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Ìîðôîëîãè÷åñêèå è ôóíêöèîíàëüíûå íàðóøåíèÿ â íåéðîìûøå÷íûõ êîíòàêòàõ

Áîëåçíü Àëüöãåéìåðà (ÁÀ) ïðåäñòàâëÿåò ñîáîé íåéðîäåãåíåðàòèâíîå çàáîëåâàíèå, õàðàêòåðèçóþùå-
åñÿ ïîòåðåé ñèíàïñîâ â êîðå è ãèïîêàìïå, êîòîðîå ïðåäøåñòâóåò àìèëîèäîçó è íåéðîäåãåíåðàöèè è êîð-
ðåëèðóåò ñ íàðóøåíèåì ïàìÿòè â ðàííåé êëèíè÷åñêîé ôàçå çàáîëåâàíèÿ. Ìóòàöèè â ãåíå ïðåäøåñòâåí-
íèêà àìèëîèäà (ÀÐÐ) âûçûâàþò ñåìåéíóþ ôîðìó ÁÀ è ïðèâîäÿò ê óñèëåíèþ ñåêðåöèè àìèëîèä-áå-
òà-ïðîòåèíà (Àb). Ñ öåëüþ ïîíÿòü ðîëü áåëêà ÀÐÐ â ñèíàïòè÷åñêèõ íàðóøåíèÿõ, íàáëþäàåìûõ ïðè
áîëåçíè Àëüöãåéìåðà, ÀÐÐ äèêîãî òèïà è åãî ìóòàíòíóþ ôîðìó ÀÐÐ-Swedish, âûçûâàþùóþ ñåìåéíóþ
ôîðìó ÁÀ, è áåòà-ñåêðåòàçó ýêñïðåññèðîâàëè â ìîòîðíûõ íåéðîíàõ ëè÷èíîê Drosophila melanogaster.
Ïîêàçàíî, ÷òî ýêñïðåññèÿ ÀÐÐ (ÀÐÐ-Swedish) ïðèâîäèò ê çíà÷èòåëüíûì ìîðôîëîãè÷åñêèì è ôóíêöèîíà-
ëüíûì èçìåíåíèÿì â íåéðîìûøå÷íûõ ñîåäèíåíèÿõ, âûçûâàÿ ðàçðàñòàíèå àêñîíîâ è óâåëè÷åíèå êîëè÷å-
ñòâà ñèíàïòè÷åñêèõ áóòîíîâ, íàðóøåíèå ýêçîöèòîçà ñèíàïòè÷åñêèõ âåçèêóë (âûÿâëÿåìîå ïðè ïîìîùè
êðàñèòåëÿ FM4-64), à òàêæå óìåíüøåíèå ÷èñëà ìèòîõîíäðèé â ïðåñèíàïòè÷åñêèõ òåðìèíàëàõ. Ïðè ýòîì
âûðàæåííûå ñèíàïòè÷åñêèå íàðóøåíèÿ íàáëþäàëèñü êàê ïðè ýêñïðåññèè ÀÐÐ (èëè ÀÐÐ-Swedish), òàê è â
äâîéíûõ òðàíñãåíàõ ïðè ñîâìåñòíîé ýêñïðåññèè ÀÐÐ (èëè ÀÐÐ-Swedish) è áåòà-ñåêðåòàçû ÷åëîâåêà (ÂÀ-
ÑÅ), ïðèâîäÿùåé ê ñåêðåöèè àìèëîèä-áåòà-ïðîòåèíà (Àb). Ïðåäïîëàãàåòñÿ, ÷òî ÀÐÐ ó÷àñòâóåò â ðåãóëÿ-
öèè ñèíàïòè÷åñêèõ ôóíêöèé è ÷òî åãî ïîâûøåííàÿ ýêñïðåññèÿ ïðèâîäèò ê ñèíàïòè÷åñêîé ïàòîëîãèè íå-
çàâèñèìî îò íåéðîòîêñè÷åñêèõ ýôôåêòîâ Ab.

Ê ë þ ÷ å â û å ñ ë î â à: áîëåçíü Àëüöãåéìåðà, ÀÐÐ, íåéðîìûøå÷íûå ñîåäèíåíèÿ, Drosophila melano-
gaster.

Ï ð è í ÿ ò û å ñ î ê ð à ù å í è ÿ: ÁÀ — áîëåçíü Àëüöãåéìåðà, Ab — àìèëîèä-b-ïðîòåèí, ÍÌÊ — íåé-
ðîìûøå÷íûå êîíòàêòû, ÀÐÐ — b-Amyloid Precursor Protein (áåëîê, ïðåäøåñòâåííèê àìèëîèä-b-ïðîòåè-
íà), GFP — çåëåíûé ôëóîðåñöåíòíûé áåëîê.

Îñíîâíûå íåéðîïàòîëîãè÷åñêèå õàðàêòåðèñòèêè áî-
ëåçíè Àëüöãåéìåðà (ÁÀ) ñâÿçàíû ñ íàêîïëåíèåì â ìîçãå
áîëüíûõ ýêñòðàêëåòî÷íûõ ôèáðèëëÿðíûõ àãðåãàòîâ êî-
ðîòêîãî ïåïòèäà (40—42 àìèíîêèñëîòû), ïîëó÷èâøåãî
íàçâàíèå àìèëîèä-áåòà-ïðîòåèí (Àb), è âíóòðèêëåòî÷íûõ
íåéðîôèáðèëëÿðíûõ êëóáêîâ, ñîäåðæàùèõ ãèïåðôîñôî-
ðèëèðîâàííûé òàó-ïðîòåèí (Hardy, Selkoe, 2002).

Ab ÿâëÿåòñÿ ïðîäóêòîì ïðîòåîëèòè÷åñêîãî ïðîöåñ-
ñèíãà èíòåãðàëüíîãî ìåìáðàííîãî áåëêà ÀÐÐ (áåëîê-
ïðåäøåñòâåííèê Ab) (Selko, 2001; Anaert, De Strooper
2002). Ñîãëàñíî ãèïîòåçå «àìèëîèäíîãî êàñêàäà» (Hardy,
Selkoe, 2002), èçáûòî÷íîå îáðàçîâàíèå íåéðîòîêñè÷íûõ
ôîðì Ab çàïóñêàåò âñþ öåïî÷êó ïàòîëîãè÷åñêèõ èçìåíå-
íèé ïðè ÁÀ. Ìåæäó òåì â ðàííåé êëèíè÷åñêîé ôàçå çàáî-
ëåâàíèÿ íàðóøåíèå ïàìÿòè ïðåäøåñòâóåò àìèëîèäîçó,
íåéðîôèáðèëëÿðíîé äåãåíåðàöèè, ãèáåëè íåéðîíîâ è êîð-
ðåëèðóåò ëèøü ñ äèñôóíêöèåé ñèíàïñîâ (Masliach et al.,
1994) — åäèíñòâåííûì ïàòîìîðôîëîãè÷åñêèì ïðèçíà-
êîì, îáíàðóæèâàþùèì âûñîêóþ êîððåëÿöèþ ñî ñòåïåíüþ
äåìåíöèè (Terry et al., 1991; Masliach et al., 1994). Òåì íå
ìåíåå ìåõàíèçì ïîòåðè ñèíàïñîâ ïðè ÁÀ äî íàñòîÿùåãî

âðåìåíè îñòàåòñÿ íåÿñíûì. Â áîëüøèíñòâå ðàáîò ïîâû-
øåííàÿ ñåêðåöèÿ Ab èëè Ab-îëèãîìåðîâ ïðåäïîëàãàåòñÿ
ãëàâíîé ïðè÷èíîé äèñôóíêöèè ñèíàïñîâ (Walsh, Selkoe,
2004).

Îäíèì èç îñíîâíûõ ýêñïåðèìåíòàëüíûõ ïîäõîäîâ â
èçó÷åíèè íåéðîäåãåíåðàòèâíûõ çàáîëåâàíèé â íàñòîÿùåå
âðåìÿ ÿâëÿåòñÿ ìîäåëèðîâàíèå ïàòîãåíåçà ýòèõ çàáîëåâà-
íèé íà òðàíñãåííûõ æèâîòíûõ. Èìåííî àíàëèç ðåçóëüòà-
òîâ, ïîëó÷åííûõ íà òðàíñãåííûõ æèâîòíûõ, ïîêàçûâàåò,
÷òî ñèòóàöèÿ ñ äèñôóíêöèåé ñèíàïñîâ ïðåäñòàâëÿåòñÿ áî-
ëåå ñëîæíîé, ÷åì âîçìîæíûé ïðÿìîé ýôôåêò Ab-îëèãî-
ìåðîâ. Òàê, ñðàâíåíèå ðàçëè÷íûõ òðàíñãåííûõ ëèíèé ìû-
øåé, ðàçëè÷àþùèõñÿ óðîâíåì ýêñïðåññèè ÀÐÐ, ïîêàçàëî,
÷òî ñîäåðæàíèå ïðåñèíàïòè÷åñêèõ áåëêîâ â íåéðîíàõ íå
êîððåëèðóåò ñ ñîäåðæàíèåì àìèëîèäíûõ áëÿøåê (Mucke
et al., 2000). Â òî æå âðåìÿ ó ìûøåé ñ íîêàóòîì èëè íîê-
äàóíîì ãåíà ÀÐÐ íàáëþäàëè äèñôóíêöèþ ñèíàïñîâ è íà-
ðóøåíèå êîãíèòèâíûõ ôóíêöèé, õàðàêòåðíûõ äëÿ ÁÀ (Se-
abrook et al., 1999; Senechal et al., 2006). Ýòè äàííûå äàþò
âîçìîæíîñòü ïðåäïîëîæèòü, ÷òî ïåðâè÷íûé ýôôåêò ìóòà-
öèé â APP ïðè ñåìåéíûõ ôîðìàõ ÁÀ ìîæåò áûòü ñâÿçàí ñ
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íàðóøåíèåì ñèíàïòè÷åñêîé ôóíêöèè, â êîòîðîé ýòîò áå-
ëîê èãðàåò êëþ÷åâóþ ðîëü (Torroja et al., 1999b).

Drosophila melanogaster ÿâëÿåòñÿ óäîáíûì ìîäåëü-
íûì îðãàíèçìîì äëÿ àíàëèçà ìîëåêóëÿðíûõ ìåõàíèçìîâ,
ëåæàùèõ â îñíîâå íåéðîäåãåíåðàòèâíûõ çàáîëåâàíèé, â
÷àñòíîñòè ÁÀ (Bonini, Fortini, 2003). Îäíèì èç ïðåèìó-
ùåñòâ Drosophila ïðè èçó÷åíèè ÁÀ ÿâëÿåòñÿ âîçìîæíîñòü
äèñêðèìèíèðîâàòü â òðàíñãåííûõ ëèíèÿõ ýôôåêòû Ab è
åãî áåëêà-ïðåäøåñòâåííèêà ÀÐÐ. Â ïðîòåîëèòè÷åñêèé
ïðîöåññèíã ÀÐÐ âîâëå÷åíû òðè ñåêðåòàçû — àëüôà, áåòà
è ãàììà. Â ðåçóëüòàòå äåéñòâèÿ ãàììà- è áåòà-ñåêðåòàçû
îáðàçóåòñÿ Ab. Ó Drosophila ïðåäñòàâëåíû íàðÿäó ñ àëü-
ôà-ñåêðåòàçîé âñå êîìïîíåíòû ãàììà-ñåêðåòàçíîãî êîìï-
ëåêñà, îäíàêî íåò àêòèâíîñòè áåòà-ñåêðåòàçû, à ãåí Àppl,
îðòîëîã ãåíà ÀÐÐ ÷åëîâåêà ó Drosophila, íå ñîäåðæèò ïî-
ñëåäîâàòåëüíîñòè Ab. Ñëåäîâàòåëüíî, òîëüêî ñîâìåñòíàÿ
ýêñïðåññèÿ ãåíîâ ÀÐÐ è áåòà-ñåêðåòàçû (BACE) ÷åëîâåêà
â Drosophila ïðèâîäèò ê îáðàçîâàíèþ Ab.

Ðàíåå ìû ïîêàçàëè, ÷òî ýêñïðåññèÿ ãåíà ÀÐÐ äèêîãî
òèïà è åãî ìóòàíòíîé ôîðìû ÀÐÐ-Swedish (APP695 ÷åëî-
âåêà ñ çàìåíàìè 670K3N è 671M3L) â íåðâíûõ êëåòêàõ
Drosophila âûçûâàåò ýôôåêòû, íàáëþäàåìûå ïðè ÁÀ: íà-
êîïëåíèå Ab-àãðåãàòîâ, íåéðîäåãåíåðàöèþ, ñíèæåíèå ñî-
äåðæàíèÿ â ìîçãå ïðåñèíàïòè÷åñêèõ áåëêîâ ñèíàïòîòàã-
ìèíà è ñèíàïòîáðåâèíà, íàðóøåíèÿ îáó÷åíèÿ è ïàìÿòè
(Sarantseva et al., 2009).

Äëÿ ïîíèìàíèÿ êëåòî÷íûõ ìåõàíèçìîâ, ëåæàùèõ
â îñíîâå ýòèõ ýôôåêòîâ, â íàñòîÿùåé ðàáîòå ïðîâåäåí
àíàëèç ìîðôîëîãè÷åñêîãî è ôóíêöèîíàëüíîãî ñîñòîÿ-
íèÿ íåéðîìûøå÷íûõ êîíòàêòîâ (ÍÌÊ) ëè÷èíîê Droso-
phila ïðè ýêñïðåññèè ÀÐÐ èëè ÀÐÐ-Swedish, à òàêæå ïðè
ñîâìåñòíîé ýêñïðåñcèè ÀÐÐ (èëè ÀÐÐ-Swedish) è ÂÀÑÅ
÷åëîâåêà. Ïîêàçàíî, ÷òî ýêñïðåññèÿ ÀÐÐ âûçûâàåò ðàçðà-
ñòàíèå àêñîíîâ è óâåëè÷åíèå êîëè÷åñòâà ñèíàïòè÷å-
ñêèõ áóòîíîâ, íàðóøåíèå ýêçîöèòîçà ñèíàïòè÷åñêèõ âåçè-
êóë â íåéðîìûøå÷íûõ ñîåäèíåíèÿõ ëè÷èíîê, à òàêæå
óìåíüøåíèå ÷èñëà ìèòîõîíäðèé â ïðåñèíàïòè÷åñêèõ òåð-
ìèíàëàõ.

Ìàòåðèàë è ìåòîäèêà

Â ð à á î ò å è ñ ï î ë ü ç î â à ë è ñëåäóþùèå ëèíèè Dro-
sophila melanogaster. 1. Òðàíñãåííûå ëèíèè: UAS-APP, íå-
ñåò ãåí ÀÐÐ ÷åëîâåêà (äàëåå â òåêñòå ÀÐÐ); UAS-ÀÐÐ-Swe-
dish, íåñåò ãåí ÀÐÐ ÷åëîâåêà ñ ìóòàöèåé Swedish, ïðèâî-
äÿùåé ê íàñëåäñòâåííîé ôîðìå ÁÀ (äàëåå â òåêñòå
ÀÐÐ-Sw); UAS-BACE, íåñåò ãåí BACE ÷åëîâåêà (äàëåå
â òåêñòå ÂÀÑÅ). Ýêñïðåññèþ òðàíñãåíîâ ïðîâîäèëè â
ìîòîðíûõ íåéðîíàõ ëè÷èíîê Drosophila 3-ãî âîçðàñòà ñ
èñïîëüçîâàíèåì òêàíåñïåöèôè÷åñêîãî àêòèâàòîðà òðàíñ-
êðèïöèè elav-GAL4-D42. 2. Ëèíèþ UAS-CD8-GFP; GAL4-D42
(äàëåå â òåêñòå CD8;D42), ýêñïðåññèðóþùóþ çåëåíûé
ôëóîðåñöåíòíûé áåëîê GFP â ìåìáðàíå íåðâíûõ êëåòîê,
èñïîëüçîâàëè äëÿ âèçóàëèçàöèè è èçó÷åíèÿ ìîðôîëîãèè
íåéðîìûøå÷íûõ ñîåäèíåíèé D. melanogaster. 3. Ëèíèþ
UAS-n-syb-GFP, íåñóùóþ âñòàâêó ãåíà ñèíàïòîáðåâèíà è
ïîñëåäîâàòåëüíîñòü GFP, èñïîëüçîâàëè äëÿ àíàëèçà ôóí-
êöèîíèðîâàíèÿ ñàòåëëèòíûõ áóòîíîâ. 4. Ëèíèþ UAS-mi-
to-GFP/GAL4-D42 (äàëåå â òåêñòå mito/D42), ýêñïðåññèðó-
þùóþ GFP â ìåìáðàíå ìèòîõîíäðèé, èñïîëüçîâàëè äëÿ
âèçóàëèçàöèè è êîëè÷åñòâåííîãî àíàëèçà ìèòîõîíäðèé â
íåéðîìûøå÷íûõ ñîåäèíåíèÿõ. Ëèíèè D. melanogaster ïî-
ëó÷åíû èç êîëëåêöèè Drosophila Bloomington Stock Center
(ÑØÀ). Âî âðåìÿ ïðîâåäåíèÿ ýêñïåðèìåíòîâ ìóõ ñîäåð-

æàëè íà ñòàíäàðòíîé äðîææåâîé ñðåäå ïðè 25 °Ñ è 12-÷à-
ñîâîì ñâåòîâîì äíå.

Ï ð è ã î ò î â ë å í è å ï ð å ï à ð à ò î â è à í à ë è ç ì î ð -
ô î ë î ã è è í å é ð î ì û ø å ÷ í û õ ñ î å ä è í å í è é. Äèññåê-
öèþ ëè÷èíîê 3-ãî âîçðàñòà ïðîâîäèëè â ñâåæåïðèãîòîâ-
ëåííîì ðàñòâîðå HL3 (110 ìÌ NaCl, 5 ìÌ KCl, 10 ìÌ
NaHCO3, 5 ìÌ HEPES, 30 ìÌ ñàõàðîçû, 5 ìÌ òðåãàëîçû
è 10 ìÌ MgCl2, pH 7.2; Budnik, Ruiz-Canada, 2006). Äà-
ëåå ïðîâîäèëè ôèêñàöèþ â 4%-íîì ôîðìàëüäåãèäå
(Sigma-Aldrich, ÑØÀ) â òå÷åíèå 15 ìèí è ïîñëå ïðîìûâ-
êè â ôîñôàòíî-ñîëåâîì áóôåðíîì ðàñòâîðå (PBS) çàêëþ-
÷àëè ïðåïàðàò â ñìåñü PBS è ãëèöåðèíà (1 : 1). Àíàëèç
ïðîâîäèëè ñ ïîìîùüþ ëàçåðíîãî êîíôîêàëüíîãî ñêàíèðó-
þùåãî ìèêðîñêîïà Leica TCS-SP5 (Leica, Ãåðìàíèÿ). Êî-
ëè÷åñòâî áóòîíîâ è âåòâëåíèé àêñîíà, äëèíó íåéðîìû-
øå÷íîãî ñîåäèíåíèÿ îïðåäåëÿëè ñ ïîìîùüþ ïðîãðàìì
ImageJ è LAS AF Lite (Leica, Ãåðìàíèÿ). Àíàëèçèðîâàëè
5—6 ëè÷èíîê êàæäîãî ãåíîòèïà. Îïûò ïðîâîäèëè â òðåõ
ïîâòîðíîñòÿõ.

Ä ë ÿ à í à ë è ç à ý í ä î- è ý ê ç î ö è ò î ç à â íåéðîìû-
øå÷íûõ ñîåäèíåíèÿõ èñïîëüçîâëè êðàñèòåëü FM4-64.
Ïðîâîäèëè äèññåêöèþ ëè÷èíîê â ðàñòâîðå HL3. Äàëåå
ïðåïàðàòû èíêóáèðîâàëè â òå÷åíèå 5 ìèí â ðàñòâîðå HL3,
ñîäåðæàùåì 90 ìÌ KCl, 1.8 ìÌ CaCl2 è 10 ìêÌ ôëóîðåñ-
öåíòíîãî êðàñèòåëÿ FM4-64 (Molecular Probes, ÑØÀ).
Ïðåïàðàòû ïðîìûâàëè â ñðåäå HL3 áåç Ca2+ 3 ðàçà ïî
10 ìèí è àíàëèçèðîâàëè ñ ïîìîùüþ êîíôîêàëüíîé ìèê-
ðîñêîïèè (ìèêðîñêîï Leica TCS-SP5). Òîëùèíà êîíôî-
êàëüíîãî ñðåçà ñîñòàâëÿëà 0.3 ìêì. Äàëåå ïðåïàðàòû èí-
êóáèðîâàëè 1 ìèí â ðàñòâîðå HL3 áåç êðàñèòåëÿ, ñîäåðæà-
ùåì 90 ìÌ KCl è 1.8 ìÌ CaCl2. Ïðåïàðàòû ïðîìûâàëè â
ñðåäå HL3 áåç Ca2+ 3 ðàçà ïî 10 ìèí è àíàëèçèðîâàëè ïðè
ïîìîùè êîíôîêàëüíîé ìèêðîñêîïèè. Èíòåíñèâíîñòü
ôëóîðåñöåíöèè êðàñèòåëÿ îïðåäåëÿëè ñ ïîìîùüþ ïðî-
ãðàììû ImageJ. Âñå ïîëó÷åííûå çíà÷åíèÿ ôëóîðåñöåíöèè
íîðìèðîâàëè ïî îòíîøåíèþ ê êîíòðîëþ. Ïðåïàðàòû àíà-
ëèçèðîâàëè ïðè äëèíå âîëíû 543 íì. Àíàëèçèðîâàëè
5 ëè÷èíîê êàæäîãî ãåíîòèïà. Îïûò ïðîâîäèëè â òðåõ ïî-
âòîðíîñòÿõ.

È ì ì ó í î ã è ñ ò î õ è ì è ÿ. Äèññåêöèþ ëè÷èíîê 3-ãî
âîçðàñòà ïðîâîäèëè â ñâåæåïðèãîòîâëåííîì ðàñòâîðå
HL3, ôèêñèðîâàëè â 4%-íîì ôîðìàëüäåãèäå (Sigma-Ald-
rich, ÑØÀ) ïðè êîìíàòíîé òåìïåðàòóðå â òå÷åíèå 20 ìèí.
Ïðåïàðàòû èíêóáèðîâàëè ñíà÷àëà ñ ïåðâè÷íûìè àíòèòå-
ëàìè 4G8 (Sigma-Aldrich, ÑØÀ), ñïåöèôè÷íûìè ê Ab, â
òå÷åíèå íî÷è ïðè 4 °Ñ, äàëåå â òå÷åíèå 2 ÷ ïðè êîìíàòíîé
òåìïåðàòóðå ñ âòîðè÷íûìè àíòèòåëàìè, ìå÷åííûìè FITC
(Santa Cruz Biotechnology, ÑØÀ). Ïðåïàðàòû çàêëþ÷àëè â
ñìåñü PBS è ãëèöåðèíà (1 : 1). Àíàëèç ïðåïàðàòîâ ïðîâî-
äèëè ñ ïîìîùüþ ìèêðîñêîïà Leica MD2500 (Leica, Ãåð-
ìàíèÿ).

À í à ë è ç ì è ò î õ î í ä ð è é. Ïîñëå äèññåêöèè ëè÷è-
íîê â ðàñòâîðå HL3 ñ ïîñëåäóþùåé ôèêñàöèåé â 4%-íîì
ïàðàôîðìàëüäåãèäå â òå÷åíèå 15 ìèí ïðåïàðàòû àíàëèçè-
ðîâàëè ñ ïîìîùüþ ëàçåðíîãî êîíôîêàëüíîãî ñêàíèðóþ-
ùåãî ìèêðîñêîïà Leica TCS-SP5 (Leica, Ãåðìàíèÿ). Îòíî-
ñèòåëüíóþ ôëóîðåñöåíöèþ îïðåäåëÿëè ïðè îáðàáîòêå
ôîòîãðàôèé ñåðèè êîíôîêàëüíûõ ñðåçîâ ñ ïîìîùüþ ïðî-
ãðàììû LAS AF Lite. Ïðåïàðàòû àíàëèçèðîâàëè ïðè äëè-
íå âîëíû 488 íì. Àíàëèçèðîâàëè 5—6 ëè÷èíîê êàæäîãî
ãåíîòèïà. Îïûò ïðîâîäèëè â òðåõ ïîâòîðíîñòÿõ.

Ñ ò à ò è ñ ò è ÷ å ñ ê à ÿ î á ð à á î ò ê à. Äîñòîâåðíîñòü
ðàçëè÷èé ìåæäó êîíòðîëåì è âàðèàíòàìè ýêñïåðèìåí-
òà îïðåäåëÿëè ñ ïîìîùüþ ìåòîäà îäíîôàêòîðíîãî äèñ-
ïåðñèîííîãî àíàëèçà (one-way ANOVA) è òåñòà Òüþ-
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êè—Êðàìåðà (Tukye—Kramer test) ïðîãðàììû Kyplot.
Ñòàòèñòè÷åñêè çíà÷èìûìè ñ÷èòàëè ðàçëè÷èÿ ïðè
P < 0.05.

Ðåçóëüòàòû

Èììóíîãèñòîõèìè÷åêóþ ëîêàëèçàöèþ Ab â íåé-
ðîìûøå÷íûõ ñîåäèíåíèÿõ ïðîâîäèëè ñ ïîìîùüþ àíòè-
òåë 4G8, ñïåöèôè÷íûõ ê Ab, â ëèíèÿõ, ýêñïðåññèðóþ-
ùèõ òðàíñãåíû â ìîòîðíûõ íåéðîíàõ ëè÷èíîê 3-ãî âîç-
ðàñòà. Ôëóîðåñöåíòíûé ñèãíàë äåòåêòèðîâàëñÿ òîëüêî â
ÍÌÊ ëè÷èíîê ñ îäíîâðåìåííîé ýêñïðåññèåé ÀÐÐ èëè
ÀÐÐ-Swedish è ÂÀÑÅ (ðèñ. 1, á, ä) è íå íàáëþäàëñÿ â ëè-
íèÿõ ñ ýêñïðåññèåé òîëüêî ÀÐÐ èëè ÀÐÐ-Swedish (ðèñ. 1,
à, â).

Äëÿ îïðåäåëåíèÿ âëèÿíèÿ ýêñïðåññèè ÀÐÐ íà ìîðôî-
ëîãèþ è ñòðóêòóðó ÍÌÊ ìû èñïîëüçîâàëè òðàíñãåííóþ
ëèíèþ CD8;D42, ó êîòîðîé ìåìáðàíû ìîòîðíûõ íåéðî-
íîâ ìå÷åíû GFP. Ó ïîòîìêîâ îò ñêðåùèâàíèé ýòîé ëèíèè
è ëèíèé ñ ýêñïðåññèåé ÀÐÐ (APP, ÀÐÐ-Sw, ÀÐÐ/BACE è
ÂÀÑÅ;ÀÐÐ-Sw) ñ ïîìîùüþ êîíôîêàëüíîé ìèêðîñêîïèè
áûëè ïðîàíàëèçèðîâàíû ÍÌÊ íà 4-é ìûøöå 3-ãî àáäîìè-
íàëüíîãî ñåãìåíòà ëè÷èíêè (òåðìèíîëîãèþ ñì.: Budnik,
Ruiz-Canada, 2006). Êàæäàÿ ìûøöà ëè÷èíêè D. melano-
gaster èííåðâèðóåòñÿ ìîòîíåéðîíàìè ñ äâóìÿ âèäàìè ñè-
íàïòè÷åñêèõ îêîí÷àíèé, îáîçíà÷àåìûõ êàê 1b (áîëüøèå,
äèàìåòðîì 3—5 ìêì) è 1s (ìàëåíüêèå, äèàìåòðîì
1—1.5 ìêì), êîòîðûå ñîîòâåòñòâóþò îïðåäåëåííûì òè-
ïàì ìîòîðíûõ íåéðîíîâ â ìîçãå ëè÷èíêè (ðèñ. 2, à) (Bud-
nik, Ruiz-Canada, 2006).

Àíàëèç ïîêàçàë, ÷òî âñå ÍÌÊ, ïðåäñòàâëåííûå â êîí-
òðîëüíîé ëèíèè íà 4-é ìûøöå 3-ãî àáäîìèíàëüíîãî ñåã-
ìåíòà ïðåäñòàâëåíû è â ëèíèÿõ ñ ýêñïðåññèåé ÀÐÐ, ÷òî
óêàçûâàåò íà îòñóòñòâèå íåéðîäåãåíåðàöèè. Ïîäñ÷åò îá-
ùåãî êîëè÷åñòâà ñèíàïòè÷åñêèõ áóòîíîâ â ÍÌÊ âûÿâèë
óâåëè÷åíèå ÷èñëà áóòîíîâ ïðèìåðíî â 2 ðàçà â ëèíèÿõ
ÀÐÐ è ÀÐÐ/ÂÀÑÅ ïî ñðàâíåíèþ ñ êîíòðîëüíîé ëèíèåé
(ðèñ. 2, à—â, å). Â ëèíèÿõ ñ ýêñïðåññèåé ìóòàíòíîé ôîð-
ìû ÀÐÐ-Sw è ÂÀÑÅ; ÀÐÐ-Sw, õîòÿ è íàáëþäàëîñü óâåëè-
÷åíèå îáùåãî ÷èñëà áóòîíîâ, îíî íå íîñèëî ñòàòèñòè÷å-
ñêè äîñòîâåðíîãî õàðàêòåðà ïî ñðàâíåíèþ ñ êîíòðîëüíîé
ëèíèåé (ðèñ. 2, à, ã—å). Êîëè÷åñòâî 1s- è 1b-áóòîíîâ â ëè-
íèÿõ ñ ýêñïðåññèåé ÀÐÐ íå îòëè÷àëîñü îò èõ êîëè÷åñòâà â
êîíòðîëå, èñêëþ÷àÿ ëèíèþ ñ ýêñïðåññèåé ïîëíîðàçìåðíî-
ãî ÀÐÐ äèêîãî òèïà (ðèñ. 2, æ). Îäíàêî âî âñåõ ëèíèÿõ,
ýêñïðåññèðóþùèõ ÀÐÐ, áûëî âûÿâëåíî óâåëè÷åíèå êîëè-
÷åñòâà ñàòåëëèòíûõ áóòîíîâ (ðèñ. 2, ç). Ê ñàòåëëèòíûì îò-
íîñÿò áóòîíû, êîòîðûå îòïî÷êîâûâàþòñÿ êàê îò óæå
ñôîðìèðîâàâøèõñÿ áóòîíîâ, òàê è îò ñàìîé ìåæáóòîííîé
àêñîííîé ñâÿçêè, ñîåäèíÿþùåé äâà ñîñåäíèõ áóòîíà
(ðèñ. 2, á—ä) (Torroja et al., 1999b). Ñëåäóåò îòìåòèòü, ÷òî
åñëè ñèíàïòè÷åñêèå áóòîíû ëè÷èíîê êîíòðîëüíîé ëèíèè
ïðåäñòàâëÿëè ñîáîé îáðàçîâàíèÿ îêðóãëîé ôîðìû ñ ÷åò-
êèìè ãðàíèöàìè, òî â ëèíèÿõ ñ ýêñïðåññèåé ÀÐÐ îíè èìå-
ëè ðàñïëûâ÷àòóþ ôîðìó.

Ýêñïðåññèÿ ÀÐÐ â ìîòîðíûõ íåéðîíàõ òàêæå âûçûâà-
ëà âåòâëåíèå àêñîíîâ (ðèñ. 2, á—ä). Íàèáîëüøåå êîëè÷å-
ñòâî îòâåòâëåíèé è íàèáîëüøóþ äëèíó íåéðîìûøå÷íûõ
ñîåäèíåíèé íàáëþäàëè â ëèíèÿõ ÀÐÐ è ÀÐÐ/ÂÀÑÅ. Èíòå-
ðåñíî, ÷òî â ëèíèÿõ ÀÐÐ-Sw è ÂÀÑÅ; ÀÐÐ-Sw ýòè ïîêàçà-
òåëè íå îòëè÷àëèñü îò òàêîâûõ â êîíòðîëüíîé ëèíèè
(ðèñ. 2, è, ê). Ïîëó÷åííûå íàìè ðåçóëüòàòû àíàëèçà êîëè-
÷åñòâà áóòîíîâ â ëèíèè ñ ýêñïðåññèåé òîëüêî ÀÐÐ ñîãëà-
ñóþòñÿ ñ ðåçóëüòàòàìè áîëåå ðàííåé ðàáîòû (Torroja et al.,

1999b), â êîòîðîé, îäíàêî, íå îïðåäåëÿëè êîëè÷åñòâà 1s- è
1b-áóòîíîâ è âåòâëåíèå àêñîíîâ.

Ìû èññëåäîâàëè ðàñïðåäåëåíèå â ÍÌÊ ïðåñèíàïòè-
÷åñêîãî ìàðêåðà ñèíàïòîáðåâèíà, ìå÷åííîãî GFP (n-sy-
naptobrevin-GFP; Zhang et al., 2002). Êàê ïîêàçàíî íà
ðèñ. 3, ñèíàïòîáðåâèí â êîíòðîëüíîé ëèíèè ëîêàëèçîâàí
âíóòðè ñèíàïòè÷åñêèõ áóòîíîâ. Âàæíî îòìåòèòü, ÷òî ýòè
áóòîíû îáîñîáëåíû è îòäåëåíû äðóã îò äðóãà, ñîçäàþò
êàðòèíó íàíèçàííîãî íà âåðåâêó áèñåðà. Òàêàÿ êàðòèíà
ðàñïðåäåëåíèÿ ïðåñèíàïòè÷åñêèõ áåëêîâ ÿâëÿåòñÿ òèïè÷-
íîé äëÿ íåéðîìûøå÷íûõ ñîåäèíåíèé Drosophila è ïîêà-
çûâàåò, ÷òî áåëêè ñèíàïòè÷åñêèõ âåçèêóë îáû÷íî îòñóò-
ñòâóþò â ðåãèîíàõ, ñîåäèíÿþùèõ äâà ñîñåäíèõ áóòîíà
(Budnik, Ruiz-Canada, 2006). Èíóþ êàðòèíó ìû íàáëþäà-
ëè â ëèíèÿõ, ýêñïðåññèðóþùèõ ÀÐÐ, â êîòîðûõ áóñèíî÷-
íàÿ ôîðìà ÍÌÊ áûëà ðàçðóøåíà (ðèñ. 3). Ïî ñâîåìó âèäó
ÍÌÊ áîëüøå íàïîìèíàëè êàíàòû (ðèñ. 3). Â ýòèõ ëèíèÿõ
ñèíàïòîáðåâèí òàêæå äåòåêòèðîâàëñÿ (ïîìèìî ñèíàïòè-
÷åñêèõ áóòîíîâ) â ýêñòðàñèíàïòè÷åñêèõ ðåãèîíàõ ìåæäó
èíäèâèäóàëüíûìè áóòîíàìè. Íàáëþäàåìîå ïåðåðàñïðå-
äåëåíèå ñèíàïòîáðåâèíà ìîæåò áûòü ñëåäñòâèåì äåôåê-
òîâ â ðàçâèòèè ñèíàïñîâ, êîòîðûå ìû îïèñûâàëè âûøå.
Íàðóøåíèå ðàñïðåäåëåíèÿ ñèíàïòîáðåâèíà ñîïðîâîæäà-
ëîñü çíà÷èòåëüíûì óìåíüøåíèåì îòíîñèòåëüíîãî êîëè-
÷åñòâà ýòîãî áåëêà â áóòîíàõ, êîòîðîå ìû îöåíèâàëè ïî
èíòåíñèâíîñòè ôëóîðåñöåíòíîãî ñèãíàëà (äàííûå íå
ïðåäñòàâëåíû).

Âëèÿíèå ýêñïðåññèè ÀÐÐ íà ôóíêöèîíèðîâàíèå ñè-
íàïñîâ ìû èçó÷èëè ñ ïîìîùüþ ôëóîðåñöåíòíîãî êðàñèòå-
ëÿ FM4-64, ïîçâîëÿþùåãî àíàëèçèðîâàòü ñèíàïòè÷åñêèé
ýíäî- è ýêçîöèòîç (Verstreken et al., 2008). FM4-64 ïðàêòè-
÷åñêè íå ôëóîðåñöèðóåò â âîäíûõ ðàñòâîðàõ, îäíàêî åãî
ôëóîðåñöåíöèÿ óâåëè÷èâàåòñÿ áîëåå ÷åì â 40 ðàç ïðè ñâÿ-
çûâàíèè êðàñèòåëÿ ñ ïðåñèíàïòè÷åñêîé ìåìáðàíîé, è âî
âðåìÿ ýíäîöèòîçà êðàñèòåëü îêàçûâàåòñÿ âíóòðè âíîâü
îáðàçóþùèõñÿ ñèíàïòè÷åñêèõ âåçèêóë («çàãðóçêà»). Ïðè
çàãðóçêå êðàñèòåëÿ ïîÿâëÿþòñÿ ñâåòÿùèåñÿ ïÿòíà, îòðà-
æàþùèå ñêîïëåíèÿ ìå÷åííûõ FM4-64 âåçèêóë â îáëàñòè
àêòèâíûõ çîí. Îäíàêî ñâÿçûâàíèå êðàñèòåëÿ íîñèò îáðà-
òèìûé õàðàêòåð, è âîçìîæíî ïðîâåäåíèå îáðàòíîãî ïðî-
öåññà — ýêçîöèòîçà («ðàçãðóçêè»).

Â ëèíèè äèêîãî òèïà ïîñëå 5-ìèíóòíîé ñòèìóëÿöèè
â ðàñòâîðå ñ ñîäåðæàíèåì 90 ìÌ K+ â ïðèñóòñòâèè êðàñè-
òåëÿ â ïðåñèíàïòè÷åñêèõ òåðìèíàëÿõ íàáëþäàåòñÿ âûñî-
êèé óðîâåíü êðàñèòåëÿ, ÷òî óêàçûâàåò íà âûñîêèé óðîâåíü
ýíäîöèòîçà FM4-64 (ðèñ. 4, à, å). Âíóòðè ñèíàïòè÷åñêîãî
áóòîíà êðàñèòåëü ëîêàëèçîâàëñÿ ïî ïåðèôåðèè áóòîíà,
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Ðèñ. 1. Èììóíîôëóîðåñöåíòíàÿ ëîêàëèçàöèÿ àìèëîèäà-b-ïðî-
òåèíà (Ab) â íåéðîìûøå÷íûõ êîíòàêòàõ ëè÷èíîê Drosophila

melanogaster (à—ã).

Ñâåòîâàÿ ìèêðîñêîïèÿ, ìàñøòàáíàÿ ëèíåéêà — 10 ìêì.
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Ðèñ. 2. Àíàëèç ìîðôîëîãèè íåéðîìûøå÷íûõ ñîåäèíåíèé ëè÷èíîê Drosophila melanogaster ñ ýêñïðåññèåé APP.

à—ä — íåéðîìûøå÷íûå ñîåäèíåíèÿ íà 4-é ìûøöå 3-ãî àáäîìèíàëüíîãî ñåãìåíòà. Âíèçó ôîòîãðàôèé óêàçàíû ãåíîòèïû ëèíèé. Âûäåëåííûå áåëûì
ïðÿìîóãîëüíèêîì ñåãìåíòû ÍÌÊ íà ôîòîãðàôèÿõ ëåâîãî ñòîëáöà ïðåäñòàâëåíû â óâåëè÷åííîì èçîáðàæåíèè íà ôîòîãðàôèÿõ ïðàâîãî ñòîëáöà.
Ñòðåëêà óêàçûâàåò íà 1s-áóòîíû, ãîëîâêà ñòðåëêè — íà 1b-áóòîíû; çâåçäî÷êîé îòìå÷åíû ñàòåëëèòíûå áóòîíû. Êîíôîêàëüíàÿ ìèêðîñêîïèÿ; ìàñ-
øòàáíûå ëèíåéêè: 25 (ëåâûé ñòîëáåö ôîòîãðàôèé) è 10 (ïðàâûé ñòîëáåö) ìêì. å—ê — êîëè÷åñòâåííûé àíàëèç ìîðôîëîãèè íåéðîìûøå÷íûõ êîíòàê-
òîâ. Ïî îñè àáñöèññ — ãåíîòèïû ëèíèé: 1 — CD8/+; D42/+, 2 — CD8/+; APP/+; D42/+, 3 — CD8/+; APP/BACE; D42/+, 4 — CD8/+; D42/APP-Sw, 5 —

CD8/+; BACE/+; D42/APP/Sw. ÍÌÊ — íåéðîìûøå÷íûé êîíòàêò. Çâåçäî÷êîé îòìå÷åíû ñòàòèñòè÷åñêè çíà÷èìûå ðåçóëüòàòû (P < 0.05).
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Ðèñ. 3. Ðàñïðåäåëåíèÿ ñèíàïòîáðåâèíà â ÍÌÊ ëè÷èíîê Drosophila melanogaster ñ ýêñïðåññèåé APP.

Âûäåëåííûå áåëûì ïðÿìîóãîëüíèêîì ñåãìåíòû ÍÌÊ ïðåäñòàâëåíû ðÿäîì â óâåëè÷åííîì èçîáðàæåíèè. Ñòðåëêè óêàçûâàþò íà ðàñïðåäåëåíèå ñèíàï-
òîáðåâèíà. Êîíôîêàëüíàÿ ìèêðîñêîïèÿ, ìàñøòàáíûå ëèíåéêè: 25 è 8 ìêì.

Ðèñ. 4. Àíàëèç ýíäî- è ýêçîöèòîçà â ÍÌÊ ëè÷èíîê Drosophila melanogaster ñ ýêñïðåññèåé APP.

à—ä — ýíäîöèòîç, à�—ä�— ýêçîöèòîç. Êîíôîêàëüíàÿ ìèêðîñêîïèÿ, ìàñøòàáíàÿ ëèíåéêà: 25 ìêì. å — îòíîñèòåëüíûé óðîâåíü ôëóîðåñöåíöèè â íåé-
ðîìûøå÷íûõ êîíòàêòàõ ïðè ýíäî- è ýêçîöèòîçå, å�— âûñâîáîæäåíèÿ êðàñèòåëÿ ïðè ýêçîöèòîçå, %. Çâåçäî÷êîé îòìå÷åíû ñòàòèñòè÷åñêè çíà÷èìûå ðå-

çóëüòàòû (P < 0.05).



÷òî ñîîòâåòñòâóåò ïóëó âåçèêóë, ãîòîâûõ ê âûñâîáîæäå-
íèþ ìåäèàòîðà (Kuromi, Kidokoro, 1998). Ïîâòîðíàÿ
1-ìèíóòíàÿ ñòèìóëÿöèÿ 90 ìÌ K+ áåç êðàñèòåëÿ, èíäó-
öèðóþùàÿ ýêçîöèòîç, ïðèâîäèëà ê çíà÷èòåëüíîìó óìåíü-
øåíèþ óðîâíÿ êðàñèòåëÿ (ðèñ. 4, à R, å). Àíàëèç ñèíàïòè-
÷åñêèõ áóòîíîâ ìîòîðíûõ íåéðîíîâ ëè÷èíîê, ýêñïðåññè-
ðóþùèõ ÀÐÐ, ïîêàçàë, ÷òî èíòåíñèâíîñòü ôëóîðåñöåíöèè
êðàñèòåëÿ è ðàñïðåäåëåíèå êðàñèòåëÿ âíóòðè áóòîíà ïðè
ýíäîöèòîçå ïðàêòè÷åñêè íå îòëè÷àëèñü îò êîíòðîëüíûõ
îáðàçöîâ â ëèíèÿõ ñ ýêñïðåññèåé ÀÐÐ è ÀÐÐ-Swedish
(ðèñ. 4, á, â, å), â òî âðåìÿ êàê îáðàçîâàíèå Àb âûçûâà-

ëî ñíèæåíèå ýíäîöèòîçà, õîòÿ è íåçíà÷èòåëüíîå (ðèñ. 4,
ã—å).

Áîëåå äðàìàòè÷åñêàÿ ñèòóàöèÿ íàáëþäàëàñü ïðè ýêçî-
öèòîçå (ðèñ. 4, áR—äR). Òàê, åñëè â ñèíàïòè÷åñêèõ îêîí÷à-
íèÿõ êîíòðîëüíîé ëèíèè çà 1 ìèí âûãðóæàëàñü á*îëüøàÿ
÷àñòü êðàñèòåëÿ (80 ± 2.3 %), òî êîëè÷åñòâî êðàñèòåëÿ,
âûñâîáîæäàþùåãîñÿ èç ñèíàïòè÷åñêèõ áóòîíîâ â ëèíèÿõ
ñ ýêñïðåññèåé ÀÐÐ (ÀÐÐ-Swedish) èëè ÀÐÐ (ÀÐÐ-Swedish)
è ÂÀÑÅ, áûëî çíà÷èòåëüíî óìåíüøåíî (â ëèíèè ÀÐÐ —
28.4 ± 1.7 %, â AÐÐ-Sw — 30.0 ± 2.2 %, â APP/BACE —
23.6 ± 1.9 %, â BACE; APP-Sw — 21.6 ± 1.6 %) (ðèñ. 4, åR).
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Ðèñ. 5. Âèçóàëèçàöèÿ êëàñòåðîâ ìèòîõîíäðèé ÍÌÊ ëè÷èíîê Drosophila melanogaster ñ ýêñïðåññèåé APP.

à—ä — íåéðîìûøå÷íûå ñîåäèíåíèÿ íà 4-é ìûøöå 3-ãî àáäîìèíàëüíîãî ñåãìåíòà. Ñòðåëêè óêàçûâàþò íà êëàñòåðû ìèòîõîíäðèé. Êîíôîêàëüíàÿ ìèê-
ðîñêîïèÿ, ìàñøòàáíàÿ ëèíåéêà: 25 ìêì. å — îòíîñèòåëüíàÿ èíòåíñèâíîñòü ôëóîðåñöåíöèè (ÈÔ). Ïî îñè àáñöèññ — ãåíîòèïû ëèíèé: mito-GFP/D42,
APP/+; mito-GFP/D42, APP/BACE; mito-GFP/D42, mito-GFP/+; APP-Sw/D42, BACE/mito-GFP; APP-Sw/D42. Çâåçäî÷êîé îòìå÷åíû ñòàòèñòè÷åñêè çíà-

÷èìûå ðåçóëüòàòû (P < 0.05).



Ýòè äàííûå ïîêàçûâàþò, ÷òî õîòÿ â ëèíèÿõ ñ ýêñïðåññèåé
ÀÐÐ èìååòñÿ äîñòàòî÷íûé çàïàñ ãîòîâûõ ê ýêçîöèòîçó ñè-
íàïòè÷åñêèõ âåçèêóë, íåîáõîäèìî áîëüøå âðåìåíè äëÿ èõ
ñëèÿíèÿ ñ ñèíàïòè÷åñêîé ìåìáðàíîé. Ìåæäó ëèíèÿìè,
ýêñïðåññèðóþùèìè òîëüêî ÀÐÐ èëè ÀÐÐ-Swedish, è ëèíè-
ÿìè, â êîòîðûõ îáðàçîâàëñÿ Àb (ïðè ñîâìåñòíîé ýêñïðåñ-
ñèè ÀÐÐ è ÂÀÑÅ èëè ÀÐÐ-Swedish è ÂÀÑÅ), ñòàòèñòè÷å-
ñêèõ ðàçëè÷èé âûÿâëåíî íå áûëî.

Èçâåñòíî, ÷òî ýêñïðåññèÿ ÀÐÐ èëè îáðàçîâàíèå Àb
ïðèâîäèò ê íàðóøåíèþ òðàíñïîðòà ñèíàïòè÷åñêèõ ìèòî-
õîíäðèé in vitro è in vivo (Anandatheerthavarada, 2007).
Ïîñêîëüêó ìèòîõîíäðèàëüíûå ôóíêöèè ÿâëÿþòñÿ êðè-
òè÷åñêèìè äëÿ íîðìàëüíîé ñèíàïòè÷åñêîé òðàíñìèññèè,
ìû èññëåäîâàëè ìèòîõîíäðèè â ÍÌÊ. Äëÿ èäåíòèôèêà-
öèè ìèòîõîíäðèé èñïîëüçîâàëè òðàíñãåííóþ ëèíèþ
mito/D42, ó êîòîðîé ìåìáðàíû ìèòîõîíäðèé ìå÷åíû GFP.
Â êîíòðîëå áîëüøèå êëàñòåðû ìèòîõîíäðèé ïðåäñòàâëå-
íû â êàæäîì ÍÌÊ (ðèñ. 5, à), â òî âðåìÿ êàê â ëèíèÿõ,
ýêñïðåññèðóþùèõ ÀÐÐ, ðàçìåð êëàñòåðîâ ðåçêî óìåíüøåí
(ðèñ. 5, á—ä). Íàðÿäó ñ ýòèì èíòåíñèâíîñòü ñâå÷åíèÿ êðà-
ñèòåëÿ ðåçêî ñíèæåíà â ýòèõ ëèíèÿõ. Äëÿ êîëè÷åñòâåííîé
îöåíêè ìû èçìåðèëè îòíîñèòåëüíóþ èíòåíñèâíîñòü êðà-
ñèòåëÿ, ñâÿçàâøåãîñÿ ñ ìèòîõîíäðèÿìè, ñ ïîìîùüþ ïðî-
ãðàììû LAS AF Lite. Â ëèíèÿõ, ýêñïðåññèðóþùèõ ÀÐÐ,
îíà áûëà íèæå, ÷åì â êîíòðîëå (ðèñ. 5, å).

Îáñóæäåíèå

Îïðåäåëåíèå öåíòðàëüíîé ðîëè ãåíà ÀÐÐ â ïàòîãåíå-
çå ÁÀ îñíîâàíî íà ìíîãî÷èñëåííûõ ýêñïåðèìåíòàõ, äå-
ìîíñòðèðóþùèõ, ÷òî ìóòàöèè â ýòîì ãåíå âûçûâàþò òà-
êîå èçìåíåíèå ïðîöåññèíãà áåëêà ÀÐÐ, êîòîðîå ïðèâîäèò
ê óâåëè÷åíèþ ñåêðåöèè Àb42, ïîâûøåíèþ ñêîðîñòè îá-
ðàçîâàíèÿ Àb-îëèãîìåðîâ è ïðîòîôèáðèëë, êîòîðûå îáëà-
äàþò âûðàæåííûìè íåéðîòîêñè÷åñêèìè ñâîéñòâàìè.
Ìåæäó òåì âïîëíå âîçìîæíî, ÷òî äèñôóíêöèÿ ñèíàïñîâ,
ïî êðàéíåé ìåðå ïðè íàñëåäñòâåííûõ ôîðìàõ ÁÀ, âû-
çâàííûõ ìóòàöèÿìè â ÀÐÐ, ìîæåò áûòü ñâÿçàíà íåïîñðåä-
ñòâåííî ñ íàðóøåíèåì ñèíàïòè÷åñêîé ôóíêöèè ÀÐÐ.
Õîòÿ â íàñòîÿùåå âðåìÿ êëåòî÷íûå ôóíêöèè ÀÐÐ îñòàþò-
ñÿ íå âïîëíå ïîíÿòíûìè, ðîëü ýòîãî áåëêà â îáðàçîâàíèè
è ïîääåðæàíèè ñèíàïñîâ íå ïîäâåðãàåòñÿ ñîìíåíèþ. Ïðè
ãèïåðýêñïðåññèè ÀÐÐ ÷åëîâåêà â Drosophila melanogaster
îí òðàíñïîðòèðóåòñÿ â ïðåñèíàïòè÷åñêèé òåðìèíàë íåé-
ðîíîâ è ïîñòñèíàïòè÷åñêèå ó÷àñòêè ÍÌÊ (Yagi et al.,
2000). Ó ìûøåé ñ íîêàóòîì ãåíà ÀÐÐ îòìå÷åíû ïðîãðåñ-
ñèðóþùàÿ ïîòåðÿ ñèíàïòè÷åñêèõ áåëêîâ è óìåíüøåíèå
äëèíû äåíäðèòîâ íåéðîíîâ CA1 (Seabrook et al., 1999; Se-
nechal et al., 2006). Òðàíñãåííûå æèâîòíûå, ýêñïðåññèðó-
þùèå ìóòàíòíûé APP, õàðàêòåðèçîâàëèñü ðàííèì íàðó-
øåíèåì ñèíàïòîãåíåçà è àêñîííîãî òðàíñïîðòà (Oddo
et al., 2003; Stokin et al., 2005).

Â íàñòîÿùåé ðàáîòå ðîëü ýêñïðåññèè ÀÐÐ â ñèíàïòî-
ãåíåçå èññëåäîâàëè íà òðàíñãåííûõ ëèíèÿõ D. melanogas-
ter, ïîçâîëÿþùèõ äèñêðèìèíèðîâàòü ýôôåêòû ýêçîãåííî-
ãî áåëêà ÀÐÐ è íåïîñðåäñòâåííî Àb. Ýêñïðåññèÿ ÀÐÐ èëè
ÀÐÐ-Swedish, à òàêæå ñîâìåñòíàÿ ýêñïðåññèÿ ÀÐÐ èëè
ÀÐÐ-Swedish è ÂÀÑÅ ÷åëîâåêà â ìîòîðíûõ íåéðîíàõ ëè-
÷èíîê ïðèâîäèëè ê ìîðôîëîãè÷åñêèì èçìåíåíèÿì ñòðóê-
òóðû ÍÌÊ, íàðóøàëè îáîðîò ñèíàïòè÷åñêèõ âåçèêóë, âû-
çûâàëè óìåíüøåíèå ÷èñëà ìèòîõîíäðèé â ïðåñèíàïòè-
÷åñêèõ òåðìèíàëàõ. Ýòè ýôôåêòû íå ñîïðîâîæäàëèñü
âûðàæåííîé íåéðîäåãåíåðàöèåé èëè ãèáåëüþ íåéðîíîâ.
Â òî æå âðåìÿ ìîðôîëîãèÿ ÍÌÊ ëè÷èíîê, ýêñïðåññèðóþ-

ùèõ ÀÐÐ, çíà÷èòåëüíî îòëè÷àëàñü îò ìîðôîëîãèè ÍÌÊ
ëè÷èíîê êîíòðîëüíîé ëèíèè CD8;D42. Èçìåíåíèÿ â ìîð-
ôîëîãèè õàðàêòåðèçîâàëèñü ðàçðàñòàíèåì àêñîíîâ è óâå-
ëè÷åíèåì îáùåãî ÷èñëà ñèíàïòè÷åñêèõ áóòîíîâ, â ÷àñòíî-
ñòè çà ñ÷åò îáðàçîâàíèÿ ñàòåëëèòíûõ áóòîíîâ, ÷òî óêàçû-
âàëî íà ïðÿìîå ó÷àñòèå ÀÐÐ â îáðàçîâàíèè ÍÌÊ, ðîñòå è
âåòâëåíèè àêñîíîâ, ïðîöåññîâ, êîòîðûå ëåæàò â îñíîâå
îáðàçîâàíèÿ íåéðîííûõ öåïåé è ñèíàïòè÷åñêèõ êîíòàê-
òîâ. Óâåëè÷åíèå îáðàçîâàíèÿ ñàòåëëèòíûõ áóòîíîâ íà-
áëþäàëè è ïðè ýêñïðåññèè â íåéðîíàõ ãåíà Appl, îðòîëîãà
ÀÐÐ ó Drosophila (Torroja et al., 1999b). Ýêñïðåññèÿ ÀÐÐ è
Appl èíäóöèðîâàëà òàêæå ðîñò íåéðèòîâ â êóëüòóðå íåé-
ðîíîâ (Jin et al., 1994) è âåòâëåíèå àêñîíîâ â ìîçãå Dro-
sophila ïðè ìîäåëèðîâàíèè ÷åðåïíî-ìîçãîâîé òðàâìû
(Leyssen et al., 2005).

Àíàëèç ýíäî(ýêçî)öèòîçà ïîêàçàë, ÷òî ýêñïðåññèÿ ÀÐÐ
òàêæå âëèÿåò è íà ôóíêöèþ íåéðîìûøå÷íûõ ñîåäèíåíèé.
Ó ñèíàïòè÷åñêèõ áóòîíîâ ÍÌÊ çíà÷èòåëüíî ñíèæåíà
ñïîñîáíîñòü ê ýêçîöèòîçó. Ìû ïðåäïîëàãàåì, ÷òî ýêñ-
ïðåññèÿ ÀÐÐ ìîæåò ïðèâîäèòü ê ðàçðóøåíèþ àïïàðàòà
ýêçî(ýíäî)öèòîçà, âåäóùåìó ê íàðóøåíèÿì â îðãàíèçàöèè
ñèíàïòè÷åñêèõ áåëêîâ, ó÷àñòâóþùèõ â ðåãóëÿöèè ýòèõ
ïðîöåññîâ. Ïðîâåäåííûé íàìè àíàëèç ýêñïðåññèè ïðåñè-
íàïòè÷åñêîãî ìàðêåðà ñèíàïòîáðåâèíà, êîòîðûé âõîäèò â
ñîñòàâ áåëêîâîãî êîìïëåêñà SNARE (Budnik, Ruiz-Cana-
da, 2006), îñóùåñòâëÿþùåãî ñëèÿíèå ñèíàïòè÷åñêèõ âåçè-
êóë ñ ïðåñèíàïòè÷åñêîé ìåìáðàíîé â õîäå ýêçîöèòîçà,
âûÿâèë åãî àíîìàëüíîå ðàñïðåäåëåíèå â ÍÌÊ ëèíèé, ýêñ-
ïðåññèðóþùèõ ÀÐÐ. Ñëåäîâàòåëüíî, íàðóøåíèå îáîðîòà
ñèíàïòè÷åñêèõ âåçèêóë, íàáëþäàåìîå íàìè â ÍÌÊ ëèíèé
ñ ýêñïðåññèåé ÀÐÐ, ìîæåò áûòü âûçâàíî èçìåíåíèåì ëî-
êàëèçàöèè ñèíàïòè÷åñêèõ áåëêîâ, â ÷àñòíîñòè ñèíàïòîá-
ðåâèíà. Ïîìèìî ýòîãî, íàðóøåíèÿ ýêçîöèòîçà ìîãóò áûòü
âûçâàíû ñíèæåíèåì ÷èñëà ñèíàïòè÷åñêèõ ìèòîõîíäðèé,
êîòîðîå ìû íàáëþäàëè â ÍÌÊ ëè÷èíîê ñ ýêñïðåññèåé
ÀÐÐ. Ìèòîõîíäðèè èãðàþò âàæíóþ ðîëü â ðåãóëèðîâàíèè
ýíåðãîçàâèñèìûõ ïðîöåññîâ ñèíàïòîãåíåçà è ïîääåðæà-
íèè óðîâíÿ êàëüöèÿ (Zenisek, Matthews, 2000; Hollenbeck,
2005). Âïîëíå âåðîÿòíî, ÷òî óìåíüøåíèå ñîäåðæàíèÿ ñè-
íàïòè÷åñêèõ ìèòîõîíäðèé âåäåò ê óìåíüøåíèþ ñèíòåçà
ÀÒÔ, ñîäåðæàíèå êîòîðîãî ìîæåò áûòü íåäîñòàòî÷íûì
äëÿ íîðìàëüíîãî îñóùåñòâëåíèÿ ñèíàïòè÷åñêèõ ôóíêöèé.

Â ñâîþ î÷åðåäü óìåíüøåíèå êîëè÷åñòâà ñèíàïòîáðå-
âèíà è ñèíàïòè÷åñèõ ìèòîõîíäðèé ìîæåò áûòü ñëåäñòâè-
åì íàðóøåíèÿ àêñîííîãî òðàíñïîðòà ïðè ÁÀ (Torroja
et al., 1999a; Gunawardena, Goldstein, 2001; Stokin et al.,
2005; Rusu et al., 2007).

Â áîëüøèíñòâå ðàáîò, èññëåäóþùèõ ýôôåêòû ãèïåð-
ýêñïðåññèè ÀÐÐ â êëåòî÷íûõ êóëüòóðàõ èëè ó òðàíñãåí-
íûõ æèâîòíûõ, íàðóøåíèÿ ñèíàïòè÷åñêîé ôóíêöèè òðàê-
òóþòñÿ êàê ðåçóëüòàò íåéðîòîêñè÷åñêîãî äåéñòâèÿ Àb èëè
Àb-îëèãîìåðîâ è èõ àãðåãàòîâ (Moechars et al., 1999;
Walsh, Selkoe, 2004; Ting et al., 2007). Êàê áûëî îòìå÷åíî
ðàíåå, òðàíñãåííûå ëèíèè Drosophila ïîçâîëÿþò ðàç-
äåëèòü ýôôåêòû áåëêîâ ÀÐÐ è Ab. Ïîëó÷åííûå íàìè ðå-
çóëüòàòû ïîêàçûâàþò, ÷òî íàáëþäàåìûå ñòðóêòóðíûå è
ôóíêöèîíàëüíûå íàðóøåíèÿ ÍÌÊ îáóñëîâëåíû ýêñïðåñ-
ñèåé èìåííî ãåíà ÀÐÐ íåçàâèñèìî îò ñåêðåöèè Àb.

Õîòÿ íàøè ýêñïåðèìåíòû ïðîâåäåíû íà òðàíñãåííûõ
îðãàíèçìàõ, â ëèòåðàòóðå åñòü äàííûå î òîì, ÷òî äóïëèêà-
öèè ãåíà ÀÐÐ ìîãóò ïðèâîäèòü ê ðàçâèòèþ ÁÀ (Rove-
let-Lecrux et al., 2006; http://www.molgen.ua.ac.be/ADMuta-
tions). Ìû òàêæå íàáëþäàëè, ÷òî âëèÿíèå ýêñïðåññèè
ÀÐÐ-Swedish ó ìóòàíòíîé ôîðìû íà ñèíàïòîãåíåç áûëî
çíà÷èòåëüíî ñëàáåå âëèÿíèÿ ýêñïðåññèè ÀÐÐ äèêîãî òèïà.
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Ïîäîáíàÿ êàðòèíà îïèñàíà è ó òðàíñãåííûõ ìûøåé ïðè
ýêñïðåññèè ÀÐÐ äèêîãî òèïà è ìóòàíòíîé ôîðìû ÀÐÐ ñ
ìóòàöèÿìè Swedish è Indian (Seeger, 2009). Ýòè äàííûå
äàþò âîçìîæíîñòü ïðåäïîëîæèòü, ÷òî ìóòàöèè â ÀÐÐ,
ñâÿçàííûå ñ ñåìåéíûìè ôîðìàìè ÁÀ, âûçûâàþò ïîòåðþ
èëè óìåíüøåíèå ñèíàïòè÷åñêîé àêòèâíîñòè áåëêà ÀÐÐ.

Òàêèì îáðàçîì, ìû ïîêàçàëè, ÷òî ãåí ÀÐÐ èãðàåò âàæ-
íóþ ðîëü â ñòàíîâëåíèè è ïîääåðæàíèè ñèíàïòè÷åñêèõ
êîíòàêòîâ. Èçìåíåíèå åãî ýêñïðåññèè èëè ìóòàöèè ìîæåò
ïðèâîäèòü ê äèñôóíêöèè ñèíàïñîâ è âûçûâàòü ñèíàïòè÷å-
ñêóþ ïàòîëîãèþ ïðè ÁÀ.

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæêå Ðîñ-
ñèéñêîãî ôîíäà ôóíäàìåíòàëüíûõ èññëåäîâàíèé (ïðîåê-
òû 09-04-00647-à è 10-04-00153-à), à òàêæå ïðîãðàììû
ÍÈÐ ÑÏáÃÓ ¹ 1.37.118.2011.

Ñ ï è ñ î ê ë è ò å ð à ò ó ð û

Anandatheerthavarada H. K., Devi L. 2007. Amyloid precur-
sor protein and mitochondrial dysfunction in Alzheimer’s disease.
Neuroscientist. 13 : 626—638.

Annaert W., De Strooper B. 2002. A cell biological perspecti-
ve on Alzheimer’s disease. Annu. Rev. Cell Develop. Biol. 18 :
25—51.

Bonini N. M., Fortini M. E. 2003. Human neurodegenerative
disease modeling using Drosophila. Annu. Rev. Neurosci. 26 :
627—56.

Budnik V., Ruiz-Canada C. 2006. The fly neuromuscular junc-
tion: structure and function. Second edition. Int. Rev. Neurobiol.
V. 75. San Diego: Acad. Press. 425 p.

Gunawardena S., Goldstein L. S. 2001. Disruption of axonal
transport and neuronal viability by amyloid precursor protein muta-
tions in Drosophila. Neuron. 32 : 389—401.

Hardy J., Selkoe D. J. 2002. The amyloid hypothesis of Alzhe-
imer’s disease: progress and problems on the road to therapeutics.
An updated summary of the amyloid hypothesis Science. 297 :
353—356.

Hollenbeck P. J. 2005. Mitochondria and neurotransmission:
evacuating the synapse. Neuron. 47 : 331—333.

Jin L. W., Ninomiya H., Roch J. M., Schubert D., Masliah E.,
Otero D. A., Saitoh T. 1994. Peptides containing the RERMS sequ-
ence of amyloid beta/A4 protein precursor bind cell surface and
promote neurite extension. J. Neurosci. 14 : 5461—5470.

Kuromi H., Kidokoro Y. 1998. Two distinct pools of synaptic
vesicles in single presynaptic boutons in a temperature-sensitive
Drosophila mutant, shibre. Neuron. 20 : 917—925.

Leyssen M., Ayaz D., Hebert S. S., Reeve S., De Strooper B.,
Hassan B. A. 2005. Amyloid precursor protein promotes post-deve-
lopmental neurite arborization in the Drosophila brain. EMBO J.
24 : 2944—2955.

Masliah E., Mallory M., Hansen L., DeTeresa R., Alford M.,
Terry R. 1994. Synaptic and neuritic alterations during the progres-
sion of Alzheimer’s disease. Neurosci. Lett. 174 : 67—72.

Moechars D., Dewachter I., Lorent K., Reverse D., Baeke-
landt V., Naidu A., Tesseur I., Spittaels K., Haute C. V., Checler F.,
Godaux E., Cordell B., Van Leuven F. 1999. Early phenotypic
changes in transgenic mice that overexpress different mutants of
amyloid precursor protein in brain. J. Biol. Chem. 274 : 6483—
6492.

Mucke L., Masliah E., Yu G. Q., Mallory M., Rockenste-
in E. M., Tatsuno G., Hu K., Kholodenko D., Johnson-Wood K.,
McConlogue L. 2000. High-level neuronal expression of abeta 1-42
in wild-type human amyloid protein precursor transgenic mice: sy-
naptotoxicity without plaque formation. J. Neurosci. 20 : 4050—
4058.

Oddo S., Caccamo A., Shepherd J. D., Murphy M. P., Gol-
de T. E., Kayed R., Metherate R., Mattson M. P., Akbari Y., LaFer-

la F. M. 2003. Triple-transgenic model of Alzheimer’s disease with
plaques and tangles: intracellular Abeta and synaptic dysfunction.
Neuron. 39 : 409—421.

Rovelet-Lecrux A., Hannequin D., Raux G., Le Meur N., Laqu-
erriere A., Vital A., Dumanchin C., Feuillette S., Brice A., Vercel-
letto M., Dubas F., Frebourg T., Campion D. 2006. APP locus dup-
lication causes autosomal dominant early-onset Alzheimer disease
with cerebral amyloid angiopathy. Nat. Genet. 38 : 24—26.

Rusu P., Jansen A., Soba P., Kirsch J., Lower A., Merdes G.,
Kuan Y. H., Jung A., Beyreuther K., Kjaerulff O., Kins S. 2007.
Axonal accumulation of synaptic markers in APP transgenic Dro-
sophila depends on the NPTY motif and is paralleled by defects in
synaptic plasticity. Eur. J. Neurosci. 25 : 1079—1086.

Sarantseva S., Timoshenko S., Bolshakova O., Karaseva E.,
Rodin D., Schwarzman A. L.,Vitek M. P. 2009. Apolipoprotein
E-mimetics inhibit neurodegeneration and restore cognitive func-
tions in a transgenic Drosophila model of Alzheimer’s disease. Plos
One. 4 : e8191.

Seabrook G. R., Smith D. W., Bowery B. J., Easter A., Rey-
nolds T., Fitzjohn S. M., Morton R. A., Zheng H., Dawso G. R., Siri-
nathsinghji D. J. 1999. Mechanisms contributing to the deficits in
hippocampal synaptic plasticity in mice lacking amyloid precursor
protein. Neuropharmacology. 38 : 349—359.

Seeger G., Gartner U., Ueberham U., Rohn S., Arendt T. 2009.
FAD-mutation of APP is associated with a loss of its synaptotrop-
hic activity. Neurobiol. Dis. 35 : 258—263.

Selkoe D. J. 2001. Alzheimer’s disease results from the cereb-
ral accumulation and cytotoxicity of amyloid beta-protein. J. Alzhe-
imers Dis. 3 : 75—80.

Senechal Y., Larmet Y., Dev K. K. 2006. Unraveling in vivo
functions of amyloid precursor protein: insights from knockout and
knockdown studies. Neurodegenerative Dis. 3 : 134—147.

Stokin G. B., Lillo C., Falzone T., Brusch R. G., Rockenste-
in E., Mount S. L., Raman R., Davies P., r Masliah T., Willi-
ams D. S., Goldstein L. S. 2005. Axonopathy and transport deficits
early in the pathogenesis of Alzheimer’s disease. Science. 307 :
1282—1288.

Terry R. D., Masliah E., Salmon D. P., Butters N., DeTere-
sa R., Hill R., Hansen L. A., Katzman R. 1991. Physical basis
of cognitive alterations in Alzheimer’s disease: synapse loss is the
major correlate of cognitive impairment. Ann. Neurol. 30 : 572—
580.

Ting J. T., Kelley B. G., Lambert T. J. Cook D. G., Sulli-
van J. M. 2007. Amyloid precursor protein overexpression dep-
resses excitatory transmission through both presynaptic and post-
synaptic mechanisms. Proc. Nat. Acad. Sci. USA. 104 : 353—
358.

Torroja L., Chu H., Kotovsky I., White K. 1999a. Neuronal
overexpression of APPL, the Drosophila homologue of the amyloid
precursor protein (APP), disrupts axonal transport. Curr. Biol.
9 : 489—492.

Torroja L., Packard M., Gorczyca M., White K., Budnik V.
1999b. The Drosophila b-amyloid precursor protein homolog
promotes synapse differentiation at the neuromuscular junction. J.
Neurosci. 15 : 7793—7803.

Verstreken P., Ohyama T., Bellen H. J. 2008. FM 1-43 labe-
ling of synaptic vesicle pools at the Drosophila neuromuscular jun-
ction. Methods Mol. Biol. 440 : 349—369.

Walsh D. M., Selkoe D. J. 2004. Deciphering the molecular ba-
sis of memory failure in Alzheimer’s disease. Neuron. 44 : 181—
193.

Yagi Y., Tomita S., Nakamura M., Suzuki T. 2000. Overexpres-
sion of human amyloid precursor protein in Drosophila. Mol. Cell.
Biol. Res. Commun. 4 : 43—49.

Zenisek D., Matthews G. 2000. The role of mitochondria in
presynaptic calcium handling at a ribbon synapse. Neuron. 25 :
229—237.

Zhang Y. Q., Rodesch C. K., Broadie K. 2002. Living synaptic
vesicle marker: synaptotagmin — GFP. Genesis. 34 : 142—145.

Ïîñòóïèëà 28 XI 2011

428 Ñ. Â. Ñàðàíöåâà, Ã. À. Êèñëèê è äð.



MORPHOLOGICAL AND FUNCTIONAL ABNORMALITIES IN NEUROMUSCULAR JUNCTIONS

OF DROSOPHILA MELANOGASTER INDUCED BY THE EXPRESSION OF HUMAN APP GENE
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Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by the loss of neurocortical and
hippocampal synapses that precedes amyloidosis and neurodegeneration and closely correlates with memory
impairment. Mutations in the amyloid precursor protein (APP) cause familial AD and result in the increased
production of amyloid-b-protein (Ab). To gain insights into synaptic effects of APP, we expressed APP, mutant
form APP-Swedish and BACE in the motor neurons of fly larvae. We have shown that targeted expression of
APP (APP-Swedish) in Drosophila larval motor neurons causes significant morphological and functional chan-
ges in neuromuscular junctions (NMJs): a dramatic increase in the number of synaptic buttons and changes in
exocytosis as revealed by incorporation of the styryl dye FM4-64. Analysis of the number and distribution of
mitochondria showed that motor neurons overexpressing APP (APP-Swedish) had a significant reduction of
functional mitochondria in the presynaptic terminal. Significant synaptic abnormalities were observed for APP
(APP-Swedish) and human beta-secretase (BACE) resulting in secretion of amyloid beta protein (Ab). We sug-
gest that APP participates in regulation of synaptic functions and its elevated expression leads to synaptic patho-
logy independently from neurotoxic effects of Ab.

K e y w o r d s: Alzheimer disease, APP, neuromuscular junctions, Drosophila melanogaster.
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