƴǎŜǘ ŘŜǾŜƭƻǇƳŜƴǘŀƭ ŀƴŘ ŜǇƛƭŜǇǝŎ ŜƴŎŜǇƘŀƭƻǇŀǘƘȅΦ ¢Ƙƛǎ 

ǎǘǳŘȅ ŜȄŀƳƛƴŜǎ ǘƘŜ Ƴǳǘŀǝƻƴǎ ƻŦ ǘƘŜǎŜ ǇŀǝŜƴǘǎ όCнсм[Σ !нср¢Σ ŀƴŘ !нфп±ύ ƛƴ ŀƴ ƛt{/πŘŜǊƛǾŜŘ 

н5 ŎƻǊǝŎŀƭ ƴŜǳǊƻƴŀƭ ƳƻŘŜƭ ŦƻǊ ǘƘŜ ŬǊǎǘ ǝƳŜΣ ǘƻ ǇǊƻǾƛŘŜ ŀ ǇƭŀǜƻǊƳ ŦƻǊ ŘǊǳƎ ǎŎǊŜŜƴƛƴƎ ŀƴŘ 

ƛƴǾŜǎǝƎŀǝƻƴ ƻŦ ƻǘƘŜǊ ǘƘŜǊŀǇŜǳǝŎ ŀǇǇǊƻŀŎƘŜǎΦ ¢ƻ ŀŎƘƛŜǾŜ ǘƘƛǎ ŀƛƳΣ ǘƘŜ ǊŜŎǊǳƛǘŜŘ Y/bvнπ599 

ǇŀǝŜƴǘǎ ǿƛƭƭ ƘŀǾŜ ǘƘŜƛǊ ǎƪƛƴ ŎŜƭƭǎ ǊŜǇǊƻƎǊŀƳƳŜŘ ƛƴǘƻ ǇŀǝŜƴǘπǎǇŜŎƛŬŎ ƛt{/ ƭƛƴŜǎ ŀƴŘ ǘƘŜƴ 

ŘƛũŜǊŜƴǝŀǘŜŘ ƛƴǘƻ ǇŀǝŜƴǘπǎǇŜŎƛŬŎ ƴŜǳǊƻƴŀƭ ƳƻŘŜƭǎ ōȅ ŘƛũŜǊŜƴǝŀǝƴƎ ƛt{/ǎ ƛƴǘƻ н5 ŎƻǊǝŎŀƭ 
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ƴŜǳǊƻƴǎΦ ¢ƻ ŀǎǎŜǎǎ ǘƘŜ ǇƘŜƴƻǘȅǇŜΣ ǿŜ ǿƛƭƭ ŜǾŀƭǳŀǘŜ ǘƘŜ ŜƭŜŎǘǊƻǇƘȅǎƛƻƭƻƎƛŎŀƭ ŀƴŘ ōƛƻŎƘŜƳƛŎŀƭ 

ǇǊƻǇŜǊǝŜǎ ƻŦ ǘƘŜ ŘƛǎŜŀǎŜ ƴŜǳǊƻƴǎΦ CƛƴŀƭƭȅΣ L ŀƛƳ ǘƻ ǇǊƻǾƛŘŜ ǇǊŜƭƛƳƛƴŀǊȅ ŘŀǘŀκǇǊƻƻŦπƻŦπ

ǇǊƛƴŎƛǇƭŜ ǘƻ ǘǊȅ ǘƻ ƳƻŘƛŦȅ ƻǊ ΨǊŜǎŎǳŜΩ ǘƘŜ ǇƘŜƴƻǘȅǇŜ ǳǎƛƴƎ ǎŜǾŜǊŀƭ ōŀǎƛŎ ŀƴǝǎŜƛȊǳǊŜ 

ƳŜŘƛŎŀǝƻƴǎ ŀƴŘ ŜȄŀƳƛƴŜ ŦŜŀǎƛōƛƭƛǘȅ ǘƻ ŘŜƭƛǾŜǊ Ƴƛwb! ƳƻƭŜŎǳƭŜǎ ǘƻ ƎŜƴŜǊŀǘŜŘ ƳŀǘǳǊŜ ŎƻǊǝŎŀƭ 

ƴŜǳǊƻƴǎΦ 

/ƘŀǇǘŜǊ н ƻŦ ǘƘƛǎ ǘƘŜǎƛǎ ǿƛƭƭ ƴƻǿ ŘƛǎŎǳǎǎ ǘƘŜ ƎŜƴŜǊŀǝƻƴ ƻŦ ǇŀǝŜƴǘπǎǇŜŎƛŬŎ ƛt{/ǎ ŦǊƻƳ Y/bvнπ

599 ǇŀǝŜƴǘǎ ŀƴŘ ǎƛōƭƛƴƎ ŎƻƴǘǊƻƭǎΦ /ƘŀǇǘŜǊ о ǿƛƭƭ ƻǳǘƭƛƴŜ ǘƘŜ ƎŜƴŜπŜŘƛǝƴƎ ǘŜŎƘƴƛǉǳŜǎ 

ŜƳǇƭƻȅŜŘΦ /ƘŀǇǘŜǊ п ǿƛƭƭ ŘŜǎŎǊƛōŜ ǘƘŜ ŘƛũŜǊŜƴǝŀǝƻƴ ƻŦ ŜȄŎƛǘŀǘƻǊȅ ŎƻǊǝŎŀƭ ƴŜǳǊƻƴǎ ŦǊƻƳ 

ƛt{/ǎΦ /ƘŀǇǘŜǊǎ р ŀƴŘ с ǿƛƭƭ ƻǳǘƭƛƴŜ ǘƘŜ ǇƘŜƴƻǘȅǇƛŎ ŀƴŀƭȅǎƛǎ ƻŦ Y/bvнπ599 ƴŜǳǊƻƴǎ ǳǎƛƴƎ 

a9! ŀƴŀƭȅǎƛǎ ŀƴŘ ŎŀƭŎƛǳƳ ƛƳŀƎƛƴƛƴƎ ǊŜǎǇŜŎǝǾŜƭȅΦ  
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Chapter 2: Reprogramming of patient-specific fibroblasts into induced 
pluripotent stem cells. 

2.1 Introduction  

2.1.1 Limitations of Use of Embryonic Stem Cells 

Embryonic Stem Cells (ESCs) are self-replicating cells which are capable of differentiating into 

cells from each of the three germ layers (Martin, 1981). These cells are derived from the 

inner cell mass of mammalian blastocysts, meaning human embryos are the main source of 

obtaining human ES cells όwƛǇǇƻƴ Ŝǘ ŀƭΦΣ нллпύ. This pluripotency capability of ES cells makes 

them an extremely attractive therapy for a host of diseases. In particular, neurological 

diseases where cell sourcing is a huge limitation. However, due to the ethical issues regarding 

the use of human embryos, coupled with host tissue rejection after transplantation in 

patients (Swijnenburg et al., 2008), ES cell use has its limitations. In several countries the use 

of ES cells in scientific research is illegal. In Ireland, there is currently no regulation for the 

ǳǎŜ ƻŦ 9{ ŎŜƭƭǎΦ hƴŜ ǿŀȅ ǘƻ ƻǾŜǊŎƻƳŜ ǘƘŜǎŜ ŜǘƘƛŎŀƭ ƛǎǎǳŜǎ ƛǎ ǘƻ ƎŜƴŜǊŀǘŜ ŀ ǇŀǘƛŜƴǘΩǎ ƻǿƴ 

pluripotent stem cells (PSCs) from somatic cells in their body. Perhaps the most important 

advantage of induced PSCs (iPSCs) over ES cells is the possibility to use somatic cells from 

patients who suffer from genetic disorders, and thus patient-specific disease models 

(Eggenschwiler et al., 2013; Maetzel et al., 2014). 

2.1.2 Induced Pluripotent Stem Cells 

In 2006, Yamanaka and colleagues showed that they were capable of generating PSCs from 

mouse somatic cells by expressing four transcription factors known to play a role in 

maintaining pluripotency in ES cells ό¢ŀƪŀƘŀǎƘƛ Ŝǘ ŀƭΦΣ нллсύ. They combined the transcription 

factors oct3/4, sox2, c-Myc and Klf-4 with mouse embryonic fibroblasts to generate what are 

now commonly known as induced pluripotent stem cells (iPSCs). In the study they 

investigated 24 candidate genes using an assay which measured the induction of 

pluripotency based on the level of resistance to G418, as the mouse fibroblasts carried a 

ʲƎŜƻ Ŧǳǎƛƻƴ ǘǊŀƴǎƎŜƴŜ ǿƘƛŎƘ ǿŀǎ ƪƴƻŎƪŜŘ ƛƴǘƻ ǘƘŜ Fbx15, a stem cell expressing gene. They 

narrowed down the selection of genes to four transcription factors of oct3/4, sox2, c-Myc 

and Klf-4, based on which genes were critical for generating pluripotent cells based on the 

following criteria: colony number, cell morphology, the expression of ES cell marker genes 

and their ability to form teratomas. One year later in 2007, the same group of researchers 

showed they could generate iPSCs from adult human somatic cells via retroviral transduction 
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of the same four transcription factors of OCT3/4, SOX2, c-Myc and Klf-4 (Takahashi et al., 

2007). This discovery opened the door for the field of human iPSC research.  

2.1.3 Sources of Induced Pluripotent Stem Cells 

Selecting a cell source for generating iPSCs is an important consideration when planning a 

study. The most commonly used sources are fibroblasts, keratinocytes, and blood cells (Raab 

et al., 2014). One of the main concerns around selecting the correct source cell is due to the 

ŎƻƴŎŜǇǘ ƻŦ Ψ9ǇƛƎŜƴŜǘƛŎ aŜƳƻǊȅΩΦ {ŜǾŜǊŀƭ ǎǘǳŘƛŜǎ ƘŀǾŜ ǎƘƻǿƴ ǘƘŀǘ ŎŜƭƭǎ ŀǊŜ ŎŀǇŀōƭŜ ƻŦ 

retaining their initial epigenomes and transcriptomes. This means that any genetic 

abnormalities, altered gene copy number or unique DNA methylation signatures present in 

the origin cell will be passed onto the iPSCs (Hussein et al., 2011). It has also been shown that 

certain cell sources favour the differentiation towards one specific lineage of origin over 

another, for example, blood cell-derived iPSCs prefer to differentiate into a hematopoietic 

lineage, while fibroblast-derived iPSCs can be more effectively differentiated into cells of an 

osteogenic lineage than blood cell-derived iPSCs (Kim et al., 2010). However, this concept 

has been disputed in the literature with many researchers showing that if iPSCs are cultured 

for long enough, they lose this epigenetic memory, however, somatic mutations may arise 

from extensive culture, and iPSCs with <50 passages are recommended for research.  

Keratinocytes offer many advantages as a cell source for generating iPSCs. They can be 

cultured from hair follicles from both vellus and terminal hair which can be taken from the 

scalp, facial hair, eyebrows, and the nose. The non-invasive process of removing hair makes 

keratinocytes a very attractive cell source compared to other more invasive sources like 

blood withdrawal or a skin biopsy. However, this procedure is not completely without 

limitations as there is a certain level of expertise needed to remove the hair correctly. The 

hair must be removed with the root still attached and the outer root sheath fully intact in 

order to obtain a sufficient number of cells, and children may resist to repeat hair sampling. 

Another advantage of keratinocytes is the faster reprogramming protocol (Raab et al., 2014). 

It only takes 1-2 weeks to generate iPSCs compared to the 3-4 week protocol necessary for 

skin fibroblasts. In recent years there has been a steady increase in the number of studies 

using keratinocytes over fibroblasts (Re et al., 2018).  

Since their initial use in 2007, adult fibroblasts are still the most commonly used cells for 

reprogramming. A key reason for their popularity is that they are affordable and easy to 

culture, having been used extensively in many research fields. However, one major drawback 

is the invasive procedure required to obtain dermal fibroblasts from the donor. This is done 
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by taking a small skin (punch) biopsy usually around 3.5-mm to 4-mm from the donor (Raab 

et al., 2014). This may be painful for the patient and usually requires clinically trained 

professional to perform the biopsy. Once cultivated, fibroblasts are extremely easy to grow 

as they require low serum/medium and proliferate quickly resulting in efficient 

reprogramming (Streckfuss-Bömeke et al., 2013). One drawback compared to other cell 

sources is that it can take approximately 3 to 5 weeks for stem cell colonies to appear after 

reprogramming and reprogramming efficiency is reported to be as low as 0.01% to 0.5% 

using the four original retroviral vectors (Takahashi et al., 2007).  

In this study we used fibroblasts as our cell source and achieved sufficient reprogramming 

efficiency using Sendai viral vectors, with stem cell colonies appearing 3 weeks after 

reprogramming was initiated. Therefore, there seems to be quite a high level of variability 

between studies which could depend on the donor, the medium/serum used, reprograming 

method, operator technique, and other factors ό±ƻƭǇŀǘƻ ϧ ²ŜōōŜǊΣ нлнлΤ Beekhuis-Hoekstra 

et al., 2021).  

 

Figure 2.1.9A summary of somatic cell sources, reprogramming factors and delivery methods used 
to generate induced Pluripotent Stem Cells.  

These cell types are reprogrammed into iPSCs by delivering reprogramming factors such as Oct4, Sox2, 
Klf4, c-Myc, Nanog and Lin28 using different vectors such as Retrovirus, Lentivirus, Adenovirus, Sendai 
virus, plasmids, and purified proteins όIŀƴ Ŝǘ ŀƭΦΣ нлммύ.   
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2.1.4 Reprogramming methods  

The earliest methods of reprogramming involved the use of retroviruses and lentiviruses, 

both of which were capable of achieving good reprogramming efficiency (Park et al., 2008; 

Takahashi et al., 2007). However, both of these methods resulted in random integration of 

the transgenes into the host genome which could lead to an increase in tumour formation 

and mortality in mouse studies (Wu et al., 2014), raising concerns about safety and clinical 

translation. To combat these safety concerns, a research group tried to reprogramme mouse 

fibroblasts with a non-integrating adenovirus for the first time in 2008 (Stadtfeld et al., 2008). 

This resulted in an extremely low efficiency rate and the researchers speculated that this was 

a result of the short expression window of the reprogramming factors, which may have been 

insufficient to induce somatic cells into a pluripotent state (Stadtfeld et al., 2008). This has 

led to the use of a Sendai Virus, an RNA virus that does not integrate into the host genome 

but is still capable of producing protein at high levels and for a long duration. This means that 

iPSCs generated using a Sendai Virus can be easily tranǎƭŀǘŜŘ ƛƴǘƻ ǘƘŜ ŎƭƛƴƛŎ ŀǎ ǘƘŜǊŜΩǎ ƴƻ 

presence of any transgenes after several passages (Fusaki et al., 2009). For this reason, we 

chose to reprogramme our dermal fibroblasts with a commercially available Sendai Virus kit.  

In 2015, a study compared the reprogramming efficiency of several non-integrating 

methods. Using dermal fibroblasts, they compared the reprogramming efficiency of a Sendai 

Virus, Nucleofector, the Neon transfection system and Lipofectamine 3000 in 3 patient lines. 

They found that the Sendai Virus was the most efficient method resulting in an average of 

0.019% efficiency among the 3 lines. Nucleofector was the second most effective method 

resulting in 0.012% efficiency followed by the Neon transfection system with less than 

0.001% efficiency. Finally, Lipofectamine 3000 was only capable of reprogramming 1 out of 

the 3 patient lines with an efficiency of 0.001%. Despite the difference in efficiency between 

the reprogramming methods, it is worth noting that the researchers found no significant 

difference in iPSC morphology, gene expression of the pluripotency markers, karyotyping 

and embryoid body (EB) formation (Manzini et al., 2015). 

2.1.5 Characterisation of iPSCs 

The methods of characterising iPSCs varies greatly between labs, making the availability of 

reliable, quality controlled, well-characterised iPSCs difficult (Stacey et al., 2013). In an effort 

to standardise protocols and characterisation methods, the European Bank for induced 

Pluripotent Stem Cells (EBiSC) was generated in 2014. The EBiSC is a central repository 

whereby they receive iPSCs generated in various laboratories, fully characterise them using 
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standardised quality control and quality assurance measures and then re-distribute them 

internationally όhΩ{ƘŜŀ Ŝǘ ŀƭΦΣ нлнлύ. This is currently only done for research use, however 

standardising iPSC production and characterisation methods in research will help generate 

more reliable, reproducible results which in turn will facilitate the translation of iPSC studies 

into the clinic.  

Firstly, they looked at Mycoplasma screening as the need for Mycoplasma-free iPSC culture 

is essential. For this they used a highly sensitive qPCR method to detect Mycoplasma 

contamination and found that 5 out of 467 lines were positive for Mycoplasma. This number 

was present despite the pre-requirement for iPSCs to be sent to the repository already 

ŎƻƴŦƛǊƳŜŘ ǘƻ ōŜ aȅŎƻǇƭŀǎƳŀ ŦǊŜŜΦ Lƴ ǘƘŜ ƛƴƛǘƛŀƭ ΨƘƻǘ ǎǘŀǊǘΩ ǇƘŀǎŜ ƻŦ ǘƘŜ ǎǘǳŘȅΣ ǘƘŜȅ ŦƻǳƴŘ ǘƘŀǘ 

8 out of 47 lines had the incorrect cell line identity (De Sousa et al., 2017). This was linked to 

the accidental mixing of cell lines, incorrect labelling, and poor data traceability. Following 

these results, the centre provided workshops and training to combat this issue and found 

this resulted in a significant reduction in incorrect cell line identification for the remainder of 

the study.  

To analyse differentiation potential, the researchers developed an EB assay, whereby the 

iPSCs underwent spontaneous EB differentiation and then expression levels of markers from 

each of the 3 germ layers were measured. However, they found that multiple iPSC lines failed 

this assay on repeated attempts, so opted to use a commercially available kit (StemDiff 

Trilineage Differentiation Kit, Stem Cell Technologies, cat #05230) for the remainder of the 

study. All lines successfully passed QC controls including lines which had failed in the previous 

tests όhΩ{ƘŜŀ Ŝǘ ŀƭΦΣ нлнлύ. This was a fundamental finding from the study, as spontaneous 

EB differentiation assays still remain common practice for measuring differentiation 

potential in research.  

Another important aspect in standardising iPSC characterisation is assessment of the cell 

lines for genomic stability. It has been shown that iPSCs are particularly susceptible to 

ŎƘŀƴƎŜǎ ƛƴ ǘƘŜ ƎŜƴƻƳŜ ƻǾŜǊǘƛƳŜ ǿƛǘƘ ŎƘǊƻƳƻǎƻƳŜǎ мнΣ мтΣ нл ŀƴŘ · ƪƴƻǿƴ ŀǎ ΨƘƻǘǎǇƻǘǎΩ 

for such duplications or deletions (Weissbein et al., 2014). G-banding has been considered 

the gold standard for karyotyping, however it has many drawbacks for research laboratories, 

such as the need for outsourcing to specialist labs, high cost and slow turnaround time due 

to the skilled requirements of the procedure, as well as limited ōŜǎǘ resolution of омл aōΣ 

ǘƘŜǊŜŦƻǊŜ ƻƴƭȅ ƎǊƻǎǎ ŎƘǊƻƳƻǎƻƳŀƭ ŀōƴƻǊƳŀƭƛǘȅ Ŏŀƴ ōŜ ŘŜǘŜŎǘŜŘ ōȅ D ōŀƴŘƛƴƎ ǿƛǘƘ ŎƭƻǎŜ 

ŜȄŀƳƛƴŀǝƻƴ.  
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Single Nucleotide Polymorphism (SNP) arrays offer a more affordable and accessible 

alternative while also yielding higher resolution data, when a large number of iPSC lines are 

in need of characterisation. Another method of karyotyping which is used is the KaryoLite 

BoBs Kit (PerkinElmer cat# 4501-0010) which can detect gains or losses in all chromosomes 

in a single assay. When comparing methods, they found there is significant differences in 

sensitivity, resolution, turnaround time, sample requirements and cost between each 

method. They tested 13 iPSC lines against all methods and only 4 lines yielded consistent 

results in all methods. They found the SNP array to be the most effective at detecting 

abnormalities, while the KaryoLite was the least sensitive. However, they noted that G-

banding was more effective at determining genomic stability through the detection of 

inversions and translocations. The SNP array has its own limitations: it is oversensitive and 

normal population often have copy number variations (CNVs) from the raw data. It is 

therefore essential to filter out small CNVs which are commonly present in most samples of 

ǘƘŜ ŀǎǎŀȅΣ ǘƻ ŀǾƻƛŘ ŦŀƭǎŜ ŀƭŀǊƳΦ  ¢ƘŜ ǎŜŎƻƴŘ ƛǎǎǳŜ ǿƛǘƘ ǘƘŜ {bt ŀǊǊŀȅ ƛǎ ǘƘŀǘ ƛǘ ŎŀƴΩǘ ŘŜǘŜŎǘ 

balanced translocations or inversions, as rearrangements do not alter DNA abundance in the 

genome or signal intensity on chips. While combining both G-banding and SNP array would 

lead to optimal results, the detection method should be chosen based on the main goal of 

detection, often due to resource limitations.   

If each of the critical release criteria of viability, mycoplasma, STR analysis, gene expression, 

are not strictly adhered to, studies using iPSCs can become unreliable, and may lead to 

reproducibility issues. These findings highlight extreme importance when planning a study 

to carefully consider the characterisation methods.  

The aim of the research in this Chapter is to generate and characterise iPSCs from patients 

with KCNQ2-Developmental and Epileptic Encephalopathy (DEE) and healthy sibling controls. 

In this study we measured pluripotent gene expression using quantitative RT-PCR and 

immunocytochemistry. Differentiation potential was examined by spontaneous 

differentiation of EBs. Cell line identity was analysed using STR, while karyotyping was 

performed using SNP array. Finally, we used a Mycoplasma PCR kit for the detection and 

exclusion of any Mycoplasma in our cultures.  
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2.2 Materials and Methods 

2.2.1. Fibroblast culture  

Skin biopsies were collected from Irish patients with a KCNQ2-encephalopathy (due to 

pathogenic variants) and healthy sibling controls. Sample procedures were performed as per 

clinical practice in the Clinical Research Facility Galway. This study was ethically approved by 

the University of Galway Research Ethics Committee (C.A. 750). Skin biopsies were washed 

ƛƴ 5ǳƭōŜŎŎƻΩǎ tƘƻǎǇƘŀǘŜ .ǳŦŦŜǊŜŘ {ŀƭƛƴŜ όt.{ύό¢ƘŜǊƳƻ Fisher Scientific, 14190250) 

containing 5% Penicillin/Streptomycin (Thermo Fisher Scientific 10,000 U/ml, 15140122). 

Each 3-mm skin biopsies were cut into smaller pieces using a scalpel and placed into several 

wells of a 6-well plate. The biopsies were then firmly scored into the plastic dish using the 

scalpel and left to dry for 2 min to enhance the attachment. 

Biopsy-derived tissues (skin fibroblasts) were cultured in media containing DMEM High 

Glucose GlutaMAXϰ (Thermo Fisher Scientific, 31966-021), 10% Fetal Bovine Serum 

(FBS)(Sigma-Aldrich, 12106C), 1% Penicillin/Streptomycin and 1% non-essential amino-acids 

(Invitrogen, 15140-122) at 37 ɕC at 5% CO2. Media was changed every 2-3 days and fibroblasts 

were passaged with Trypsin-EDTA (0.25%) (Thermo Fisher Scientific, 25200056) every 5-6 

days. Fibroblasts were frozen in 90% FBS and 10% Dimethyl sulfoxide (DMSO) (Sigma-Aldrich, 

D1435). 

Table 2.1 Source Information of patient and control fibroblasts 5 

Patient ID Age  Affected Gene, 

Inheritance 

Gender cDNA change Protein change, 

location in KCNQ2 

subunit 

Clinical Phenotype 

EP2001 5 Proband 

only 

KCNQ2, de novo Male c.881C>T p.Ala294Val 

(A294V) in S6 

KCNQ2-DEE 

EP2C001 15 Brother Control Male N/A N/A N/A 

EP2002 4 Proband 

only  

KCNQ2, de novo Female c.783A>C p.Phe261Leu 

(F261L) in pore-

forming region 

between S5 and S6 

KCNQ2-DEE 

EP2C002 4 Brother  Control Male N/A N/A N/A 

EP2003 5 Proband 

only  

KCNQ2, de novo Female c.638C>T p.Arg213Gln (R213Q) 

in S4 

KCNQ2-DEE 

EP2C003 21 Brother Control Male N/A N/A N/A 

EP2004 7 Proband 

only  

KCNQ2, de novo Female c.793G>A p.Ala265Thr 

(A265T) in pore-

forming region 

between S5 and S6 

KCNQ2-DEE 

EP2C004 12 Sister Control Female N/A N/A N/A 

Abbreviations: EP represents άŜǇƛƭŜǇǎȅ ǇǊƻƧŜŎǘέ ŀƴŘ / ŦƻǊ ŎƻƴǘǊƻƭ ǎŀƳǇƭŜ ŎŜƭƭ ƭƛƴŜǎΤ 599Σ ŘŜǾŜƭƻǇƳŜƴǘŀƭ ŀƴŘ ŜǇƛƭŜǇǘƛŎ ŜƴŎŜǇƘŀƭƻǇŀǘƘȅΤ bκ!Σ 

not applicable 
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2.2.2 Derivation of iPSCs using a Sendai Virus Reprogramming kit 

The iPSCs were generated using the CytoTuneϰ-iPS 2.0 Sendai Reprogramming kit (Thermo 

Fisher Scientific, A16517). Figure 2.2 shows a summary of the reprogramming protocol. 

 

 

Figure 2.2. A brief schematic illustrating the Sendai virus reprogramming protocol used to 
generate iPSCs from fibroblasts. 10 

Details expanded in below text. 

 

2.2.2.1 Reprogramming protocol  

Step 1: Day -2 (Plating fibroblasts) 

Fibroblasts were plated into 2 wells on a 6-well plate containing fibroblast medium, so that 

cells are approximately 60-70% confluent at day 0.  

Step 2: Day 0 (Perform Transduction)  

Fibroblasts were transduced using the CytoTuneϰ reprogramming vectors at their 

appropriate multiplicity of infection (MOI). One well of fibroblasts were detached using 

0.05% Trypsin-EDTA and incubated at room temperature. The cells were counted on a 

haemocytometer using Trypan blue (Thermo Fisher Scientific, 15250061) to determine 

live/dead ratio. The volume of each virus to be added was calculated using the following 

calculation: 

 

The recommended MOI for KOS, hc-Myc and hKlf4 ςcontaining virus was 5, 5 and 3, 

respectively. The appropriate volume of each virus was added to 1ml of warm fibroblast 

medium in the second well on the 6-well plate. The cells were incubated overnight at 37 ɕC 

at 5% CO2.  
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Step 3: Day 1 (Replace medium and culture cells) 

24 hours after transduction, the medium was replaced with fresh fibroblast medium. The 

cells were cultured for 6 more days, and the medium was changed every other day.  

Step 4: Day 7 (Plate transduced cells on Geltrexϰ-coated dishes) 

Tissue culture dishes were coated using Geltrexϰ LDEV-Free, hESC-Qualified, Reduced 

Growth Factor Basement Membrane Matrix (Thermo Fisher Scientific, A1413302) by adding 

1ml of 1% Geltrex ϰ into each well of a 6 well plate and incubating at 37 ɕC for at least 1 

hour. The transduced cells were dissociated using 0.05% Trypsin-EDTA. Cells were passaged 

into the Geltrexϰ coated plates at varying quantities (2.5X104, 5x104, 7.5x104, 1x105) and 

incubated overnight.  

Step 5: Day 8 to 28 (Feed and monitor the cells) 

Fibroblast medium was replaced with Essential 8ϰ Medium (Thermo Fisher Scientific, 

A1517001) and E8 medium was refreshed every other day. Between three and four weeks 

after transduction, colonies emerged from the culture and were large enough to select for 

transfer. Individual round and compact colonies were passaged by scraping them from the 

culture dish using a 200µl pipette and transferred into a new Geltrexϰ-coated well of a 6 

well plate. Colonies were cultured in Essential 8ϰ Medium for up to 8 days and were then 

expanded and cryopreserved as required. iPSCs were frozen in 90% KnockOutϰ Serum 

Replacement (KOSR) (Thermo Fisher Scientific, 10828028) and 10% DMSO.  

2.2.3 iPSC culture 

2.2.3.1 Geltrexϰ Coating protocol  

A 5-mL bottle of Geltrexϰ LDEV-Free hESC-Qualified Reduced Growth Factor Basement 

Membrane Matrix (Thermo Fisher Scientific, A1413302) was thawed overnight at 2ς8°C. The 

thawed Geltrexϰ solution was then diluted in a 1:1 ratio with cold Knockoutϰ DMEM/F-12 

(Thermo Fisher Scientific, 12660012). The solution was then aliquoted into 1ml vials on ice 

and was stored in the ς20°C freezer. To generate a working solution used for coating, 1ml 

aliquots were thawed and diluted in 50ml of Knockoutϰ DMEM/F-12, making a total 1:100 

dilution. 1ml of 1% Geltrexϰ solution was added to each well of a 6 well plate and incubated 

at 37 ɕC for at least 1 hour. 
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2.2.3.2 Passaging iPSCs  

iPSCs are passaged every 3-5 days, or once the cells reach approximately 80% confluency. 

Before passaging, any differentiated cells are removed by scraping with a 1ml pipette. iPSC 

colonies are then passaged using Gentle Cell Dissociation Reagent (GCDR) (Stem Cell 

Technologies, 100-0485). 1ml of GCDR was added to each well of a 6 well plate and cells were 

incubated at room temperature under an inverted microscope. Colonies were monitored 

and once holes began to form, GCDR was removed from the cells and replaced with Essential 

8ϰ Medium. The plate was then tapped harshly to detach cells from the surface of the plate, 

and cells were then transferred into a new Geltrexϰ-coated plate.  

2.2.4 Immunocytochemistry  

Cells for staining were seeded in 8 well glass chamber slides (Ibidi, 80807). Cells were washed 

using PBS and fixed with 4% Paraformaldehyde (Santa Cruz, 30525- 89-4) for 15 to 20 

minutes at room temperature. Cells were washed 3 times with PBS. Then, cells were 

permeabilized with 0.3% Triton X-100 (Sigma) in PBS for 15 min. Cells were washed 3 times 

with PBS. Next, the cells were blocked with 1% Bovine Serum Albumin (BSA)(Sigma, A3608) 

and 0.1% Triton X-100 in PBS for 1 hour. Primary antibodies outlined in Table 2.2 were diluted 

in blocking buffer and added to the cells. Cells were incubated overnight at 4ɕC. The next 

day, cells were washed 3 times with PBS. Secondary antibodies and Hoechst nuclear dye 

were diluted in blocking buffer and added in the appropriate dilutions as outlined in Table 

2.3. Cells were incubated for 45 minutes at room temperature. Cells were washed 3 times 

with PBS. Chambers were stored in the dark at 4ɕC for microscopic analysis.  

Table 2.2. List of primary antibodies used 6 

Name Manufacturer Species Dilution Cat no. 

Oct4 Cell Signalling Technology Rabbit 1:500 2840 

Sox2 Cell Signalling Technology Rabbit 1:500 3579 

Nanog Cell Signalling Technology Rabbit 1:500 4903 

SSEA4 Cell Signalling Technology Mouse 1:500 4755 

Tra1-81 Cell Signalling Technology Mouse 1:500 4745 

Tra1-60 Cell Signalling Technology Mouse 1:500 4746 

Tuj1 Abcam Mouse 1:500 ab78078 

SMA Cell Marque Corp Mouse 1:500 202 M-96 

AFP Sigma Aldrich Mouse 1:200 A8452 
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Table 2.3. List of secondary antibodies used 7 

Name Manufacturer Species Dilution Cat no. 

AF488 Anti-Rabbit 

IgG 

Cell Signalling 

Technology 

Goat 1:1000 4412 

AF555 Anti-Mouse 

IgG 

Cell Signalling 

Technology 

Goat 1:1000 4409 

Hoechst Nuclear 

stain 

Cell Signalling 

Technology 

N/A 1:2000 4082 

 

2.2.5. Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR) 

RNA was extracted from cells using the RNeasy Mini Kit (Qiagen, 74104) following the 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ wb! ǇǳǊƛǘȅ ŀƴŘ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǿŀǎ ƳŜŀǎǳǊŜŘ ǳǎƛƴƎ ǘƘŜ 

NanoDrop 2000 UV.  1µg of RNA was transcribed into complementary DNA (cDNA) using the 

SensiFASTTM cDNA synthesis kit (Bioline, BIO-срлрпύ ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

instructions. Samples were run using the StepOne Plus Real Time PCR System with Fast 

SYBRϰ Green Master Mix (Applied Biosystems, 43-091-55). Primers used are listed in Table 

2.4. The resulting cycle threshold (ct) values were normalised to GAPDH expression. The 

relative quantities of mRNA expression were calculated as being 2-ddct using the average dCt 

value of a fibroblast line.  

Table 2.4. List of RT-qPCR and PCR primers used 8 

Target CƻǊǿŀǊŘ όрΩ-оΩύ wŜǾŜǊǎŜ όрΩ-оΩύ 

SeV GGATCACTAGGTGATATCGAGC ACCAGACAAGAGTTTAAGAGATATGTATC 

KOS ATGCACCGCTACGACGTGAGCGC ACCTTGACAATCCTGATGTGG 

KLF4 TTCCTGCATGCCAGAGGAGCCC AATGTATCGAAGGTGCTCAA 

GAPDH AGGGCTGCTTTTAACTCTGGT CCCCACTTGATTTTGGAGGGA 

OCT4 AACTTCACTGCACTGTACTCCTC CACCCTTTGTGTTCCCAATTCC 

SOX2 AGACTTCACATGTCCCAGCACT CGGGTTTTCTCCATGCTGTTTC 

NANOG ATAACCTTGGCTGCCGTCTC AGCCTCCCAATCCCAAACAA 

KCNQ2 variant 
c.881C>T 

GCTCACTCGCTGATACTTCC GTCATCAGGACACGTAGCTA 

KCNQ2 variant 
c.783A>C 

GGTCACTGCCTGGTACATCG ATAATCGGGACACGGAGCAG 

KCNQ2 variant 
c.638C>T 

GACATCATGGTGCTCATCGC GAGGCTCGTTCACACCTGAT 
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KCNQ2 variant 
c.793G>A 

GGTCACTGCCTGGTACATCG ATAATCGGGACACGGAGCAG 

 

2.2.6. In vitro differentiation into each of three germ layers 

iPSCs were plated onto a low-adherence 6 well plate which was rinsed with anti-adherence 

solution (Stem Cell, cat # 07010) and were incubated at 37°C/5% CO2. The resulting embryoid 

bodies (EBs) were cultured for 5 to 7 days in DMEM high glucose (Gibco, cat#11965092) 

supplemented with 20% Knockout-out Serum Replacement (Gibco, cat# 10828028), 1% L-

Glutamine (Gibco, cat # 25030081), 1% MEM-NEAA Solution (Gibco, cat# 11140050), 1% 

Antibiotic-!ƴǘƛƳȅŎƻǘƛŎ όDƛōŎƻΣ ŎŀǘІ мрнпллснύ ŀƴŘ лΦн҈ ʲ-Mercaptoethanol (Gibco, cat# 

M6250). EBs were transferred to Geltrexϰ-coated 8-well glass chambers (Ibidi) to allow 

spontaneous differentiation. Media was changed every other day for 3 to 4 weeks. EBs were 

ǎǘŀƛƴŜŘ ǿƛǘƘ ŀƴǘƛōƻŘƛŜǎ ŀƎŀƛƴǎǘ !Ct όŜƴŘƻŘŜǊƳύΣ ʰ-SMA (mesoderm) and TUJ1 (ectoderm) 

to identify tissues from each germ layer.  

2.2.7. Single Nucleotide Polymorphism (SNP) analysis 

Genomic DNA was extracted from iPSCs using the DNeasy Blood and Tissue kit (Qiagen, cat 

#69506). DNA was then loaded on a 1.5% agarose gel for DNA purity and measured on 

NanoDrop to determine quantity. The 990 k SNP array for karyotyping was performed at 

Beijing Hyslar Biotech (Beijing, China). Data was analysed with Axiom Analysis Suite (Thermo 

Fisher, USA), and log2 ratio was generated to detect copy number variations (CNVs). 

2.2.8. Mycoplasma PCR 

iPSCs were kept in culture until at least 80% confluency was reached. 1 ml of supernatant 

was transferred to a microcentrifuge tube. The supernatant was centrifuged at 500 x g for 5 

min to remove cellular debris. The supernatant was transferred to a new tube which was 

centrifuged again at 14,000 x g for 15 min. The supernatant was discarded, and the pellet 

was resuspended in 100ul of DNA free water. Once samples were prepared, the PCR was 

ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ tǊƻƳƻƪƛƴŜΩǎ t/w ƳȅŎƻǇƭŀǎƳŀ ǘŜǎǘ ƪƛǘ όtǊƻƳƻŎŜƭƭΣ tY-CA91-1024) according 

ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ hƴŎŜ ǘƘŜ t/w ǿŀǎ ŎƻƳǇƭŜǘŜΣ ǎŀƳǇƭŜǎ ǳƴŘŜǊǿŜƴǘ ŀƎŀǊƻǎŜ ƎŜƭ 

electrophoresis, and the gel was imaged.  

2.2.9. Fingerprinting 
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Genomic DNA was extracted using DNeasy Blood and Tissue Kit (Qiagen) and analysed using 

Cell Line authentication service by Eurofins Genomics (Germany). This cell line authentication 

service tests 16 different Short Tandem Repeat (STR) markers on different chromosome 

(TPOX, D2S1338, D3S1358, FGA, D5S818, CSF1PO, D7S820, D8S1179, TH01, vWA, D13S317, 

D16S539, D18S51, D19S433, D21S11, AMEL).   

 

2.3 Results 

2.3.1 Generation of fibroblasts from KCNQ2-DEE patients and healthy sibling 
controls 

Four patients with KCNQ2-DEE and four healthy control donors were recruited for the study. 

The pathogenic KCNQ2 variants of each patient can be found in Table 2.1. Skin biopsies from 

each donor were plated into 6 well culture dishes and fibroblasts were allowed to expand 

from the biopsy over the following 1-2 weeks. As early as 6 days after plating, fibroblasts can 

be seen emerging from the biopsy (Figure 2.3). Approximately 2 weeks after plating, 

fibroblasts were passaged using 0.25%Trypsin and expanded in T-25 flasks up until passage 

8 (Figure 2.3). Fibroblasts were cryopreserved in 90% FBS and 10% DMSO.  

 

Figure 2.3. Images of fibroblasts emerging from skin biopsy.11 

 (A) Image taken 6 days after biopsy was plated. (B) Image taken 12 days after biopsy was plated. (C) 
Fibroblasts after Passage one and (D) Fibroblasts after passage two. Magnification 5X. Scale bar is 100 
µM. 
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All Fibroblast lines underwent a PCR for the detection of Mycoplasma. PCR products were 

then loaded onto a 1.5% Agarose gel to visualise results. In Figure 2.4, all fibroblast lines were 

negative for the presence of mycoplasma. The internal control band of 479bp was present in 

each of four fibroblast lines, confirming the success of the PCR reaction.  

 

 

Figure 2.4. Representative Gel Electrophoresis result of Mycoplasma PCR test. 12 

From left to right; positive control for mycoplasma (288 bp) and for PCR reaction (479bp), 100bp DNA 
ladder, negative control and four separate fibroblast samples from 4 patient donors. The PCR internal 
control band is 479bp and positive mycoplasma control band is 288bp. Positive controls were provided 
by the kit and the negative control was RNase free water. The DNA templates were extracted from 
fibroblast culture media taken from each fibroblast cell line. All samples were negative for 
mycoplasma contamination.  

 

2.3.2 Generation of induced pluripotent stem cells 

A Sendai Virus containing the four Yamanaka transcription factors OCT4, SOX2, KLF4 and c-

MYC was used to reprogramme fibroblasts into iPSCs. At approximately 10 days post-

transduction, small colonies could be seen forming (Figure 2.5). These colonies were allowed 

to expand until they were large enough to be passaged from the plate. To allow the colonies 

to grow, surrounding fibroblasts were scraped from the plate using a 2µl tip. Care was taken 

to ensure that no colonies merged during this stage so only single colonies were chosen for 

passaging. The colonies were passaged using the cut and paste method at about 3 to 4 weeks 
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after transduction. Selected colonies had a distinct ES-like morphology of defined edges, 

round borders, a large nuclei/cytoplasm ratio, and tightly packed colonies (Figure 2.5). iPSC 

lines were expanded and frozen in 90% Knock-out Serum Replacement and 10% DMSO.  

 

Figure 2.5. Representative images of induced pluripotent stem cell generation from fibroblasts 
using a Sendai virus. 13 

 (A) Image of iPSC colony emerging from fibroblasts 10 days post transduction. (B) Image of iPSC 
colony 15 days post transduction. (C) Image of iPSC colony after first passage from the reprogramming 
plate. (D) Image of iPSCs after second passage. Magnification is 10X. Scale bar is 100µM.  

 

Three stable iPSC lines were generated from each donor fibroblast line. Information 

regarding iPSC lines can be found in Table 2.5. All generated iPSC lines were fully 

characterised in detail as required for the registration of iPSC lines.  

Table 2.5. IPSC lines generated from KCNQ2 patients and healthy controls 9 

Family  ID  Mutation Cell lines 

Family 1 EP2001 c.881C>T; p.A294V C4, C5, C8 

EP2C001 Sibling Control C1, C2, C4 

Family 2 EP2002 c.783A>C; p.F261L C1, C2, C3 

EP2C002 Sibling Control C5, C6, C7 

Family 3 EP2003 c.638C>T; p.R213Q C2, C3, C4  

EP2C003 Sibling Control C1, C2, C4 

Family 4 EP2004 c.793G>A; p.A265T C1, C7, C8 
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EP2C004 Sibling Control C2, C4, C5 

 

2.3.3 Characterisation of iPSC lines 

2.3.3.1 Alkaline Phosphatase Staining 

Alkaline Phosphatase (AP) is a hydrolase enzyme responsible for dephosphorylating 

molecules such as nucleotides, proteins, and alkaloids under alkaline conditions, and is highly 

expressed in undifferentiated pluripotent ESCs, iPSCs  as well as tumour cells. AP staining, a 

very simple and quick method, is used to confirm the undifferentiated status of cells in a 

red/purple colour, whereas negative cells remain white. All iPSC colonies were positively 

stained for AP which was indicated by the red/purple colour seen in Figure 2.6. A negative 

result for AP staining in differentiated cells would be colourless.   

 

Figure 2.6. Representative images of Alkaline Phosphatase staining of iPSC colonies.14 

 Images were taken of alkaline phosphatase staining of EP2001 C4 (A) and EP2C001 C1 (B). Both cell 
lines were positive for Alkaline phosphatase staining. Magnification of (A) 5X and (B) 10X. Scale bar = 
100µM.  

 

2.3.3.2 Confirmation of transgene-free status of iPSC lines 

Although the Sendai Virus used to reprogramme the iPSCs is a non-integrating virus, 

transgenes may persist in the cells for several passages after reprogramming. To ensure all 

iPSC lines were negative for any transgenes which were introduced during reprogramming, 

we performed a RT-PCR using cDNA from the iPSC lines and checked for the presence of the 

transgenes KOS, C-MYC, KLF4 and SeV. PCR products were then analysed on an agarose gel 

to visualise results. At passage 15, each cell line was negative for the presence of all 

transgenes used during reprogramming (Figure 2.7).  
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Figure 2.7 Representative result of gel electrophoresis of transgene free- PCR.15 

DNA was extracted from the cells at passage 15 and underwent PCR to test for the presence of 
transgenes KOS, c-MYC, KLF4 and SeV. GAPDH was used as a positive control. DNA taken from cells 
immediately after reprogramming was used as a positive control. Normal fibroblasts were used as a 
negative control. All cell lines at passage 15 were negative for the presence of all transgenes used in 
the transduction process. Results shown are from EP2003 (R213Q) and EP2C003.  

 

2.3.3.3 Single Nucleotide Polymorphism (SNP) analysis revealed that no major 
chromosomal abnormalities were introduced to the cell lines during 
reprogramming  

All iPSC lines were analysed on a 990k SNP array using genomic DNA extracted from each line 

at passage 15. Data was then analysed using Axion Analysis Suite (ThermoFisher, USA) and 

standardised with an internal control of 95 samples. Data is presented as Log2 ratios which 

can detect CNVs specific to individual samples. For each iPSC line, the log2 ratios of the SNP 

analysis revealed that no major chromosomal abnormalities were found to be introduced 

during reprogramming and cells have a normal karyotype (Figure 2.8). 
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Figure 2.8. Representative image of result for Single Nucleotide Polymorphism karyotyping. 16 

Log 2 ratio results of SNP analysis for the iPSC line EP2003 (R213Q) C1. No karyotypic abnormalities 
were found in any of the cell lines. The gaps are the regions which have no SNP present in the chips. 

 

2.3.3.4 Cell Line Authentication of iPSC lines confirms their identical identity to 
parent fibroblast line 

To confirm the parental identity of fibroblast lines to the generated iPSC lines, genomic DNA 

was extracted from the iPSCs at passage 10, and cells underwent cell line authentication tests 

by Eurofins Genomics. Sixteen different STR genomic loci were amplified and compared 

between the parent fibroblast line and the three generated iPSC lines from each donor. As 

shown in Figure 2.9, all sixteen loci were identical between original fibroblasts and derived 

iPSC lines confirming their genomic identity.  
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Figure 2.9 Representative image of Short Tandem Repeat Analysis.17 

 16 different STR loci were analysed by Eurofins genomics for the number of repeats in each STR. All 
iPSC lines from EP2003 (R213Q) (EP2003 C1, EP2003 C3, EP2003 C4) contain the same numbers of 
repeats in 16 STR loci as the fibroblast line F.EP2003.  

 

2.3.3.5 iPSC lines contain high levels of pluripotency markers OCT4, SOX2 and 
NANOG  

To measure the expression of the pluripotency markers OCT4, SOX2 and NANOG, we 

performed qRT-PCR using RNA extracted from the iPSC lines at passage 12. There is a 

significant increase in the expression of the pluripotency markers OCT4, SOX2, and NANOG 

in iPSCs compared to fibroblast lines. (Figure 2.10). Data is presented as relative mRNA 

expression of iPSCs normalised to the level of gene expression in the parent fibroblast line 

using the delta delta CT method. GAPDH was used as the housekeeping gene. Experiments 

were performed in biological and technical triplicates.  
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Figure 2.10: Representative image of RT-qPCR results of relative mRNA expression levels of 
pluripotent genes in patient and control iPSCs. 18 

 (A) Relative mRNA expression of the pluripotent genes OCT4, SOX2 and NANOG in the KCNQ2-DEE 
lines EP2003 C2, EP2003 C3, EP2003 C4 compared to parental fibroblast line F.EP2003. (B) Relative 
mRNA expression of the pluripotent genes OCT4, SOX2 and NANOG in the healthy control lines 
EP2C003 C1, EP2C003 C2, EP2C003 C4 compared to parental fibroblast line F.EP2C003. GAPDH was 
used as the house-keeping gene. The fold change of gene expression in iPSCs was presented in Log10 
in relation to that of the parental fibroblast line. The data are from three repeated experiments and 
presented as Mean ± SEM.  

 

2.3.3.6 iPSCs are positive for undifferentiated stem cell markers by 
immunocytochemistry 

iPSCs were stained for the nuclear pluripotency markers SOX2, OCT4 and NANOG and the 

cell surface markers TRA-1-81, TRA-1-60 and SSEA4 by immunocytochemistry at passage 10. 

All cell lines were positive for each of these markers as seen in Figure 2.11. As iPSC colonies 

grow outwards from their edges, staining is often higher in these areas as seen in OCT4, 

NANOG and SSEA4.  

Figure 2.11 Representative image of immunocytochemistry staining of iPSC lines for pluripotency 
markers. 19 

EP2002 C1 colonies were positively stained for the pluripotent markers SOX2, OCT4, NANOG, TRA1-
81, TRA1-60 and SSEA4. Magnification is 10X. Scale bar = 100µM.  

 

2.3.3.7 iPSCs are capable of spontaneously forming cells from three germ layers 
through Embryoid Body formation  

An important characteristic of iPSCs is their ability to differentiate into any of three germ 

layers. To determine whether our iPSCs were capable of differentiating into cells from each 

of the three germ layers, Embryoid Bodies (EBs) were generated from the iPSCs in suspension 
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culture, and they were allowed to attach and spontaneously differentiate in a culture dish 

for 3 to 4 weeks. Cells were then fixed and stained using immunocytochemistry for a marker 

from each of the three germ layers: alpha-fetoprotein (AFP) for Endoderm; Beta III Tubulin 

(TUJ1) for Ectoderm and smooth muscle actin (SMA) for Mesoderm. As can be seen in Figure 

2.12, cells were capable of forming each of these germ layers in different parts of the EB 

cultures.  

 

Figure 2.12 Representative image of immunocytochemistry staining of iPSC lines for the three 
germ layer markers after spontaneous differentiation. 20 

EBs were allowed to spontaneously differentiate for 4 weeks. Cells were then fixed and stained. Above 
our representative images of cells from EP2004 C1 from the three germ layers; the endoderm, 
ectoderm and mesoderm stained with alpha-fetoprotein (AFP), Beta III Tubulin (TUJ1) and smooth 
muscle actin (SMA), respectively. All lines were positive for markers for each germ layer. Magnification 
is 10X. Scale bar = 100µM. 

 

2.3.3.8 All iPSCs were negative for the presence of Mycoplasma  

A common problem that is encountered when culturing iPSCs is the presence of Mycoplasma 

contamination in cultures. As Mycoplasma cannot be seen with the naked eye, all cell lines 

were tested for Mycoplasma contamination after thawing cells from LN2 or prior to 

cryopreservation. For testing, the culture medium was collected from the cells when they 

reached at least 80% confluency to ensure any potential contamination would be detected. 

DNA were extracted from particles in the culture medium, PCR was carried out with a 

commercial mycoplasma amplification kit under standard conditions and PCR products were 

subsequently electrophoresed on a 1.5% agarose gel. All cell lines were found to be negative 

for the presence of Mycoplasma (Figure 2.13). The positive control was provided with the 

Mycoplasma detection kit (Promokine) and water was used as a negative control. 
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Figure 2.13 Representative image of Mycoplasma PCR result after gel electrophoresis. 21 

From left to right; mycoplasma positive control, 100bp DNA ladder, negative control and four separate 
samples of fibroblast and derived iPSC lines. PCR internal control band is 479bp and positive control 
band is 270bp. Positive control was provided by the kit and negative control was RNase free water. 
The samples were culture media taken from each iPSC cell line. All samples were negative for 
mycoplasma contamination.  

 

2.3.3.9 Sanger sequencing confirms mutations in KCNQ2-DEE patient-derived 
iPSCs 

To ensure the KCNQ2-DEE related variants/mutations were present in the patient fibroblasts 

and generated iPSCs, DNA was extracted from the cells and underwent PCR with primers 

designed specifically to flank the target regions (Primer information is provided in Table 2.4). 

The PCR product was then purified and sent for Sanger sequencing by Eurofins Genomics. 

Figure 2.14 ǎƘƻǿǎ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ǘƘŜ Ƴǳǘŀǘƛƻƴ ƳŀǊƪŜŘ ΨwΩ όŦƻǊ ! ŀƴŘ Dύ ƛƴ ǘƘŜ ǇŀǘƛŜƴǘ 

fibroblast line F.EP2003 and the iPSCs EP2003 C1, EP2003 C3 and EP2003 C4. The presence 

of the double peaks (A in green and G in black) indicates it is a heterozygous mutation with 

a wild type G and a mutant A. Conversely, there is an absence of a mutation seen in the 

healthy control fibroblast line F.EP2C003 and the iPSCs EP2C003 C1, EP2C003 C2 and 

EP2C003 C4, which are homozygous for G on the respective nucleotide ŎΦсоуΦ ¢ƘŜ t/w 

ǇǊƻŘǳŎǘǎ ǿŜǊŜ ǎŜǉǳŜƴŎŜŘ ǿƛǘƘ ŀ ǊŜǾŜǊǎŜ ǇǊƛƳŜǊΣ ǎƻ ǘƘŜ ŎƻƴŬǊƳŜŘ Ƴǳǘŀǝƻƴ ǿŀǎ ŎΦсоу/Ҕ¢Φ 
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Figure 2.14 Representative image of Sanger Sequencing results to confirm the presence of 
mutation (KCNQ2-DEE lines) and the absence of mutation (healthy control lines). 22 

(A) The presence of the mutation is confirmed in the Fibroblast line F.EP2003 and all derived iPSC 
lines, which is heterozygous for A (green) and G (black). (B) The absence of the mutation is confirmed 
in the healthy control fibroblast line F.EP2C003 and all derived iPSC lines which is homozygous for G 
(black). R represents nucleotides for A and G. The sequencing was carried out with a reverse primer, 
and the KCNQ2 mutation in this patient was confirmed to be ŎΦсоу/Ҕ¢Φ 

 

2.4 Discussion 

{ƛƴŎŜ ǘƘŜ ŘƛǎŎƻǾŜǊȅ ƻŦ ƛt{/ǎ ŦǊƻƳ ƘǳƳŀƴ ǎƻƳŀǘƛŎ ŎŜƭƭǎ ōȅ ¸ŀƳŀƴŀƪŀΩ ƎǊƻǳǇ (Takahashi et al., 

2007), the field of stem cell technology has progressed rapidly. iPSCs are of particular interest 

for neuronal disorders. Their applications can be divided into 2 main groups: cell replacement 

ǘƘŜǊŀǇȅΣ ǿƘƛŎƘ ƛǎ ǾŜǊȅ ƛƳǇƻǊǘŀƴǘ ƛƴ ŘƛǎƻǊŘŜǊǎ ǎǳŎƘ ŀǎ !ƭȊƘŜƛƳŜǊΩǎ ƻǊ tŀǊƪƛƴǎƻƴΩǎ ŘƛǎŜŀǎŜ ŀƴŘ 

secondly, disease modelling of monogenic disorders including those which give rise to 

epilepsy and the developmental and epileptic encephalopathies (DEEs) including those due 

to pathogenic variants in KCNQ2 (KCNQ2-DEE) the commonest cause of genetic neonatal 

epilepsy (Yang et al., 2016). This in turn allows the exploration of novel drug screening 

approaches for patients in human cell-based models.  

In this study, we have generated and characterised 24 human iPSC lines, including 12 lines 

from healthy controls and 12 lines from epilepsy patients carrying KCNQ2 pathogenic 

variants including c.638C>T (p.R213Q), c.783A>C (p.F261L); c.793G>A (p.A265T) and 

c.881C>T (p.A294V), respectively. In patients with KCNQ2-DEE, the genotype-phenotype 

correlation is not fully understood but disease severity largely correlates to key hotspots 
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(location) of the pathogenic variant/mutation within the gene (and corresponding KCNQ2-

protein). Below is a table generated on the UniProt website which shows which regions are 

located within each functional domain in the protein (Table 2.6). 

Table 2.6: Functional domains with KCNQ2 transmembrane protein  10 

Domain Region Function 

Topological domain 1-91 Cytoplasmic 

Transmembrane 92-112 Helical;  Segment S1 

Topological domain 113-122 Extracellular 

Transmembrane 123-143 Helical;  Segment S2 

Topological domain 144-166 Cytoplasmic 

Transmembrane 167-187 Helical;  Segment S3 

Topological domain 188-195 Extracellular 

Transmembrane 196-218 Helical; Voltage-sensor;  Segment S4 

Topological domain 219-231 Cytoplasmic 

Transmembrane 232-252 Helical;  Segment S5 

Topological domain 253-264 Extracellular 

Intramembrane 265-285 Pore-forming;  Segment H5 

Topological domain 286-291 Extracellular 

Transmembrane 292-312 Helical;  Segment S6 

Topological domain 313-872 Cytoplasmic 

      

Modified residue  5 Phosphoserine 

Modified residue  11 Phosphotyrosine 

Modified residue  15 Phosphoserine 

Modified residue 52 Phosphoserine; by PKA1 Publication 

Modified residue 217 Phosphothreonine1 Publication 

Modified residue 466 Phosphoserine 

Modified residue  466 Phosphoserine 

Modified residue 468 Phosphoserine 

Modified residue 472 Phosphoserine 

Modified residue 476 Phosphoserine 

Modified residue  476 Phosphoserine 

Modified residue 478 Phosphoserine 

Modified residue 507 Phosphoserine 

Modified residue 672 Phosphoserine 

Modified residue 801 Phosphoserine 

Modified residue 803 Phosphoserine 

 

In Figure 2.15, known KCNQ2 variants are marked next to their corresponding functional 

domain. Mutations marked in red are associated with KCNQ2-benign familial neonatal 

convulsions (a milder epilepsy phenotype now also known as self-limited familial neonatal 

epilepsy) and variant markers in black are associated with the severe seizures and brain 

developmental disorder KCNQ2-Developmental and Epileptic encephalopathy (DEE)(Lee et 
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al., 2022). Three out of four of the variants used in this study are recorded here (R213Q, 

!нср¢Σ !нфп±ύΦ ¢ƘŜ ŦƻǳǊǘƘ ǾŀǊƛŀƴǘ Cнсм[ Ƙŀǎ ƴƻǘ ōŜŜƴ ǇǊŜǾƛƻǳǎƭȅ ǊŜŎƻǊŘŜŘ ƛƴ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜΦ 

Lƴ ǘƘƛǎ ŎƘŀǇǘŜǊΣ ǿŜ ƎŜƴŜǊŀǘŜŘ ƛt{/ǎ ŦǊƻƳ ŦƻǳǊ Y/bvнπ599 ǇŀǝŜƴǘǎΦ ¢ƻ ŘŀǘŜΣ ǘƘŜǊŜ Ƙŀǎ ōŜŜƴ 

ƻƴƭȅ ƻƴŜ ǎǘǳŘȅ ǇǳōƭƛǎƘŜŘ ǳǎƛƴƎ Y/bvн ǇŀǝŜƴǘπŘŜǊƛǾŜŘ ƛt{/ǎ ǘƻ ƎŜƴŜǊŀǘŜ ŀ ƴŜǳǊƻƴŀƭ ƳƻŘŜƭ 

ƻŦ ǘƘŜ ŘƛǎŜŀǎŜ ό¢ŀōƭŜ нΦтύΦ  

 

Table 2.7 Summary of iPSC-derived neuronal models in KCNQ2-DEE 11 

KCNQ2 variant Domain Somatic cell Reprogramming 
method 

Reference  

(Q2-04) 
R581Q 

C helix Patient peripheral 
blood mononuclear 
cells 

CytoTune-iPS 
2.0 Sendai 

(Simkin et al., 
2021) 

iso- Q2-04  - Isogenic by 
CRISPR/CAS9 

- (Simkin et al., 
2021) 

 

 

 

Figure 2.15. Mutations in KCNQ2 are grouped according to their functional domain. 23 

Mutations marked in red are associated with KCNQ2-benign familial neonatal convulsions 
and mutations in black are associated with KCNQ2-DEE (I.-C. Lee et al., 2022).  

 

iPSCs can now be generated from a variety of different somatic cell sources including dermal 

fibroblasts (Yu et al., 2007), keratinocytes (Piao et al., 2014), blood cells (Kim et al., 2016), 
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and other cell types (Zhou et al., 2012). As previously mentioned, it has been debated in the 

literature how much of an impact somatic cell source has on iPSC generation. Here, we report 

the use of dermal fibroblasts as a somatic cell source for the generation of iPSCs. We 

achieved a 100% success rate of isolating fibroblasts from skin biopsies and no repeat 

biopsies were required. Fibroblasts began to emerge from the biopsies after 1 week in 

culture and were ready for passaging after approximately 2 weeks in culture. All fibroblasts 

were confirmed to be negative for Mycoplasma by PCR.  

In this study we chose to reprogramme our Fibroblasts using a Sendai Virus. The main reason 

for this decision was because the Sendai Virus is a non-integrating virus, meaning it cannot 

integrate into the host genome (Fusaki et al., 2009)Φ LǘΩǎ ƻƴƭȅ ŎŀǇŀōƭŜ ƻŦ ŜȄǇǊŜǎǎƛƴƎ ǘƘŜ 

exogenous transgenes, resulting in no random insertional mutagenesis which substantially 

decreases the risk of tumorigenicity or genomic disruption (MacArthur et al., 2012). Sendai 

±ƛǊǳǎ ƛǎ ŀ ǊŜǎǇƛǊŀǘƻǊȅ ǾƛǊǳǎ ƻŦ ƳƻǳǎŜ ŀƴŘ ǊŀǘΦ Lǘ ǿŀǎ ŦƛǊǎǘ ƛǎƻƭŀǘŜŘ ƛƴ ǘƘŜ мфрлΩǎ ƛƴ WŀǇŀƴΦ Lǘ ƛǎ 

an enveloped virus of 150-250nm in diameter made up of a single RNA chain (15,384 bases) 

ƛƴ ǘƘŜ Ƴƛƴǳǎ ǎŜƴǎŜΦ LǘΩǎ ŎŀǇŀōƭŜ ƻŦ ƛƴŦŜŎǘƛƴƎ ŀ ōǊƻŀŘ ǊŀƴƎŜ of cell types by attaching to sialic 

acid receptors on the cell surface (Chan et al., 2009). Since SeV vectors are in the form of a 

ǎƛƴƎƭŜ ŎƘŀƛƴ wb!Σ ƛǘΩǎ ƴƻǘ ǇƻǎǎƛōƭŜ ǘƻ ƛƴǘŜƎǊŀǘŜ ǿƛǘƘ ǘƘŜ Ƙƻǎǘ ƎŜƴƻƳŜ ŀƴŘ ŘƛǎǊǳǇǘ ǘƘŜ ŦǳƴŎǘƛƻƴ 

of any important genes as mammals including human do not have reverse transcriptase 

gene. Importantly, the gene encoding the Fusion protein is removed from the Sendai Virus 

reprogramming kit, rendering the virus incapable of producing any infectious particles. The 

ǇƭǳǊƛǇƻǘŜƴŎȅ ǘǊŀƴǎƎŜƴŜǎ ŀǊŜ ǘǊŀƴǎŎǊƛōŜŘ ǳǎƛƴƎ wb! ǇƻƭȅƳŜǊŀǎŜ ǿƘƛŎƘ ƛǎ ŜƴŎƻŘŜŘ ōȅ ǘƘŜ Ψ[Ω 

gene which works by splitting the viral RNA into daughter cells during proliferation. To allow 

the vector to be removed from the cells after passaging, functional variants such as 

temperature sensitivity have been inserted into the SeV vector. 

For these reasons, SeV has become a very popular choice of reprogramming method used to 

generate iPSCs. In this study we used the CytoTune 2.0 Sendai Virus Reprogramming Kit. We 

found that the efficiency of transduction was sufficient for ample colony selection. Colonies 

were ready to be passaged 3-4 weeks post viral transduction. However, we did find some 

variability in the number of passages required to achieve complete removal of all transgenes 

(KOS, c-MYC, KLF4 and SeV). In 50% of donors (4/8), all lines were transgene free after 

passage 10. For two of the donors, they were transgene free after passage 12 while for the 

remaining 2 donors they achieved a transgene free status at passage 15. These results appear 

consistent with other reports (Kudva et al., 2012). 
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In this study, 24 iPSC lines were generated and fully characterised. To confirm the 

pluripotency of the iPSCs, cells were stained for Alkaline Phosphatase (AP), 

immunocytochemistry staining of pluripotency markers and finally quantitative RT-PCR of 

pluripotency markers. All cells stained for AP were positive, which is indicative of a 

pluripotent state (Figure 2.6). However, the importance of AP activity for pluripotent cells 

still remains generally unclear ό~ǘŜŦƪƻǾł Ŝǘ ŀƭΦΣ нлмрύ. For this reason, we did not perform AP 

staining on all iPSC lines, as it was not deemed to provide any additional information.  

To effectively demonstrate that our iPSCs were pluripotent, we measured the expression of 

3 known pluripotency markers; NANOG, OCT4 and SOX2 by RT-qPCR, stained for pluripotency 

markers by immunocytochemistry and showed their capacity to differentiate into cells from 

each of the three germ layers (Figure 2.12). We showed that there was over a 100-fold 

increase in the expression of each pluripotency marker relative to the parent fibroblasts 

(Figure 2.10). There was some variability between lines from the same donor which was 

expected as iPSCs are known to have heterogeneity (Kyttälä et al., 2016). Also, there was less 

expression of NANOG compared to OCT4 and SOX2 which has been reported in other iPSC 

lines (Navarro et al., 2012).  

Simultaneously, we demonstrated that our iPSCs expressed the cell surface markers SSEA4, 

TRA-1-81 and TRA-1-60 and nuclear markers OCT4, SOX2 and NANOG (Figure 2.11). These 

markers are all commonly used markers to confirm pluripotency in embryonic/induced 

pluripotent stem cells (Rodda et al., 2005). The borders of the iPSC colonies often had higher 

expression of these markers which may be due to the iPSC colonies growing outward from 

their edges, meaning proliferative cells would be on the border of the colonies (Warmflash 

et al., 2014).  

For a cell to be truly pluripotent, it must be able to differentiate into cells from each of the 3 

germ layers ectoderm, mesoderm, and endoderm (Hadjantonakis, 2014). In this study, we 

showed that through the formation of Embryoid Bodies (EBs), our iPSCs were capable of 

forming cells from each of these germ layers. EBs are multicellular aggregates that were 

spontaneously generated from iPSCs when grown in suspension. These suspensions contain 

cells from each of the germ layers and it is thought that they somewhat recapitulate 

development in the early embryo (Guo et al., 2020). Here, we showed that our EBs formed 

cells of the ectoderm, mesoderm, and endoderm by staining with ̡-III Tubulin (TUJ1), 

smooth muscle actin (SMA) and alpha fetoprotein (AFP) respectively (Figure 2.12). This 

approach offers many advantages over the teratoma assay, which was traditionally used to 
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demonstrate pluripotency by injecting iPSCs into an immuno-compromised mouse and 

testing for their ability to form a teratoma containing cells from each of the germ layers. The 

tri-lineage differentiation assay used here is less costly, time-consuming, and labour 

intensive (Nelakanti et al., 2015).  

Genomic integrity of iPSCs is crucial for both research and clinical applications (Bhutani et 

al., 2016). There is multiple opportunities to introduce genetic alterations i.e., during the 

ǊŜǇǊƻƎǊŀƳƳƛƴƎ ƻŦ ǎƻƳŀǘƛŎ ŎŜƭƭǎΣ ŘǳǊƛƴƎ ŎŜƭƭ ŎǳƭǘǳǊŜ ƻǊ ŘǳǊƛƴƎ ƎŜƴŜ ŜŘƛǘƛƴƎΦ ¢ƘŜǊŜŦƻǊŜΣ ƛǘΩǎ 

imperative to assess the genomic integrity of iPSCs to ensure that cells are an exact copy of 

parent cells. In this study we chose to analyse our cell genomes using SNP arrays due to its 

higher resolution and computational accessibility. Compared to G-banding, which is still the 

most commonly used technique for assessing genomic stability, SNP analysis has a 

significantly higher resolution, covering every 3kb of the genome on average όtŜǘŜǊǎƻƴ ϧ 

[ƻǊƛƴƎΣ нлмпύ. Several studies in recent years have shown that when compared with SNP 

arrays, G-banding was unable to detect as many genetic abnormalities ό5Ω!ƴǘƻƴƛƻ Ŝǘ ŀƭΦΣ 

2017). However, one downside of the SNP array is its inability to detect translocations or 

inversions (Monzon et al., 2008). On the other hand, SNP arrays also cause challenges 

ōŜŎŀǳǎŜ ƻŦ ǘƘŜƛǊ ƘƛƎƘ ŘŜƎǊŜŜ ƻŦ ǎŜƴǎƛǘƛǾƛǘȅΦ ¢Ƙƛǎ Ŏŀƴ ƳŀƪŜ ŀƴŀƭȅǎƛƴƎ ǘƘŜ Řŀǘŀ ǘŜŘƛƻǳǎ ŀǎ ƛǘΩǎ 

essential to sieve through the data for any artifacts which may have been introduced by 

technical errors. Some regions such as GC-rich telomeres or centromeres, may have little or 

no SNPs. To combat this, an internal control is generated with most of the samples analysed 

on the same chip, which can be applied to remove some of the common CNVs on the majority 

of the samples, which may have been caused by small differences in DNA contents during 

processing. As a positive control we used the SNP array to confirm chromosomal deletions 

in other disease models in our laboratory i.e., NRXN1 deletions patients with autism 

spectrum disorder. In this study, the SNP array found no gross chromosomal abnormalities 

in KCNQ2-DEE and control lines.  

To confirm the identity of our iPSCs, we performed short tandem repeat (STR) analysis 

(Figure 2.9). STRs are short, simple repeats of sequences that involve a repetitive unit that 

can be used to identify if cell lines are closely related. This type of genetic fingerprinting is 

commonly used in forensics to identify missing persons (Wyner et al., 2020). If a cell is 

derived from another cell, both cells should have identical STR profiles. The next closest 

match will be a sibling, but since they only share half their DNA from 2 parents with extensive 

recombination during gamete formation, the amount of matches they will have on STR 

analysis can vary (Zaken et al., 2013). Here, we confirmed that all generated iPSCs have 
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identical STR profiles to their parental fibroblast line, but they differ between different 

donors.  

Genetic or presumed genetic epilepsies represent the cause of epilepsy in over 50% of cases 

(Mullen et al., 2018). Within this group are hundreds of monogenic disorders, the genes of 

which encode important cellular processes and functions, mostly the sodium and potassium 

ion channel epilepsies, which play a  pivotal role action potential generation, conduction, 

and repolarisation (Khamdiyeva et al., 2021). Some common ion channel genes (when 

dysfunctional) causing epilepsy are SCN1A, SCN2A, SCN8A, KCNQ2, KCNQ3, KCNA2, KCNT1, 

CLCN1) (Weckhuysen et al., 2012;Poryo et al., 2017; Wang et al., 2017; Stewart et al., 2023; 

Arbini et al., 2020). In this study we recruited 4 patients with missense pathogenic variants 

in the KCNQ2 ƎŜƴŜΦ ¢ƻ ŎƻƴŦƛǊƳ ǘƘƛǎΣ ǿŜ ǎŜǉǳŜƴŎŜŘ 5b! ŦǊƻƳ ǘƘŜ ǇŀǘƛŜƴǘΩǎ ƛt{/ǎ ǳǎƛƴƎ {ŀƴƎŜǊ 

Sequencing. We designed primers specific to each patient which flanked the mutation site 

and sequenced approx. 400bp region. Our results confirmed the presence of the mutation in 

each patient cell line and the absence of the mutation in the paired sibling control line.  

Contamination of cells by pathogens is a huge problem in cell culture. Unlike bacteria, fungi 

or viruses, mycoplasma can easily go undetected in cell culture if not routinely monitored. 

Larger pathogens like fungi or bacteria cause changes to the cell culture medium which are 

visible to the naked eye including media turbidity, visible pathogens, and cell death (Mirjalili 

et al., 2005). Due to their small size (0.1µM ς 0.8µM), and the ability of cells to survive during 

infection, mycoplasma is a silent yet detrimental form of contamination in cell culture (Sugita 

et al., 2021). iPSCs infected with mycoplasma may have altered gene expression, growth 

factors, and ion channels among other things όhƭŀǊŜǊƛƴπDŜƻǊƎŜ Ŝǘ ŀƭΦΣ нлмрύ. Prior to freezing 

and after thawing our iPSCs, we performed a routine PCR-based mycoplasma test to ensure 

cells were free of any mycoplasma contamination. All cell lines used in the experimentation 

of this project were confirmed to be mycoplasma free for the entirety of the project (Figure 

2.13). However, other cells in our laboratory that tested positive for mycoplasma were 

destroyed immediately as mycoplasma treatment options were shown to be unsuccessful in 

our laboratory in the past. 

In summary, we have generated and characterised fully 24 iPSC lines from 4 patient donors 

who have pathogenic variants in KCNQ2 (c.881C>T,c.783A>C, c.638C>T, c.793G>A) and 4 

sibling controls. These cell lines were novel and invaluable resources for researching not only 

epilepsy but also the role of KCNQ2 in early brain development. We used a proportion of 

these cell lines to model disease in vitro by differentiation into excitatory cortical neurons in 
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Chapter 4. Due to time constraints, we chose to study 3 out of the 4 pathogenic variants 

based on their prevalence and severity.  

2.5 Supplementary data to Chapter 2  

 

Figure S2.1. Morphology of iPSC lines. 24 

Images were taken under light microscope at passage 4. All iPSC lines showed normal ESC-like colonies 
with tightly packed colonies, defined edges, and round borders. Total magnification is 10x. Scale bar 
is 100 µM.  

 

 

Figure S2.2. Alkaline Phosphatase staining of iPSC lines. 25 

IPSC lines from donors EP2001, EP2C001, EP2002 and EP2C002 were positive for Alkaline phosphatase 
staining. Alkaline Phosphatase staining was not performed for the remaining donors as it is no longer 
required as a technique in characterising iPSC lines. Total Magnification is 5x. Scale bar is 100 µM.  
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Figure S2.3. Immunocytochemistry analysis of undifferentiated stem cell markers OCT4, SOX2, 
NANOG, SSEA4, TRA-1-81 and TRA-1-60. 26 

 All Cell lines from EP2001, EP2C001, EP2002, EP2C002, EP2003, EP2C003, EP2004 and EP2C004 were 
positive for all markers. Total magnification is 20X. Scale bar = 100 µM.  
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Figure S2.4. Immunocytochemistry analysis of markers from the 3 germ layers. 27 
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 All iPSC lines were positive for the markers AFP, SMA and TUJ-1. Total magnification is 20x. Scale bar 
= 100 µM.  

 

 

 

 

Figure S2.5. RT-qPCR results showing expression of pluripotency markers OCT4, SOX2 and NANOG 
in iPSC lines. 28 
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Figure S2.6. RT-PCR results show the absence of any transgenes in the iPSC lines. 29 

 All cell lines were negative for the presence of the transgenes KOS, C-MYC, KLF4 and SeV. cDNA taken 

from cells 24 hour after transduction was used as a positive control. cDNA from fibroblasts were used 

as a negative control. GAPDH was the house-keeping gene used as an internal control.  
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Figure S2.7. Sanger Sequencing Chromatograms from all iPSC lines. 30 

The mutation of each patient fibroblast line was confirmed as well as in all the derived iPSC lines. The 
absence of the mutation in the healthy control fibroblast line was confirmed as well as in all the 
derived iPSC lines. The Red boxes highlight the nucleotides of interest.  

 

 

Figure S2.8. Mycoplasma PCR results for all iPSC lines.  31 

Cell culture supernatant was collected from each IPSC line and underwent PCR for the detection of 
Mycoplasma. PCR products were electrophoresed on an agarose gel. All cell lines were negative for 
the presence of mycoplasma. Positive control is lyophilised mycoplasma product provided by the kit, 
ladder is 100bp DNA ladder, negative control is water.  
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