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ÍÅÉÐÎÕ²ÐÓÐÃ²ß

Ñåðîòîí³íåðã³÷íà ñèñòåìà àêòèâíî ðåàãóº
íà òðàâìàòè÷í³ óøêîäæåííÿ ìîçêó çì³íîþ
ù³ëüíîñò³ SERT-ïîçèòèâíèõ âîëîêîí â òêà-
íèí³ ìîçêó, ùî ñóïðîâîäæóºòüñÿ  çíèæåííÿì
ð³âíÿ íåéðîìåä³àòîðà [1, 2]. Ï³ñëÿ òðàâìè
çì³íþºòüñÿ  ð³âåíü åêñïðåñ³¿  ãåí³â ñåðîòî-
í³íîãåíåçó Tph 1, Tph 2, Sert, ÿê³ êîíòðîëþ-
þòü ìåòàáîë³çì çð³ëèõ äèôåðåíö³éîâàíèõ
ñåðîòîí³íåðã³÷íèõ íåéðîí³â [3].

Â ñó÷àñíèõ äîñë³äæåííÿõ ç ìåòîþ âè-
â÷åííÿ âïëèâó òðàâìàòè÷íîãî óøêîäæåííÿ íà
ö³ëüîâó ïîïóëÿö³þ êë³òèí âèêîðèñòîâóþòü
ìîäåë³ òðàâìè  in vitro. Äîâåäåíî, ùî ïðè âè-
êîðèñòàíí³ ìîäåëåé in vitro ðåçóëüòàòè â 90 %
âèïàäê³â â³äïîâ³äàþòü àíàëîã³÷íèì ðåçóëü-
òàòàì ïðè ìîäåëþâàíí³ in vivo [4, 5]. Äëÿ
äîñë³äæåííÿ âïëèâó òðàâìàòè÷íîãî óøêîä-
æåííÿ íà òêàíèíó ãîëîâíîãî ìîçêó ðîçðîá-
ëåíî äåê³ëüêà ìîäåëåé  in vitro: êîìïðåñ³éíà,
äèíàì³÷íà (ïðèñêîðåííÿ/ãàëüìóâàííÿ), ã³ä-

ðîäèíàì³÷íà, ìåõàí³÷íà (òðàíññåêö³ÿ) [4, 5].
Â ñó÷àñí³é íàóêîâ³é ë³òåðàòóð³ âèñâ³òëþþòüñÿ
òàêîæ ðåçóëüòàòè äîñë³äæåííÿ in vitro ìåòà-
áîë³çìó ñåðîòîí³íåðã³÷íèõ ñòðóêòóð ãîëîâ-
íîãî ìîçêó â óìîâàõ òðàâìàòè÷íîãî óøêîä-
æåííÿ [6–8].

Â íàøîìó äîñë³äæåíí³  ðåãåíåðàö³éíîãî
ïîòåíö³àëó ôåòàëüíèõ êë³òèí n. raphe ùóð³â,
çáàãà÷åíèõ ïðîãåí³òîðàìè ñåðîòîí³íîãåíåçó
ïî â³äíîøåííþ äî îðãàíîòèïîâî¿ êóëüòóðè
çð³ëèõ ñåðîòîí³íåðã³÷íèõ íåéðîí³â ö³º¿ æ çî-
íè, âèêîðèñòîâóâàëè òðàíññåêö³þ ÿê ìåòîä
òðàâìóâàííÿ in vitro. Äëÿ îö³íêè âïëèâó
äîñë³äæóâàëè ìîðôîëîã³÷í³ îçíàêè ðåãåíå-
ðàö³éíîãî ïðîöåñó.

Ìàòåð³àë ³ ìåòîäè. Ï³ä ÷àñ åêñïåðè-
ìåíòàëüíîãî óòðèìàííÿ ëàáîðàòîðíèõ òâà-
ðèí ìàí³ïóëÿö³¿, ÿê³ ç íèìè ïðîâîäèëèñü,
â³äïîâ³äàëè ïðîòîêîëó Êîì³òåòó ç ìåäè÷íî¿
åòèêè ÄÓ «²íñòèòóò íåéðîõ³ðóðã³¿ ³ì. àêàä.
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В УМОВАХ КУЛЬТИВУВАННЯ

Åêñïåðèìåíòàëüíó òðàâìó íàíîñèëè øëÿõîì ìåõàí³÷íîãî ïåðåòèíó íåéðèòíî-ãë³àëüíèõ
âîëîêîí. Ï³ñëÿ öüîãî êîíòðîëüí³ çð³çè êóëüòèâóâàëè â ñòàíäàðòíèõ óìîâàõ, à äî
åêñïåðèìåíòàëüíèõ çðàçê³â äîäàâàëè ñóñïåíç³þ ôåòàëüíèõ êë³òèí çîíè n. raphe,
çáàãà÷åíó ïðîãåí³òîðàìè ñåðîòîí³íîãåíåçó. ×åðåç äâà òèæí³ âñ³ çðàçêè äîñë³äæóâàëè ç
âèêîðèñòàííÿì ã³ñòîõ³ì³÷íèõ, ²ÔÀ òà ÇÒ-ÏËÐ ìåòîä³â. Âñòàíîâèëè, ùî ìåõàí³÷íèé
ïåðåòèí íåéðèòíî-ãë³àëüíèõ âîëîêîí n. raphe ïðèçâîäèòü äî ìîðôîëîã³÷íèõ äåãåíå-
ðàòèâíèõ çì³í, à òàêîæ äî çíèæåííÿ åêñïðåñ³¿ ãåí³â ñåðîòîí³íîãåíåçó òà âì³ñòó ñå-
ðîòîí³íó. Ñóì³ñíå êóëüòèâóâàííÿ ç ôåòàëüíèìè êë³òèíàìè ãàëüìóº ðåòðîãðàäíó
äåãåíåðàö³þ ïîøêîäæåíèõ ñåðîòîí³íåðã³÷íèõ âîëîêîí, ñïðèÿº â³äíîâëåííþ ìîðôîëîã³¿
ñòðóêòóðíèõ åëåìåíò³â, ï³äâèùóº çàãàëüíèé ð³âåíü ñåðîòîí³íó òà ñòèìóëþº åêñïðåñ³þ
êîìïëåêñó ãåí³â-ðåãóëÿòîð³â ñåðîòîí³íîãåíåçó – Nkx 2.2, Lmx 1b, Pet 1, Tph 1, Tph 2,
Sert. Îòðèìàí³ äàí³ ñâ³ä÷àòü, ùî ì³æ óøêîäæåíèìè êë³òèíàìè â êóëüòóð³ òà ôåòàëüíèìè
àêòèâîâàíèìè äî ñåðîòîí³íîãåíåçó êë³òèíàìè â³äáóâàºòüñÿ âçàºìîä³ÿ, ÿêà ñïðèÿº
ï³äòðèìö³ ðåãåíåðàö³éíèõ ïðîöåñ³â ñåðîòîí³íåðã³÷íèõ íåéðîí³â.
Êëþ÷îâ³ ñëîâà: îðãàíîòèïîâà êóëüòóðà, ñåðîòîí³íåðã³÷í³ íåéðîíè n. raphe, ìåõàí³÷íà
òðàâìà in vitro, ñåðîòîí³í, Nkx 2.2, Lmx 1b, Pet 1, Tph 1, Tph 2, Sert.
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À.Ï. Ðîìîäàíîâà», ðîçðîáëåíîìó ó â³äïîâ³ä-
íîñò³ ç ÷èííèì çàêîíîäàâñòâîì.

Äëÿ îòðèìàííÿ êë³òèí, çáàãà÷åíèõ ïîïå-
ðåäíèêàìè ñåðîòîí³íîãåíåçó, âèêîðèñòîâó-
âàëè ñóñïåíç³þ íåðâîâèõ êë³òèí ôåòàëüíîãî
ìîçêó ùóð³â ñòàä³¿ Å16. Äëÿ îòðèìàííÿ êóëü-
òóðàëüíîãî ìàòåð³àëó â ñòåðèëüíèõ óìîâàõ
ãîëîâíèé ìîçîê çâ³ëüíÿëè â³ä îáîëîíîê òà
âèäàëÿëè çîíó n. raphe. Òêàíèíó ñóñïåíäóâàëè
ó ðîç÷èí³ Õåíêñà (ÐÀÀ, Àâñòð³ÿ) øëÿõîì
ìåõàí³÷íîãî ï³ïåòóâàííÿ, ï³äðàõîâóâàëè âì³ñò
æèâèõ êë³òèí òà äîâîäèëè ¿õ êîíöåíòðàö³þ
äî (1–3)·106 â 1 ìë. Ïðîòÿãîì îäíîãî òèæíÿ
çðàçêè êóëüòèâóâàëè íà ñåðåäîâèù³ ²ãëà (ÐÀÀ,
Àâñòð³ÿ) ³ç äîäàâàííÿì 10 % òåðìî³íàêòè-
âîâàíî¿ ôåòàëüíî¿ òåëÿ÷î¿ ñèðîâàòêè (ÐÀÀ,
Àâñòð³ÿ), çáàãà÷åíîìó ôàêòîðàìè EGF (epider-
mal growth factor) ³ FGF (fibroblast growth
factor) â êîíöåíòðàö³¿ 40 íã/ìë (Sigma, ÑØÀ).
Íà äâà òèæí³ äëÿ ñòèìóëÿö³¿ ñåðîòîí³íîãåíåçó
â ïîæèâíå ñåðåäîâèùå äîäàâàëè BDNF (brain
derived neurotrophic factor) â êîíöåíòðàö³¿
50 íã/ìë (Sigma, ÑØÀ). Çàãàëüíó ê³ëüê³ñòü ³
âì³ñò æèâèõ êë³òèí ï³äðàõîâóâàëè â ãåìî-
öèòîìåòð³ çà äîïîìîãîþ çàáàðâëåííÿ 0,2%-âèì
ðîç÷èíîì òðèïàíîâîãî ñèíüîãî (Janssen Che-
mica, Áåëüã³ÿ).

Îðãàíîòèïîâó òêàíèíó äëÿ äîâãîñòðîêî-
âîãî êóëüòèâóâàííÿ îòðèìóâàëè âèêîíóþ÷è
ñàã³òàëüí³ çð³çè n. raphe íîâîíàðîäæåíèõ
ùóð³â. Êóëüòèâóâàííÿ ïðîâîäèëè íà ñêåëüöÿõ,
âêðèòèõ ÏÅ² (ïîë³åòèëåí³ì³íîì), ó ñåðåäîâè-
ù³ DMEM (Dulbecco’s modified Eagle’s medi-
um). Çàì³íó ïîæèâíîãî ñåðåäîâèùà ïðîâîäè-
ëè êîæí³ 3–4 äîáè. Ï³ñëÿ 5 òèæí³â êóëüòè-
âóâàííÿ ìîäåëþâàëè òðàâìàòè÷íå óðàæåííÿ
çà ìåòîäîì Ñ. Loov [9], øëÿõîì ìåõàí³÷íîãî
ïåðåòèíó íåéðîãë³àëüíèõ âîëîêîí, ï³ñëÿ ÷îãî
êîíòðîëüí³ òà çðàçêè ï³ñëÿ òðàíññåêö³¿ òðè÷³
ïðîìèâàëè ðîç÷èíîì Õåíêñà. Ï³ñëÿ òðàâìè
êîíòðîëüí³ çðàçêè çàëèøàëè â ïîæèâíîìó
ñåðåäîâèù³, à äî äîñë³äíèõ äîäàâàëè äèñî-
ö³éîâàíó êóëüòóðó ôåòàëüíèõ êë³òèí çîíè
n. raphe, çáàãà÷åíèõ ïîïåðåäíèêàìè ñåðîòîí³-
íîãåíåçó. Ï³ñëÿ öüîãî êîíòðîëüí³ òà äîñë³äí³
çðàçêè êóëüòèâóâàëè äâà òèæí³.

Ñåðîòîí³í â êë³òèíàõ âèÿâëÿëè çà äîïî-
ìîãîþ ã³ñòîõ³ì³÷íî¿ ðåàêö³¿ Ôàëüêà–Õ³ëëàðïà
³ç âèêîðèñòàííÿì 1%-âîãî ïàðàôîðìàëüäå-
ã³äó (Janssen Chemica, Áåëüã³ÿ) òà 2%-âî¿
ãë³îêñèëîâî¿ êèñëîòè (Janssen Chemica, Áåëü-
ã³ÿ) [10].

Ôëóîðåñöåíö³þ â êë³òèíàõ äîñë³äæóâàëè
çà äîïîìîãîþ ôëóîðåñöåíòíîãî ì³êðîñêîïà â
ñèñòåì³ IBAS 2000. Êë³òèíè ï³äðàõîâóâàëè â

10 ïîëÿõ çîðó êîæíîãî äîñë³äæóâàíîãî ïðå-
ïàðàòó.

Ð³âåíü ñåðîòîí³íó äîñë³äæóâàëè ìåòîäîì
êîíêóðåíòíîãî òâåðäîôàçîâîãî ³ìóíîôåð-
ìåíòíîãî àíàë³çó ç âèêîðèñòàííÿì ä³àãíîñ-
òè÷íîãî íàáîðó RE 59121 (IBL, Í³ìå÷÷èíà).
Ïîïåðåäíº àöèëþâàííÿ çðàçê³â ïðîâîäèëè
çã³äíî ç ³íñòðóêö³ºþ äî íàáîðó.

Äîñë³äæåííÿ åêñïðåñ³¿ ãåí³â-ðåãóëÿòî-
ð³â ñåðîòîí³íîãåíåçó – Nkx 2.2, Lmx 1b, Pet 1,
Tph 1, Tph 2, Sert, ïðîâîäèëè ìåòîäîì ÇÒ-ÏËÐ
(çâîðîòíî-òðàíñêðèïòàçíî¿ ïîë³ìåðàçíî-ëàí-
öþãîâî¿ ðåàêö³¿) ç âèêîðèñòàííÿì ñïåöè-
ô³÷íî¿ ïàðè ïðàéìåð³â [11–14]. Ãåíîìíó ÄÍÊ
âèä³ëÿëè ç âèêîðèñòàííÿì íàáîð³â «ÄÍÊ-ñîðá
Â» (Amplisens, Ðîñ³ÿ), ÐÍÊ – ç âèêîðèñòàííÿì
íàáîð³â «Ðèáî-ñîðá» (Amplisens, Ðîñ³ÿ). Ðåàê-
ö³þ çâîðîòíî¿ òðàíñêðèïö³¿ çä³éñíþâàëè ç âè-
êîðèñòàííÿì íàáîðó RevertAidTM First strand
cDNA synthesis kit” (Fermentas, Ëèòâà).

Îòðèìàí³ ïðîäóêòè àìïë³ô³êàö³¿ ñêëà-
äàëèñÿ ç 374, 492, 109, 184, 117, 127 ï.í. (ïàð
íóêëåîòèä³â) â³äïîâ³äíî. Â³çóàë³çàö³ÿ ïðîäóê-
ò³â àìïë³ô³êàö³¿ ïðîâîäèëàñÿ çà äîïîìîãîþ
åëåêòðîôîðåçó â 2%-âîìó àãàðîçíîìó ãåë³.

Ðåçóëüòàòè. Äîñë³äæåííÿ íàòèâíèõ êóëü-
òóð ïîêàçàëî, ùî â íèõ çáåð³ãàºòüñÿ çíà÷íà
÷àñòèíà æèòòºçäàòíèõ íåðâîâèõ âîëîêîí ³ ì³æ-
êë³òèííèõ çâ’ÿçê³â (ðèñ. 1 ³ 2). Âåëèêî¿ ðàä³-
àëüíî¿ çîíè ðîñòó ö³ òêàíèíí³ åêñïëàíòàòè íå
ôîðìóâàëè, ùî ïîÿñíþºòüñÿ ìîðôîëîã³÷íèìè
îñîáëèâîñòÿìè çîíè, ç ÿêî¿ îòðèìàí³ çð³çè, â
í³é ì³ñòÿòüñÿ ïåðåâàæíî ïðîâ³äí³ íåðâîâ³
åëåìåíòè. Ïðîòå ì³ñöÿìè ñïîñòåð³ãàþòüñÿ íà-
ïðàâëåíèé ð³ñò àêñîí³â ³ âñòàíîâëåííÿ çâ’ÿçê³â
ì³æ ñóñ³äí³ìè ñòðóêòóðàìè (ðèñ. 1, 2).

Ìåõàí³÷íèé ïåðåòèí íåéðîãë³àëüíèõ âî-
ëîêîí ïðèçâîäèòü äî äåñòðóêòèâíèõ çì³í
â íèõ ÿê áåçïîñåðåäíüî â çîí³ ïåðåòèíó, òàê
³ â ä³ëÿíêàõ, íàáëèæåíèõ äî ò³ëà íåéðîíà
(ðèñ. 3). Ñïîñòåðåæåííÿ çà æèâîþ, íåçàáàðâ-
ëåíîþ êóëüòóðîþ â ïðîöåñ³ êóëüòèâóâàííÿ
ïîêàçàëè, ùî òàê³ äåñòðóêòèâí³ çì³íè ïðî-
ÿâëÿþòüñÿ, ÿê ïîÿâà òåìíèõ àìîðôíèõ ä³ëÿ-
íîê ç âåëèêîþ ê³ëüê³ñòþ äåòðèòó.

Íà ïðåïàðàòàõ, çàáàðâëåíèõ çà Ôàëüêîì–
Õ³ëëàðïîì, â çîíàõ ïåðåòèíó ³ ä³ëÿíêàõ, íà-
áëèæåíèõ äî ò³ë êë³òèí, ïîâí³ñòþ â³äñóòíÿ
ôëóîðåñöåíö³ÿ, òîáòî ìîðôîëîã³÷íà äåãå-
íåðàö³ÿ ïðÿìî ïîâ’ÿçàíà ç ôóíêö³îíàëüíè-
ìè ïîðóøåííÿìè òðàíñïîðòó ñåðîòîí³íó
(ðèñ. 3). Ãåíåòè÷í³ äîñë³äæåííÿ ïîêàçàëè
ïîâíó â³äñóòí³ñòü åêñïðåñ³¿ ãåí³â-ðåãóëÿòî-
ð³â ñåðîòîí³íîãåíåçó â êóëüòóðàëüíîìó ìà-
òåð³àë³ (ðèñ. 4).
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Ïðè ïîäàëüøîìó êóëüòèâóâàíí³ â êîíò-
ðîëüíèõ êóëüòóðàõ íå ñïîñòåð³ãàëîñÿ â³äíîâ-
ëåííÿ íåéðîãë³àëüíèõ âîëîêîí – ëèøå ïî-

ãëèáëåííÿ ïðîöåñ³â ðåòðîãðàäíî¿ äåãåíåðàö³¿
ç ïîäàëüøèì â³äìèðàííÿì òðàâìîâàíèõ ä³ëÿ-
íîê ³ çîí, íàáëèæåíèõ äî íèõ (ðèñ. 5). Óøêîä-

Ðèñ. 1. Äîâãîñòðîêîâà òêàíèííà êóëüòóðà çîíè ÿäåð øâà ùóðà. Ìåðåæà íåéðîãë³àëüíèõ âîëîêîí.
5 òèæí³â êóëüòèâóâàííÿ. 20 õ 10. Íàòèâíà êóëüòóðà, íåçàáàðâëåíèé ïðåïàðàò

à á

Ðèñ. 2. Äîâãîñòðîêîâà òêàíèííà êóëüòóðà çîíè ÿäåð øâà ùóðà. Íåéðîãë³àëüíå âîëîêíî. 5 òèæí³â
êóëüòèâóâàííÿ. 10 õ 10:

à – íàòèâíà êóëüòóðà, íåçàáàðâëåíèé ïðåïàðàò; á – íàòèâíà êóëüòóðà â ïîëÿðèçîâàíîìó ñâ³òë³

Ðèñ. 3. Äîâãîñòðîêîâà òêàíèííà êóëüòóðà çîíè ÿäåð øâà ùóðà. Ìîäåëü òðàâìè (2-ãà äîáà).
Ïåðåòèí íåéðîãë³àëüíîãî âîëîêíà. 5,5  òèæí³â êóëüòèâóâàííÿ:

à – íàòèâíà êóëüòóðà, íåçàáàðâëåíèé ïðåïàðàò, 10 õ 10; á – íàòèâíà êóëüòóðà, íåçàáàðâëåíèé
ïðåïàðàò, 20 õ 10; â – âèÿâëåííÿ ñåðîòîí³íó çà ìåòîäîì Ôàëüêà–Õ³ëëàðïà, 20 õ 10

à á

â
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1      2       3      4      5      6                     Ì     7      8     9     10     11    12    13    14    15

16     17    18    19     20    21     22    23    Ì    24

Ðèñ. 4.  Åëåêòðîôîðåãðàìà ïðîäóêò³â àìïë³ô³êàö³¿ ãåí³â Nkx 2.2 (374 ï.í.), Lmx 1b (492 ï.í.), Pet
1 (109 ï.í.), Tph 1 (184 ï.í.), Tph 2 (117 ï.í.), Sert (127 ï.í.) â ñóñïåíç³éí³é òà òêàíèíí³é

êóëüòóðàõ êë³òèí ÿäåð øâà ùóðà:
1 – ÐÍÊ ãåíà Tph 1 ïðè ìîäåëþâàíí³ òðàâìàòè÷íîãî óøêîäæåííÿ â óìîâàõ êóëüòóðè;
2 – ÐÍÊ ãåíà Tph 1 â ñóñïåíç³éí³é êóëüòóð³ ôåòàëüíèõ íåðâîâèõ êë³òèí;
3 – ÐÍÊ ãåíà Tph 1 ïðè äîäàâàíí³ ôåòàëüíèõ íåðâîâèõ êë³òèí ï³ñëÿ ìîäåëþâàííÿ òðàâìàòè÷íîãî
óøêîäæåííÿ â óìîâàõ êóëüòóðè;
4 – ÐÍÊ ãåíà Tph 2 ïðè ìîäåëþâàíí³ òðàâìàòè÷íîãî óøêîäæåííÿ â óìîâàõ êóëüòóðè;
5 – ÐÍÊ ãåíà Tph 2 â ñóñïåíç³éí³é êóëüòóð³ ôåòàëüíèõ íåðâîâèõ êë³òèí;
6 – ÐÍÊ ãåíà Tph 2 ïðè äîäàâàíí³ ôåòàëüíèõ íåðâîâèõ êë³òèí ï³ñëÿ ìîäåëþâàííÿ òðàâìàòè÷íîãî
óøêîäæåííÿ â óìîâàõ êóëüòóðè;
7 – ÐÍÊ ãåíà Sert ïðè ìîäåëþâàíí³ òðàâìàòè÷íîãî óøêîäæåííÿ â óìîâàõ êóëüòóðè;
8 – ÐÍÊ ãåíà Sert â ñóñïåíç³éí³é êóëüòóð³ ôåòàëüíèõ íåðâîâèõ êë³òèí;
9 – ÐÍÊ ãåíà Sert 2 ïðè äîäàâàíí³ ôåòàëüíèõ íåðâîâèõ êë³òèí ï³ñëÿ ìîäåëþâàííÿ òðàâìàòè÷íîãî
óøêîäæåííÿ â óìîâàõ êóëüòóðè;
10, 11 – ÄÍÊ, ÐÍÊ ãåíà Pet 1 ïðè ìîäåëþâàíí³ òðàâìàòè÷íîãî óøêîäæåííÿ â óìîâàõ êóëüòóðè;
12, 13 – ÄÍÊ, ÐÍÊ ãåíà Pet 1 â ñóñïåíç³éí³é êóëüòóð³ ôåòàëüíèõ íåðâîâèõ êë³òèí;
14, 15 – ÄÍÊ, ÐÍÊ ãåíà Pet 1 ïðè äîäàâàíí³ ôåòàëüíèõ íåðâîâèõ êë³òèí ï³ñëÿ ìîäåëþâàííÿ
òðàâìàòè÷íîãî óøêîäæåííÿ â óìîâàõ êóëüòóðè;
16 – ÐÍÊ ãåíà Lmx 1 ïðè ìîäåëþâàíí³ òðàâìàòè÷íîãî óøêîäæåííÿ â óìîâàõ êóëüòóðè;
17 – ÐÍÊ ãåíà Lmx 1 â ñóñïåíç³éí³é êóëüòóð³ ôåòàëüíèõ íåðâîâèõ êë³òèí;
18 – ÐÍÊ ãåíà Lmx 1 ïðè äîäàâàíí³ ôåòàëüíèõ íåðâîâèõ êë³òèí ï³ñëÿ ìîäåëþâàííÿ òðàâìàòè÷íîãî
óøêîäæåííÿ â óìîâàõ êóëüòóðè 4 – ÐÍÊ ãåíà Tph 2 ïðè ìîäåëþâàíí³ òðàâìàòè÷íîãî óøêîäæåííÿ
â óìîâàõ êóëüòóðè;
19, 20 – ÄÍÊ, ÐÍÊ ãåíà Nkx 2.2 ïðè ìîäåëþâàíí³ òðàâìàòè÷íîãî óøêîäæåííÿ â óìîâàõ êóëüòóðè;
21, 22 – ÄÍÊ, ÐÍÊ ãåíà Nkx 2.2  â ñóñïåíç³éí³é êóëüòóð³ ôåòàëüíèõ íåðâîâèõ êë³òèí;
23, 24 – ÄÍÊ, ÐÍÊ ãåíà Nkx 2.2 ïðè äîäàâàíí³ ôåòàëüíèõ íåðâîâèõ êë³òèí ï³ñëÿ ìîäåëþâàííÿ
òðàâìàòè÷íîãî óøêîäæåííÿ â óìîâàõ êóëüòóðè;
Ì –ìàðêåð ìîëåêóëÿðíî¿ ìàñè (100–1000 ï.í.)

æåí³ âîëîêíà âèãëÿäàëè «ïóíêòèðíèìè»
ïî âñ³é äîâæèí³ (ðèñ. 5). Àëå â íåóøêîäæåíèõ
çîíàõ òðàíñïîðò ñåðîòîí³íó çàëèøàâñÿ, ³, çà
äàíèìè ²ÔÀ, éîãî ð³âåíü ñòàíîâèâ (8,52±
0,91) íã/ìã á³ëêà.

Â ïàðàëåëüí³é ñåð³¿ åêñïåðèìåíòó äî òðàâ-
ìîâàíèõ çð³ç³â çîíè ÿäåð øâà áóëà äîäàíà ñó-
ñïåíç³ÿ ôåòàëüíèõ êë³òèí n raphe, ïîïåðåäíüî
ñòèìóëüîâàíà äî êë³òèííî¿ åêñïàíñ³¿ òà íà-
ïðàâëåíîãî äèôåðåíö³þâàííÿ ïî ñåðîòîí³í-
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åðã³÷íîìó òèïó â êóëüòóðàëüíèõ óìîâàõ. Ö³
êë³òèíè õàðàêòåðèçóâàëèñü åêñïðåñ³ºþ ãå-
í³â Nkx 2.2 òà Pet 1 (äèâ. ðèñ. 4), òîáòî çíà-
õîäèëèñü ó ôàç³ àêòèâàö³¿ ñåðîòîí³íîãåíåçó.
Âì³ñò æèâèõ êë³òèí ñòàíîâèâ (85–90) %, ñå-
ðîòîí³íó – (1,76±0,68) íã/ìã á³ëêà.

Ñïîñòåðåæåííÿ çà íàòèâíîþ êóëüòóðîþ
ïîêàçàëè, ùî ôåòàëüíèì êë³òèíàì âëàñòè-
âà òðîïí³ñòü äî çîí óøêîäæåííÿ. Âæå ÷åðåç
1–2 äîáè ñóì³ñíîãî êóëüòèâóâàííÿ âîíè êîí-
öåíòðóþòüñÿ âçäîâæ òðàâìîâàíèõ âîëîêîí ³ â
çîí³ ïåðåòèíó. ×åðåç 7 ä³á âçäîâæ äåñòðóê-
òóðîâàíîãî âîëîêíà ù³ëüíî ðîçòàøîâàí³ îêðó-
ãë³ íåâåëèê³ êë³òèíè (ðèñ. 6). Ïðè ïîäàëüøîìó
êóëüòèâóâàíí³ â³äáóâàºòüñÿ çàì³ùåííÿ óø-
êîäæåíèõ ä³ëÿíîê íåéðèòíî-ãë³àëüíèõ âîëî-
êîí ò³ëàìè òà â³äðîñòêàìè ôåòàëüíèõ êë³òèí,
à ³íêîëè ôîðìóþòüñÿ íîâ³ âîëîêíà ïîðó÷ ³ç
çðóéíîâàíèìè (ðèñ. 6, 7). Ñïîñòåð³ãàºòüñÿ òà-
êîæ ïðîðîñòàííÿ âîëîêîí êð³çü çîíó ïåðåòèíó.
Ã³ñòîõ³ì³÷íå çàáàðâëåííÿ ïîêàçàëî íàÿâí³ñòü
ôëóîðåñöåíòíèõ ãðàíóë, ùî òðàíñïîðòóþòüñÿ
ïî íîâîóòâîðåíèõ âîëîêíàõ (ðèñ. 6, 7).

Ñë³ä â³äì³òèòè, ùî ôåòàëüí³ êë³òèíè êîí-
öåíòðóþòüñÿ á³ëÿ ê³íöåâèõ ä³ëÿíîê òðàíñ-
ñåêö³¿ íåéðîãë³àëüíèõ ïðîâ³äíèõ øëÿõ³â âå-
ëèêîãî ä³àìåòðà, ñóïðîâîäæóþòüñÿ çìåíøåí-
íÿì äåãåíåðàòèâíèõ îçíàê.

Çà äàíèìè ãåíåòè÷íèõ äîñë³äæåíü, ïðè
äîäàâàíí³ ôåòàëüíèõ êë³òèí â êóëüòóðàëüíî-
ìó ìàòåð³àë³ àêòèâ³çóºòüñÿ åêñïðåñ³ÿ âñüîãî
êîìïëåêñó ãåí³â-ðåãóëÿòîð³â ñåðîòîí³íó,
âêëþ÷àþ÷è Tph òà Sert, ùî íå ñïîñòåð³ãàëîñÿ
í³ â òðàâìîâàíèõ êîíòðîëüíèõ êóëüòóðàõ, í³
â ïîïóëÿö³¿ ôåòàëüíèõ êë³òèí îêðåìî. Âì³ñò
ñåðîòîí³íó ïðè ñóì³ñíîìó êóëüòèâóâàíí³
äîñÿãíóâ (11,66±0,97) íã/ìã á³ëêà, ùî òàêîæ
ïåðåâèùóº ñóìàðíå çíà÷åííÿ êîíòðîëüíèõ ³
ôåòàëüíèõ çðàçê³â íà 13 %.

Îáãîâîðåííÿ ðåçóëüòàò³â. Îòðèìàí³
íàìè ïðîäåìîíñòðóâàëè, ùî â óìîâàõ êóëü-
òèâóâàííÿ ï³ñëÿ òðàâìàòè÷íîãî óøêîäæåííÿ
ñïîñòåð³ãàþòüñÿ ïðîöåñè, ïîä³áí³ äî ðåòðî-
ãðàäíî¿ äåãåíåðàö³¿ in vivo. Ìåõàí³÷íå óøêîä-
æåííÿ ñåðîòîí³íåðã³÷íèõ âîëîêîí âíàñë³äîê
òðàíññåêö³¿ ïðèçâîäèòü äî ï³äòâåðäæåíîãî

à á

Ðèñ. 5. Äîâãîñòðîêîâà òêàíèííà êóëüòóðà çîíè ÿäåð øâà ùóðà. Ìîäåëü òðàâìè (14-òà äîáà).
Ïåðåòèí íåéðîãë³àëüíîãî âîëîêíà òà éîãî ïîäàëüøà äåñòðóêö³ÿ. 7 òèæí³â êóëüòèâóâàííÿ:

à – íàòèâíà êóëüòóðà, íåçàáàðâëåíèé ïðåïàðàò, 10 õ 10;
á – âèÿâëåííÿ ñåðîòîí³íó çà ìåòîäîì Ôàëüêà-Õ³ëëàðïà, 20 õ 10

Ðèñ. 6. Äîâãîñòðîêîâà òêàíèííà êóëüòóðà çîíè ÿäåð øâà ùóðà. Ìîäåëü òðàâìè ç ï³äñàäêîþ
ñóñïåíç³¿ ôåòàëüíèõ íåðâîâèõ êë³òèí (14-òà äîáà). Ïåðåòèí íåéðîãë³àëüíîãî âîëîêíà

òà â³äíîâëåííÿ éîãî ñòðóêòóðè. 7  òèæí³â êóëüòèâóâàííÿ.  Âèÿâëåííÿ ñåðîòîí³íó çà ìåòîäîì
Ôàëüêà–Õ³ëëàðïà, 10 õ 10 (à) òà 20 õ 10 (á)

à á
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ã³ñòîõ³ì³÷íèì ³ ³ìóíîôåðìåíòíèì ìåòîäàìè
çíèæåííÿ ð³âíÿ ñåðîòîí³íó, à ãåíåòè÷í³ äî-
ñë³äæåííÿ âêàçóþòü íà äåðåãóëÿö³þ åêñïðåñ³¿
îñíîâíèõ ãåí³â ñåðîòîí³íîãåíåçó.

Äîäàâàííÿ ôåòàëüíèõ êë³òèí, çáàãà÷åíèõ
ñåðîòîí³íåðã³÷íèìè ïðîãåí³òîðíèìè êë³òèíà-
ìè, ïðî ùî ñâ³ä÷èòü ï³äâèùåíèé ð³âåíü åê-
ñïðåñ³¿ Nkx 2.2, ìàðêåðà ì³òîòè÷íî-àêòèâíèõ
ïîïåðåäíèê³â ñåðîòîí³íåðã³÷íèõ íåéðîí³â,
ñòèìóëþº â êóëüòóðàëüí³é îðãàíîòèï³÷í³é
ñèñòåì³  n. raphe åêñïðåñ³þ âñüîãî êàñêàäó â³ä-
ïîâ³äíèõ ãåí³â-ðåãóëÿòîð³â ñåðîòîí³íîãåíåçó,
ùî â ïîºäíàíí³ ç äàíèìè àíàë³çó ã³ñòîõ³ì³÷-
íèõ ïðåïàðàò³â, à òàêîæ äàíèìè ²ÔÀ ñòîñîâíî
ï³äâèùåííÿ ð³âíÿ ñåðîòîí³íó âêàçóþòü íà
àêòèâ³çàö³þ ðåãåíåðàö³éíèõ ïðîöåñ³â.

Óìîâè ïðîâåäåííÿ åêñïåðèìåíòó íå äà-
þòü ìîæëèâîñò³ ç’ÿñóâàòè, â ÿêèõ ñàìå êë³-
òèíàõ â³äáóâàºòüñÿ åêñïðåñ³ÿ. Öå ìîæóòü áóòè
òðàâìîâàí³ êë³òèíè n. raphe; ñòîâáóðîâ³ òà
ïðîãåí³òîðí³ êë³òèíè çð³ç³â n. raphe, â ÿêèõ ï³ä
âïëèâîì ôåòàëüíèõ àêòèâîâàíèõ äî ñåðî-
òîí³íîãåíåçó êë³òèí àáî òðîô³÷íèõ ôàêòîð³â,
ÿê³ âîíè çäàòí³ ñèíòåçóâàòè, àêòèâ³çóºòüñÿ
ñåðîòîí³íîãåíåç. Íå ìîæíà âèêëþ÷èòè ³ äè-
ôåðåíö³þâàííÿ âíåñåíèõ ïðîãåí³òîð³â òà çä³é-

ñíåííÿ íèìè çàì³ñíîãî åôåêòó â òðàâìîâàíèõ
çîíàõ. Âàæëèâèì âèñíîâêîì º òå, ùî äîäàâàí-
íÿ åêçîãåííî¿ àêòèâîâàíî¿ äî ñåðîòîí³íîãå-
íåçó ïîïóëÿö³¿ êë³òèí ïðèçâîäèòü äî â³äíîâ-
ëåííÿ ñåðîòîí³íîãåíåçó â óøêîäæåí³é ñòðóê-
òóð³ n. raphe, ùî ìîæå áóòè âàæëèâîþ ïå-
ðåäóìîâîþ â³äíîâëåííÿ ôóíêö³¿ íåçàëåæíî
â³ä òîãî, ÿêà ñàìå ïîïóëÿö³ÿ êë³òèí âíîñèòü
ìàêñèìàëüíèé âêëàä ó öåé ïðîöåñ.

Âèñíîâêè
Îòðèìàí³ äàí³ ñâ³ä÷àòü, ùî ïðè ìîäåëþ-

âàíí³ íåéðîòðàâìè ñåðîòîí³íåðã³÷íèõ ïðî-
â³äíèõ øëÿõ³â â îðãàíîòèï³÷í³é êóëüòóð³
â³äñóòíÿ åêñïðåñ³ÿ ãåí³â-ðåãóëÿòîð³â ñåðîòî-
í³íîãåíåçó, ùî ñóïðîâîäæóºòüñÿ çíèæåííÿì
ð³âíÿ ñåðîòîí³íó. Äîäàâàííÿ  ôåòàëüíèõ ñå-
ðîòîí³í-ñòèìóëüîâàíèõ êë³òèí çä³éñíþº  ñòè-
ìóëþþ÷èé åôåêò, ÿêèé âèÿâëÿºòüñÿ íà ìîð-
ôîëîã³÷íîìó ³ ãåíåòè÷íîìó ð³âí³. Âçàºìî-
âïëèâ êóëüòèâîâàíèõ êë³òèí âèêëèêàº àê-
òèâàö³þ êàñêàäó ñåðîòîí³íåðã³÷íèõ ãåí³â-
ðåãóëÿòîð³â ³ çðîñòàííÿ âì³ñòó â êóëüòè-
âîâàíèõ êë³òèíàõ ð³âíÿ íåéðîìåä³àòîðà, ùî
â³çóàëüíî ïðîÿâëÿºòüñÿ ÿê ìîðôîëîã³÷íà
ðåãåíåðàö³ÿ óøêîäæåíèõ çîí.

à á

â

Ðèñ. 7. Äîâãîñòðîêîâà òêàíèííà êóëüòóðà çîíè ÿäåð øâà ùóðà. Ìîäåëü òðàâìè ç äîäàâàííÿì
ñóñïåíç³¿ ôåòàëüíèõ íåðâîâèõ êë³òèí (14-òà äîáà). Ïåðåòèí íåéðîãë³àëüíîãî âîëîêíà

òà â³äíîâëåííÿ éîãî ñòðóêòóðè. 7  òèæí³â êóëüòèâóâàííÿ.
à – â – âèÿâëåííÿ ñåðîòîí³íó çà ìåòîäîì Ôàëüêà–Õ³ëëàðïà, 10 õ 10
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È.Ã. Âàñèëüåâà, Í.Ã. ×îïèê, Í.Ï. Îëåêñåíêî, È.Í. Øóáà, Î.È. Öþáêî, Å.Ñ. Ãàëàíòà,
Í.Ä. Ñíèöàð
ÌÎÄÅËÈÐÎÂÀÍÈÅ ÍÅÉÐÎÒÐÀÂÌÛ È ÐÅÃÅÍÅÐÀÖÈÈ ÑÅÐÎÒÎÍÈÍÅÐÃÈ×ÅÑÊÈÕ ÏÐÎÂÎÄßÙÈÕ
ÏÓÒÅÉ Â ÓÑËÎÂÈßÕ ÊÓËÜÒÈÂÈÐÎÂÀÍÈß

Ýêñïåðèìåíòàëüíóþ òðàâìó íàíîñèëè ïóòåì ìåõàíè÷åñêîãî ïåðåñå÷åíèÿ íåéðèòíî-ãëèàëüíûõ
âîëîêîí. Ïîñëå ýòîãî êîíòðîëüíûå ñðåçû êóëüòèâèðîâàëè â ñòàíäàðòíûõ óñëîâèÿõ, à ê ýêñïåðè-
ìåíòàëüíûì äîáàâëÿëè ñóñïåíçèþ ôåòàëüíûõ êëåòîê çîíû n. raphe, îáîãàùåííóþ ïðîãåíèòîðàìè
ñåðîòîíèíîãåíåçà. ×åðåç äâå íåäåëè âñå îáðàçöû èññëåäîâàëè ñ èñïîëüçîâàíèåì ãèñòîõèìè÷åñêèõ,
ÈÔÀ è ÐÒ-ÏÖÐ ìåòîäîâ. Óñòàíîâèëè, ÷òî ìåõàíè÷åñêîå ïåðåñå÷åíèå íåéðèòíî-ãëèàëüíûõ âîëîêîí
çîíû n. raphe âûçûâàåò ìîðôîëîãè÷åñêèå äåãåíåðàòèâíûå èçìåíåíèÿ, à òàêæå ñíèæåíèå ýêñïðåññèè
ãåíîâ ñåðîòîíèíîãåíåçà è ñîäåðæàíèÿ ñåðîòîíèíà. Ñîâìåñòíîå êóëüòèâèðîâàíèå ñ ôåòàëüíûìè
êëåòêàìè òîðìîçèò ðåòðîãðàäíóþ äåãåíåðàöèþ ïîâðåæäåííûõ ñåðîòîíèíåðãè÷åñêèõ âîëîêîí,
ñïîñîáñòâóåò âîññòàíîâëåíèþ ìîðôîëîãèè ïîâðåæäåííûõ ýëåìåíòîâ, ïîâûøàåò îáùèé óðîâåíü
ñåðîòîíèíà è ñòèìóëèðóåò ýêñïðåññèþ êîìïëåêñà ãåíîâ-ðåãóëÿòîðîâ ñåðîòîíèíîãåíåçà  – Nkx 2.2,
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Lmx 1b, Pet 1, Tph 1, Tph 2, Sert. Ïîëó÷åííûå äàííûå ñâèäåòåëüñòâóþò î òîì, ÷òî ìåæäó
ïîâðåæäåííûìè êëåòêàìè â êóëüòóðå è ôåòàëüíûìè àêòèâèðîâàííûìè ïðîãåíèòîðàìè ñåðîòî-
íèíîãåíåçà îñóùåñòâëÿåòñÿ âçàèìîäåéñòâèå, ñïîñîáñòâóþùåå ïîääåðæàíèþ ðåãåíåðàòîðíûõ
ïðîöåñîâ ñåðîòîíèíåðãè÷åñêèõ íåéðîíîâ.

Êëþ÷åâûå ñëîâà: îðãàíîòèïè÷åñêàÿ êóëüòóðà, ñåðîòîíèíåðãè÷åñêèå íåéðîíû, n. raphe, òðàâìà
in vitro, ñåðîòîíèí, Nkx 2.2, Lmx 1b, Pet 1, Tph 1, Tph 2, Sert.

I.G. Vasileva, N.G. Ñhopic, N.P. Oleksenko, I.N. Shuba, O.I. Tsybko, E.S. Galanta, N.D. Snitsar
BRAIN INJURY AND REGENERATION MODEL OF SEROTONINERGIC TRACTS IN CULTURE

A standardized injury was induced by scalpel cuts thought a culturing tissue. After that, the control
slices were cultured in the standart conditions and to the experimental slices suspension of fetal
mesencephalic cells, expanded in vitro and enriched of serotonin progenitors, was added. 2 weeks later all
slices were analyzed  by histochemical (for serotoninergic neuron count), IFA (to establish serotonin
level) and RT-PLR (to examine the expression of genes, witch regulate serotoninogenes – Nkx 2.2, Lmx
1b, Pet 1, Tph 1, Tph 2, Sert) methods. We have established the degenerated changes in the n. raphe tissue
jointly with decreasing disappearing some serotoninogenesis genes expressing level and serotonin content
after mechanical dissection in vitro. Our results showed, that co-culturing of organotypic misencephalic
slices with suspension of in vitro expanded serotonin progenitors, prevented the retrograde degeneration,
promoted the morphological regeneration, increased the serotonin level and neuronal survivality. Our
finding suggests the availability of interaction between the injured neurons and activated serotoninergic
progenitors witch promoted the regeneration. Moreover, it stimulated all serotonin regulated genes
expression. So, using in vitro model system we demonstrated the necessity of active progenitors for
serotoninergic system recovery.

Key words: organotypic slices culture, raphe serotonergic neurons, injury, serotonin, Nkx 2.2, Lmx 1b,
Pet 1, Tph 1, Tph 2, Sert.
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