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SAŽETAK  
 
Serotonin (5HT) regulira razvoj vlastitih neurona i ciljnih tkiva tijekom neurogeneze pa 
odstupanje od optimalnih koncentracija 5HT tijekom razvoja mozga može dovesti do 
strukturnih i funkcionalnih anomalija. �8�� �R�Y�R�P�� �V�P�R�� �L�V�W�U�D�å�L�Y�D�Q�M�X�� �N�U�R�Q�L�þ�Q�R�P�� �S�H�U�L�Q�D�W�D�O�Q�R�P��
primjenom neposrednog prekursora sinteze 5HT, 5-hidroksitriptofana (5HTP, 25mg/kg), ili 
inhibitora razgradnje 5HT, tranilcipromina (TCP, 2mg/kg) povisili razinu 5HT u štakora s 
ciljem istraživanja posljedica po homeostazu 5HT u odraslom mozgu. Tijekom primjene 
���+�7�3�� �M�H�� �]�Q�D�þ�D�M�Q�R�� �S�R�Y�L�V�L�R�� �U�D�]�L�Q�X�� ���+�7�� �V�D�P�R�� �X�� �S�H�U�L�I�H�U�Q�R�P�� �R�G�M�H�O�M�N�X�� ���K�L�S�H�U�V�H�U�R�W�R�Q�L�Q�H�P�L�M�D������ �D��
TCP i u perifernom i u središnjem odjeljku. Obje primjene uzrokovale su (dugo)trajne 
posljedice po funkciju središnjeg 5HT-�R�G�M�H�O�M�N�D�����N�R�M�H���V�X���V�H���R�þ�L�W�R�Y�D�O�H���N�U�R�]���S�U�R�P�M�H�Q�H���X���U�D�]�L�Q�L���L��
metabolizmu serotonina, ekspresiji 5HT-�U�H�J�X�O�L�U�D�M�X�ü�L�K�� �J�H�Q�D�� �W�H�� �S�R�Q�D�ã�D�Q�M�D�� �Y�H�]�D�Q�R�J�� �X�]��
�V�H�U�R�W�R�Q�L�Q�����ý�L�Q�M�H�Q�L�F�D���G�D���V�X���U�D�]�Y�R�M�Q�L���S�R�U�H�P�H�ü�D�M�L���X���P�H�W�D�E�R�O�L�]�P�X���V�H�U�R�W�R�Q�L�Q�D�����G�X�J�R���W�U�D�M�Q�R���Q�D�U�X�ã�L�O�L��
funkciju središnjeg 5HT-�R�G�M�H�O�M�N�D�� �X�S�X�ü�X�M�H�� �Q�D�� �J�H�Q�H�� �N�R�M�L�� �U�H�J�X�O�L�U�D�M�X�� �P�H�W�D�E�R�O�L�]�D�P�� ���+�7�� �N�D�R�� �Q�D��
�P�R�J�X�ü�H���N�D�Q�G�L�G�D�W�H���X���L�V�W�U�D�å�L�Y�D�Q�M�L�P�D���S�R�U�H�P�H�ü�D�M�D���S�R�Q�D�ã�D�Q�M�D���Y�H�]�D�Q�L�P�D���X�]�����+�7���V�X�V�W�D�Y�����3�R�V�O�M�H�G�L�F�H��
dviju primjena bile su analogne, ali su odražavale efekt doze: središnja homeostaza 5HT bila 
je diskretno narušena u životinja s razvojnim promjenama samo u perifernoj 5HT-homeostazi 
(5HTP), a opsežno u životinja s razvojnim promjenama i u središnjoj i u perifernoj 5HT-
�K�R�P�H�R�V�W�D�]�L�� ���7�&�3������ �7�R�� �X�S�X�ü�X�M�H�� �Q�D�� �]�D�N�O�M�X�þ�D�N�� �G�D��je za ozbiljno narušavanje funkcije 5HT, 
kakvo je opaženo u psihijatrijskim bolestima, nužna razvojna neuravnoteženost u središnjem 
5HT-odjeljku i govori u prilog teoriji o hiperserotoninemiji kao o �E�L�O�M�H�J�X���� �D�� �Q�H�� �X�]�U�R�þ�Q�L�N�X��
promjena u središnjoj homeostazi serotonina. 
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ABSTRACT 
 

Serotonin (5HT) regulates the development of its own neurons and target tissues during 
neurogenesis, therefore deviations from optimal 5HT concentrations during brain 
development can lead to structural and functional anomalies. In this thesis, through the 
chronic perinatal treatment with the immediate serotonin synthesis precursor, 5-
hydroxytryptophan (5HTP, 25 mg/kg), or with an inhibitor of 5HT degradation, 
tranylcypromine (TCP, 2 mg/kg), we have increased 5HT concentrations in rats with the aim 
of investigating the effects on adult brain 5HT homeostasis. During the treatment 5HTP 
significantly increased 5HT levels in the peripheral compartment (hyperserotonemia), and 
TCP in the peripheral and central compartment. Both treatments had long-lasting/permanent 
consequences on the function of the central 5HT compartment, evident through changes in 
5HT concentration and metabolism, expression of 5HT-regulating genes and serotonin related 
behavior. The fact that developmental disturbances in 5HT metabolism induced permanent 
disturbances in function of central 5HT compartment points to the genes that regulate 5HT 
metabolism as potential candidates for research in 5HT-related behavioral disorders. The 
effects of both treatments where analogous, showing a dose-effect: central 5HT homeostasis 
was mildly altered in animals with developmental disturbances only in peripheral 5HT 
homeostasis (5HTP), and drastically altered in animals with developmental disturbances in 
both central and peripheral 5HT homeostasis (TCP). These findings suggest that severe 
alterations in 5HT function observed in psychiatric diseases may be caused by developmental 
disbalance in the central 5HT compartment and speak in favor of the theory of 
hyperserotonemia as a marker, not a cause, of disturbances in central serotonin homeostasis. 
 

(92 pages, 5 figures, 2 tables, 278 references, original in: Croatian) 
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1.1. Serotonin 

Serotonin (5-hidroksitriptamin, 5HT) je biološki aktivan monoamin koji stanice 

sintetiziraju iz esencijalne aminokiseline triptofana. Nalazi se u skupini biogenih amina kojoj 

�W�D�N�R�ÿ�H�U�� �S�U�L�S�D�G�D�M�X�� �K�L�V�W�D�P�L�Q���� �N�R�M�L�� �V�H�� �V�L�Q�W�H�W�L�]�L�U�D�� �L�]�� �K�L�V�W�L�G�L�Q�D�� �W�H�� �N�D�W�H�N�R�O�D�P�L�Q�V�N�L�� �Qeurotransmiteri 

adrenalin, noradrenalin i dopamin, koji se sintetiziraju iz tirozina. Serotonin je indolamin 

(slika 1.) s filogenij�V�N�L�� �R�þ�X�Y�D�Q�R�P�� �X�O�R�J�R�P�� �X�� �Q�H�X�U�R�W�U�D�Q�V�P�L�V�L�M�L��(Turlejski, 1996.), a poznat je 

kao neurotransmiter koji sudjeluje u modulaciji aktivnosti neurona te u širokom rasponu 

�Q�H�X�U�R�I�L�]�L�R�O�R�ã�N�L�K�� �S�U�R�F�H�V�D���� �0�H�ÿ�X�W�L�P���� �Y�H�ü�L�Q�D�� �V�H�U�R�W�R�Q�L�Q�D�� �V�H�� �Q�D�O�D�]�L�� �L�]�Y�D�Q�� �V�U�H�G�L�ã�Q�M�H�J�� �å�L�Y�þ�D�Q�R�J��

�V�X�V�W�D�Y�D�� ���6�ä�6���� �W�H�� �M�H�� �H�N�V�S�U�H�V�L�M�D�� ������ �S�R�]�Q�D�W�L�K�� �V�H�U�R�W�R�Q�L�Q�V�N�L�K�� �U�H�F�H�S�W�R�U�D�� �X�R�þ�H�Q�D�� �L�� �Q�D�� �S�H�U�L�I�H�U�L�M�L�� �L�� �X��

mozgu (Berger i sur., 2009.). 5HT je široko je rasprostranjen u životinjskom i biljnom svijetu 

(Azmitia, 1999.)�����D���Q�D�O�D�]�L���V�H���L���X���Y�H�ü�L�Q�L���M�H�G�Q�R�V�W�D�Q�L�þ�Q�L�K���R�U�J�D�Q�L�]�D�P�D��(Azmitia, 2007.). Sudjeluje 

�X�� �U�H�J�X�O�D�F�L�M�L�� �U�D�]�Q�L�K�� �I�L�]�L�R�O�R�ã�N�L�K�� �S�U�R�F�H�V�D�� �N�D�R�� �ã�W�R�� �V�X�� �U�D�V�S�R�O�R�å�H�Q�M�H���� �P�R�W�R�U�L�þ�N�H�� �L�� �N�R�J�Q�L�W�L�Y�Q�H��

funkcije te cirkadijani i neuroendokrini ritmovi poput regulacije spavanja, hranjenja i spolne 

aktivnosti (Di Pino i sur., 2004.; Lesch i Moessner, 1998.). Zbog svoje široke distribucije u 

�V�U�H�G�L�ã�Q�M�H�P�� �å�L�Y�þ�D�Q�R�P�� �V�X�V�W�D�Y�X�� �L�� �X�W�M�H�F�D�M�D�� �Q�D�� �Y�H�O�L�N�L�� �E�U�R�M�� �I�L�]�L�R�O�R�ã�N�L�K�� �S�U�R�F�H�V�D���� �E�U�R�M�Q�L�� �S�R�U�H�P�H�ü�D�M�L��

vežu se uz promijenjenu serotoninsku transmisiju (Sodhi i Sanders-Bush, 2004.). 

 

 

 

 

 

Slika 1. ���'���V�W�U�X�N�W�X�U�D���L���]�Q�D�þ�D�M�N�H���V�H�U�R�W�R�Q�L�Q�D 

(MarvinSketch, JChem for Excel (ChemAxon, 2013.)) 

IUPAC ID 3-(2-aminoetil)-1H-indol-5-ol 
Molekularna formula C10H12N20 
Molekularna masa 176,22 g/mol 
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1.1.1. Povijest 

Prve naznake da se u krvi nalazi tvar koja uzrokuje vazokonstrikciju pojavile su se 

�V�U�H�G�L�Q�R�P�� �������� �V�W�R�O�M�H�ü�D��(Green, 2006.). Još 1918. godine, Janeway i suradnici pretpostavili su 

da se ta tvar nalazi u trombocitima (Janeway i sur., 1918.), iako je njihova �W�H�R�U�L�M�D���S�R�W�Y�U�ÿ�H�Q�D��

tek 1954. godine (Humphrey i Jaques, 1954.). 

Kasnih 40-ih godina, Maurice Rapport, Arda Green i Irving Page identificirali su 

serotonin���� �P�R�O�H�N�X�O�X�� �L�]�R�O�L�U�D�Q�X�� �L�]�� �V�H�U�X�P�D�� �N�R�M�D�� �X�W�M�H�þ�H�� �Q�D�� �W�R�Q�X�V�� �N�U�Y�Q�L�K�� �å�L�O�D�� ���5�D�S�S�R�U�W�� �L�� �V�X�U������

1948). Nakon što je �X�W�Y�U�ÿ�H�Q�D kemijska struktura serotonina, ustanovljeno je da se radi o 5-

hidroksitriptaminu (Rapport, 1949.).  

U neovisnim istraživanjima, Vialli i Erspamer (1937.) prvi put su izolirali i opisali 

a�P�L�Q���N�R�M�L���X�]�U�R�N�X�M�H���N�R�Q�W�U�D�N�F�L�M�X���P�L�ã�L�ü�D���W�H���J�D���Q�D�]�Y�D�O�L��enteramin�����(�U�V�S�D�P�H�U�D���M�H���]�D�Q�L�P�D�R���X�þ�L�Q�D�N��

raznih amina prisutnih u koži i crij�H�Y�X���U�D�]�O�L�þ�L�W�L�K���Y�U�V�W�D���å�L�Y�R�W�L�Q�M�D���Q�D���N�R�Q�W�U�D�N�F�L�M�X���J�O�D�W�N�L�K���P�L�ã�L�ü�D��

(Whitaker-Azmitia, 1999.)�����1�D�U�R�þ�L�W�R���J�D���M�H���]�D�Q�L�P�D�O�D���W�Y�D�U���N�R�M�D���V�H���Q�D�O�D�]�L�O�D���X���H�Q�W�H�U�R�N�U�R�P�D�I�L�Q�L�P��

stanicama crijeva, �D�� �þ�L�M�L�� �M�H�� �D�F�H�W�R�Q�V�N�L�� �L�]�R�O�D�W�� �X�]�U�R�N�R�Y�D�R�� �N�R�Q�W�U�D�N�F�L�M�X�� �J�O�D�W�N�L�K�� �P�L�ã�L�ü�D���� �S�R�V�H�E�L�F�H��

maternice štakora. Više se godina pisalo o enteraminu, dok se nije uspostavilo da se �W�D�N�R�ÿ�H�U 

radi o 5-hidroksitriptaminu (Erspamer i Asero, 1952.). 

�,�D�N�R�� �M�H�� �Y�H�ü�� ������������ �J�R�G�L�Q�H�� ��-hidroksitriptamin bio komercijalno dostupan, još se nije 

�]�Q�D�O�D�� �Q�M�H�J�R�Y�D�� �W�R�þ�Q�D�� �X�O�R�J�D���� �9�H�O�L�N�L�� �N�R�U�D�N�� �Q�D�S�U�L�M�H�G�� �M�H�� �E�L�O�R�� �Q�M�H�J�R�Y�R�� �R�W�N�U�L�ü�H��u mozgu. Godine 

1953. Twarog i Page objavili su da se serotonin nalazi u mozgu sisavaca i tako postavili 

�R�V�Q�R�Y�X�� �]�D�� �X�Y�U�ã�W�H�Q�M�H�� �V�H�U�R�W�R�Q�L�Q�D�� �P�H�ÿ�X�� �Q�H�X�U�R�W�U�D�Q�V�P�L�W�H�U�H���� �X�� �G�R�E�D�� �N�D�G�D�� �M�H�� �W�H�R�U�L�M�D��

neurotransmitera još bila kontroverzna. Amin i suradnici su gotovo istovremeno potvrdili 

postojanje 5HT u mozgu psa, �W�H���R�G�U�H�G�L�O�L���Q�M�H�J�R�Y�X���N�R�Q�F�H�Q�W�U�D�F�L�M�X���X���U�D�]�O�L�þ�L�W�L�P���G�L�M�H�O�R�Y�L�P�D���P�R�]�J�D��

(Amin i sur., 1954.). 

 �'�L�O�Z�R�U�W�K�� �:�D�\�Q�H�� �:�R�R�O�O�H�\�� �M�H�� �V�Y�R�M�L�P�� �U�D�G�R�P�� �X�þ�Y�U�V�W�L�R�� �W�H�R�U�L�M�X�� �R�� �X�O�R�]�L�� �V�H�U�R�W�R�Q�L�Q�D�� �N�D�R 

�Y�D�å�Q�R�J�� �Q�H�X�U�R�W�U�D�Q�V�P�L�W�H�U�D���� �:�R�R�O�O�H�\�� �M�H�� �U�D�]�Y�L�M�D�R�� �W�H�R�U�L�M�X�� �R�� �R�G�Q�R�V�X�� �L�]�P�H�ÿ�X�� �S�R�M�H�G�L�Q�L�K�� �V�X�S�V�W�D�Q�F�L�� �L��

�V�S�H�F�L�I�L�þ�Q�L�K���E�R�O�H�V�W�L��u ljudi. U svojim istraživanjima je pokazao da LSD može poništiti �X�þ�L�Q�N�H��

serotonina, te predložio da bi se korištenjem LSD-a u istraživanjima mogla otkriti uloga 

serotonina. Zatim je predložio da bi serotonin mogao igrati ulogu u razvoju mozga, jer je 

�V�O�L�þ�D�Q�� �E�L�O�M�Q�R�P�� �K�R�U�P�R�Q�X�� �U�D�V�W�D���� �D�X�N�V�L�Q�X��(Woolley i Shaw, 1954.). Najzad, 1963. godine 

�:�R�R�O�O�H�\�� �M�H�� �S�X�E�O�L�F�L�U�D�R�� �N�O�M�X�þ�Q�X�� �N�Q�M�L�J�X, The Biochemical Bases of Psychoses or the Serotonin 

Hypothesis about Mental Illness, u kojoj sažima svoju ranije objavljenu teoriju o ulozi 

serotonina u duševnim bolestima (Woolley, 1962.).  
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Tako se u manje od 25 godina, 5-hidroksitriptamin, od nepoznatog amina u crijevima 

�U�D�]�O�L�þ�L�Wih životinja, pretvorio u sveprisutni �Q�H�X�U�R�W�U�D�Q�V�P�L�W�H�U�� �N�O�M�X�þ�D�Q�� �X�� �U�D�]�Y�R�M�X�� �P�H�Q�W�D�O�Q�L�K��

bolesti u ljudi (Whitaker-Azmitia, 1999.). Daljnji razvoj istraživanja samo je produbio i 

detaljnije razjasnio njegovu funkciju.  

 

1.1.2. Metabolizam serotonina 

Koncentracija serotonina u pojedinom tkivu ovisi o omjeru sinteze i razgradnje.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Slika 2. Metabolizam 5-hidroksitriptamina (JChem for Excel (ChemAxon, 2013.)) 

 

U sisavaca razlikujemo dva serotoninska odjeljka: središnji, koji podrazumijeva 

�V�U�H�G�L�ã�Q�M�L���å�L�Y�þ�D�Q�L���V�X�V�W�D�Y�����W�H���S�H�U�L�I�H�U�Q�L���N�R�M�L���V�H���R�G�Q�R�V�L���Q�D���R�V�W�D�O�D���W�N�L�Y�D�������Y�����S�R�J�O�D�Y�O�M�H���������������2�G�M�H�O�M�F�L��
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su odvojeni krvno-moždanom barijerom koja je nepropusna za serotonin (Diksic i Young, 

2001.). Metabolizam serotonina je u oba odjeljka isti (slika 2., tablica 1.): 5HT se sintetizira  

iz aminokiseline L-triptofan (Trp) djelovanjem enzima triptofan-hidroksilaze (TPH) i 

dekarboksilaze aromatskih aminokiselina (AAAD, engl. aromatic L-amino acid 

decarboxylase�������D���U�D�]�J�U�D�ÿ�X�M�H���V�H���X����-hidroksiindoloctenu kiselinu (5-HIAA, engl. 5-hydroxy-3-

indoleacetic acid) oksidativnom deaminacijom koju katalizira enzim monoamin-oksidaza 

(MAO).  

1.1.2.1. Sinteza serotonina 

5-hidroksitriptamin se sintetizira iz esencijalne aminokiseline L-triptofana. Sisavci 

�Q�H�P�D�M�X�� �V�S�R�V�R�E�Q�R�V�W�� �V�L�Q�W�H�]�H�� �W�U�L�S�W�R�I�D�Q�D���� �W�H�� �J�D�� �P�R�J�X�� �L�V�N�O�M�X�þ�L�Y�R�� �G�R�E�L�W�L�� �S�U�H�K�U�D�Q�R�P��(Cansev i 

Wurtman, 2007.)���� �3�U�H�K�U�D�P�E�H�Q�L�� �S�U�R�L�]�Y�R�G�L�� �E�R�J�D�W�L�� �W�U�L�S�W�R�I�D�Q�R�P�� �V�X�� �]�R�E���� �V�X�K�R�� �Y�R�ü�H���� �P�O�L�M�H�N�R����

tunjevina, sir, kruh, piletina, puret�L�Q�D���� �N�R�ã�W�X�Q�M�D�Y�R�� �Y�R�ü�H���� �þ�R�N�R�O�D�G�D���� �E�D�Q�D�Q�H���� �M�D�M�H���� �L�W�G���� �9�H�ü�L�Q�D��

apsorbiranog Trp se koristi u sintezi proteina, �W�H���M�H���þ�H�V�W�R���L���Q�M�H�]�L�Q���R�J�U�D�Q�L�þ�D�Y�D�M�X�ü�L���þ�L�P�E�H�Q�L�N jer 

predstavlja  najmanje zastupljenu aminokiselinu (Sainio i sur., 1996.). Osim u sintezi 

proteina, Trp je bitan u sintezi serotonina i kinurenina (Wurtman i sur., 1980.). U perifernom 

odjeljku, serotonin se sintetizira u enterokromafinim stanicama gastrointestinalne sluznice, a u 

�V�U�H�G�L�ã�Q�M�H�P�� �R�G�M�H�O�M�N�X�� �X�� �V�H�U�R�W�R�Q�H�U�J�L�þ�Q�L�P�� �Q�H�X�U�R�Q�L�P�D���� �,�D�N�R�� �V�H�� �S�U�H�W�S�R�V�W�D�Y�O�M�D�� �G�D�� �V�D�P�R 3% Trp 

unesenog prehranom sudjeluje u sintezi 5HT, sinteza serotonina je jedan od najvažnijih 

�D�Q�D�E�R�O�L�þ�N�L�K��sintetskih puteva vezanih za triptofan (Richard i sur., 2009.). Više od 95% 

metabolizma Trp otpada na enzimsku konverziju T�U�S�� �X�� �N�L�Q�X�U�H�Q�L�Q�� �S�R�P�R�ü�X�� �W�U�L�Stofan-pirolaze 

(Tyce, 1990.). Pošto 5HT ne prelazi krvno-moždanu barijeru, sinteza serotonina u SŽS ovisi o 

dostupnosti triptofana. Lijevi (L) izomer triptofana je jedini koji se koristi u sintezi proteina i 

jedini koji može prelaziti krvno-moždanu barijeru. Za apsorpciju Trp je odgovoran 

prijenosnik velikih neutralnih aminokiselina (LAT, engl. large neutral amino acid 

transporter) (Boado i sur., 1999.). Udio Trp koji se unosi u središnji odjeljak ovisi ne samo o 

dostupnosti Trp u cirkulaciji nego i o koncentraciji ostalih aminokiselina (fenilalanin, tirozin, 

leucin, izoleucin, histidin, metionin, treonin i valin) koje koriste LAT, a s kojima se Trp  

�Q�D�W�M�H�þ�H���]�D���X�O�D�]�D�N���X���6�ä�6��(Fernstrom i Wurtman, 1972.).  

U oba odjeljka, prvi korak u sintezi serotonina, a uje�G�Q�R�� �L�� �R�J�U�D�Q�L�þ�D�Y�D�M�X�ü�L���þ�L�P�E�H�Q�L�N 

sinteze, je hidroksilacija triptofana u 5-hidroksitriptofan (5-�+�7�3���� �S�R�P�R�ü�X�� �H�Q�]�L�P�D��triptofan-

hidroksilaze (TPH) (Lovenberg i sur., 1967.; Udenfriend i sur., 1956.). TPH je 

monooksigenaza koja koristi kisik (O2) i tetrahidrobiopterin (BH4) kao kosupstrate te željezo 

(Fe+2) kao kofaktor u stvaranju neposrednog prekursora serotonina, 5-hidroksi-L-triptofana 
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(5-HTP) i vode, hidroksilacijom triptofana na 5' mjestu (Cansev i Wurtman, 2007.; Sato i sur., 

1967.). Enzim TPH je osjetljiv na oksidaciju; izloženost enzima oksidativnim uvjetima 

�X�Q�L�ã�W�D�Y�D�� �Q�M�H�J�R�Y�X�� �N�D�W�D�O�L�W�L�þ�N�X�� �I�X�Q�N�F�L�M�X�� �ã�W�R�� �U�H�]�X�O�W�L�U�D�� �]�Q�D�þ�D�M�Q�L�P�� �S�U�R�P�M�H�Q�D�P�D�� �X�� �U�D�]�L�Q�D�P�D�� ���+�7��

�N�D�R�� �L�� �X�� �V�H�U�R�W�R�Q�H�U�J�L�þ�Q�R�M�� �Q�H�X�U�R�W�U�D�Q�V�P�L�V�L�M�L��(Hufton i sur., 1995.; Kuhn i sur., 1979., 1980.; 

Rahman i Thomas, 2009.; Thomas i sur., 2007.). Dušikov monoksid (NO), a vjerojatno i drugi 

reaktivni kisikovi spojevi, inaktiviraju TPH (Kuhn i Arthur, 1996., 1997.). Stoga je TPH 

�G�R�E�D�U���E�L�R�P�D�U�N�H�U���]�D���S�U�R�P�M�H�Q�H���X���V�H�U�R�W�R�Q�H�U�J�L�þ�Q�R�P���V�X�V�W�D�Y�X���X�V�O�L�M�H�G���R�N�V�L�G�D�W�L�Y�Q�R�J���V�W�U�H�V�D��(Rahman 

i sur., 2011.). TPH postoji kod kralježnjaka u dvije molekularne izoforme, TPH1 i TPH2 

(Darmon i sur., 1988.; Walther i Bader, 2003.). Izoforma TPH1, prvotno okarakterizirana u 

epifizi zeca, regulira sintezu 5HT na periferiji (u timusu, slezeni i crijevu) i u epifizi u kojoj se 

sintetizirani 5HT metabolizira u melatonin (Grenett i sur., 1987.; Walther i sur., 2003.). Tph2 

�V�H�� �H�N�V�S�U�L�P�L�U�D�� �X�� �V�H�U�R�W�R�Q�H�U�J�L�þ�N�L�P�� �Q�H�X�U�R�Q�L�P�D���� �J�G�M�H�� �L�P�D�� �Y�D�å�Q�X�� �X�O�R�J�X�� �X�� �U�H�J�X�O�D�F�L�M�L�� �V�U�H�G�L�ã�Q�M�H��

serotoninske homeostaze (Alenina i sur., 2009.; Walther i sur., 2003.). Gen za TPH1 se nalazi 

�Q�D�� �������� �N�U�R�P�R�V�R�P�X�� �þ�R�Y�M�H�N�D�� �W�H�� �Q�D�� ������ �N�U�R�P�R�V�R�P�X�� �ã�W�D�N�R�U�D���� �G�R�N�� �V�H�� �J�H�Q�� �]�D�� �7�3�+���� �Q�D�O�D�]�L na 12. 

�N�U�R�P�R�V�R�P�X�� �þ�R�Y�M�H�N�D, odnosno na 7. kromosomu štakora. Istraživanja su pokazala �U�D�]�O�L�þ�L�W�X��

regulaciju ekspresije ove dvije izoforme TPH na transkripcijskoj i translacijskoj razini 

(Sakowski i sur., 2006.). Poznata je inhibicija TPH uslijed stresa, rezistencije na inzulin, 

manjka piridoksina (vitamin B6), nedostatka magnezija, te visoke razine triptofana (Birdsall, 

1998.). 

5HTP je prisutan u stanici u �P�D�O�L�P���N�R�O�L�þ�L�Q�D�P�D��(Long i sur., 1982.), jer se brzo pretvara 

u 5HT (Boadle-Biber, 1993.). Njegov poluživot je relativno kratak (4,3 ± 2,8 h) (Westenberg i 

sur., 1982.), a vrijeme postizanja maksimalne koncentracije je 1-2h (Magnussen i Van Woert, 

1982.)���� �7�D�N�R�ÿ�H�U�� �V�H�� �G�R�E�U�R�� �D�S�V�R�U�E�L�U�D�� �X�� �N�U�Y�R�W�R�N���� �G�M�H�O�R�P�L�þ�Q�R�� �]�E�R�J�� �W�R�J�D�� �ã�W�R�� �S�U�L�V�X�W�Q�R�V�W�� �G�U�X�J�L�K��

aminokiselina ne ometa njegovu apsorpciju, te zato što se ne koristi u sintezi proteina 

(Magnussen i Nielsen-Kudsk, 1980.). 5HTP prolazi krvno-moždanu barijeru bez posebne 

molekule prijenosnika (Udenfriend i sur., 1957.), iako se može koristiti i LAT-om. S obzirom 

na to, razina 5HT u mozgu ovisi o razinama Trp i 5HTP u SŽS (Birdsall, 1998.). Ovdje 5HTP 

prvenstveno povisuje razinu serotonina, ali i razinu melatonina, dopamina, noradrenalina i ��-

endorfina (den Boer i Westenberg, 1990.; Guilleminault i sur., 1973.; van Praag i Lemus, 

1986.)���� ���+�7�3���� �L�]�R�O�L�U�D�Q�� �L�]�� �V�M�H�P�H�Q�N�L�� �D�I�U�L�þ�N�H�� �E�L�O�M�N�H��Griffonia simplicifolia, komercijalno je 

dostupan za primjenu u medicini (Birdsall, 1998.).  

Drugi korak u sintezi serotonina kataliziran je, �P�D�Q�M�H�� �V�S�H�F�L�I�L�þ�Q�L�P, široko 

rasprostranjenim enzimom ovisnom o piridoksinu, dekarboksilazom aromatskih 

aminokiselina (AAAD, engl. aromatic L-amino acid decarboxylase). AAAD 



   1. Uvod  

 

6 
 

dekarboksilacijom prevodi 5HTP u 5HT, te sudjeluje u dekarboksilaciji mnogih drugih 

kemijskih spojeva. Gen za AAAD se �X�� �þ�R�Y�M�H�N�D�� �Q�D�O�D�]�L�� �Q�D�� ������ �N�U�R�P�R�V�R�P�X���� �D�� �X�� �ã�W�D�N�R�U�D�� �Q�D�� ��������

kromosomu.    

U ranim farmakološkim studijama dokazano je da se tijekom sinteze serotonina 

hidroksila�F�L�M�D�� �L�� �G�H�N�D�U�E�R�N�V�L�O�D�F�L�M�D�� �G�R�J�D�ÿ�D�M�X�� �Q�H�S�R�V�U�H�G�Q�R�� �M�H�G�Qa iza druge, odnosno gotovo 

istovremeno, u prisutnosti triptofana (Clark i sur., 1954.). Smatra se da je TPH, a ne AAAD, 

�H�Q�]�L�P�� �N�R�M�L�� �R�J�U�D�Q�L�þ�D�Y�D�� �E�U�]inu reakcije sinteze serotonina �L�� �W�R�� �]�E�R�J�� �V�O�M�H�G�H�ü�L�K�� �U�D�]�O�R�J�D���� �3rvo, 

iako su oba enzima nužna za sintezu 5HT, aktivnost AAAD uvelike premašuje aktivnost 

triptofan-hidroksilaze (Moore i sur., 1985.). Drugo, TPH ima slab afinitet za druge 

aminokiseline (Noguchi i sur., 1973.), dok AAAD ima visoki afinitet za mnoge L-amino 

�N�L�V�H�O�L�Q�H���� �7�U�H�ü�H���� �Y�L�V�R�N�R�V�S�H�F�L�I�L�þ�Q�D�� �D�N�W�L�Y�Q�R�V�W�� �7�3�+�� �M�H�� �X�� �N�R�Q�W�U�D�V�W�X�� �V�� �Q�H�V�S�H�F�L�I�L�þ�Q�R�P�� �D�N�W�L�Y�Q�R�ã�ü�X��

�$�$�$�'���� �ý�H�W�Y�U�W�R���� �G�R�N�� �V�H�� �$�$�$�'�� �Q�D�O�D�]�L�� �X�� �Y�H�ü�L�Q�L�� �W�N�L�Y�D��(Clark i sur., 1954.; Tyce, 1990.), 

raspodjela �7�3�+�� �M�H�� �R�J�U�D�Q�L�þ�H�Q�D�� �L�V�N�O�M�X�þ�L�Y�R�� �Q�D�� �W�N�L�Y�D�� �N�R�M�H�� �V�D�G�U�å�H�� ���+�7��(Champier i sur., 1997.; 

Noguchi i sur., 1973.; Tyce, 1990.). Najzad, teško je smanjiti razine serotonina inhibicijom 

AAAD (Mohammad-Zadeh i sur., 2008.).  

1.1.2.2. Pohrana i otpuštanje serotonina 

�1�R�Y�R�V�L�Q�W�H�W�L�]�L�U�D�Q�L�� �V�H�U�R�W�R�Q�L�Q�� �V�H�� �D�N�W�L�Y�Q�R�� �S�R�K�U�D�Q�M�X�M�H�� �X�� �Y�H�]�L�N�X�O�H�� �S�R�P�R�ü�X�� �Y�H�]�L�N�X�O�D�U�Q�R�J��

monoaminskog prijenosnika (VMAT, engl. vesicle monoamine transporter), �N�R�M�L�� �M�H�� �W�D�N�R�ÿ�H�U��

odgovoran za pohranu dopamina, noradrenalina i histamina. Gen za VMAT se nalazi u 

�þ�R�Y�M�H�Na na kromosomu 10, a u štakora na kromosomu 1. �=�D�Q�L�P�O�M�L�Y�R�� �M�H�� �G�D�� �V�H�� �S�U�L�� �]�D�V�L�ü�H�Q�M�X��

�7�3�+�� �W�U�L�S�W�R�I�D�Q�R�P�� �S�R�Y�H�ü�D�� �L�� �U�D�]�J�U�D�G�Q�M�D�� �V�H�U�R�W�R�Q�L�Q�D, �M�H�U�� �M�H�� �N�R�O�L�þ�L�Q�D�� �V�L�Q�W�H�W�L�]�L�U�D�Q�R�J�� �V�H�U�R�W�R�Q�L�Q�D��

�W�R�O�L�N�R�� �Y�H�O�L�N�D�� �G�D�� �Q�H�� �X�V�S�L�M�H�Y�D�� �V�D�Y�� �X�ü�L�� �X�� �Y�H�]�L�N�X�O�H�� �L�� �]�D�ã�W�L�W�Lti se od oksidativne razgradnje, te se 

tada �S�R�Y�H�ü�D�Y�D���L���N�R�O�L�þ�L�Q�D���P�H�W�D�E�R�O�L�W�D�������+�,�$�$��(Cansev i Wurtman, 2007.).  

U oba odjeljka, otpuštanje serotonina vrši se egzocitozom ovisnom o Ca2+ i regulirano 

�M�H�� �D�N�W�L�Y�D�F�L�M�R�P�� �U�H�F�H�S�W�R�U�D���� �8�� �Q�H�X�U�R�Q�L�P�D�� �V�X�� �W�R�� �S�U�H�V�L�Q�D�S�W�L�þ�N�L�� �U�H�F�H�S�W�R�U�L�� �L�]�� �R�E�L�W�H�O�M�L�� ���+�71 (tzv. 

autoreceptori). U enterokromafinim stanicama su do sada identificirane dvije klase receptora 

koje moduliraju otpuštanje 5HT: stimulacijski 5HT3 receptori, te inhibicijski 5HT4 receptori 

(Racke i sur., 1995.)� �� � � D� � � W� D� N� R� ÿ� H� U� � � V� H� � � V� X� J� H� U� L� U� D� � � L� � � X� O� R� J� D� � � �� +� 71A te 5HT2 receptora (Schwörer i 

Ramadori, 1998.). 

1.1.2.3. Ponovni unos serotonina 

�=�D�� �G�R�E�U�R�� �I�X�Q�N�F�L�R�Q�L�U�D�Q�M�H�� �V�L�Q�D�S�V�H���� �Q�H�R�S�K�R�G�Q�R�� �M�H�� �G�D�� �Q�H�X�U�R�W�U�D�Q�V�P�L�W�H�U�� �L�P�D�� �R�J�U�D�Q�L�þ�H�Q�R��

�Y�U�H�P�H�Q�V�N�R�� �G�M�H�O�R�Y�D�Q�M�H�� �X�Q�X�W�D�U�� �V�L�Q�D�S�W�L�þ�N�H�� �S�X�N�R�W�L�Q�H���� �3�U�H�N�L�G�� �G�M�H�O�R�Y�D�Q�M�D�� ���+�7�� �L�� �S�R�Y�U�D�W�� �X��
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�S�U�H�V�L�Q�D�S�W�L�þ�N�L�� ���V�H�U�R�W�R�Q�H�U�J�L�þ�Q�L���� �Q�H�X�U�R�Q�� �V�H�� �R�G�Y�L�M�D�� �D�N�W�L�Y�Q�L�P�� �W�U�D�Q�V�S�R�U�W�R�P�� �S�U�H�N�R�� �V�H�U�R�W�R�Q�L�Q�V�N�R�J��

prijenosnika (5HTt, engl. 5HT transporter) kako bi se reciklirao (tj. ponovno spremio u 

vezikule) ili razgradio u 5HIAA (Holz i Fisher, 2011.; Kolb i Whishaw, 2011.; Melikian, 

2004.)���� �6�H�U�R�W�R�Q�L�Q�� �V�H�� �Q�D�� �L�V�W�L�� �Q�D�þ�L�Q�� �X�Q�R�V�L�� �X�� �W�U�R�P�E�R�F�L�W�H���� �N�D�R�� �L�� �X�� �V�Y�H�� �G�U�X�J�H�� �V�W�D�Q�L�F�H�� �N�R�M�H��

�S�R�K�U�D�Q�M�X�M�X�� �L�O�L�� �U�D�]�J�U�D�ÿ�X�M�X�� �V�H�U�R�W�R�Q�L�Q���� ���+�7�W�� �L�G�H�Q�W�L�I�L�F�L�U�D�Q�� �M�H�� �X�� �6�ä�6���� �J�D�V�W�U�R�L�Q�W�H�V�W�L�Q�D�O�Q�R�P�� �W�U�D�N�W�X����

�S�O�X�ü�L�P�D�� �L�� �N�U�Y�R�å�L�O�Q�R�P�� �V�X�V�W�D�Y�X���� �W�H�� �X�� �W�U�R�P�E�R�F�L�W�L�P�D���� �3�U�L�S�D�G�D�� �Y�H�O�L�N�R�M�� �R�Eitelji prijenosnika 

biogenih amina ili aminokiselina, ovisnih o natriju s 12 transmembranskih regija (Ni i Watts, 

2006.; Sneddon, 1973.; Torres i sur., 2003.). Gen za 5HTt nalazi se na 17. kromosomu u 

�þ�R�Y�M�H�N�D�����R�G�Q�R�V�Q�R���Q�D�����������N�U�R�P�R�V�R�P�X���X���ã�W�D�N�R�U�D�����1�H�X�U�R�Q�V�N�L��5HTt posreduje ponovni unos 5HT 

�X�� �S�U�H�V�L�Q�D�S�W�L�þ�N�L�� �Q�H�X�U�R�Q���� �U�H�J�X�O�L�U�D�M�X�ü�L�� �W�D�N�R�� �M�D�þ�L�Q�X�� �L�� �W�U�D�M�D�Q�M�H�� �G�M�H�O�R�Y�D�Q�M�D�� ���+�7�� �X�� �V�L�Q�D�S�V�L���� �%�U�R�M��

prijenosnika u pojedinom neuronu nije stalan, mijenja se ovisno o aktivnosti sinapse, što 

�S�U�L�G�R�Q�R�V�L�� �S�O�D�V�W�L�þ�Q�R�V�W�L�� �Q�H�X�U�R�Q�D��(Melikian, 2004.). 5HTt koji se nalazi na trombocitnoj 

membrani unosi u trombocit 5HT otpušten iz enterokromafinih stanica u krvnu plazmu. U 

�W�U�R�P�E�R�F�L�W�L�P�D�� �V�H�� ���+�7�� �S�R�K�U�D�Q�M�X�M�H�� �X�� �W�]�Y���� �J�X�V�W�H�� �J�U�D�Q�X�O�H�� �S�R�P�R�ü�X�� �9�0�$�7���� �'�D�N�O�H���� �V�H�U�R�W�R�Q�L�Q�V�N�L��

prijenosnik igra važnu ulogu u održavanju središnje serotoninske homeostaze i jedini je izvor 

5HT u trombocitima.  

1.1.2.4. Razgradnja serotonina  

Serotonin se razgradi u 5-hidroksiindoloctenu kiselinu (5HIAA) oksidativnom 

deaminacijom (esencijalni korak u katabolizmu aminskih neurotransmitera), te se prvenstveno 

�L�]�O�X�þ�X�M�H�� �X�U�L�Q�R�P��(McIsaac i Page, 1958.). Ovu reakciju katalizira enzim monoamin-oksidaza 

(MAO) koji može biti zastupljen u dvije varijante: MAO A i MAO B. Radi se o 

flavoproteinima koji se nalaze na vanjskoj membrani mitohondrija neurona i perifernih 

stanica (Shih i sur., 1999.). MAO katalizira oksidativnu deaminaciju raznih amina u mozgu i 

perifernim tkivima proizvodnjom vodikovog peroksida (H2O2) (Shih i sur., 1999.; Thorpe i 

sur., 1987.)�����8���I�L�]�L�R�O�R�ã�N�L�P���X�Y�M�H�W�L�P�D�����R�Y�L���L�]�R�H�Q�]�L�P�L���L�P�D�M�X���U�D�]�O�L�þ�L�W�H��afinitete za supstrate. MAO 

�$�� �S�U�L�P�D�U�Q�R�� �R�N�V�L�G�L�U�D�� �P�R�Q�R�D�P�L�Q�H�U�J�L�þ�Q�H�� �Q�H�X�U�R�W�U�D�Q�V�P�L�W�H�U�H�� �V�H�U�R�W�R�Q�L�Q�� �L�� �Q�R�U�D�G�U�H�Q�D�O�L�Q��(Sandler i 

sur., 1981.), MAO B prvenstveno oksidira feniletilamin (Shih i sur., 1999.), dok su dopamin i 

tiramin supstrati oba izoenzima (Billett, 2004.)���� �0�H�ÿ�X�W�L�P���� �R�E�M�H�� �L�]�R�I�R�U�P�H�� �0�$�2�� �P�R�J�X��

razgraditi sve supstrate, te jedna izoforma može preuzeti funkciju druge izoforme kada je ona 

�N�R�P�S�U�R�P�L�W�L�U�D�Q�D�����Q�S�U�����X���V�O�X�þ�D�M�X���I�D�U�P�D�N�R�O�R�ã�N�H���L�Q�K�L�E�L�F�L�M�H��(Billett, 2004.). MAO prevodi 5HT u 

5-hidroksiindolacetaldehid, koji s�H�� �]�D�W�L�P�� �R�N�V�L�G�L�U�D�� �X�� ���+�,�$�$�� �S�R�P�R�ü�X�� �D�O�G�H�K�L�G-dehidrogenaze 

(Hensler, 2011.). Nakon egzogene primjene �V�H�U�R�W�R�Q�L�Q�D�����Y�H�ü�L�Q�D���V�H�����+�,�$�$���L�]�O�X�þ�X�M�H���X�Q�X�W�D�U�������K����

što ukazuje na brzi metabolizam serotonina (Mohammad-Zadeh i sur., 2008.). U SŽS su 
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prisutna oba izoenzima, dok je na periferiji MAO A zastupljeniji u jetri i gastrointestinalnom 

traktu, a MAO B u trombocitima (Sandler i sur., 1981.; Shih i sur., 1999.; Tyce, 1990.). Geni 

�]�D���R�E�M�H���L�]�R�I�R�U�P�H���0�$�2���V�H���L���X���þ�R�Y�M�H�N�D���L���X���ã�W�D�N�R�U�D���Q�D�O�D�]�H���Q�D���N�U�R�P�R�V�R�P�X���;����Ex vivo mjerenje 

aktivnost�L�� �H�Q�]�L�P�D�� �0�$�2�� �P�R�J�X�ü�H��je samo za izoformu B koja se nalazi u lako dostupnim 

�W�U�R�P�E�R�F�L�W�L�P�D�����0�H�ÿ�X�W�L�P����neposredno mjerenje metabolizma serotonina provodi se mjerenjem 

koncentracije 5HIAA - u perifernom odjeljku u urinu, a u središnjem odjeljku u 

�F�H�U�H�E�U�R�V�S�L�Q�D�O�Q�R�M���W�H�N�X�ü�L�Q�L�����&�6�)�����H�Q�J�O�� cerebro-spinal fluid) (Sarrias i sur., 1990.). Drugi manje 

zastupljeni �P�H�W�D�E�R�O�L�þ�N�L�� �S�X�W�H�Y�L�� �V�H�U�R�W�R�Q�L�Q�D�� �V�X�� �J�O�X�N�X�U�R�Q�L�G�D�F�L�M�D�� �L�� �V�X�O�I�Dtacija, koje se odvijaju u 

�M�H�W�U�L���� �S�O�X�ü�L�P�D���� �E�X�E�U�H�]�L�P�D�� �L�� �P�R�]�J�X��(Tyce, 1990.). Prvenstveno u epifizi, ali i u mrežnici, 

�F�U�L�M�H�Y�L�P�D�� �L�� �ã�W�L�W�Q�M�D�þ�L���� �V�H�U�R�W�R�Q�L�Q�� �V�H�� �S�U�H�Y�R�G�L�� �X�� �P�H�O�D�W�R�Q�L�Q�� �D�F�H�W�L�O�D�F�L�M�R�P�� �L�� �P�H�W�L�O�D�F�L�M�R�P���� �0�D�Q�M�L�� �G�L�R��

serotonina reducira se u 5-hidroksitriptofol djelovanjem aldehid-reduktaze, te u 5-

hidroksiindol-tiazoladin-karboksilnu kiselinu (Bortolato i sur., 2010.). 

 

 

 



 

Tablica 1. Elementi serotoninskog sustava 

Ime Odjeljak Kratica Smještaj Funkcija Gen   

(kromosom ���}�À�i���l��)                            

Triptofan-

hidroksilaza  

SREDIŠNJI 

 

PERIFERNI 

TPH 2 

 

TPH 1 

�•���Œ�}�š�}�v���Œ�P�]���v�]���v���µ�Œ�}�v�] 

 

�•�š���v�]���������Œ�]�i���À�����]�����‰�]�(�]�Ì������ 

�P�o���À�v�]�����v�Ì�]�u���µ���•�]�v�š���Ì�]���ñ�,�d 

TPH1  (11) 

 

TPH2  (12) 

Monoamin-

oksidaza A 

SREDIŠNJI 

 

PERIFERNI 

MAO A 

ne-�•���Œ�}�š�}�v���Œ�P�]���v�]���v���µ�Œ�}�v�] 

 

�•�š���v�]�������i���š�Œ�����]���‰�o�µ���� 

g�o���À�v�]�����v�Ì�]�u���µ���Œ���Ì�P�Œ�����v�i�]���ñ�,�d MAOA (X) 

Monoamin-

oksidaza B 

SREDIŠNJI 

 

PERIFERNI 

MAO B 

�•���Œ�}�š�}�v���Œ�P�]���v�]���v���µ�Œ�}�v�] 

 

trombociti 

�Œ���Ì�P�Œ�����v�i�����u�}�v�}���u�]�v�� 

 

�v�]�i�����‰�}�Ì�v���š�� 

MAOB (X) 

Serotoninski 

prijenosnik 

SREDIŠNJI 

 

PERIFERNI 

�ñ�,�d�š 

�•���Œ�}�š�}�v���Œ�P�]���v�]���v���µ�Œ�}�v�] 

 

trombociti 

�‰�Œ���l�]�����•�]�v���‰�š�]���l�}�P�����i���o�}�À���v�i�����ñ�,�d 

 

n���l�µ�‰�o�i���v�i�����ñ�,�d 

 SLC6A4 (17) 

Receptor 5HT1a 

SREDIŠNJI 

 

PERIFERNI 

�ñ�,�d�í���Œ 

�‰�Œ���•�]�v���‰�š�]���l�]���ñ�,�d���v���µ�Œ�}�v�] 

 

�•�š���v�]���������Œ�]�i���À���� 

�‰�}�•�Œ�����µ�i�����}�š�‰�µ�“�š���v�i�����ñ�,�d HTR1A �~�ñ�• 

Receptor 5HT2a 

SREDIŠNJI 

 

PERIFERNI 

�ñ�,�d�î���Œ 

�‰�}�•�š�•�]�v���‰�š�]���l�]���v���µ�Œ�}�v�] 

 

�•�š���v�]���������Œ�]�i���À���V���š�Œ�}�u���}���]�š�] 

e�l�•���]�š�����]�i�•�l�]���Œ�������‰�š�}�Œ 

 

o�š�‰�µ�“�š���v�i�����ñ�,�d�V���š�Œ�}�u���}���]�š�v�������P�Œ���P�����]�i�� 

HTR2A (13) 
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1.1.3. Serotoninski receptori 

Zajedno sa svojim receptorima, serotonin je jedan od najstarijih molekularnih sustava 

koji su preuzeli funkciju �P�H�ÿ�X�V�W�D�Q�L�þ�Q�H komunikacije, i prisutan je od trenutka nastanka 

�H�Y�R�O�X�F�L�M�V�N�L�� �Q�D�M�M�H�G�Q�R�V�W�D�Y�Q�L�M�L�K�� �å�L�Y�þ�D�Q�L�K�� �V�X�V�W�D�Y�D��(Bockaert i sur., 2010.). Gaddum i Picarelli 

(1957.) su prvi objavili postojanje više podvrsta serotoninskih receptora, koje su nazvali 5-

HT-M i 5-HT-D, prema antagonistima koji su na njih djelovali, morfinu i dibenzilinu. 

Peroutka i Snyder (1980.) su ih ponovno klasificirali prema studijama vezivanja radio-liganda 

na homogenatima �å�L�Y�þ�D�Q�R�J��tkiva. Razvitkom molekularnih metoda, te kloniranjem receptora, 

�R�P�R�J�X�ü�H�Q�R���M�H���M�D�V�Q�L�M�H���L�G�H�Q�W�L�I�L�F�L�U�D�Q�M�H���V�Y�L�K�������R�E�L�W�H�O�M�L���V�H�U�R�W�R�Q�L�Q�V�N�L�K���U�H�F�H�S�W�R�U�D���N�R�M�L���V�H���R�]�Q�D�þ�D�Y�D�M�X��

brojevima od 5HT1 do 5HT7 (Bockaert i sur., 2010.).  

Do današnjeg dana, identificirano �M�H�� ������ �U�D�]�O�L�þ�L�W�L�K�� �V�H�U�R�W�R�Q�L�Q�V�N�L�K�� �U�H�F�H�S�W�R�U�D�� �X�� �þ�R�Y�M�H�N�D  

(tablica 2.). Gotovo svi receptori 5HT su metabotropni receptori povezani s G-proteinima 

(GPCR, engl. G-protein-coupled receptors). To su integralni membranski proteini sa sedam 

�K�L�G�U�R�I�R�E�Q�L�K���W�U�D�Q�V�P�H�P�E�U�D�Q�V�N�L�K���G�R�P�H�Q�D�����W�U�L���X�Q�X�W�D�U�V�W�D�Q�L�þ�Q�H���L���W�U�L���L�]�Y�D�Q�V�W�D�Q�L�þ�Q�H���S�H�W�O�M�H�����V���D�P�L�Q�R-

�N�U�D�M�H�P�� �R�U�L�M�H�Q�W�L�U�D�Q�L�P�� �S�U�H�P�D�� �L�]�Y�D�Q�V�W�D�Q�L�þ�Q�R�P�� �S�U�R�V�W�R�U�X���� �G�R�N�� �M�H�� �N�D�U�E�R�N�V�L�O�Q�L�� �N�U�D�M�� �R�U�L�M�H�Q�W�L�U�D�Q��

prema citoplazmi (Hoyer i sur., 2002.). Razlikuje se samo obitelj 5HT3, kojoj pripadaju 

ionotropni receptori, tj. ionski kanali. �9�H�O�L�N�D�� �U�D�]�Q�R�O�L�N�R�V�W�� �V�H�U�R�W�R�Q�L�Q�V�N�L�K�� �U�H�F�H�S�W�R�U�D�� �R�P�R�J�X�ü�X�M�H��

�G�D�� ���+�7�� �X�W�M�H�þ�H�� �Q�D�� �U�D�]�Y�R�M�� �V�W�D�Q�L�F�D�� �Q�D�� �U�D�]�Q�H�� �Q�D�þ�L�Q�H���� �R�G�� �E�U�]�H�� �Q�H�X�U�R�W�U�D�Q�V�P�L�V�L�M�H�� �R�W�Y�D�U�D�Q�M�H�P��

receptorskih kanali���� �G�R�� �N�U�D�W�N�R�� �L�� �G�X�J�R�W�U�D�M�Q�H�� �Q�H�X�U�R�P�R�G�X�O�D�F�L�M�H�� �S�U�H�N�R�� �N�D�V�N�D�G�D�� �X�Q�X�W�D�U�V�W�D�Q�L�þ�Q�L�K��

reakcija (Gaspar i sur., 2003.). K tome, sve je više dokaza da raznolikosti doprinosi i veliki 

broj razli�þ�L�W�R���L�]�U�H�]�D�Q�L�K���Y�D�U�L�M�D�Q�W�L�����H�Q�J�O����splice variants) �V���U�D�]�O�L�þ�L�W�L�P���P�R�G�X�O�D�W�R�U�Q�L�P���D�Ntivnostima 

(Hannon i Hoyer, 2008.).  

Tablica 2. Serotoninski receptori 

Obitelj �Z�������‰�š�}�Œ Vrsta 

5HT1 
�ñ-HT1A            �ñ-HT1B 
�ñ-HT1D            �ñ-HT1E        

�ñ-HT1F 
Receptori povezani s G-

proteinima 
5HT2 

�ñ-HT2A            �ñ-HT2B 
�ñ-HT2C 

5HT3 
�ñ-HT3A             �ñ-HT3B 

�ñ-HT3C 
Ionski kanali 

5HT4 �ñ-HT4 
Receptori povezani s G-

proteinima 
5HT5 �ñ-HT�ñ��            �ñ-HT�ñ�� 

5HT6 �ñ-HT6 

5HT7 �ñ-HT7 
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1.2.  Serotoninski odjeljci u organizmu 

 
1.2.1. Serotoninski sustav u mozgu 

U sisavaca razlikujemo dva serotoninska odjeljka: središnji, koji se odnosi na središnji 

�å�L�Y�þ�D�Q�L���V�X�V�W�D�Y���W�H���S�H�U�L�I�H�U�Q�L���� �N�R�M�L���þ�L�Q�H���R�V�W�D�O�L���R�U�J�D�Q�V�N�L���V�X�V�W�D�Y�L���� �2�Y�D���G�Y�D���R�G�M�H�O�M�N�D���V�X���P�H�ÿ�X�V�R�E�Q�R��

odvojena krvno-moždanom barijerom (BBB, engl. blood-brain barrier�������D���Y�H�üina (90%) 5HT 

nalazi se u perifernom odjeljku (Nakatani i sur., 2008.). Metabolizam serotonina u oba 

odjeljka je isti, ali enzimi koji sudjeluju u njegovom metabolizmu, kao i funkcije koje 5HT 

ima u svakom odjeljku se razlikuju.  

�8�� �V�U�H�G�L�ã�Q�M�H�P�� �å�L�Y�þ�D�Q�R�P�� �V�X�V�W�D�Y�X���� �V�H�U�R�W�R�Q�L�Q�� �G�M�H�O�X�M�H�� �N�D�R�� �Q�H�X�U�R�W�U�D�Q�V�P�L�W�H�U�� �S�R�V�U�H�G�X�M�X�ü�L��

�P�Q�R�J�H�� �I�L�]�L�R�O�R�ã�N�H�� �S�U�R�F�H�V�H���� �X�N�O�M�X�þ�X�M�X�ü�L�� �F�L�U�N�D�G�L�M�D�Q�H�� �U�L�W�P�R�Y�H���� �X�Q�R�V�� �K�U�D�Q�H�� �L�� �V�S�R�O�Q�R�� �S�R�Q�D�ã�D�Q�M�H��

(Lucki, 1998.)���� �=�E�R�J�� �P�Q�R�J�L�K�� �I�X�Q�N�F�L�M�D�� �V�H�� �V�H�U�R�W�R�Q�L�Q�X�� �S�U�L�S�L�V�X�M�H�� �N�O�M�X�þ�Q�D�� �X�O�R�J�D�� �X�� �U�D�]�O�L�þ�L�W�Lm 

�S�V�L�K�L�M�D�W�U�L�M�V�N�L�P�� �S�R�U�H�P�H�ü�D�M�L�P�D�� �N�D�R�� �ã�W�R�� �V�X�� �D�Q�N�V�L�R�]�Q�R�V�W���� �G�H�S�U�H�V�L�M�D���� �R�Y�L�V�Q�R�V�W�L�� �L�� �D�X�W�L�]�D�P��

(Brawman-Mintzer i Yonkers, 2004.; Johnson, 2004.; Joiner i sur., 2005.). 

U središnjem odjeljku novosintetizirani serotonin pohranjuje se u vezikulama 

seroto�Q�H�U�J�L�þ�Q�L�K neu�U�R�Q�D���� �8�� �þ�R�Y�M�H�N�D�� �V�H�� �V�H�U�R�W�R�Q�H�U�J�L�þ�Q�L�� �Q�H�X�U�R�Q�L�� �Q�D�O�D�]�H�� �X�� �G�H�Y�H�W�� �L�]�R�O�L�U�D�Q�L�K��

skupina �Q�D�þ�L�Q�M�H�Q�L�K���R�G���W�L�M�H�O�D���Q�H�X�U�R�Q�D�����W�]�Y�����M�H�]�J�D�U�D���U�D�I�H�����V�P�M�H�ã�W�H�Q�L�K���X���S�R�Q�V�X���L���V�U�H�G�Q�M�H�P���P�R�]�J�X��

(Dahlström i Fuxe, 1964.). Jezgre rafe �R�]�Q�D�þ�H�Q�H su s B1-B9, a iz njih se odašilju projekcije u 

�V�N�R�U�R�� �V�Y�H�� �G�L�M�H�O�R�Y�H�� �P�R�]�J�D���� �.�D�X�G�D�O�Q�L�� �V�X�V�W�D�Y�� �V�H�U�R�W�R�Q�H�U�J�L�þ�Q�L�K�� �Q�H�X�U�R�Q�D�� �þ�L�Q�H�� �M�H�]�J�U�H�� �%��-B5, iz 

�N�R�M�L�K�� �L�]�O�D�]�H�� �H�I�H�U�H�Q�W�Q�D�� �Y�O�D�N�Q�D�� �N�R�M�D�� �V�H�� �S�U�R�ã�L�U�X�M�X�� �X�� �P�R�å�G�D�Q�R�� �G�H�E�O�R�� �L�� �O�H�ÿ�Q�X�� �P�R�å�G�L�Q�X���� �,�]�� �J�U�X�S�H��

B6-�%���� �M�H�]�J�D�U�D�� �U�D�I�H�� �L�]�O�D�]�H�� �D�I�H�U�H�Q�W�Q�D�� �U�R�V�W�U�D�O�Q�D�� �V�H�U�R�W�R�Q�H�U�J�L�þ�Q�D�� �Y�O�D�N�Q�D�� �N�R�M�D�� �R�G�D�ã�Llju svoje 

projekcije u prednji mozak (Dahlström i Fuxe, 1964.)�����1�D�M�Y�H�ü�H���V�X���G�R�U�]�D�O�Q�H����skupina B6 i B7) 

i medijane (skupina B8) jezgre rafe (Feldman i sur., 1997.; Gaspar i sur., 2003.; Jacobs i 

Azmitia, 1992.). Unutar moždanog debla nalazi se manji broj ser�R�W�R�Q�H�U�J�L�þ�Q�L�K�� �M�H�]�J�D�U�D��

prisutnih u mrežastoj tvorevini (Dahlström i Fuxe, 1964.)���� �2�U�J�D�Q�L�]�D�F�L�M�D�� �V�H�U�R�W�R�Q�H�U�J�L�þ�Q�L�K��

�Q�H�X�U�R�Q�D�� �M�H�� �V�O�L�þ�Q�D�� �L�� �X�� �ã�W�D�N�R�U�D���� �8�� �X�V�S�R�U�H�G�E�L�� �V�� �X�N�X�S�Q�L�P�� �E�U�R�M�H�P�� �Q�H�X�U�R�Q�D�� �X�� �6�ä�6�� �ã�W�D�N�R�U�D�� ������10 

�Q�H�X�U�R�Q�D������ �E�U�R�M�� �V�H�U�R�W�R�Q�H�U�J�L�þ�Q�L�K�� �Q�H�X�U�R�Q�D�� �M�H�� �U�H�O�D�W�L�Y�Q�R�� �P�D�O�L�� ���R�N�R�� ������ �W�L�V�X�ü�D������ �0�H�ÿ�X�W�L�P���� �R�Y�L��

�Q�H�X�U�R�Q�L�� �S�U�X�å�D�M�X�� �J�X�V�W�X�� �P�U�H�å�X�� �D�N�V�R�Q�D�� �N�R�M�D�� �L�Q�H�U�Y�L�U�D�� �J�R�W�R�Y�R�� �V�Y�D�� �S�R�G�U�X�þ�M�D�� �P�R�]�J�D�� �N�D�R�� �L�� �O�H�ÿ�Q�X��

moždinu (Gaspar i sur., 2003.) (slika 3). 
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a)  

b) 

 

Slika 3. �6�H�U�R�W�R�Q�H�U�J�L�þ�Q�H�� �M�H�]�J�U�H�� �L�� �Q�M�L�K�R�Y�D�� �S�U�R�M�H�N�F�L�M�V�N�D�� �S�R�G�U�X�þ�M�D�� �X�� �P�R�]�J�X�� ���D���� �þ�R�Y�M�H�N�D��

(prema Berger i sur., 2009.) i (b) štakora (prema �%�R�U�G�X�N�D�O�R���1�L�N�ã�L�ü����������������. 
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�7�L�M�H�N�R�P�� �U�D�]�Y�R�M�D�� �P�R�]�J�D�� �V�H�U�R�W�R�Q�L�Q�� �G�M�H�O�X�M�H�� �N�D�R�� �Q�H�X�U�R�U�D�]�Y�R�M�Q�L�� �V�L�J�Q�D�O�� �U�H�J�X�O�L�U�D�M�X�ü�L�� �U�D�V�W��

vlastitih neurona kao i sazrijevanje ciljnih regija (Whitaker-Azmitia, 2001., 2005.). U mozgu 

sisavaca serotoninski sustav je jedan od neurotransmiterskih sustava koji se najranije razvijaju 

(Aitken i Törk, 1988.)�����6�H�U�R�W�R�Q�L�Q�V�N�D���V�H���Y�O�D�N�Q�D���S�R�M�D�Y�O�M�X�M�X���P�H�ÿ�X���S�U�Y�L�P�D���W�H���R�G���V�D�P�R�J���S�R�þ�H�W�N�D��

formiranja mozga inerviraju korteks (Azmitia, 1999.)���� �8�� �þ�R�Y�M�H�N�D���� �V�H�U�R�W�R�Q�H�U�J�L�þ�Qi neuroni su 

�Y�L�G�O�M�L�Y�L���N�U�D�M�H�P���S�H�W�R�J���J�H�V�W�D�F�L�M�V�N�R�J���W�M�H�G�Q�D�����D���G�R���G�H�V�H�W�R�J���W�M�H�G�Q�D���X�E�U�]�D�Q�R���U�D�V�W�H���Q�M�L�K�R�Y���E�U�R�M�����9�H�ü��

�M�H�� �W�L�M�H�N�R�P�� �������� �W�M�H�G�Q�D�� �Y�L�G�O�M�L�Y�D�� �Q�M�L�K�R�Y�D�� �W�L�S�L�þ�Q�D�� �R�U�J�D�Q�L�]�D�F�L�M�D�� �X�Q�X�W�D�U�� �M�H�]�J�D�U�D�� �U�D�I�H��(Whitaker-

Azmitia, 2005.)�����$�N�V�R�Q�L���V�H�U�R�W�R�Q�H�U�J�L�þ�Q�L�K���Q�H�X�U�R�Q�D�����L�D�N�R���I�R�U�P�L�U�D�Q�L���S�U�L�M�H���U�R�ÿ�H�Q�M�D�����W�H�N���ü�H���W�L�M�H�N�R�P��

�S�U�Y�L�K�� �J�R�G�L�Q�D�� �å�L�Y�R�W�D�� �G�R�V�H�ü�L�� �V�Y�R�M�� �I�X�Q�N�F�L�R�Q�D�O�Q�L�� �P�D�N�V�L�P�X�P���� �2�G�� ������ �G�R�� ������ �J�R�G�L�Q�H�� �U�D�]�L�Q�D�� ���+�7��

�V�S�X�ã�W�D���V�H���Q�D���U�D�]�L�Q�X���N�D�U�D�N�W�H�U�L�V�W�L�þ�Q�X���]�D���R�G�U�D�V�O�X���G�R�E���L���L�]�Q�R�V�L���V�D�P�R�����������R�G���Q�D�M�Y�H�ü�H���N�R�Q�F�H�Q�W�U�D�F�L�M�H��

u ranom djetinjstvu (Chugani i sur., 1999.)�����8���ã�W�D�N�R�U�D�����S�U�Y�L���V�H�U�R�W�R�Q�H�U�J�L�þ�Q�L���Q�H�X�U�R�Q�L���S�R�M�D�Y�O�M�X�M�X��

se �Y�H�ü�����������J�H�V�W�D�F�L�M�V�N�R�J���G�D�Q�D, k�D�G�D���]�D�S�R�þ�L�Q�M�H���U�D�]�Y�R�M���M�H�]�J�D�U�D���U�D�I�H��(Gaspar i sur., 2003.; Krinke, 

2000.)���� �S�U�R�M�H�N�F�L�M�D�� �R�Y�L�K�� �Q�H�X�U�R�Q�D�� �X�� �G�U�X�J�D�� �S�R�G�U�X�þ�M�D�� �P�R�]�J�D��(Wallace i Lauder, 1983.), kao i 

�H�N�V�S�U�H�V�L�M�D�� �V�S�H�F�L�I�L�þnih receptora. U glodavaca, neuroni jezgara �U�D�I�H�� �S�R�þ�L�Q�M�X�� �R�W�S�X�ã�W�D�W�L�� ���+�7 

samo dan nakon što se razviju, dok potpuno sazrijevanje serotoninskih aksonskih završetaka 

zahtijeva više vremena i završava u postnatalnom periodu (Lidov i Molliver, 1982.). 

Serotonerg�L�þ�Q�L���U�H�F�H�S�W�R�U�L�����N�R�M�L���V�H���S�R�M�D�Y�O�M�X�M�X���X���U�D�]�Q�L�P���U�D�]�Y�R�M�Q�L�P���V�W�D�G�L�M�L�P�D�����P�R�G�X�O�L�U�D�M�X���U�D�]�O�L�þ�L�W�H��

razvojne procese kao što su neurogeneza, apoptoza, nastanak i grananje aksona i dendrita 

(Azmitia, 2001.). Prvi se pojavljuju 5HT1A, 5HT1B i 5HT2B receptori, a tek se kasnije 

eksprimiraju 5HT2A i 5HT2C receptora (Gaspar i sur., 2003.)�����6�H�U�R�W�R�Q�L�Q���V�W�L�P�X�O�L�U�D���U�D�V�W���å�L�Y�þ�D�Q�L�K��

�Y�O�D�N�D�Q�D���W�D�N�R���ã�W�R�����L�]�P�H�ÿ�X���R�V�W�D�O�R�J�����S�R�W�L�þ�H���O�X�þ�H�Q�M�H���þ�L�P�E�H�Q�L�Na rasta S-�����������N�R�M�L���W�D�N�R�ÿ�H�U���V�X�G�M�H�O�X�M�H��

u održavanju citoskeleta neurona (Azmitia, 2007.; Whitaker-Azmitia, 2001.). 

�6�H�U�R�W�R�Q�L�Q�� �X�� �U�D�]�Y�L�M�H�Q�R�P�� �P�R�]�J�X�� �G�M�H�O�X�M�H�� �N�D�R�� �N�O�D�V�L�þ�Q�L�� �P�R�Q�R�D�P�L�Q�V�N�L�� �Q�H�X�U�R�W�U�D�Q�V�P�L�W�H�U��

(slika 4.). To su tvari �N�R�M�H�� �V�H�� �V�N�O�D�G�L�ã�W�H�� �X�� �S�U�H�V�L�Q�D�S�W�L�þ�N�L�P�� �Y�H�]�L�N�X�O�D�P�D���� �R�V�O�R�E�D�ÿ�D�M�X�� �Q�D�N�R�Q��

indukcije akcijskim potencijalom ulaskom kalcijevih iona u presi�Q�D�S�W�L�þ�N�H���]�D�Y�U�ã�H�W�N�H�����Y�H�å�X���Q�D��

pre- �L���S�R�V�W�V�L�Q�D�S�W�L�þ�N�H���U�H�F�H�S�W�R�U�H���L���R�G�J�R�Y�R�U�Q�H���V�X���]�D��izravnu (preko ionskih kanala) ili neizravnu 

���S�U�H�N�R�� �V�X�V�W�D�Y�D�� �G�U�X�J�L�K�� �J�O�D�V�Q�L�N�D���� �G�H�S�R�O�D�U�L�]�D�F�L�M�X�� �L�O�L�� �K�L�S�H�U�S�R�O�D�U�L�]�D�F�L�M�X�� �S�R�V�W�V�L�Q�D�S�W�L�þ�N�R�J�� �Q�H�X�U�R�Q�D��

(Di Pino i sur., 2004.). Receptori 5HT1A važni su za održavanje homeostaze sustava 5HT, te 

se nalaze pre- i post-�V�L�Q�D�S�W�L�þ�N�L�����N�D�R���D�X�W�R�U�H�F�H�S�W�R�U�L���X���Q�H�X�U�R�Q�V�N�L�P��tijelima jezgara rafe, odnosno 

kao heteroreceptori u ciljnim tkivima koje inerviraju �V�H�U�R�W�R�Q�L�Q�V�N�L�� �Q�H�X�U�R�Q�L���� �.�D�G�� �V�H�� �S�R�Y�H�ü�D��

razina serotonina, 5HT se veže za autoreceptor 5HT1A �L�Q�K�L�E�L�U�D�M�X�ü�L�� �G�D�O�M�Q�M�X�� �W�Uansmisiju, te se 

veže i za post�V�L�Q�D�S�W�L�þ�N�H���U�H�F�H�S�W�R�U�H�����+�71A �D�N�W�L�Y�L�U�D�M�X�ü�L���S�R�V�W�V�L�Q�D�S�W�L�þ�N�L���Q�H�X�U�R�Q��(Artigas, 2013.). 
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Slika 4. �6�H�U�R�W�R�Q�H�U�J�L�þ�Q�D���V�L�Q�D�S�V�D 

 

 

Iako serotonin djeluje u sinapsama, nedavno je otkrivena šira parakrina transmisija 

5HT u nekoliko regija SŽS (Bunin i Wightman, 1999.; Ridet i Privat, 2000.; Zoli i sur., 

1999.)���� �1�D�L�P�H���� �P�Q�R�J�L�� �S�U�H�V�L�Q�D�S�W�L�þ�N�L�� �]�D�Y�U�ã�H�W�F�L�� �N�R�M�L�� �V�D�G�U�å�H�� ���+�7�� �V�H�� �Q�H�� �Q�D�O�D�]�H�� �X�� �Q�H�S�R�V�U�H�Gnoj 

�E�O�L�]�L�Q�L�� �S�R�V�W�V�L�Q�D�S�W�L�þ�N�L�K�� �H�O�H�P�H�Q�D�W�D��(Ridet i Privat, 2000.)���� �7�D�N�R�ÿ�H�U���� ���+�7�� �S�U�L�M�H�Q�R�V�Q�L�N�� �V�H�� �þ�H�V�W�R��

nalazi uzduž aksona, izvan sinapse (Tao-Cheng i Zhou, 1999.)���� �D�� �W�D�N�R�ÿ�H�U�� �L�� �X�� �D�V�W�U�R�F�L�W�L�P�D��

(Dave i Kimelberg, 1994.)���� �8�� �S�U�L�O�R�J�� �L�]�Y�D�Q�V�L�Q�D�S�W�L�þ�N�R�M�� �I�X�Q�N�F�L�M�L�� �V�H�U�R�W�R�Q�L�Qa govori i raspodjela 

5HT receptora (Zoli i sur., 1999.)�����7�D�N�R�ÿ�H�U�����L���W�L�S�L�þ�Q�D���G�X�J�D�þ�N�D���L��bogato razgranata morfologija 

�V�H�U�R�W�R�Q�H�U�J�L�þ�Q�L�K�� �D�N�V�R�Q�D�� �N�R�Mi spajaju pojedine 5HT-neurone s mnogim ciljnim stanicama 

���Q�H�X�U�R�Q�L���� �J�O�L�M�D���� �H�Q�G�R�W�H�O�Q�H�� �L�� �H�S�H�Q�G�L�P�V�N�H���� �R�P�R�J�X�ü�X�M�H�� ���+�7��da postigne globalne efekte 

(Grimaldi i Fillion, 2000.; Verge i Calas, 2000.). Ova difuzija neurotransmitera na udaljenost 

�R�G�� �Q�H�N�R�O�L�N�R�� ���P�� �R�G�� �P�M�H�V�W�D�� �R�W�S�X�ã�W�D�Q�M�D�� �P�R�G�X�O�L�U�D�� �H�O�H�N�W�U�L�þ�Q�H���� �P�H�W�D�E�R�O�L�þ�N�H�� �L�� �Q�H�X�U�R�S�O�D�V�W�L�þ�Q�H��
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odgovore okolnih stanica, �Q�D�U�R�þ�L�W�R�� �W�L�M�H�N�R�P�� �U�D�]�Yoja (Di Pino i sur., 2004.)���� �ý�L�Q�L�� �V�H�� �G�D��bi 

ovakvo parakrino djelovanje serotonina mogl�R���E�L�W�L���þ�H�ã�üe od �N�O�D�V�L�þ�Qe neurotransmisije (Ridet i 

Privat, 2000.; Zoli i sur., 1999.), što objašnjava ulogu serotonina u finoj regulaciji fizioloških 

funkcija, osobito ponašanja. 

 

1.2.2. Periferni serotoninski odjeljak 

Na periferiji, 5HT primarno posreduje kardiovaskularne i gastrointestinalne funkcije te 

aktivaciju trombocita (Berger i sur., 2009.).  

Periferni 5HT se sintetizira u enterokromafinim stanicama crijeva (slika 5.). Djeluje 

lokalno kao neurotransmiter i hormon u tankom crijevu (Gershon, 1999.), gdje posreduje 

reflekse peristaltike i sekrecije (Gershon, 2003., 2004.). 5HT se iz tankog crijeva otpušta u 

krvotok prema jetri (Racke i sur., 1995.)�����9�H�ü�L�Q�D���V�H�U�R�W�R�Q�L�Q�D���N�R�M�L���X�ÿ�H���X���N�U�Y�R�W�R�N�����þ�D�N�������������V�H��

�D�N�W�L�Y�Q�R�� �X�Q�R�V�L�� �X�� �W�U�R�P�E�R�F�L�W�H�� �S�R�P�R�ü�X�� ���+�7�W�� �V�P�M�H�ã�W�H�Q�R�J�� �Q�D�� �W�U�R�P�E�R�F�L�W�Q�R�M�� �P�H�P�E�U�D�Q�L���� �8�Q�X�W�D�U��

samih trombocita, 5HT se nalazi u tzv. gustim granulama, u koje se p�R�K�U�D�Q�M�X�M�H�� �S�R�P�R�ü�X��

�9�0�$�7���� �Q�D�� �V�O�L�þ�D�Q�� �Q�D�þ�L�Q�� �N�D�R�� �L�� �X�� �V�U�H�G�L�ã�Q�M�H�P�� �R�G�M�H�O�M�N�X��(Launay i sur., 1994.). Pohranjeni 5HT 

igra važnu ulogu pri aktivaciji trombocita u procesu zgrušavanja krvi (Hilton i Cumings, 

1971.; Mitchell i Sharp, 1964.; O’Brien, 1964.)���� �X�� �þ�H�P�X�� �V�X�G�M�Hluje 5HT2A receptor (5HT2Ar) 

smješten na membrani trombocita. 5HT2A�U�� �M�H�� �*�3�&�5�� �N�R�M�L�� �G�M�H�O�X�M�H�� �S�U�H�N�R�� �P�H�W�D�E�R�O�L�þ�N�R�J�� �S�X�W�D��

�I�R�V�I�D�W�L�G�L�O�L�Q�R�]�L�W�R�O�D���� �S�R�Y�L�V�X�M�X�ü�L�� �U�D�]�L�Q�X�� �L�R�Q�D�� �&�D++ u citosolu. Aktivacija trombocita se odvija u 

�G�Y�D�� �N�R�U�D�N�D���� �D�� �S�R�W�L�þ�H��je adenozin-5'-difosfat (ADP), adrenalin, trombin i kolagen. Nakon 

�D�N�W�L�Y�D�F�L�M�H���� �W�U�R�P�E�R�F�L�W�L�� �P�L�M�H�Q�M�D�M�X�� �R�E�O�L�N�� �L�� �]�D�S�R�þ�L�Q�M�X�� �V�� �D�J�U�H�J�D�F�L�M�R�P���� �8�� �G�U�X�J�R�P�� �N�R�U�D�N�X�� �V�O�L�M�H�G�L��

�R�W�S�X�ã�W�D�Q�M�H���V�D�G�U�å�D�M�D�� �J�X�V�W�L�K���J�U�D�Q�X�O�D���� �X�N�O�M�X�þ�X�M�X�ü�L���L�� ���+�7���N�R�M�L���V�H���]�D�W�L�P���Y�H�å�H�� �]�D�����+�72A�U���� �S�R�W�L�þ�X�ü�L��

daljnju agregaciju (Puri i Colman, 1997.). Ulogu serotonina u amplifikaciji agregacije 

trombocita preko 5HT2A�U�� �S�R�W�N�U�H�S�O�M�X�M�H�� �þ�L�Q�M�H�Q�L�F�D�� �G�D�� �G�R�G�D�Y�D�Q�M�H�� �D�Q�W�D�J�R�Q�L�V�W�D�� ���+�72Ar skoro 

potpuno zaustavlja agregaciju (Cerrito i Raiteri, 1979.; De Clerck, 1990.; Noble i Drake-

Holland, 1990.). Serotonin �V�H���X�N�O�D�Q�M�D���L�]���S�O�D�]�P�H���X���H�Q�G�R�W�H�O�Q�L�P���V�W�D�Q�L�F�D�P�D���S�O�X�ü�D���L���M�H�W�U�H�����J�G�M�H���V�H��

�G�M�H�O�R�Y�D�Q�M�H�P���H�Q�]�L�P�D���0�$�2���U�D�]�J�U�D�ÿ�X�M�H���X�����+�,�$�$��(Stolz, 1985.). 
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Slika 5. Periferni serotoninski odjeljak. 

 

Druga lokacija produkcije serotonina u perifernom odjeljku je epifiza. Ovdje se 

serotonin prevodi u melatonin (N-acetil-5-metoksitriptamin) koji igra bitnu ulogu u regulaciji 

cirkadijanih ritmova (Feldman i sur., 1997.). Melatonin se otpušta u krvotok, a odstranjuje se 

u jetri gdje se metabolizira u 6-sulfatoksi-melatonin (6-SM).  

 

5HIAA, 6-�6�0���L���P�D�O�H���N�R�O�L�þ�L�Q�H���V�O�R�E�R�G�Q�R�J�����+�7���V�H���Q�D���N�U�D�M�X���L�]�O�X�þ�X�M�X���X�U�L�Q�R�P��(Brzezinski, 

1997.). 
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1.2.3. Povezanost središnjeg i perifernog serotoninskog sustava 

Središnji i periferni serotoninski odjeljci su dvije fiziološki odvojene, ali funkcijonalno 

povezane cjeline. S jedne strane, 5HT se neovisno sintetizira i regulira u svakom odjeljku. 

�(�Q�W�H�U�R�N�U�R�P�D�I�L�Q�H�� �V�W�D�Q�L�F�H�� �L�� �Q�H�X�U�R�Q�L�� �N�R�U�L�V�W�H�� �U�D�]�O�L�þ�L�W�H�� �H�Q�]�L�P�H�� ���7�3�+���� �L�� �7�3�+������ �]�D�� �V�L�Q�W�H�]�X��

serotonina (Walther i Bader, 2003.; Walther i sur., 2003.)���� �7�D�N�R�ÿ�H�U���� �N�U�Y�Q�R-moždana barijera 

odvaja krvotok od �L�]�Y�D�Q�V�W�D�Q�L�þ�Q�H �W�H�N�X�ü�L�Q�H���V�U�H�G�L�ã�Q�M�H�J���å�L�Y�þ�D�Q�R�J���V�X�V�W�D�Y�D�����ã�W�R���V�S�U�M�H�þ�D�Y�D���S�U�H�O�D�]�D�N��

5HT iz jednog odjeljka u drugi. S druge strane, proteini koji reguliraju djelovanje serotonina u 

oba odjeljka kodirani �V�X�� �L�V�W�L�P���J�H�Q�L�P�D���� �L�P�D�M�X���L�G�H�Q�W�L�þ�Q�H���S�U�L�P�D�U�Q�H���V�W�U�X�N�W�Xre i funkcioniraju na 

�L�V�W�L�� �Q�D�þ�L�Q��(Chen i sur., 1993.; Cook i sur., 1994.; Lesch i sur., 1993.). Uz to, u vrijeme 

perinatalnog razvoja mozga, krvno-moždana barijera još nije razvijena pa 5HT slobodno 

može prelaziti iz jednog odjeljka u drugi. 

Pojam krvno-mo�å�G�D�Q�H���E�D�U�L�M�H�U�H���M�H���X�Y�H�R���Q�M�H�P�D�þ�N�L���O�L�M�H�þ�Q�L�N���/�H�Z�D�Q�G�R�Z�V�N�\���S�R�þ�H�W�N�R�P����������

�V�W�R�O�M�H�ü�D. �3�U�L�P�D�U�Q�D�� �I�X�Q�N�F�L�M�D�� �%�%�%�� �M�H�� �V�S�U�M�H�þ�D�Y�D�Q�M�H�� �X�O�D�V�N�D�� �P�Q�R�J�L�K�� �W�R�N�V�L�þ�Q�L�K�� �W�Y�D�U�L�� �L��

neurotransmitera koji cirkuliraju krvotokom (npr. noradrenalin, glutamat, serotonin, i sl.) u 

�P�R�]�D�N���W�H���R�P�R�J�X�ü�Dvanje ulaska esencijalnih hranjivih tvari, radi održavanja homeostaze koja 

je neophodna za rad neurona. BBB se sastoji od endotelnih stanica moždanih kapilara 

�P�H�ÿ�X�V�R�E�Q�R�� �V�S�R�M�H�Q�L�K�� �P�Q�R�J�L�P�� �þvrstim spojevima (engl. tight junctions) i nastavcima 

(„nožicama“) ast�U�R�F�L�W�D�� �N�R�M�L�� �S�U�H�G�V�W�D�Y�O�M�D�M�X�� �P�M�H�V�W�R�� �L�]�P�M�H�Q�H�� �W�Y�D�U�L�� �L�]�P�H�ÿ�X�� �N�U�Y�L�� �L�� �L�]�Y�D�Q�V�W�D�Q�L�þ�Q�H��

�W�H�N�X�ü�L�Q�H�� �P�R�]�J�D��(Laterra i sur., 1999.). �1�D�M�þ�H�ã�ü�L�� �P�H�K�D�Q�L�]�P�L�� �L�]�P�M�H�Q�H�� �W�Y�D�U�L�� �L�]�P�H�ÿ�X�� �N�U�Y�L�� �L��

�F�H�U�H�E�U�R�V�S�L�Q�D�O�Q�H�� �W�H�N�X�ü�L�Q�H�� �S�U�H�N�R�� �%�%�%�� �V�X�� �M�H�G�Q�R�V�W�D�Y�Q�D�� �G�L�I�X�]�L�M�D�� �P�D�O�L�K�� �Q�H�Q�D�E�L�M�H�Q�L�K�� �P�R�O�H�N�X�O�D��

topivljih u mastima (npr. kisik, ugljikov dioksid i lipofilni hormoni) i olakšana difuzija sa 

�V�S�H�F�L�I�L�þ�Q�L�P�� �S�U�L�M�H�Q�R�V�Q�L�F�L�P�D�� �L�O�L�� �N�D�Q�D�O�L�P�D���� �N�R�M�R�P�� �S�U�R�O�D�]�H�� �W�Y�D�U�L�� �S�R�W�U�H�E�Q�H�� �]�D�� �Q�R�U�P�D�O�Q�R��

�I�X�Q�N�F�L�R�Q�L�U�D�Q�M�H�� �å�L�Y�þ�D�Q�R�J�� �V�X�V�W�D�Y�D�� �S�R�S�X�W�� �J�O�X�N�R�]�H���� �N�H�W�R�Qskih tijela, L-aminokiselina, vitamina, 

itd. (Laterra i sur., 1999.)���� �%�%�%�� �V�S�U�M�H�þ�D�Y�D��paracelularni transport molekula i 

mikroorganizama.  

Serotonin je pri fiziološkom pH hidrofilna molekula jer zbog hidroksilne grupe i dušika 

djeluje kao akceptor protona, i kao takva �Q�H�� �P�R�å�H�� �V�D�P�R�V�W�D�O�Q�R�� �S�U�R�ü�L�� �N�U�R�]�� �%�%�%���� �3�R�V�O�M�H�G�L�F�D��

�W�R�J�D���M�H���Y�H�ü���V�S�R�P�H�Q�X�W�D���I�X�Q�N�F�L�R�Q�D�O�Q�D���R�G�L�M�H�O�M�H�Q�R�V�W���V�U�H�G�L�ã�Q�M�H�J���L���S�H�U�L�I�H�U�Q�R�J���V�H�U�R�W�R�Q�L�Q�V�N�R�J���V�X�V�W�D�Y�D��

(Laterra i sur., 1999.; Whitaker-Azmitia, 2001., 2005.). U odraslih jedinki razina 5HT u krvi 

nije nužno odraz razine 5HT u mozgu, kako zbog krvno-moždane barijere, tako i zbog 

�U�D�]�O�L�þ�L�W�L�K�� �H�Q�]�L�P�D�� �7�3�+�� �N�R�M�L�� �V�X�G�M�H�O�X�M�X�� �X�� �V�L�Q�W�H�]�L�� ���+�7�� �X�� �V�Y�D�N�R�P�� �R�G�� �R�G�M�H�O�M�D�N�D��(Veenstra-

Vanderweele i Cook, 2003.)�����0�H�ÿ�X�W�L�P�����W�L�M�H�N�R�P���I�H�W�D�O�Q�R�J���L���U�D�Q�R�J���S�R�V�W�Q�D�W�D�O�Q�R�J���U�D�]�Y�R�M�D���N�U�Y�Q�R-

moždana barijera nije p�R�W�S�X�Q�R�� �U�D�]�Y�L�M�H�Q�D���� �ã�W�R�� �R�P�R�J�X�ü�X�M�H�� �G�D�� �V�H�U�R�W�R�Q�L�Q�V�N�L�� �R�G�M�H�O�M�F�L��
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�Ä�N�R�P�X�Q�L�F�L�U�D�M�X�³���L���X�W�M�H�þ�X���M�H�G�D�Q���Q�D���G�U�X�J�R�J�D�����8���þ�R�Y�M�H�N�D���W�R���U�D�]�G�R�E�O�M�H���W�U�D�M�H���G�R���������J�R�G�L�Q�H���å�L�Y�R�W�D�����D��

u štakora do 20. postnatalnog dana (PND) (Whitaker-Azmitia i Azmitia, 1986.; Whitaker-

Azmitia, 2001., 2005.; Whitaker-Azmitia i sur., 1994.). 

 

 

1.3. Fiziološka uloga serotonina 

 

�9�H�ü�L udio �V�H�U�R�W�R�Q�L�Q�D���� �þ�D�N�� ���������� �V�H�� �Q�D�O�D�]�L�� �X�� �S�H�U�L�I�H�U�Q�R�P�� �R�G�M�H�O�M�N�X�� �R�U�J�D�Q�L�]�P�D�� �J�G�M�H��

sudjeluje u mnogim fiziološkim procesima. 5HT pohranjen u trombocitima igra važnu ulogu 

u procesu zgrušavanja �N�U�Y�L���� �5�D�]�Y�R�M�� �V�U�F�D���� �N�D�R�� �L�� �N�R�P�S�O�H�N�V�Q�D�� �U�H�J�X�O�D�F�L�M�D�� �V�U�þ�D�Q�R�J�� �U�L�W�P�D���� �M�H��

�W�D�N�R�ÿ�H�U�� �S�R�G�� �N�R�Q�W�U�R�O�R�P�� �V�H�U�R�W�R�Q�L�Q�D���� �N�R�M�L�� �V�X�G�M�H�O�X�M�H�� �L�� �X�� �N�R�Q�W�U�R�O�L�� �N�U�Y�Q�R�J�� �W�O�D�N�D�� �W�H�� �U�H�J�X�O�L�U�D��

�N�R�Q�V�W�U�L�N�F�L�M�X���L���G�L�O�D�W�D�F�L�M�X���N�U�Y�Q�L�K���å�L�O�D�����6�H�U�R�W�R�Q�L�Q���X�W�M�H�þ�H���Q�D���G�L�ã�Q�L���V�X�V�W�D�Y��izravno, preko centara za 

regulaciju disanja u moždanom deblu, i neizravno, preko konstrikcije i dilatacije krvnih žila. 

U crijevima, 5HT regulira gastrointestinalnu peristaltiku i pražnjenje želuca, sekreciju enzima 

�J�X�ã�W�H�U�D�þ�H�� �L�� �R�V�M�H�ü�D�M�� �P�X�þ�Q�L�Q�H���� �6�H�U�R�W�R�Q�L�Q�� �W�D�N�R�ÿ�H�U�� �U�H�J�X�O�L�U�D�� �J�H�Q�L�W�R�X�U�L�Q�D�U�Q�H��funkcije kao što su 

sekrecija testosterona, inhibicija ejakulacije, kontrakcija epididimisa i inhibicija mokrenja kod 

�P�X�ã�N�D�U�D�F�D�� �W�H�� �U�D�]�Y�R�M�� �P�O�L�M�H�þ�Q�L�K�� �å�O�L�M�H�]�G�D���� �Y�D�]�R�N�R�Q�V�W�U�L�N�F�L�M�X�� �L�� �N�R�Q�W�U�D�N�F�L�M�X�� �J�O�D�W�N�L�K�� �P�L�ã�L�ü�D��

maternice, sazrijevanje jajnih stanica i sekreciju progesterona kod žena. Najzad, serotonin je 

�W�D�N�R�ÿ�H�U�� �X�N�O�M�X�þ�H�Q�� �X�� �Q�R�F�L�F�H�S�F�L�M�X���� �W�M���� �P�R�J�X�ü�Q�R�Vt percepcije boli te igra ulogu u ukupnoj brzini 

metabolizma i kontroli tjelesne temperature (Berger i sur., 2009.). 

Iz gore navedenog je vidljivo da je 5HT važan za �P�Q�R�J�H���S�U�R�F�H�V�H���X���W�L�M�H�O�X�����0�H�ÿ�X�W�L�P�����X��

�R�Y�R�P�� �U�D�G�X�� �ü�H�P�R�� �V�H�� �R�V�Y�U�Q�X�W�L�� �Q�D�� �I�X�Q�N�F�L�M�X�� ���+�7�� �X�� �V�U�H�G�L�ã�Q�M�H�P�� �R�G�M�H�O�M�N�X�� �L�� �Q�M�H�J�R�Y�R�P�� �X�W�M�H�F�D�M�X�� �Q�D��

�U�D�]�Y�R�M���å�L�Y�þ�D�Q�R�J���V�X�V�W�D�Y�D���L���U�H�J�X�O�D�F�L�M�X���S�R�Q�D�ã�D�Q�M�D�� 

 

1.3.1. Uloga serotonina u razvoju mozga 

Prije nego što poprimi funkciju neurotransmitera u zrelom mozgu, serotonin je 

�X�N�O�M�X�þ�H�Q�� �X�� �U�H�J�X�O�D�F�L�M�L �U�D�]�Y�R�M�D�� �å�L�Y�þ�D�Q�R�J�� �V�X�V�W�D�Y�D��(Sodhi i Sanders-Bush, 2004.). Sve je više 

�G�R�N�D�]�D���]�D���W�R���G�D���M�H���V�H�U�R�W�R�Q�L�Q�V�N�D���K�R�P�H�R�V�W�D�]�D���N�U�L�W�L�þ�Q�D���]�D���V�W�Y�D�U�D�Q�M�H�����G�L�I�H�U�H�Q�F�L�M�D�F�L�M�X���L���V�D�]�U�L�M�H�Y�D�Q�M�H��

�å�L�Y�þ�D�Q�L�K�� �V�W�D�Q�L�F�D�� �L�� �Q�M�L�K�R�Y�L�K�� �P�U�H�å�D u regijama mozga koje kontroliraju primanje osjetilnih 

signala, procesiranje podražaja i motoriku (Lesch, 2001.). 5HT je mitogeni i morfogeni 

�þ�L�P�E�H�Q�L�N, kao i signal u diferencijaciji korteksa.  
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U prenatalnom mozgu štakora 5HT-receptori su eksprimirani u serotonerg�L�þ�Q�L�P��

neuronima kao i u glija-�V�W�D�Q�L�F�D�P�D�� �X�]�G�X�å�� �U�D�V�W�X�ü�L�K�� �V�H�U�R�W�R�Q�H�U�J�L�þ�Q�L�K�� �S�X�W�H�Y�D���� �S�U�L�� �þ�H�P�X�� �V�Y�D�N�L��

�S�R�G�W�L�S�� �U�H�F�H�S�W�R�U�D�� �S�R�N�D�]�X�M�H�� �U�D�]�O�L�þ�L�W�L��profil ekspresije tijekom razvoja ovisno o razvojnom 

stadiju i regionalnoj raspodjeli (Borella i sur., 1997.; Hellendall i sur., 1992.; Lauder, 1990.; 

Lauder i sur., 2000.; Morilak i Ciaranello, 1993.; Rho i Storey, 2001.; Roth i sur., 1991.; Ruiz 

i sur., 1999.; Talley i Bayliss, 2000.; Talley i sur., 1997.; Verge i Calas, 2000.; Zec i sur., 

1996.)�����8���J�O�R�G�D�Y�D�F�D�����V�H�U�R�W�R�Q�H�U�J�L�þ�Q�L �U�D�V�W�X�ü�L �þ�X�Q�M�L�ü�L���H�N�V�S�U�L�P�L�U�D�M�X��proteine koje vežu serotonin,  

5HTt  i VMAT-2, 20. gestacijskog dana (Ivgy-May i sur., 1994.). Ekspresija 5HTt i VMAT-2 

�M�D�N�R�� �Y�D�U�L�U�D�� �W�L�M�H�N�R�P�� �U�D�]�Y�R�M�D�� �P�R�]�J�D���� �D�� �X�� �Q�H�N�L�P�� �V�H�� �U�D�]�G�R�E�O�M�L�P�D�� �G�U�D�V�W�L�þ�Q�R�� �U�D�]�O�L�N�X�M�H�� �R�G�� �Q�M�L�K�R�Y�H��

ekspresije u odraslim jedinkama (Hansson i sur., 1999.; Mansour-Robaey i sur., 1998.; 

Verney i sur., 2002.)�����,�D�N�R���M�R�ã���Q�L�M�H���X�W�Y�U�ÿ�H�Q�R���N�R�M�L���Q�H�X�U�R�Q�L���S�U�L�Y�U�H�P�H�Q�R���L�]�U�D�å�D�Y�D�M�X�����+�7�W�����þ�L�Q�L���V�H��

�G�D���E�L���V�H�U�R�W�R�Q�L�Q���P�R�J�D�R���R�V�W�Y�D�U�L�Y�D�W�L���V�Y�R�M�X���U�D�]�Y�R�M�Q�X���X�O�R�J�X���X�S�U�D�Y�R���S�U�H�N�R�����+�7�W�����Q�D�U�R�þ�L�W�R���W�L�M�H�N�R�P 

�R�E�O�L�N�R�Y�D�Q�M�D���å�L�Y�þ�D�Q�L�K���Y�H�]�D�����N�D�R���ã�W�R���M�H���Y�H�ü���G�R�N�D�]�D�Q�R���X���J�O�R�G�D�Y�D�F�D��(Verney i sur., 2002.). Mnoga 

istraživanja ukazuju na ulogu serotonina kao integralne signalne molekule tijekom razvoja 

�å�L�Y�þ�D�Q�R�J���V�X�V�W�D�Y�D�����J�G�M�H���V�H�U�R�W�R�Q�L�Q���G�M�H�O�X�M�H���N�D�R���N�R�R�U�G�L�Q�D�W�R�U���U�D�]�Y�R�M�D���P�R�]�J�D�����P�R�G�X�O�L�U�D�M�X�ü�L���å�L�Y�þ�D�Q�X��

aktivnost (Di Pino i sur., 2004.).  

Tijekom embrionalnog i ranog postnatalnog razvoja, krvno-moždana barijera nije 

potpuno razvijena, te je propusna za serotonin koji može slobodno prelaziti iz perifernog 

�R�G�M�H�O�M�N�D���X���P�R�]�D�N���L���W�D�N�R���X�W�M�H�F�D�W�L���Q�D���U�D�]�Y�R�M���å�L�Y�þ�D�Q�R�J���V�H�U�R�W�R�Q�L�Q�V�N�R�J���V�X�V�W�D�Y�D��(Whitaker-Azmitia, 

2001.). Za pravilnu funkciju serotonina tijekom razvoja potrebno je da ovaj neuromodulator 

�E�X�G�H�� �S�U�L�V�X�W�D�Q�� �X�� �R�S�W�L�P�D�O�Q�L�P�� �N�R�Q�F�H�Q�W�U�D�F�L�M�D�P�D�� �X�� �U�D�]�O�L�þ�L�W�L�P�� �U�H�J�L�M�D�P�D�� �P�R�]�J�D���� �D�� �W�D�� �V�H�� �U�H�J�X�O�D�F�L�M�D��

postiže strogom kontrolom sinteze i razgradnje. Stoga, promijenjena serotoninska homeostaza 

u bilo kojem od odjeljaka može dovesti do odstupanja od optimalne koncentracije 5HT koje 

�E�L���]�D�W�L�P���P�R�J�O�R���X�W�M�H�F�D�W�L���Q�D���U�D�]�Y�R�M���å�L�Y�þ�D�Q�R�J���V�H�U�R�W�R�Q�L�Q�V�N�R�J���V�X�V�W�D�Y�D���L���W�D�N�R���X�]�U�R�N�R�Y�D�W�L���S�U�R�P�M�H�Q�H��

u ponašanju. 

 

1.3.2. Uloga serotonina u regulacji ponašanja 

�8�V�S�U�N�R�V�� �W�R�P�H�� �ã�W�R�� �V�H�� �Y�H�ü�L�Q�D�� �W�M�H�O�H�V�Q�R�J�� �V�H�U�R�W�R�Q�L�Q�D�� �Q�D�O�D�]�L�� �L�]�Y�D�Q�� �6�ä�6�� �L�� �ã�W�R�� �P�D�Q�M�H��nego 

jedan od milijun neurona SŽS proizvodi 5HT, serotonin modulira skoro sve bihevioralne 

procese (Gershon i Tack, 2007.). Serotoninski receptori se eksprimiraju u svim regijama 

�P�R�]�J�D���� �D�� �X�� �V�Y�D�N�R�M�� �U�H�J�L�M�L�� �Q�D�� �V�S�H�F�L�I�L�þ�D�Q�� �Q�D�þ�L�Q���� �3�R�M�H�G�L�Q�L�� �Q�H�X�U�R�Q�� �P�R�å�H�� �H�N�V�S�U�L�P�L�U�D�W�L�� �Y�L�ã�H��

podtipova �U�H�F�H�S�W�R�U�D���� �N�R�M�L�� �P�R�J�X�� �L�P�D�W�L�� �þ�D�N�� �L�� �V�X�S�U�R�W�Q�H�� �H�I�H�N�W�H�� �Q�D�� �Q�H�X�U�R�W�U�D�Q�V�P�L�V�L�M�X��(Araneda i 

Andrade, 1991.). 
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�2�S�ü�H�Q�L�W�R���J�R�Y�R�U�H�ü�L�����V�H�U�R�W�R�Q�L�Q���L�Q�K�L�E�L�U�D���L�O�L���V�P�D�Q�M�X�M�H���R�G�J�R�Y�R�U���Q�D���R�N�R�O�L�ã�Q�H���S�R�G�U�D�å�D�M�H�����G�R�N��

�Q�M�H�J�R�Y�H���V�P�D�Q�M�H�Q�H���N�R�Q�F�H�Q�W�U�D�F�L�M�H���G�R�Y�R�G�H���G�R���S�R�M�D�þ�D�Q�M�D���R�G�J�R�Y�R�U�D��(Lucki, 1998.). Serotonin ima 

ulogu u cirkadijanom ritmu, što podrazumijeva kontrolu ciklusa spavanja i tjelesne 

temperature (Lucki, 1998.)���� �'�U�X�J�D�þ�L�M�L�� �R�E�U�D�V�F�L�� �V�S�D�Y�D�Q�M�D�� �X�R�þ�H�Q�L�� �V�X�� �Q�D�N�R�Q�� �S�U�R�P�M�H�Q�H�� �X��

koncentraciji 5HT ili promjene u aktivnosti 5HT1, 5HT2C  ili 5HT7 receptora (Frank i sur. 

2002, Morrow i sur. 2008, Thomas i sur. 2003). 

�6�H�U�R�W�R�Q�L�Q�� �X�W�M�H�þ�H�� �Q�D�� �R�V�M�H�ü�D�M�� �V�L�W�R�V�W�L���� �N�U�D�W�N�R�U�R�þ�Q�R�� �J�D�� �S�R�Y�H�ü�D�Y�D�M�X�ü�L�� �X�V�O�L�M�H�G�� �G�L�V�W�H�Q�]�L�M�H��

želuca i  prisutnosti nutrijenata u crijevima���� �W�H�� �P�R�G�X�O�L�U�D�M�X�ü�L�� �R�G�J�R�Y�R�U�H�� �L�]�D�]vane uvjetovanim 

poticaj�L�P�D���N�R�M�L���Y�R�G�H���G�R���]�D�S�R�þ�L�Q�M�D�Q�M�D���K�U�D�Q�M�H�Q�M�D��(Lee i Clifton, 2010.)�����2�V�M�H�ü�D�M���V�L�W�R�V�W�L���L���S�U�H�N�L�G��

�K�U�D�Q�M�H�Q�M�D�� �V�O�L�M�H�G�L�� �Q�D�N�R�Q�� �S�R�Y�H�ü�D�Q�M�D�� �N�R�Q�F�H�Q�W�U�D�F�L�M�H�� ���+�7�� �X�� �P�H�G�L�M�Dlnim jezgrama hipotalamusa, 

dok smanjenje koncentracije dovodi do pretjeranog unosa hrane (Lucki, 1998.). Promijenjena 

serotoninska transmisija u hipotalamusu je prisutna u osoba koje boluju od anoreksije i 

bulimije (Jimerson i sur., 1990.).  

Uloga 5HT u spolnom ponašanju je kompleksna, ovisno o spolu, 5HT receptoru 

�X�N�O�M�X�þ�H�Q�R�P�� �X�� �S�U�R�F�H�V�� �W�H�� �E�L�K�H�Y�L�R�U�D�O�Q�R�P�� �S�D�U�D�P�H�W�Uu koji se ispituje, no generalno ima 

�L�Q�K�L�E�L�W�R�U�Q�X�� �X�O�R�J�X���� �3�R�Y�H�ü�D�Q�D�� �U�D�]�L�Q�D�� ���+�7�� �L�Q�K�L�E�L�U�D�� �V�S�R�O�Q�R�� �S�R�Q�D�ã�D�Q�M�H�� �X�� �R�E�D�� �V�S�R�O�D���� �Q�D�M�þ�H�ã�ü�H��

posredovanjem 5HT1A �U�H�F�H�S�W�R�U�D�����G�R�N���V�P�D�Q�M�H�Q�D���U�D�]�L�Q�D�����+�7���S�R�W�L�þ�H���V�S�R�O�Q�R���S�R�Q�D�ã�D�Q�M�H��(Uphouse 

i Guptarak, 2010.).  

Serotoninu se pripisuje regulacija anksioznosti, agresije i impulzivnog ponašanja. 

Otpuštanje 5HT u amigdali, hipokampusu i prednjem korteksu posreduje odgovor na stresne 

situacije i aktivira obrambene mehanizme (Viana i sur., 2008.). Smanjene razine serotonina 

uzrokuju smanjenu pažnju i prepoznavanje pozitivnog emotivnog poticaja te �Y�H�ü�H 

usmjeravanje pažnje prema negativnim podražajima u zdravih ljudi. P�R�Y�H�ü�D�Q�M�H�� �U�D�]�L�Q�H�� ���+�7��

rezultira �S�R�M�D�þ�D�Q�Rm pažnjom i prepoznavanjem pozitivnog emotivnog poticaja (Hensler, 

2010.)���� �6�H�U�R�W�R�Q�H�U�J�L�þ�Q�L �S�X�W�H�Y�L�� �D�N�W�L�Y�L�U�D�Q�L�� �V�X�� �D�Q�N�V�L�R�J�H�Q�L�P�� �S�R�G�U�D�å�D�M�L�P�D�� �N�R�M�L�� �X�N�O�M�X�þ�X�M�X��

psihosocijalni stres, uvjetovani strah i konfliktne situacije (Millan, 2003.). Vezano za 

�L�P�S�X�O�]�L�Y�Q�R�V�W�� �L�� �N�R�P�S�X�O�]�L�Y�Q�R�V�W���� �V�P�D�Q�M�H�Q�D�� �U�D�]�L�Q�D�� �V�H�U�R�W�R�Q�L�Q�D�� �S�R�W�L�þ�H odgovor na podražaj u 

situacijama u kojima �M�H���R�G�J�R�G�D���U�H�D�N�F�L�M�H���S�R�å�H�O�M�Q�D���W�H���X�]�U�R�N�X�M�H���S�R�Y�H�ü�D�Q�L���D�Y�H�U�]�L�Y�Q�L���R�G�J�R�Y�R�U���Q�D��

emotivne podražaje (Robbins i Crockett, 2010.)���� �0�D�Q�M�D�N�� �V�H�U�R�W�R�Q�L�Q�D�� �S�R�Y�H�ü�D�Y�D�� �D�J�U�H�V�L�Y�Q�R��

ponašanje te smanjuje anksioznost (Mosienko i sur., 2012.)�����6�H�U�R�W�R�Q�L�Q���W�D�N�R�ÿ�H�U���L�J�U�D���X�O�R�J�X���L���X��

socijalnom ponašanju gdje je manjak serotonina povezan sa sniženom bihevioralnom 

inhibicijom (McNamara i sur., 2008.)���� �7�D�N�R�ÿ�H�U���� �V�P�D�Q�M�H�Q�D�� �U�D�]�L�Q�D�� �V�H�U�R�W�R�Q�L�Q�D�� �W�L�M�H�N�R�P�� �U�D�]�Y�R�M�D��

�X�]�U�R�N�X�M�H���S�R�U�H�P�H�ü�D�M�H���X���X�þ�H�Q�M�X���X���R�G�U�D�V�O�L�K���M�H�G�L�Q�N�L��(Mazer i sur., 1997.). 
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1.4. �3�R�U�H�P�H�ü�D�M�L���V�H�U�R�W�R�Q�L�Q�Vke homeostaze 

 

�=�E�R�J�� �X�N�O�M�X�þ�H�Q�R�V�W�L�� �V�H�U�R�W�R�Q�L�Q�D�� �X�� �P�Q�R�J�H�� �I�L�]�L�R�O�R�ã�N�H�� �S�U�R�F�H�V�H���� �P�R�å�H�P�R�� �S�U�H�W�S�R�V�W�D�Y�L�W�L�� �G�D��

�S�U�R�P�M�H�Q�H�� �X�� �V�H�U�R�W�R�Q�L�Q�V�N�R�M�� �K�R�P�H�R�V�W�D�]�L�� �X�]�U�R�N�X�M�X�� �]�Q�D�þ�D�M�Q�H�� �S�R�U�H�P�H�ü�D�M�H�� �X�� �P�R�]�J�X�� �L�� �Q�D�� �S�H�U�L�I�H�U�L�M�L����

�N�R�M�L�� �V�H�� �P�R�J�X�� �R�G�U�D�]�L�W�L�� �L�� �Q�D�� �S�R�Q�D�ã�D�Q�M�H�� �X�� �R�G�U�D�V�O�R�M�� �G�R�E�L���� �X�N�O�M�X�þ�X�M�X�ü�L�� �L�� �U�D�]�Y�R�M�� �S�R�U�H�P�H�ü�D�M�D�� �S�R�S�X�W��

anksioznosti, depresije, ovisnosti, itd. Stoga je precizna regulacija serotoninske homeostaze, 

�N�R�M�D���X�N�O�M�X�þ�X�M�H���V�L�Q�W�H�]�X�����U�D�]�J�U�D�G�Q�M�X�����X�Q�R�V�����S�R�K�U�D�Q�X���L���R�W�S�X�ã�W�D�Q�M�H���V�H�U�R�W�R�Q�L�Q�D�����N�O�M�X�þ�Q�D���]�D���S�U�D�Y�L�O�D�Q��

�U�D�]�Y�R�M���L���I�X�Q�N�F�L�M�X���å�L�Y�þ�D�Q�R�J���V�X�V�W�D�Y�D������ 

 

1.4.1. Farmakološki utjecaj na serotoninsku homeostazu  

�3�R�V�W�R�M�H�� �U�D�]�O�L�þ�L�W�L�� �Q�D�þ�L�Q�L�� �Q�D�� �N�R�M�L�� �V�H�� �I�D�U�P�D�N�R�O�R�ã�N�L�� �P�R�å�H�� �S�R�U�H�P�H�W�L�W�L�� �V�H�U�R�W�R�Q�L�Q�V�N�D��

homeostaza u organizmu. Jedan od njih je triptofanska deplecija koja se sastoji u prehrani bez 

�W�U�L�S�W�R�I�D�Q�D�����2�Y�L�P���V�H���S�X�W�H�P���S�R�W�L�þ�H���L�V�N�Rrištenje Trp prisutnog u organizmu za sintezu proteina, a 

smanjuje dostupnost Trp za sintezu 5HT u mozgu. Akutne promjene u dostupnosti triptofana 

�N�R�U�L�ã�W�H�Q�H�� �V�X�� �X�� �V�Y�U�K�X�� �S�U�R�X�þ�D�Y�D�Q�M�D�� �U�D�]�Q�L�K�� �Y�U�V�W�D�� �W�H�P�H�O�M�Q�L�K�� �S�V�L�K�R�O�R�ã�N�L�K���� �E�L�K�H�Y�L�R�U�D�O�Q�L�K�� �L�� �I�L�]�L�þ�N�L�K��

procesa kao i m�Q�R�J�L�K�� �S�V�L�K�L�M�D�W�U�L�M�V�N�L�K�� �S�R�U�H�P�H�ü�D�M�D�� �X�� �N�R�M�L�P�D�� �V�H�U�R�W�R�Q�L�Q�� �L�J�U�D�� �Y�D�å�Q�X�� �X�O�R�J�X����

depresije, opsesivno-�N�R�P�S�X�O�]�L�Y�Q�R�J�� �S�R�U�H�P�H�ü�D�M�D���� �E�X�O�L�P�L�M�H�� �Q�H�U�Y�R�]�H���� �E�L�S�R�O�D�U�Q�R�J�� �S�R�U�H�P�H�ü�D�M�D����

�V�H�]�R�Q�V�N�R�J���D�I�H�N�W�L�Y�Q�R�J���S�R�U�H�P�H�ü�D�M�D�����V�K�L�]�R�I�U�H�Q�L�M�H�����L�W�G����(Richard i sur., 2009.).  

�6���G�U�X�J�H���V�W�U�D�Q�H���� �S�R�Y�L�ã�H�Q�M�H���N�R�Q�F�H�Q�W�U�D�F�L�M�H�����+�7���P�R�J�X�ü�H���M�H���S�R�V�W�L�ü�L��primjenom prekursora 

�V�L�Q�W�H�]�H���� �7�U�S�� �L�O�L�� ���+�7�3���� �'�D�� �E�L�� �S�R�Y�H�ü�D�O�L�� �U�D�]�L�Q�X�� ���+�7�� �S�R�P�R�ü�X�� �7�U�S���� �U�D�]�L�Q�H�� �R�V�W�D�O�L�K�� �Q�H�X�W�U�D�O�Q�L�K��

aminokiselina trebaju biti niže jer je ulazak Trp u SŽS kompetitivan, te ne ovisi toliko o 

�G�R�V�W�X�S�Q�R�V�W�L�� �Y�H�ü�H�� �N�R�O�L�þ�L�Q�H�� �7�U�S�� �N�R�O�L�N�R�� �R�� �U�D�]�L�Q�L�� �R�V�W�D�O�L�K�� �D�P�L�Q�R�N�L�V�H�O�L�Q�D�� �N�R�M�H�� �N�R�U�L�V�W�H�� �L�V�W�L��

prijenosnik (Fernstrom i Wurtman, 1972.). Primjenom 5HTP efikasnije se povisuju razine 

���+�7�� �M�H�U�� �M�H�� �R�Q�� �Q�H�S�R�V�U�H�G�Q�L�� �S�U�H�N�X�U�V�R�U�� �V�H�U�R�W�R�Q�L�Q�D�� �L�� �S�R�V�W�R�M�L�� �L�V�N�O�M�X�þ�L�Y�R�� �X�� �Q�M�H�J�R�Y�R�P��sintetskom 

putu. 5HTP se prodaje kao dodatak prehrani u svrhu poboljšanja raspoloženja, suzbijanja 

�D�S�H�W�L�W�D���L�O�L���S�R�P�R�ü�L���S�U�L���V�S�D�Y�D�Q�M�X�����%�L�U�G�V�D�O�O����������������. 

Osim dodavanjem prekursora, razina serotonina može se povisiti inhibicijom njegove 

razgradnje ili inhibici�M�R�P�� �Q�M�H�J�R�Y�R�J�� �S�R�Q�R�Y�Q�R�J�� �X�Q�R�V�D�� �X�� �S�U�H�V�L�Q�D�S�W�L�þ�N�L�� �Q�H�X�U�R�Q���� �,�Q�K�L�E�L�W�R�U�L��

monoamin-oksidaze (MAOi, engl. monoamin oxidase inhibitors) djeluju unutar stanica 

�Y�H�]�X�M�X�ü�L���V�H���]�D���H�Q�]�L�P��monoamin-oksidazu koja se nalazi na vanjskoj membrani mitohondrija. 

Mogu biti selektivni ili neselektivni, odnosno djelovati samo na jednu od izoformi ili na obje, 

te mogu biti reverzibilni ili ireverzibilni, ovisno o tome vežu li se privremeno ili ostaju vezani 
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do razgradnje enzima (Youdim i sur., 2006.). Nakon inhibicije MAO serotonin se ne 

�U�D�]�J�U�D�ÿ�X�M�H, te se povisuje njegova razina, �D�� �W�L�P�H�� �L�� �Q�M�H�J�R�Y�R�� �G�M�H�O�R�Y�D�Q�M�H�� �X�� �V�L�Q�D�S�V�L���� �7�D�N�R�ÿ�H�U�� �V�H��

povisuju razine katekolamina koji isto tako trebaju MAO za svoju razgradnju. Iako su MAOi 

prvi razvijeni antidepresivi, danas se koriste uglavnom �X�� �O�L�M�H�þ�H�Q�M�X��depresije rezistentne na 

SSRI (Nolen i sur., 1985.; Thase i sur., 1995.), �]�E�R�J���Y�H�ü�H�J���E�U�R�M�D���Q�X�V�S�R�M�D�Y�D. I dalje �V�H���X�þ�H�V�W�D�O�R��

koriste �X�� �O�L�M�H�þ�H�Q�M�X �S�R�U�H�P�H�ü�D�M�D�� �D�Q�N�V�L�R�]�Q�R�V�W�L���� �$�'�+�'���� �3�D�U�N�L�Q�V�R�Q�R�Y�H�� �L�� �$�O�]�K�H�L�P�H�U�R�Y�H�� �E�R�O�H�V�W�L��

(Bortolato i sur., 2008.). 

Selektivni inhibitori ponovnog unosa serotonina (engl. selective serotonin reuptake 

inhibitor�����6�6�5�,�����G�M�H�O�X�M�X���Q�D���V�H�U�R�W�R�Q�L�Q�V�N�L���S�U�L�M�H�Q�R�V�Q�L�N�������+�7�W�����L���R�Q�H�P�R�J�X�ü�X�M�X���Q�M�H�J�R�Y�X���I�X�Q�N�F�L�M�X����

�,�Q�K�L�E�L�F�L�M�R�P�� �S�R�Q�R�Y�Q�R�J�� �X�Q�R�V�D�� �V�H�U�R�W�R�Q�L�Q�D�� �X�� �V�W�D�Q�L�F�X���� ���+�7�� �R�V�W�D�M�H�� �X�� �V�L�Q�D�S�W�L�þ�N�R�M�� �S�X�N�R�W�L�Q�L�� �J�G�M�H��

nastavlja ak�W�L�Y�L�U�D�W�L���V�Y�R�M�H���U�H�F�H�S�W�R�U�H���S�R�M�D�þ�D�Y�D�M�X�ü�L���V�H�U�R�W�R�Q�L�Q�V�N�X���Q�H�X�U�R�W�U�D�Q�V�P�L�V�L�M�X��(Grzeskowiak i 

sur., 2012.). Osim za ublažavanje simptoma depresije, �G�M�H�O�X�M�X�� �W�D�N�R�ÿ�H�U�� �L�� �S�U�L�� �O�L�M�H�þ�H�Q�M�X��

shizofrenije i opsesivno-kompulzivnog i drugih �S�R�U�H�P�H�ü�D�M�D��(Dutton i Barnes, 2008.). 

 Ra�]�Y�L�M�H�Q�L�� �V�X�� �U�D�]�Q�L�� �å�L�Y�R�W�L�Q�M�V�N�L�� �P�R�G�H�O�L�� �]�D�� �S�U�R�X�þ�D�Y�D�Q�M�H�� �R�Y�L�K�� �I�D�U�P�D�N�R�O�R�ã�N�L�� �D�N�W�L�Y�Q�L�K��

�V�X�S�V�W�D�Q�F�L�� �N�R�M�L�� �V�X�� �R�P�R�J�X�ü�L�O�L�� �G�H�W�D�O�M�Q�R�� �X�S�R�]�Q�D�Y�D�Q�M�H�� �Q�M�L�K�R�Y�R�J�� �G�M�H�O�R�Y�D�Q�M�D���� �N�D�N�R�� �Q�D�� �R�G�U�D�V�O�L��

organizam, tako i na organizam u razvoju. 

 

1.4.2. Utjecaj promijenjene serotoninske homeostaze na razvoj mozga 

Tijekom prenatalnog i ranog postnatalnog razdoblja, 5HT modulira proliferaciju, 

�P�L�J�U�D�F�L�M�X���� �L�� �S�U�R�J�U�D�P�L�U�D�Q�X�� �V�P�U�W�� �V�W�D�Q�L�F�D�� �W�H�� �X�W�M�H�þ�H�� �Q�D�� �Q�M�L�K�R�Y�� �R�E�O�L�N�� �L�� �V�W�Y�D�U�D�Q�M�H�� �Y�H�]�D�� �V�� �G�U�X�J�L�P��

�V�W�D�Q�L�F�D�P�D���� �'�R�E�U�L�� �P�R�G�H�O�L�� �]�D�� �S�U�R�X�þ�D�Y�D�Q�M�H�� �X�W�M�H�F�D�M�D�� �S�U�R�P�L�M�H�Q�M�H�Q�H�� �U�D�]�L�Q�H�� �V�H�U�R�Wonina na razvoj 

mozga su farmakološki i knock-out (KO) modeli. Antagonist receptora 5HT2, ritanserin, 

�X�]�U�R�N�X�M�H���N�U�D�Q�L�R�I�D�F�L�M�D�O�Q�H���L���V�U�þ�D�Q�H���P�D�Q�H���X���N�X�O�W�L�Y�L�U�D�Q�L�P���P�L�ã�M�L�P���H�P�E�U�L�M�L�P�D��(Colas i sur., 1997.; 

Lauder i sur., 1994.; Nebigil i Maroteaux, 2001.; Nebigil i sur., 2000a., 2000b.)�����6�O�L�þ�D�Q���H�I�H�N�W��

ima i selektivni inhibitor ponovnog unosa serotonina (SSRI, engl. selective serotonin reuptake 

inhibitor������ �I�O�X�R�N�V�H�W�L�Q���� �þ�L�M�L�� �V�H�� �W�H�U�D�W�R�J�H�Q�L�� �X�þ�L�Q�F�L�� �S�U�L�S�L�V�X�M�X prekomjernoj stimulaciji receptora 

5HT uslijed visokih razina izva�Q�V�W�D�Q�L�þ�Q�R�J�� ���+�7��(Di Pino i sur., 2004.). Visoke razine 5HT 

�W�L�M�H�N�R�P���U�D�]�Y�R�M�D���Q�D�V�W�D�M�X���W�D�N�R�ÿ�H�U���L���X���V�O�X�þ�D�M�X���L�Q�D�N�W�L�Y�D�F�L�M�H���J�H�Q�D���]�D���0�$�2�$���L�����+�7�W���� �ã�W�R���X�]�U�R�N�X�M�H��

prekomjernu stimulaciju receptora 5HT1B i niz drugih molekularnih promjena. U navedenim 

�P�R�G�H�O�L�P�D���� �S�R�Y�L�ã�H�Q�D�� �U�D�]�L�Q�D�� ���+�7�� �X�]�U�R�N�X�M�H�� �G�U�D�V�W�L�þ�Q�H�� �S�U�R�P�M�H�Q�H�� �X�� �F�L�W�R�D�U�K�L�W�H�N�W�X�U�L�� �U�H�J�L�M�D��

�V�R�P�D�W�R�V�H�Q�]�R�U�L�þ�N�H�� �P�R�å�G�D�Q�H�� �N�R�U�H�� ���W�]�Y���� �E�D�þ�Y�D�V�W�D�� �S�R�O�M�D���� �H�Q�J�O����barrel fields), te abnormalni 

razvoj projekcija koje iz talamusa dolaze u korteks���� �2�S�D�å�H�Q�H�� �V�X�� �W�D�N�R�ÿ�H�U�� �L�� �S�U�R�P�M�H�Q�H�� �X��

�S�R�Q�D�ã�D�Q�M�X�� �X�� �V�P�L�V�O�X�� �S�R�Y�H�ü�D�Q�H�� �D�J�U�H�V�L�Y�Q�R�V�W�L�� �å�L�Y�R�W�L�Q�M�D��(Cases i sur., 1995.). Inhibitorna uloga 
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serotonina u razvoju vlastitih neurona dokazana je na životinjskim modelima s perinatalno 

povišenom koncentracijom serotonina izazvanom agonistom 5HT-receptora, 5-

metoksitriptaminom (McNamara i sur., 2008.; Shemer i sur., 1991.), prekursorom serotonina, 

triptofanom (Thomke i sur., 1992.), kombinacijom selektivnih inhibitora MAOA i MAOB 

(Whitaker-Azmitia i sur., 1994.) i inhibitorima ponovnog unosa serotonina  (Cabrera-Vera i 

sur., 1997.). 

S druge strane, inaktivacijom gena za VMAT, koji pohranjuje sintetizirani 5HT u 

vezikule, izazvan je nedostatak serotonina tijekom razvoja mozga. U ovih životinja dolazi do 

�S�R�U�H�P�H�ü�H�Q�H��neurotransmisije, prvenstveno zbog nedostatka aktivacije 5HT receptora te one 

�Q�H���S�U�H�å�L�Y�H���G�X�J�R���Q�D�N�R�Q���R�N�R�W�D�����Q�D�M�G�X�å�H���G�R�������3�1�'�������8�R�þ�H�Q���M�H���L���N�D�V�Q�L�M�L���U�D�]�Y�R�M���V�R�P�D�W�R�V�H�Q�]�R�U�L�þ�N�H��

�P�R�å�G�D�Q�H�� �N�R�U�H�� �G�R�N�� �M�H�� �U�D�]�Y�R�M�� �W�D�O�D�P�L�þ�N�R�J�� �N�R�U�W�H�N�V�D�� �Q�R�U�P�D�O�D�Q��(Di Pino i sur., 2004.). 

Transkripcijski faktor s domenom ETS, Pet1 [pheochromocytoma 12 ETS (E26 

transformation-specific)] sudjeluje u kontroli embrionalne diferencijacije neurona 5HT. Pet1-

�.�2�� �P�L�ã�H�Y�L�� �W�D�N�R�ÿ�H�U�� �L�P�D�M�X�� �P�D�Q�M�X�� �N�R�Q�F�H�Q�W�U�D�F�L�M�X�� ���+�7�� �W�L�M�H�N�R�P�� �U�D�]�Y�R�M�D�� �P�R�]�J�D���� �.�R�G�� �Q�M�L�K��

makroskopska struktura �6�ä�6�� �L�]�J�O�H�G�D�� �Q�R�U�P�D�O�Q�R���� �D�O�L�� �S�R�N�D�]�X�M�X�� �]�Q�D�þ�D�M�Q�R�� �V�P�D�Q�M�H�Q�X�� �H�N�V�S�U�H�V�L�M�X��

�V�H�U�R�W�R�Q�L�Q�V�N�L�K���H�O�H�P�H�Q�D�W�D���L���S�U�R�P�M�H�Q�H���X���S�R�Q�D�ã�D�Q�M�X���X���V�P�L�V�O�X���S�R�Y�H�ü�D�Q�H���D�Q�N�V�L�R�]�Q�R�V�W�L���L���D�J�U�H�V�L�Y�Q�R�J��

ponašanja (Hendricks i sur., 2003.). Smanjena razina serotonina tijekom razvoja, postignuta 

farmakološkim tretmanima majki tijekom gestacije (p-klorofenilalanin (Lauder i Krebs, 

1978.)) ili mladunaca na dan okota (5,7-dihidroksitriptamin (Durig i Hornung, 2000.)), 

�X�]�U�R�N�X�M�H���]�Q�D�þ�D�M�Q�H���S�U�R�P�M�H�Q�H���X���Q�H�X�U�R�J�H�Q�H�]�L�����P�L�J�U�D�F�L�M�L���V�W�D�Q�L�F�D���L���V�D�]�U�L�M�H�Y�D�Q�M�X���G�H�Q�G�U�L�Wa (Gaspar i 

sur., 2003.).  

Navedeni podaci ukazuju na to da nagla odstupanja od normalnih razina serotonina 

�W�L�M�H�N�R�P�� �U�D�]�Y�R�M�D�� �P�R�]�J�D���� �E�L�O�R�� �W�R�� �S�R�Y�H�ü�D�Q�M�H�� �L�O�L�� �V�P�D�Q�M�H�Q�M�H�� �L�V�W�H���� �X�]�U�R�N�X�M�X�� �W�H�P�H�O�Mite promjene u 

strukturi SŽS i u ponašanju (Di Pino i sur., 2004.; Gaspar i sur., 2003.). 

 

1.4.3. Hiperserotoninemija 

�3�R�M�D�P�� �K�L�S�H�U�V�H�U�R�W�R�Q�L�Q�H�P�L�M�D�� �R�]�Q�D�þ�Dva �Y�H�ü�X koncentraciju serotonina u krvi, a može 

�Q�D�V�W�D�W�L�� �X�V�O�L�M�H�G�� �S�R�U�H�P�H�ü�H�Q�R�J�� �P�H�W�D�E�R�O�L�]�P�D�� �S�H�U�L�I�H�U�Q�R�J�� �V�H�U�R�W�R�Q�L�Q�D�� ���S�R�Y�H�ü�D�Q�D�� �V�L�Q�W�H�]�D�� �L���L�O�L��

�V�P�D�Q�M�H�Q�D�� �U�D�]�J�U�D�G�Q�M�D���� �L�O�L�� �S�R�U�H�P�H�ü�H�Q�H�� �I�L�]�L�R�O�R�J�L�M�H�� �W�U�R�P�E�R�F�L�W�D�� ���S�R�Ye�ü�D�Q�L�� �X�Q�R�V�� �L���L�O�L�� �V�P�D�Q�M�H�Q�R��

�R�W�S�X�ã�W�D�Q�M�H�������2�Y�D���M�H���S�R�M�D�Y�D���X�R�þ�H�Q�D���X���V�O�X�þaju karcinoidnog tumora tankog crijeva uzrokovanog 

prekomjernim rastom i dijeljenjem enterokromafinih stanica koje zatim sintetiziraju više 

serotonina. Taj višak serotonina cirkulira krvlju i unosi se u trombocite. Osim u karcinoidnim 

tumorima, u kojima je �X�]�U�R�N�� �K�L�S�H�U�V�H�U�R�W�R�Q�L�Q�H�P�L�M�H�� �M�D�V�D�Q���� �R�Y�D�M�� �I�H�Q�R�P�H�Q�� �M�H�� �X�R�þ�H�Q�� �L�� �X�� �R�V�R�E�D��
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oboljelih od autizma, u kojih mehanizam nastanka hiperserotoninemije još uvijek nije 

razjašnjen. 

1.4.3.1. Hiperserotoninemija i  autizam 

�3�U�R�P�M�H�Q�H�� �X�� �V�H�U�R�W�R�Q�H�U�J�L�þ�Q�R�M�� �Q�H�X�U�R�W�U�D�Q�V�P�L�V�L�M�L�� �V�P�D�W�U�D�M�X�� �V�H�� �E�L�R�O�R�ãkim temeljem niza 

�Q�H�X�U�R�S�V�L�K�L�M�D�W�U�L�M�V�N�L�K�� �S�R�U�H�P�H�ü�D�M�D�� �X�N�O�M�X�þ�X�M�X�ü�L�� �L�� �D�X�W�L�]�D�P��– �Q�H�X�U�R�U�D�]�Y�R�M�Q�L�� �S�R�U�H�P�H�ü�D�M�� �R�G�O�L�N�R�Y�D�Q��

�W�U�L�P�D�� �J�O�D�Y�Q�L�P�� �]�Q�D�þ�D�M�N�D�P�D���� �D���� �S�R�U�H�P�H�ü�H�Q�R�P�� �V�R�F�L�M�D�O�Q�R�P�� �L�Q�W�H�U�D�N�F�L�M�R�P���� �E���� �S�R�U�H�P�H�ü�H�Q�R�P��

komunikacijom i c) repetitivnim stereotipnim ponašanjem (Owley i sur., 2006.). Drugi 

�V�L�P�S�W�R�P�L�� �V�X���� �Q�H�P�R�J�X�ü�Q�R�V�W�� �S�U�H�S�R�]�Q�D�Y�D�Q�M�D�� �R�V�M�H�ü�D�M�D���� �P�D�Q�M�D�N�� �P�L�P�L�N�H���� �V�P�D�Q�M�H�Q�R�� �V�Q�D�O�D�å�H�Q�M�H�� �X��

društvenim situacijama, smanjeno socijalno vezivanje, pretjerana osjetljivost na dodirne i 

�]�Y�X�þ�Q�H���S�R�G�U�D�å�D�M�H, kao i stereotipni pokreti (Crawley, 2004.; Moy i sur., 2009.). Prevalencija 

�D�X�W�L�]�P�D���X���R�S�ü�R�M���S�R�S�X�O�D�F�L�M�L���S�U�R�F�M�H�Q�M�X�M�H��se na 2 oboljela na 1000 osoba (Brugha i sur., 2011.; 

Owley i sur., 2006.)���� �S�U�L�� �þ�H�P�X�� �R�E�R�O�L�M�H�Y�D�� �þ�H�W�L�U�L�� �S�X�W�D�� �Y�L�ã�H�� �P�X�ã�N�D�U�D�F�D��negoli žena (Eisenberg, 

1956.; Kanner, 1943.).  

Iako uzroci autizma još nisu razjašnjeni, obiteljske analize i studije blizanaca pokazale 

�V�X�� �S�R�V�W�R�M�D�Q�M�H�� �V�Q�D�å�Q�H�� �J�H�Q�H�W�L�þ�N�H�� �S�R�G�O�R�J�H�� �R�Y�R�J�� �S�R�U�H�P�H�ü�D�M�D��(Belzung i sur., 2005.; Crawley, 

2004.)���� �.�R�L�Q�F�L�G�H�Q�F�L�M�D�� �R�E�R�O�L�M�H�Y�D�Q�M�D�� �R�G�� �D�X�W�L�]�P�D�� �X�� �E�U�D�ü�H�� �L�� �V�H�V�W�D�U�D�� �L�]�Q�R�V�L�� ��-8%, u �G�Y�R�M�D�M�þ�D�Q�L�K��

blizanaca 10-20%, dok u �M�H�G�Q�R�M�D�M�þ�D�Q�L�K�� �E�O�L�]�D�Q�D�F�D�� �R�Q�D�� �U�D�V�W�H�� �Q�D�� �þ�D�N�� ����-90% (Bailey i sur., 

1995.; Hallmayer i sur., 2002.; Le Couteur i sur., 1996.; Rosenberg i sur., 2009.). Smatra se 

da do pojave autizma dolazi ukoliko postoji genska predispozicija, �W�H���R�N�R�O�L�ã�Q�L���þ�L�P�E�H�Q�L�N���N�R�M�L��

�G�M�H�O�X�M�H�� �N�D�R�� �R�N�L�G�D�þ�� �V�L�P�S�W�R�P�D�� �E�R�O�H�V�W�L���� �3�U�H�W�S�R�V�W�D�Y�O�M�D�� �V�H�� �G�D�� �M�H�� �Y�L�ã�H�� �R�G�� �������� �J�H�Q�D�� �X�N�O�M�X�þ�H�Q�R�� �X��

�U�D�]�Y�R�M�� �R�Y�H�� �E�R�O�H�V�W�L���� �G�R�N�� �V�H�� �N�D�R�� �R�N�R�O�L�ã�Q�L�� �þ�L�P�E�H�Q�L�F�L�� �V�S�R�P�L�Q�M�X�� �W�D�O�L�G�R�P�L�G���� �Y�D�O�S�U�R�L�þ�Q�D�� �N�L�V�H�O�L�Q�D����

kokain, alkohol kao i izloženost nekim virusnim infekcijama (DiCicco-Bloom i sur., 2006.).  

�3�R�V�W�R�M�H�� �U�D�]�Q�L�� �G�R�N�D�]�L�� �N�R�M�L�� �X�S�X�ü�X�M�X�� �Q�D�� �X�O�R�J�X�� �V�H�U�R�W�R�Q�L�Q�D�� �X�� �Q�D�V�W�D�Q�N�X�� �S�R�U�H�P�H�ü�D�M�D��

�D�X�W�L�V�W�L�þ�Q�R�J�� �V�S�H�N�W�U�D���� �3�R�N�D�]�D�O�R�� �V�H�� �G�D�� �S�U�L�P�M�H�Q�D�� �O�L�M�H�N�R�Y�D �N�R�M�L�� �X�W�M�H�þ�X�� �Q�D�� �Q�H�X�U�R�W�U�D�Q�V�P�L�V�L�M�X�� ���+�7��

�X�W�M�H�þ�H�� �Q�D�� �V�L�P�S�W�R�P�H�� �D�X�W�L�]�P�D���� �8�N�R�Oiko se smanji razina 5HT deplecijom triptofana, dolazi do 

pogoršanja simptoma u oboljelih od autizma (McDougle i sur., 1996.). Suprotno tome, 

primjenom selektivnih inhibitora povratnog unosa serotonina dolazi do smanjenja 

�S�R�Q�D�Y�O�M�D�M�X�ü�L�K���L���V�W�H�U�H�R�W�L�S�Q�L�K���R�E�U�D�]aca ponašanja (Hollander i sur., 2005.; McDougle i Naylor, 

1996.). PET (engl. positron emission tomography) studije, u kojima se koristi radioaktivno 

obilježen prekursor serotonina, pokazale su smanjenu sintezu 5HT u kori mozga i talamusu 

oboljelih od autizma (Chugani i sur., 1997., 1999.)���� �7�D�N�R�ÿ�H�U���� �S�R�Y�L�ã�H�Q�H�� �U�D�]�L�Q�H�� �V�H�U�R�W�R�Q�L�Q�D�� �X��

�N�U�Y�L�� �N�R�Q�]�L�V�W�H�Q�W�Q�R�� �V�H�� �Q�D�O�D�]�H�� �N�R�G�� �W�U�H�ü�L�Q�H�� �R�E�R�O�M�H�O�L�K�� �E�H�]�� �R�E�]�L�U�D�� �Q�D�� �H�W�Q�L�þ�N�X�� �S�U�L�S�D�G�Q�R�V�W��(Cook i 

Leventhal, 1996.; Owley i sur., 2006.; Schain i Freedman, 1961.).   
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U istraživanju složenih �E�L�K�H�Y�L�R�U�D�O�Q�L�K�� �S�R�U�H�P�H�ü�D�M�D���� �N�D�R�� �ã�W�R�� �M�H�� �D�X�W�L�]�D�P���� �N�R�G�� �N�R�M�L�K�� �Q�L�M�H��

poznat jasan genski ili neurobiološki uzrok, �N�R�U�L�V�Q�D�� �M�H�� �S�R�G�M�H�O�D�� �E�R�O�H�V�W�L�� �S�U�H�P�D�� �V�S�H�F�L�I�L�þ�Q�L�P��

simptomima �N�R�M�L���V�X���G�L�R���N�O�L�Q�L�þ�N�H���V�O�L�N�H���L���L�P�D�M�X���X���R�V�Q�R�Y�L���E�L�R�O�R�ã�N�L���P�H�K�D�Q�L�]�D�P�����7�D�N�Y�H���V�L�P�S�W�R�P�H��

nazivamo endofenotipovima. Oni predstavljaju nasljedna svojstva koja visoko koreliraju s 

�E�R�O�H�ã�ü�X�� �N�R�M�X�� �L�V�W�U�D�å�X�M�H�P�R���� �D�� �U�H�J�X�O�L�U�D�Q�D�� �V�X�� �P�D�Q�M�L�P�� �E�U�R�M�H�P�� �J�H�Q�D��(Gottesman i Gould, 2003.). 

Tako se hiperserotoninemija, koja jasno odražava promjene u regulaciji serotoninske 

homeostaze, može smatrati jednim od endofenotipova autizma (Hranilovic i Blazevic, 2012.). 

Hiperserotoninemija je najkonzistentniji nalaz u autizmu povezan za serotoninom i 

�S�R�G�U�D�]�X�P�L�M�H�Y�D���S�R�Y�H�ü�D�Q�M�H���U�D�]�L�Q�H�����+�7���X���N�U�Y�L���R�G���S�U�R�V�M�H�þ�Q�R����������(Anderson i sur., 1990.). Kao 

mo�J�X�ü�H�� �I�L�]�L�R�O�R�ã�N�H�� �S�U�R�P�M�H�Q�H�� �N�R�M�H�� �E�L�� �P�R�J�O�H�� �X�]�U�R�N�R�Y�D�W�L�� �K�L�S�H�U�V�H�U�R�W�R�Q�L�Q�H�P�L�M�X�� �X�� �D�X�W�L�]�P�X��

�V�S�R�P�L�Q�M�X�� �V�H�� �S�R�Y�H�ü�D�Q�D�� �V�L�Q�W�H�]�D�� ���+�7�� �X�� �H�Q�W�H�U�R�N�U�R�P�D�I�L�Q�L�P�� �V�W�D�Q�L�F�D�P�D�� �F�U�L�M�H�Y�D��(Croonenberghs i 

sur., 2005.) �L�O�L�� �Q�M�H�J�R�Y�R�� �S�R�M�D�þ�D�Q�R�� �R�W�S�X�ã�W�D�Q�M�H�� �X�� �S�R�U�W�D�O�Q�L�� �N�U�Y�R�W�R�N��(Janusonis, 2005.), zatim 

�S�R�Y�H�ü�D�Q�L���X�Q�R�V�����+�7���X���W�U�R�P�E�R�F�L�W�H��(Marazziti i sur., 2000.) ili njegovo smanjeno otpuštanje iz 

trombocita (Cook i Leventhal, 1996.) i najzad, smanjena periferna razgradnja 5HT (Anderson, 

1987.). Genska komponenta hiperserotoninemije istraživana je studijama vezanosti (engl. 

association studies) uz gene koji reguliraju perifernu serotoninsku homeostazu, prvenstveno 

serotoninskog prijenosnika. Rezultati su pri�O�L�þ�Q�R���Q�H�N�R�Q�]�L�V�W�H�Q�W�Q�L���L���S�R�N�D�]�X�M�X kako povezanost s 

genom za 5HTt – samim (Coutinho i sur., 2004.; Weiss i sur., 2005.) ili u kombinaciji s 

genom koji kodira podjedinicu integrina beta 3 (proteina koji sudjeluje u trombocitnoj 

agregaciji) (Coutinho i sur., 2007.), tako i nepostojanje izravnog utjecaja varijanti ovog gena 

na hiperserotoninemiju (Anderson i sur., 2002.; Betancur i sur., 2002.; Hranilovic i sur., 

2008.; Persico i sur., 2002.). Geni za enzime koji sudjeluju u regulaciji metabolizma 

�V�H�U�R�W�R�Q�L�Q�D���� �7�3�+���� �L�� �0�$�2�� �$���� �W�D�N�R�ÿ�H�U�� �V�X��pokazani kao mo�J�X�ü�L�� �U�H�J�X�O�D�W�R�U�L�� �U�D�]�L�Q�D�� �V�H�U�R�W�R�Q�L�Q�D�� �X��

krvi (Hranilovic i sur., 2008.).  

Bez obzira na mnoga istraživanja, mehanizam nastanka hiperserotoninemije kao i 

njegova povezanost s disfunkcijom serotonina u središnjem odjeljku su i dalje nejasni. 

�7�U�H�Q�X�W�D�þ�Q�R�� �S�R�V�W�R�M�H�� �Gvije glavne teorije o povezanosti hiperserotoninemije i autizma. Prva 

teorija predlaže da najprije dolazi do promjene u perifernoj serotoninskoj homeostazi koja 

uzrokuje hiperserotoninemiju. Tijekom fetalnog i ranog postnatalnog razdoblja, dok još nije 

potpuno razvijena krvno-moždana barijera, ove visoke razine 5HT u krvi mogu prelaziti u 

SŽS i negativnom povratnom spregom inhibirati razvoj 5HT neurona te uzrokovati anatomske 

�L�� �I�X�Q�N�F�L�R�Q�D�O�Q�H�� �S�U�R�P�M�H�Q�H�� �X�� �P�R�]�J�X�� �N�D�U�D�N�W�H�U�L�V�W�L�þ�Q�H�� �]�D�� �D�X�W�L�]�D�P��(Whitaker-Azmitia, 2005.). 

Druga teorija pretpostavlja da istovremeno, u mozgu i na periferiji, dolazi do promjene u 

ekspresiji jednog ili više gena koji reguliraju serotoninsku homeostazu (npr. receptore ili 
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enzime). Promjene u proteinima koje reguliraju funkciju 5HT narušile bi pravilnu 

�V�H�U�R�W�R�Q�L�Q�V�N�X���Q�H�X�U�R�W�U�D�Q�V�P�L�V�L�M�X���X�W�M�H�þ�X�ü�L���W�D�N�R���Q�D���U�D�Q�L���U�D�]�Y�R�M���P�R�]�J�D���L���U�H�]�X�O�W�L�U�D�M�X�ü�L���E�L�K�H�Y�L�R�U�D�O�Q�L�P��

�V�L�P�S�W�R�P�L�P�D�� �V�Y�R�M�V�W�Y�H�Q�L�P�D�� �]�D�� �D�X�W�L�]�D�P���� �G�R�N�� �E�L�� �V�H�� �W�H�� �S�U�R�P�M�H�Q�H�� �Q�D�� �S�H�U�L�I�H�U�L�M�L�� �R�þ�L�W�R�Y�D�O�H�� �N�D�R��

hiperserotoninemija (Janusonis, 2005.). Prema prvoj teoriji, hiperserotoninemija bi bila uzrok 

promjenama u mozgu, dok bi prema drugoj teoriji, hiperserotoninemija bila tek periferni 

�E�L�O�M�H�J���]�D���S�U�R�P�M�H�Q�H���N�R�M�H���V�H���G�R�J�D�ÿ�D�M�X���X���V�U�H�G�L�ã�Q�M�H�P���V�H�U�R�W�R�Q�L�Q�V�N�R�P���R�G�M�H�O�M�N�X�� 

1.4.3.2. Modeli hiperserotoninemije 

�6���F�L�O�M�H�P���U�D�]�X�P�L�M�H�Y�D�Q�M�D���Q�D�þ�L�Q�D���Q�D�V�W�D�Q�Na hiperserotoninemije i njezine uloge u autizmu, 

razvijeno je nekoliko životinjskih modela. 

Prva dva modela dobivena su mutacijom/inaktivacijom gena i podupiru teoriju da 

promjene u autizmu ovisne o serotoninu mogu biti uzrokovane simultanim promjenama u 

s�H�U�R�W�R�Q�H�U�J�L�þ�Q�L�P�� �H�O�H�P�H�Q�W�L�P�D�� �X�� �V�U�H�G�L�ã�Q�M�H�P�� �L�� �S�H�U�L�I�H�U�Q�R�P�� �R�G�M�H�O�M�N�X���� �R�G�� �N�R�M�L�K�� �E�L��

hiperserotoninemija bila samo biljeg. Jedna grupa znanstvenika nedavno je razvila model koji 

�H�N�V�S�U�L�P�L�U�D���Q�D�M�þ�H�ã�ü�X���P�X�W�D�F�L�M�X���X���J�H�Q�X�����+�7�W��(Glatt i sur., 2001.; Sutcliffe i sur., 2005.), u kojem 

je aminokiselina glicin (Gly) zamijenjena alaninom (Ala) na položaju 56. U ovim životinjama 

���+�7�W���S�R�N�D�]�X�M�H���Y�H�ü�X���D�N�W�L�Y�Q�R�V�W�����Y�H�üi udio fosforiliranog oblika�����L���S�R�Y�H�ü�D�Q���X�Q�R�V�����+�7�����8���P�R�]�J�X��

�G�R�O�D�]�L���G�R���S�U�R�P�L�M�H�Q�M�H�Q�H���D�N�W�L�Y�D�F�L�M�H���V�H�U�R�W�R�Q�H�U�J�L�þ�Q�L�K���Q�H�X�U�R�Q�D���M�H�]�Jara rafe kao i pre-osjetljivosti 

receptora 5HT1A i 5HT2A, dok se na periferiji javlja hiperserotoninemija���� �$�X�W�R�U�L���V�X���X�R�þ�L�O�L���G�D��

�V�X�� �R�Y�H�� �I�L�]�L�R�O�R�ã�N�H�� �S�U�R�P�M�H�Q�H�� �S�R�S�U�D�ü�H�Q�H�� �S�U�R�P�M�H�Q�D�P�D�� �X�� �V�R�F�L�M�D�O�Q�R�P�� �S�R�Q�D�ã�D�Q�M�X���� �N�R�P�X�Q�L�N�D�F�L�M�L���� �L��

�U�H�S�H�W�L�W�L�Y�Q�L�P�� �S�R�Q�D�ã�D�Q�M�L�P�D���� �ã�W�R�� �þ�L�Q�L�� �R�Y�D�M�� �P�R�G�H�O�� �G�R�E�U�L�P�� �]�D�� �L�]�X�þ�D�Y�D�Q�M�H�� �S�R�Y�H�]�D�Q�R�V�W�L��

hiperserotoninemije i autizma (Veenstra-Vanderweele i sur., 2012.). Modelu još nedostaju 

�D�Q�D�O�L�]�H�� �P�H�W�D�E�R�O�L�]�P�D�� �L�� �N�R�Q�F�H�Q�W�U�D�F�L�M�H�� �V�H�U�R�W�R�Q�L�Q�D�� �X�� �V�U�H�G�L�ã�Q�M�H�P�� �å�L�Y�þ�D�Q�R�P�� �V�X�V�W�D�Y�X���� �P�R�J�X�ü�H��

anatomske i druge promjene. Drugi model je miš s inaktiviranim genom za receptor 5HT1A, 

koji igra važnu ulogu u razvoju mozga. U mozgu odrasle jedinke djeluje kao autoreceptor koji 

�U�H�J�X�O�L�U�D�� �R�W�S�X�ã�W�D�Q�M�H�� ���+�7�� �X�� �V�L�Q�D�S�W�L�þ�N�R�M�� �S�X�N�R�W�L�Q�L���� �D�� �H�N�V�S�U�L�P�L�U�D�� �V�H�� �L�� �X�� �F�U�L�M�H�Y�L�P�D�� �N�R�M�D�� �V�X�� �J�O�D�Y�Q�L��

izvor perifernog 5HT. 5HT1Ar �.�2�� �P�L�ã�H�Y�L�� �V�X�� �K�L�S�H�U�V�H�U�R�W�R�Q�L�Q�H�P�L�þ�Q�L�� �� �W�H�� �S�R�N�D�]�X�M�X�� �S�R�Y�H�ü�D�Q�X��

anksioznost (Janusonis i sur., 2006.).   

�6�O�M�H�G�H�ü�L�� �P�R�G�H�O�� �M�H�� �I�D�U�P�D�N�R�O�R�ã�N�L�� �L�� �Q�D�]�L�Y�D�� �V�H�� �P�R�G�H�O�R�P�� �U�D�]�Y�R�M�Q�H�� �K�L�S�H�U�V�H�U�R�W�R�Q�L�Q�H�P�L�M�H��

(DHS, engl. developmental hyperserotonemia). Dobiven je tretiranjem Sprague-Dawley 

štakora neselektivnim agonistom 5HT receptora, 5-metoksitriptaminom (5-MT; 1mg/kg), u 

�U�D�]�G�R�E�O�M�X���U�D�]�Y�R�M�D���V�H�U�R�W�R�Q�H�U�J�L�þ�Q�L�K���Q�H�X�U�R�Q�D���R�G���J�H�V�W�D�F�L�M�V�N�R�J���G�D�Q�D�����*�'�����������G�R���3�1�'��������(Shemer 
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i sur., 1991.). U skladu s prvom teorijom, smatra se da tijekom rane faze razvoja, visoke 

razine serotonina iz krvi ulaze u mozak fetusa, negativnom povratnom spregom uzrokuju 

�J�X�E�L�W�D�N���V�H�U�R�W�R�Q�L�Q�V�N�L�K���Q�H�X�U�R�Q�V�N�L�K���]�D�Y�U�ã�H�W�D�N�D���L���W�D�N�R���R�P�H�W�D�M�X���V�H�U�R�W�R�Q�H�U�J�L�þ�Q�X���I�X�Q�N�F�L�M�X���X���]�U�H�O�R�P��

�P�R�]�J�X���� �7�U�H�W�L�U�D�Q�H�� �å�L�Y�R�W�L�Q�M�H�� �V�X�� �S�R�N�D�]�D�O�H�� �P�H�W�D�E�R�O�L�þ�N�H�� �S�U�R�P�M�H�Q�H�� �X�� �P�R�]gu istraživane 

oslikavanjem mozga in vivo. U postmortalnim analizama tkiva DHS životinja �X�R�þ�H�Q je 

gubitak stanica koje sadržavaju oksitocin u paraventrikularnoj jezgri hipotalamusa, i povišenu 

razinu peptida povezanog s genom za kalcitonin u amigdali.  DHS-mladunci proveli su manje 

�Y�U�L�M�H�P�H���V���P�D�M�N�R�P���W�L�M�H�N�R�P���D�N�W�L�Y�Q�H���I�D�]�H���L�]�P�H�ÿ�X�����������L�����������3�1�'���L���S�R�N�D�]�D�O�L���V�X���P�D�Q�M�X���S�U�L�Y�U�å�H�Q�R�V�W��

majci 17. PND u testu povratak majci, kao i smanjenu vokalizaciju uslijed odvajanja od 

�P�D�M�N�H���� �7�U�H�W�L�U�D�Q�H�� �å�L�Y�R�W�L�Q�M�H�� �W�D�N�R�ÿ�H�U�� �V�X�� �S�R�N�D�]�D�O�H�� �S�U�H�N�R�P�M�H�U�Q�X�� �U�H�D�N�F�L�M�X�� �Q�D�� �]�Y�X�þ�Q�L�� �L�O�L�� �G�R�G�L�U�Q�L��

�V�H�Q�]�R�U�L�þ�N�L�� �S�R�G�U�D�å�D�M���� �N�D�R�� �L�� �G�H�]�L�Q�K�L�E�L�F�L�M�X�� �S�R�Q�D�ã�D�Q�M�D���� �E�H�]�� �S�U�R�P�M�H�Q�H�� �X�� �D�Q�N�V�L�R�]�Q�R�P�� �S�R�Q�D�ã�D�Q�M�X����

�3�U�R�P�M�H�Q�H�� �X�� �V�R�F�L�M�D�O�Q�R�P�� �L�� �G�U�X�J�L�P�� �S�R�Q�D�ã�D�Q�M�L�P�D�� �N�R�Q�]�L�V�W�H�Q�W�Q�H�� �V�X�� �V�� �R�Q�L�P�D�� �X�R�þ�H�Q�L�P�D�� �X�� �R�V�R�E�D��

oboljelih od autizma, te ukazuju da bi ovaj �P�R�G�H�O�� �P�R�J�D�R�� �E�L�W�L�� �G�R�E�D�U�� �]�D�� �S�U�R�X�þ�D�Y�D�Q�M�H�� �D�X�W�L�]�P�D��

(Kahne i sur., 2002.; McNamara i sur., 2008.)�����0�H�ÿ�X�W�L�P�����W�U�H�E�D���V�S�R�P�H�Q�X�W�L���G�D���R�Y�D�M���P�R�G�H�O���L�P�D��

dva ozbiljna nedostatka. Prvo, primjenjuje se 5-MT, koji neselektivno aktivira sve 5HT 

receptore, pa je teško odrediti mehanizam nastanka hiperserotoninemije. Drugo, iako se, 

deklarativno, u ovom modelu izaziva hiperserotoninemija, koja zatim negativno djeluje na 

�V�U�H�G�L�ã�Q�M�L���R�G�M�H�O�M�D�N�����+�7�����]�D�S�U�D�Y�R���Y�H�ü���V�D�Pa primjena �X�W�M�H�þ�H���L���Q�D�����+�7���U�H�F�H�S�W�R�U�H���X���V�D�P�R�P���P�R�]�J�X��

�S�D�� �M�H�� �Q�H�P�R�J�X�ü�H�� �U�D�]�O�X�þ�Lti neizravni utjecaj (putem hiperserotoninemije) od izravnog utjecaja 

(aktivacijom pre- i post-�V�L�Q�D�S�W�L�þ�N�L�K�� �U�H�F�H�S�W�R�U�D���� �W�U�H�W�P�D�Q�D�� �Q�D�� �U�D�]�Y�R�M�� �L�� �I�X�Q�N�F�L�M�X�� �V�H�U�R�W�R�Q�L�Q�V�N�R�J��

sustava u mozgu. 

 

1.5. Modeli farmakoloških �W�U�H�W�P�D�Q�D���N�R�M�L���X�W�M�H�þu na metabolizam 

serotonina 

 

S obzir�R�P�� �G�D�� �V�X�� �L�V�W�U�D�å�L�Y�D�Q�M�D�� �K�L�S�H�U�V�H�U�R�W�R�Q�L�Q�H�P�L�M�H�� �X�� �D�X�W�L�V�W�L�þ�Q�L�K�� �R�V�R�E�D���� �S�U�R�Y�H�G�H�Q�D�� �X��

okviru našeg projekta, ukazala na promjene u metabolizmu serotonina (tj. sintezi i/ili 

razgradnji) kao na �P�R�J�X�ü�L���X�]�U�R�N���S�R�Y�L�ã�H�Q�L�K���N�R�Q�F�H�Q�W�U�D�F�L�M�D���V�H�U�R�W�R�Q�L�Q�D���X���N�U�Y�L��(Hranilovic i sur., 

2008., 2009.)���� �R�G�O�X�þ�L�O�L�� �V�P�R�� �Q�D�þ�L�Q�L�W�L�� �G�Y�D�� �U�D�]�Y�R�M�Q�D�� �P�R�G�H�O�D�� �K�L�S�H�U�V�H�U�R�W�R�Q�L�Q�H�P�L�M�H���� �M�H�G�D�Q�� �V��

�S�R�Y�H�ü�D�Q�R�P���V�L�Q�W�H�]�R�P���V�H�U�R�W�R�Q�L�Q�D�����D���G�U�X�J�L���V�D���V�P�D�Q�M�H�Q�R�P���U�D�]�J�U�D�G�Q�M�R�P���V�H�U�R�W�R�Q�L�Q�D���� 

Prva skupina dobila bi prekursor sinteze 5-hidroksitriptofan - produkt djelovanja TPH i 

neposredni prekursor serotonina. Korištenje 5HTP ima nekoliko prednosti nad Trp. Prvo, 
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���+�7�3�� �V�H�� �L�V�N�O�M�X�þ�L�Y�R�� �Q�D�O�D�]�L�� �X�� �V�L�Q�W�H�W�V�N�R�P�� �S�X�W�X�� �V�H�U�R�W�R�Q�L�Q�D�� �W�H�� �V�H�� �N�Y�D�Q�W�L�W�D�W�L�Y�Q�R�� �S�U�H�Y�R�G�L�� �X�� ���+�7��

(Birdsall, 1998.; Magnussen i Nielsen-Kudsk, 1980.; Udenfriend i sur., 1957.). Drugo, 

�G�R�G�D�Y�D�Q�M�H�P�� ���+�7�3�� �S�U�H�V�N�D�þ�H�� �V�H�� �G�M�H�O�R�Y�D�Q�M�H�� �7�3�+���� �N�R�M�H�� �S�U�H�G�V�W�D�Y�O�M�D�� �R�J�U�D�Q�L�þ�D�Y�D�M�X�ü�L���þ�L�P�E�H�Q�L�N u 

�U�H�D�N�F�L�M�L�� �V�L�Q�W�H�]�H�� �V�H�U�R�W�R�Q�L�Q�D���� �.�O�L�Q�L�þ�N�H�� �V�W�X�G�L�M�H�� �S�R�N�D�]�D�O�H�� �V�X�� �G�D�� �M�H�� ���+�7�3�� �H�I�L�N�D�V�D�Q�� �X�� �S�R�Y�H�ü�D�Q�M�X��

razine serotonina u krvi (Thorre i sur., 1996.; Turner i sur., 2006.; van Praag, 1982.; van Praag 

i sur., 1972.; Zmilacher i sur., 1988.), te da prelazi krvno-moždanu i placentarnu barijeru bez 

posebnog prijenosnika (Birdsall, 1998.). Hirai i Nakajima su pokazali da je 20 mg/kg 5HTP 

minimalna doza koja uzrokuje mjerljivi porast koncentracije serotonina u krvi u Wistar 

�ã�W�D�N�R�U�D���� �]�D�G�U�å�D�Y�D�M�X�ü�L�� �S�U�L�� �W�R�P�� �I�L�]�L�R�O�R�ã�N�L�� �R�G�Q�R�V�� �L�]�P�H�ÿ�X�� ���+�7�� �L�� �Q�M�H�J�R�Y�R�J�� �P�H�W�D�E�R�O�L�W�D�� ���+�,�$�$��

(Hirai i Nakajima, 1979.). S druge strane, visoke doze 5HTP (100 �P�J���N�J�� �L�� �Y�H�ü�H������ �L�D�N�R��

�X�þ�L�Q�N�R�Y�L�W�H�� �X�� �S�R�Y�L�ã�H�Q�M�X�� �U�D�]�L�Q�H�� ���+�7�� �X�� �N�U�Y�L���� �S�R�N�D�]�D�O�H�� �V�X�� �V�H�� �Q�H�X�U�R�W�R�N�V�L�þ�Q�L�P�D�� �X�� �J�O�R�G�D�Y�D�F�D����

�X�]�U�R�N�X�M�X�ü�L�� �V�H�U�R�W�R�Q�L�Q�V�N�L�� �V�L�Q�G�U�R�P��(Casal i sur., 2000.; Mokler i sur., 1992.; Nisijima i sur., 

2000., 2001.).   Za naša smo istraživanja odabrali dozu od 25 �P�J���N�J�����+�7�3���N�R�M�D���Q�L�M�H���W�R�N�V�L�þ�Q�D����

a koja se pokazala vrlo efikasnom u povišenju koncentracije serotonina u krvi odraslih štakora 

(Engleman i sur., 1995.; Joyce i Hurwitz, 1964.; Park i sur., 1991.; Penn i sur., 1977.). Kako 

�G�R�G�D�Y�D�Q�M�H�� �V�X�S�V�W�U�D�W�D�� �]�D�� �V�L�Q�W�H�]�X�� ���+�7�� �S�R�Y�H�ü�D�Y�D�� �Q�M�H�J�R�Y�X�� �U�D�]�L�Q�X�� �E�H�]��izravnog utjecaja na 

proteine koji reguliraju funkciju serotonina, smatrali smo da bi ovaj model mogao ispitati 

teoriju hiperserotoninemije kao uzroka promjena serotoninske homeostaze u mozgu 

(Whitaker-Azmitia, 2005.).  

U drugoj eksperimentalnoj skupini htjeli smo ispitati teoriju hiperserotoninemije kao 

perifernog biljega promjene serotoninske homeostaze u mozgu, uzrokovane alteracijom 

jednog ili više serotoninskih elemenata (Janusonis, 2008.) �2�G�O�X�þ�L�O�L���V�P�R���L�Q�K�L�E�L�U�D�W�L���U�D�]�J�U�D�G�Q�M�X��

serotonina djelovanjem na obje izoforme enzima monoamin-oksidaze. Iako MAO �$���L�P�D���Y�H�ü�L��

afinitet za serotonin nego MAO B (Izumi i sur., 2007.), oba enzima su jednako zastupljena u 

mozgu štakora (Lang i sur., 2004.). Kad bismo inhibirali samo jedan izoenzim, drugi bi 

djelovao kompenzatorno i tako uklanjao višak serotonina. Iz tog razloga, izabrali smo 

ireverzibilni neselektivni MAOi tranilcipromin (TCP) koji efikasno inhibira  MAO A i MAO 

B u oba odjeljka (Weinstock i sur., 2003.). U odraslih �ã�W�D�N�R�U�D���V�X���L�]�P�M�H�U�H�Q�H���]�Q�D�þ�D�M�Q�H���S�U�R�P�M�H�Q�H��

u serotoninskom metabolizmu uzrokovane primjenom TCP: smanjena aktivnost MAO A 

(Celada i Artigas, 1993.), povišene koncentracije 5HT (Ferrer i Artigas, 1994.; Green i 

Youdim, 1975.; Malyszko i sur., 1993.; McKim i sur., 1983.), i snižene razine 5-

hidroksiindoloctene kiseline (Celada i Artigas, 1993.; Malyszko i sur., 1993.)���� �2�Y�L�� �X�þ�L�Q�F�L��

�S�R�V�W�L�J�Q�X�W�L�� �V�X�� �Q�D�N�R�Q�� �D�N�X�W�Q�H�� �L�O�L�� �N�U�R�Q�L�þ�Q�H�� �L�Q�W�U�D�S�H�U�L�W�R�Q�H�D�O�Q�H�� �S�U�L�P�M�H�Q�H�� �7�&�3�� �X�� �G�R�]�D�P�D�� �R�G�� �������� �G�R��

������ �P�J���N�J���� �+�L�S�H�U�D�N�W�L�Y�Q�R�V�W�� �M�H�� �X�R�þ�H�Q�D�� �S�U�L�� �G�R�]�L�� �R�G�� ���� �P�J���N�J�� �L�� �Y�H�ü�L�P�D��(Foldes i Costa, 1975.; 
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Murphy i Kalin, 1980.), dok je ser�R�W�R�Q�L�Q�V�N�L���V�L�Q�G�U�R�P���X�R�þ�H�Q���L�V�N�O�M�X�þ�L�Y�R���Q�D�N�R�Q���G�R�G�D�W�N�D���7�&�3���X��

kombinaciji s prekursorom 5HT (Shioda i sur., 2004.; Sleight i sur., 1988.). Maki i suradnici 

(2000.) su akutnom dozom od 3 mg/kg TCP efikasno utjecali na ponašanje štakora, dok je 

�Q�M�H�J�R�Y�D�� �N�U�R�Q�L�þ�Q�D�� �S�U�Lmjena u dozama od 0,5 mg/kg i 3 mg/kg bila �X�þ�L�Q�N�R�Y�L�Wa u povišenju 

razine serotonina za više od 200% (Ferrer i Artigas, 1994.; Greenshaw i sur., 1989.). U ovom 

istraživanju, izabrali smo dozu od 2 �P�J���N�J���]�D���N�R�M�X���V�P�R���R�þ�H�N�L�Y�D�O�L���G�D���ü�H���X���Y�H�O�L�N�R�M���P�M�H�U�L�����D�O�L���Q�H���L��

potpuno, blokirati razgradnju serotonina. 

 

Cilj ove disertacije bio je istražiti utjecaj povišene koncentracije serotonina tijekom 

perinatalnog razvoja na homeostazu serotonina u odraslih štakora. Farmakološka primjena 

5HTP i TCP izvršena �M�H�� �X�� �U�D�]�G�R�E�O�M�X�� �L�Q�W�H�Q�]�L�Y�Q�R�J�� �U�D�]�Y�R�M�D�� �V�H�U�R�W�R�Q�H�U�J�L�þ�Q�L�K�� �Q�H�X�U�R�Q�D�� �X�� �ã�W�D�N�R�U�D����

�R�G�� �������� �S�U�H�Q�D�W�D�O�Q�R�J�� �G�R�� �������� �S�R�V�W�Q�D�W�D�O�Q�R�J�� �G�D�Q�D���� �7�U�H�ü�D�� �J�U�X�S�D�� �ã�W�D�N�R�U�D�� �W�U�H�W�L�U�D�Q�D�� �M�H�� �X�� �L�V�W�R�P��

razdoblju fiziološkom otopinom te je poslužila kao kontrolna skupina. Po okotu, uslijedila je 

detaljna analiza svakog modela. Najprije su ustanovljene neposredne fiziološke posljedice 

farmakološke primjene �P�M�H�U�H�Q�M�H�P���Y�H�O�L�þ�L�Q�H���O�H�J�D�O�D�����S�R�U�R�ÿ�D�M�Q�H���P�D�V�H�����V�W�R�S�H���S�U�H�å�L�Y�O�M�H�Q�M�D�����S�U�L�U�D�V�W�D��

mase, te koncentracije 5HT u krvi i mozgu mladih štakora. Ovi parametri ukazuju na 

�Q�H�S�R�V�U�H�G�Q�L���X�þ�L�Q�D�N���S�R�Y�L�ã�H�Q�L�K���U�D�]�L�Q�D���V�H�U�R�W�R�Q�L�Q�D���]�D���Y�U�L�M�H�P�H���W�U�D�M�D�Q�M�D���W�U�H�W�P�D�Q�D�����=�D�W�L�P���M�H���L�]�Y�U�ã�H�Q�R��

�L�V�S�L�W�L�Y�D�Q�M�H�� �G�X�J�R�U�R�þ�Q�L�K���W�U�D�M�Q�L�K�� �S�R�V�O�M�H�G�L�F�D�� �S�H�U�L�Q�D�W�D�O�Q�H�� �L�]�O�R�å�H�Q�R�V�W�L�� �S�R�Y�L�ã�H�Q�L�P�� �N�R�Q�F�H�Q�W�U�D�F�L�M�D�P�D��

serotonina na homeostazu 5HT u organizmu odraslih štakora, mjerenjem koncentracije 5HT u 

perifernom i središnjem odjeljku, testiranjem emocionalnog, socijalnog i kognitivnog 

ponašanja, kao i odre�ÿ�L�Y�D�Q�M�H�P razine ekspresije gena za proteine koji reguliraju funkciju 

5HT.  Rezultati provedenog istraživanja trebali bi �S�R�P�R�üi u �U�D�]�M�D�ã�Q�M�D�Y�D�Q�M�X�� �R�G�Q�R�V�D�� �L�]�P�H�ÿ�X��

�S�R�U�H�P�H�ü�H�Q�H�� �K�R�P�H�R�V�W�D�]�H�� �V�H�U�R�W�R�Q�L�Q�D�� �X�� �S�H�U�L�I�H�U�Q�R�P�� �L�� �V�U�H�G�L�ã�Q�M�H�P�� �R�G�M�H�O�M�N�X, te doprinijeti 

razumijevanju uloge hiperserotoninemije u razvoju autizma kao i fiziološke uloge serotonina 

u razvoju mozga i ponašanja.  
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2.1. Physiological consequences of perinatal treatment of rats with         

5-hydroxytryptophan                                                                               
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Physiological consequences of perinatal treatment
of rats with 5-hydroxytryptophan

Abstract

Background and Purpose:Serotonin (5-hydroxytryptamine, 5HT) is
present in brain and peripheral tissues and mediates various physiological
functions. It also regulates perinatal development of serotonergic neurons
and target tissues. It is assumed that dysregulation of the peripheral 5HT-
-homeostasis, which causes elevated blood 5HT concentrations, could in-
hibit development of serotonergic neurons and lead to anatomical/func-
tional alterations of the brain. In this study we have investigated the
physiological consequences of perinatal treatment with the immediate 5HT
precursor, 5-hydroxytryptophan (5HTP) in young rats.

Materials and Methods:Rats were treated with 25 mg/kg 5HTP from
gestational day 13 until postnatal day 21. The number of born and survived
pups in each litter, body mass increase over time, level of anxiety produced
by separation of pups from their mother, and blood 5HT concentrations
were determined in the experimental group of rats and compared with val-
ues obtained in the saline-treated control group.

Results:Although a similar number of pups were born to each litter in
both groups, 5HTP-treated pups, in comparison with saline-treated pups,
had significantly lower body mass at PND1, significantly lower survival ra-
te, significantly higher blood 5HT concentrations, and returned to their dam
significantly faster in the separation anxiety test. They gained weight at
slower rate than the control rats and maintained significantly lowerbodymass.

Conclusion:Temporary increase in peripheral 5HT concentrations dur-
ing the critical phase of brain development has caused physiological distur-
bances in pups. Possible permanent changes in the central 5HT compart-
ment are also indicated and will be explored in further studies.

INTRODUCTION

Serotonin (5-hydroxytryptamine, 5HT) is a biologically active ami-
ne present both in the brain and the peripheral tissues where it me-

diates various physiological functions(1).Before it assumes the func-
tion of a neurotransmitter in the mature brain, it regulates the perinatal
development of serotonergic neurons and target tissues(2).Alterations
in the system that regulates 5HT metabolism and function might
therefore represent a biological basis of several behavioral disorders(3).

A disorder in which 5HT homeostasis is disturbed both centrally
and peripherally is autism, a neurodevelopmental syndrome with onset
in early childhood, characterized by impairment in social interaction
and communication, and by the presence of restricted and repetitive be-
haviors and interests(4). Elevated blood 5HT levels (hyperserotone-
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mia) have been consistently found in about one third of
autistic patients(5), while at the same time brain 5HT
activity was found to be decreased(6).

Although 5HT is synthesized in the central and pe-
ripheral compartments via different tryptophan hydrox-
ylase enzymes(7) and its two pools are separated by the
blood-brain barrier, proteins that control 5HT function
in both compartments are encoded by the same genes,
have identical primary structures and follow the same ki-
netics(8–10).It is therefore possible that alterations in
the expression of one or more of the serotonergic elements
could lead to the dysregulation of 5HT transmission in
the brain, affecting so its early development and resulting
in autistic behavioral symptoms, while it is at the same
time reflected in the periphery as hyperserotonemia(11).

Alternatively, dysregulation of the peripheral 5HT-
-homeostasis could lead to high concentrations of 5HT
in blood. During fetal development, before the formation
of the blood-brain barrier, these high 5HT levels could
inhibit development of serotonergic neurons and lead to
the anatomical and functional alterations of the brain,
characteristic for autism(12).Inhibitory function of 5HT
on development of serotonergic neurons has so far been
investigated on animal models using pharmacological
treatment with 5HT receptor agonist 5-methoxytrypta-
mine(13, 14),5HT precursor tryptophan(15),monoami-
neoxydase inhibitors(16),and5HTuptake inhibitors(17).

We have recently started studies of the effects of hyper-
serotonemia on the developing rat brain by administering
immediate 5HT precursor, 5-hydroxytryptophan (5HTP)
perinatally from gestational day 13 until postnatal day
21, the period of most intensive development of seroto-
nergic neurons. With the hypothesis that the mentioned
treatment will cause hyperserotonemia and lead to measur-
able physiological consequences in young rats, we have
determined the number of born and survived pups in
each litter, body mass increase over time, anxiety-like beha-
vior of pups and blood 5HT concentrations in rats trea-
ted with 25 mg/kg 5HTP and compared the measured
parameters with those of the saline treated control rats.

MATERIALS AND METHODS

Housing and breeding of animals

Out of five nulliparous Wistar females from the animal
facility of the Croatian Institute for Brain Research (Uni-
versity of Zagreb, Zagreb, Croatia), weighing 260–291 g,
two were assigned to a »saline group«, and three to a
»5HTP group«. Females were mated with males of the
same strain and age in 2:1 and 3:1 ratio, respectively. Vag-
inal smears were taken daily at 10 a.m. to check for the
presence of sperm. Weight was monitored daily and pro-
gressive increase during the following week was consid-
ered as a confirmation of pregnancy. The day sperm was
found in the smear was considered as day 0 of gestation
(G0). After gravidity was confirmed in all females, the
male was removed from the cage. Females remained to-
gether until two days before parturition when they were

separated and remained singly housed until weaning of
the pups (at postnatal day 21, PND 21). After weaning,
animals were kept 3 per cage. Females were closely ob-
served during parturition to determine the number of
pups born to each litter. Pups were weight daily during
treatment and three times weekly after treatment. Ani-
mals were housed in polycarbonate cages under 12-h
light:12-h dark conditions at a temperature of 22± 2 °C,
with free access to rat chow and tap water. The study was
approved by the Ethic committee of the Faculty of Scien-
ce, University of Zagreb, and was conducted in accor-
dance with the Croatian Animal Protection Law (»Na-
rodne novine«, 135/2006).

Pharmacological treatment

The experimental group of pups was treated with
5HTP (Sigma-Aldrich), from GD 13 until birth by in-
jecting 25 mg/kg of 5HTP subcutaneously to pregnant
females, and from PND1 until PND 21 by receiving sub-
cutaneous injections in the nape at a dose 25 mg/kg.
5HTP was dissolved in acidified saline. Before treat-
ment, the solution was neutralized with NaOH and
warmed to the body temperature. The control group was
treated with saline in the same manner. All injections
were performed at 2 pm. A 50mL syringe (Hamilton)
and disposable 30G needles (BD, Drogheda, Ireland)
were used to treat the pups.

Behavioral test – Return to dam

The return to dam test was adapted from McNamara
et al. (14).The test was performed on PND 17 in a cage
with a dark non translucent wall inserted in the middle.
The wall contained a 2.5´ 2.5 cm opening at the bottom
with a tunnel-like extension on the mother’s side, so the
pups could pass but she could not reach out for them. A
maximum of 5 pups per litter were placed on one side of
the wall and the dam on the other. The pups were al-
lowed ten minutes to return to their dam and the time
when their hind legs crossed through the opening in the
wall onto the mother’s side was scored.

Blood 5HT concentration

Blood 5HT concentrations were measured at the end
of the treatment (PND 22) in five randomly chosen pups
from each treatment group. Under light ether narcosis,
800mL of blood was withdrawn from the jugular vein
into syringes preloaded with 200mL of 3.13% trisodium
citrate anticoagulant. Animals were sacrificed after blood
sampling. Blood samples were transferred to microtubes
after a thorough mixing and centrifuged at 200´ g for 10
min to generate platelet rich plasma. 5HT concentration
in both, platelets and platelet-free plasma was deter-
mined using a commercial enzyme immunoassay kit
(Serotonin ELISA kit, DRG Instruments GmbH, Ger-
many), according to the kit instructions. A calibration
curve was drawn based on the absorbances measured at
450 nm on the microplate reader (Bio Rad 550, Ger-
many) and known concentrations of the standard solu-
tions. Concentration values of samples were obtained by
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interpolating them to the calibration curve, using the
4-parameters non-linear regression curve fitting. Results
were counted as a sum of concentration in platelets and
concentration in platelet-free plasma, and were expressed
in ng 5HT per mL of blood.

Statistical analysis

Data was processed using GraphPad InStat 3.01 soft-
ware. Normality of distributions of the measured param-
eters was tested by Kolmogorov/Smirnov method, while
the equality of SDs was tested by Bartlett’s test. Mean
values of normally distributed parameters were com-
pared using unpaired t-test, and of those that were not
normally distributed using non-parametric Mann-Whit-
ney test. Statistical significance of difference in survival
rate was compared using two-sided Fisher’s exact test.
The level of significance was set to 0.05. Values were ex-
pressed as means± standard deviations (M± SD).

RESULTS

Several physiological parameters were determined in
rats perinatally treated with the serotonin precursor 5HTP
and compared to those of the saline treated rats (Table 1).

Two dams from the control group gave birth to 10 and
9 pups, respectively, one of which died during the first 24
hrs. Three dams from the 5HTP treated group gave birth
to a total of 24 pups (8 per dam) out of which only ten
survived after the first 24 hrs. The difference in survival
rate was very significant (p = 0.0003), with a relative risk
of dying for the 5HTP treated pups being 2.6 (95% CI
1.6–4.4).

Although the number of pups born per dam (9.5 in sa-
line treated and 8 in 5HTP treated group), as well as the
maternal weight gain during pregnancy (121,9% in the
saline treated and 109,7% in the 5HTP treated group),
was very similar between the groups, body mass of the
surviving pups on PND 1 was significantly lower in the
5HTP treated (6.0± 0.7 g) than in the saline treated (7.3
±0.8 g) group (t = 4.222, df = 22, p = 0.0004) (Figure 1).

Weight gain during breast-feeding period was constant
in both groups and the average body mass of 5HTP
treated pups reached that of saline treated pups after the
second week of age (PND 15, 29.09± 1.080 g and 27.34±
0.3086 g, respectively), probably due to much smaller lit-
ter sizes. However, after weaning, the body mass of the
5HTP treated rats increased at a slower rate than the
body mass of the saline treated rats, resulting in a signifi-
cantly lower weight at adult age (PND 44, 140.6± 22.4 g
and 162.0± 17.5 g, respectively; U = 32; p = 0.0067).

On PND 17, possible differences in behavior between
the saline and 5HTP treated pups were determined by
the return-to-dam test (Figure 2). While the saline trea-
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TABLE 1

Physiological parameters determined in saline- and
5HTP-treated rats.

Saline
treated
group

5HTP treated
group

Number of pups born 19 24

Offspring per dam 9.5 8

Number of died pups 1 14

Litter size per dam 9 3.33± 0.58

Survival rate (%) 95 42###

Birth weight (g) 7.3± 0.8 6.0± 0.8 ***

Adult weight at PND 44 (g) 162.0± 17.5 140.6± 22.4 **

** p<0.01, *** p<0.001, unpaired t-test; ### p<0.001,
Fisher’s exact test.
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Figure 1.Increase in body mass in rats perinatally treated with saline
N=17 (circles), or 5HTP N= 10 (squares). Values are expressed as
M ± SD. Differences in mean values of the body mass between the
groups were compared at different time points using unpaired t-test;
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Figure 2. Return to dam test. Bars show time needed for saline
(N=18) and 5HTP (N=10) treated pups to return to their dam af-
ter separation. Values are expressed as M± SD; * p<0.05, Mann
Whitney test.



ted pups needed 143± 32 s on average to return to their
mothers, the 5HTP treated pups performed the given
task significantly faster needing on average only 41± 14 s
(U = 37; p = 0.0118).

Finally, in order to determine whether the perinatal
5HTP treatment did indeed cause hyperserotonemia in
the experimental group, blood 5HT concentrations were
measured in five randomly chosen pups from both groups
at the end of treatment. One sample from each group was
lost during processing, leaving us with four samples per
group (Figure 3). Although the number of samples was
low, it was evident that pups from the 5HTP treated
group have elevated blood 5HT concentrations in com-
parison to those of the saline treated group, mean values
being 463± 142 ng/mL and 920± 416 ng/mL, respec-
tively (U=16, p=0.0286).

DISCUSSION

By the use of the described method, we have caused
hyperserotonemia in the experimental group of rats, with
the mean blood 5HT concentration amounting to about
200% of the mean 5HT concentration in the saline trea-
ted group. In the body, 5HTP is the intermediate in the
synthesis of 5HT from its precursor tryptophan (Trp)
through a rate-limiting step mediated by the enzyme
tryptophan hydroxylase. 5HTP is then reduced by aro-
matic amino acid decarboxylase to serotonin. Although
Trp has been used by some groups to increase 5HT levels
perinatally(18–20),we consider the use of 5HTP to have
several advantages. First, Trp is an essential amino acid
with many functions in the body (mainly a precursor in
protein synthesis) while only 1–2% is consumed in the
synthesis of 5HT(21); on the other hand, 5HTP is only
found in the 5HT synthesis pathway and is quantita-
tively converted to 5HT(21–23).Secondly, administra-
tion of 5HTP allowed us to elude the rate-limiting step

in the synthesis of 5HT and to mimic the effect of in-
creased 5HT synthesis through a chosen 5HTP dose.
Indeed, clinical studies have shown that 5HTP is effec-
tive in increasing blood 5HT levels(24–27)and is more
effective than Trp in increasing brain 5HT levels(28).
The advantage of using 5HTP over 5HT itself is that it
readily crosses the placental barrier(21),which is crucial
for the prenatal part of the treatment. Hirai and Naka-
jima (29)have shown that a dose of 20 mg/kg 5HTP is
minimal to cause a measurable increase in blood 5HT
levels in Wistar rats, while maintaining a physiological
proportion between 5HT and 5HIAA content. On the
other hand, higher doses of 5HTP (100 mg/kg and abo-
ve), although effective in rising 5HT blood levels, proved
to be neurotoxic for rodents, causing the 5HT syndrome
(30–33).We have chosen a dose of 25 mg/kg 5HTP
which is reported to be quite effective in raising blood
5HT concentrations in adult rats(34–37).The injections
were given subcutaneously in the nape both to gravid
dams and pups. This way of drug administration, used to
avoid the risk of damaging the fetuses during the prena-
tal treatment, and to reduce discomfort in the pups, en-
abled 100% of pup survival during treatment.

The physiological consequences of the perinatal trea-
tment with 5HTP in young rats were evident. Although
a similar number of pups were born to each litter in both,
5HTP treated and saline treated dams, pups from the
5HTP treated group had significantly lower body mass at
PND1 and significantly lower survival rate. Pups which
did not survive were either still born or died within 24
hours after birth. Research on the influence of 5HTP in
pregnant rats, showed that an acute dose of 100 mg/kg of
5HTP caused reduced fetal weight and increased fetal
reabsorption(38), presumably caused by the vasocon-
stricting effect of serotonin, especially on the umbilical
and chorionic arteries. The negative effect of the reduced
uteroplacental blood flow on fetal growth has been dem-
onstrated in several studies(39–41).The chronic treat-
ment with 5HTP used in this experiment, although at a
much lower dose, could have reduced placental blood
flow and induced slower fetal growth and, consequently,
lower survival rate. Another possible explanation might
be that the increased 5HT concentrations caused by
5HTP treatment have impaired development of seroto-
nergic brain regions, which was reflected in death of
some pups and lower birth weight of others.

The influence of the 5HTP treatment on body mass
was obvious after weaning. Free-feeding rats from the ex-
perimental group gained weight at slower rate than the
control rats and retained significantly lower body mass
after the wash-out period. This indicates that 5HTP
treatment has induced changes in the central seroto-
nergic compartment resulting in reduced food intake or
increased metabolic rate. A number of studies reported
the influence of centrally and peripherally increased 5HT
concentrations on decreased food ingestion, and conse-
quentially, lower body mass in both, rats and humans
(42–47).
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The return to dam test was conducted in order to de-
termine the level of anxiety produced by the separation of
the pups from their mother. Although all pups from both
groups returned to their dam within the experimental
time, 5HTP treated pups did it significantly faster than
the control pups. This might be the result of increased lo-
comotor activity, increased anxiety, or the combination of
both. Regarding the first, increased frequencies in basic
locomotor patterns have been observed after the acute
administration of 55 mg/kg of 5HTP in carbidopa pre-
treated rats(48).Regarding the second, increased anxi-
ety-like behavior was observed in a rat subline with high
platelet 5HT level in comparison to the subline with low
platelet 5HT level(46).Also, the reduction in brain 5HT
levels induced through tryptophan depletion has been
reported to cause panic attacks and anxiety in patients
with panic syndrome as well as in healthy subjects(49,
50).Hence, it is possible that the results of our behavioral
test represent the consequence of reduced activity and/or
number of serotonergic neurons caused by peripheral
5HT increase after 5HTP treatment.

At this point it is hard to distinguish between the indi-
rect 5HTP effects, acting through hyperserotonemia, and
direct 5HTP effects acting through the increased 5HT
synthesis in the brain, which represents the main limita-
tion of the study. In any case, the brain was exposed to el-
evated 5HT levels during the development of serotoner-
gic neurons.

In conclusion, we have shown that the perinatal treat-
ment of rats with 25 mg/kg of the serotonin precursor
5HTP has caused physiological disturbances in pups.
Differences in body mass between 5HTP and saline
treated animals, which remained significant after the
wash-out period, indicate that the changes in the central
5HT compartment might have been permanent. Whe-
ther the temporary increase in peripheral 5HT concen-
trations during the critical phase of brain development
has left permanent changes in the central serotonergic
compartment, and to what extent, will be explored in fur-
ther studies.
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2.2. Perinatal treatment of rats with MAO inhibitor tranylcypromine         
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Serotonin (5HT) is a biologically active amine present in mammals in the brain and the peripheral tissues.
Autism is a neurodevelopmental disorder in which 5HT homeostasis is disturbed both centrally and
peripherally, but the relationship between the 5HT disturbances in the two compartments is not under-
stood. In an attempt to explore the relationship between the disturbed peripheral 5HT homeostasis and
central 5HT functioning, we exposed the developing rat brain to increased 5HT concentrations, by treat-
ment of rats with subcutaneous injections of the immediate 5HT precursor 5-hydroxy- L-tryptophan
(5HTP, 25 mg/kg), or the non-selective MAO inhibitor tranylcypromine (TCP, 2 mg/kg), during the period
of the most intensive development of 5HT neurons … from gestational day 13 to post-natal day 21. The
effects of the mentioned treatments on peripheral and central 5HT levels were then studied in adult rats.
Platelet and plasma 5HT concentrations (measured by ELISA), as well as cortical and midbrain 5HT, tryp-
tophan and 5-hydroxyindoleacetic acid levels (measured by HPLC) were determined in twelve 5HTP trea-
ted and eight TCP treated rats, and compared with the values measured in 10 control, saline treated rats.
Treatment with 5HTP signi“cantly raised peripheral but not central 5HT concentrations. At adult age,
peripheral 5HT homeostasis was re-established, while modest decrease in 5HT concentration was
observed in frontal cortex, presumably due to hyperserotonemia-induced loss of 5HT terminals during
brain development. Treatment with TCP induced signi“cant 5HT elevations in both compartments. At
adult age, permanent changes in 5HT homeostasis were observed, both peripherally (as hyperserotone-
mia) and centrally (as altered 5HT metabolism with decreased 5HT concentrations). Further studies are
planned in order to explore the nature of the different disturbances of 5HT homeostasis induced by the
two compounds, and their results are expected to shed some light on the role of hyperserotonemia in
autism.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Serotonin (5-hydroxytryptamine, 5HT) is a biologically active
amine present in mammals both, in the brain and the peripheral
tissues.

In the periphery, 5HT mediates cardiovascular and gastro-
intestinal functions and platelet activation (Berger et al., 2009 ).
Peripheral 5HT is synthesized from the amino acid tryptophan
ll rights reserved.

tophan; Tph, tryptophan
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ic).
(Trp) mostly in enterochromaf“n cells of the intestinal mucosa,
by the action of tryptophan hydroxylase (Tph) and aromatic L-ami-
no acid decarboxylase (Racke et al., 1995 ). 5HT is released into por-
tal circulation in a receptor-mediated manner and actively
accumulated into platelets via the serotonin transporter. The
amine is catabolized primarily in lungs and liver by the action of
the mitochondrial enzyme monoamine oxidase (MAO) into 5-
hydroxyindoleacetic acid (5HIAA) and eliminated through kidneys.
More than 99% of whole blood serotonin is contained in platelets in
which its concentration is regulated either by the rate of peripheral
5HT synthesis and metabolism (i.e. its concentration in blood plas-
ma), or the rate of its accumulation into- and release from the
platelets ( Cook and Leventhal, 1996 ).

In the brain, 5HT synthesizing neurons are located in discrete
regions of the brain stem … raphe nuclei, but project their axons into
various cortical and subcortical regions of the brain (Benes et al.,
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2000). In the developing brain, 5HT regulates serotonergic out-
growth and maturation of target regions (Whitaker-Azmitia,
2001), while later it assumes the role of a neurotransmitter modu-
lating function and plasticity of the adult brain (Catalano, 2001;
Lesch, 2001).

Central and peripheral 5HT compartments are two separated,
yet closely related entities. On the one hand, enterochromaf“n
and neural cells use different Tph enzymes (Tph1 and Tph2,
respectively) to synthesize 5HT (Walther et al., 2003 ), and the
blood-brain barrier prevents serotonin entering from one compart-
ment into the other. On the other hand, proteins that control 5HT
function in both compartments are encoded by the same genes,
have identical primary structures and follow the same kinetics
(Chen et al., 1993; Lesch et al., 1993; Cook et al., 1994 ). Moreover,
during the fetal and early postnatal development of the brain, the
blood-brain barrier is not formed and the two compartments can
freely communicate (Davies et al., 1996 ).

A disorder in which 5HT homeostasis seems to be disturbed
both centrally and peripherally is autism, a neurodevelopmental
syndrome with onset in early childhood, characterized by impair-
ment in social interaction and communication, and by the presence
of restricted and repetitive behaviors and interests (Owley et al.,
2003). Elevated blood 5HT levels (hyperserotonemia) have been
found in about one third of autistic patients of different ethnic
and age groups (Cook and Leventhal, 1996; Owley et al., 2003;
Mulder et al., 2004; Hranilovic et al., 2007 ). On the other hand,
brain serotonin synthesis was found to be decreased in the cortex
and thalamus of autistic children (Chugani et al., 1997 ). Despite
decades of research, the mechanism of hyperserotonemia and its
relation to central 5HT dysfunction are not fully understood. One
explanation lies in possible alterations in the expression of one
or more of the 5HT elements that could lead to the dysregulation
of 5HT transmission in the brain (affecting so its early development
and resulting in autistic behavioral symptoms), while it is at the
same time re”ected in the periphery as hyperserotonemia
(Janusonis, 2005). Alternatively, dysregulation of the peripheral
5HT-homeostasis could happen “rst, leading to high concentra-
tions of serotonin in blood. During fetal and early post-natal devel-
opment, before the formation of the blood-brain barrier, these high
5HT levels could inhibit the development of 5HT neurons and lead
to the anatomic and functional alterations of the brain, character-
istic for autism ( Whitaker-Azmitia, 2005 ).

We have recently started studies on the relationship between
the disturbed peripheral 5HT homeostasis and central 5HT func-
tioning on an animal model by pharmacologically inducing hyper-
serotonemia during the period of most intensive development of
the 5HT neurons. For that purpose Wistar rats were treated subcu-
taneously with either the immediate 5HT precursor 5-hydroxytry-
ptophan (5HTP, 25 mg/kg), or the non-selective MAO inhibitor
tranylcypromine (TCP, 2 mg/kg), from gestational day (GD) 13 to
post-natal day (PND) 21. In this study we report the effects of
the mentioned perinatal treatments on peripheral and central
5HT levels in adult rats. Platelet and plasma 5HT concentrations,
as well as cortical and midbrain 5HT, Trp and 5HIAA levels were
measured in twelve 5HTP treated and eight TCP treated rats, and
compared with the values measured in 10 control rats perinatally
treated with saline.
2. Materials and methods

2.1. Breeding and housing of animals

Breeding procedure has been described in detail elsewhere
(Blazevic et al., 2010 ). In short, eight nulliparous Wistar females
from the animal facility of the Croatian Institute for Brain Research
(University of Zagreb, Zagreb, Croatia), weighing 260…290 g, were
randomly assigned to a ••saline•• (two), ••5HTP•• (three), or ••TCP•
(three) group, and mated with males of the same strain and age
in 2:1 or 3:1 ratio, respectively. After gravidity was con“rmed in
all females, the male was removed from the cage. Females re-
mained together until 2 days before parturition when they were
separated and remained singly housed until weaning of the pups
(at PND 21). After weaning, animals were kept 3…4 per cage. Ani-
mals were housed in polycarbonate cages under 12 h light:12 h
dark conditions at a temperature of 22 ± 2 �C, with free access to
rat chow and tap water.

All efforts were made to reduce the number of animals used and
to minimize animal suffering. The study was approved by the Eth-
ics committee of the University of Zagreb, and was conducted in
accordance with the European Communities Council Directive
(86/609/EEC) and the Croatian Animal Protection Law (••Narodne
novine••, 135/2006).

2.2. Pharmacological treatments

The experimental groups of pups were treated either with 2 mg/
kg tranylcypromine (Sigma…Aldrich), or with 25 mg/kg of 5-
hydroxy- L-tryptophan (Sigma…Aldrich), from GD 13 until birth by
subcutaneous injections to pregnant females, and from PND1 until
PND 21 by receiving subcutaneous injections of the same doses.
5HTP was dissolved in acidi“ed saline. Before treatment, the solu-
tion was neutralized with NaOH and warmed to body temperature.
TCP was dissolved in ethanol and saline. Before treatment, the
solution was neutralized with HCl and warmed to body tempera-
ture. Solutions were delivered in volumes of 1.51 mL per kg of body
mass to dams, in volumes of 3.3 mL per kg of body mass to pups
until they reached 15 g, and in volumes of 5 mL per kg of body
mass until the end of treatment. The control group was treated
with saline in the same manner. All injections were performed be-
tween 2 and 3 pm. A 50 l L glass syringe (Hamilton) with dispos-
able 30G needles (BD, Drogheda, Ireland) were used to treat the
pups until they reached a body mass of 15 g, while disposable
0.5 mL plastic syringes with 30G needles (BD Micro-Fine Plus)
were used to treat pregnant females and older pups.

2.3. Collection of tissue samples

Blood and brain samples were collected from 5 saline, “ve 5HTP
and 3 TCP treated pups at the end of treatment (on PND 22), and
from 10 saline (5 males, 5 females), twelve 5HTP (6 males, 6 fe-
males) and 8 TCP (4 males, 4 females) treated adult rats (on PND
70).

Under light ether narcosis, 800 l L of pup blood or 1.5 mL of
adult blood was withdrawn from the jugular vein into syringes
preloaded with 200 or 500 l L of 3.13% trisodium citrate anticoag-
ulant, respectively. Animals were then decapitated and brains were
removed from the sculls and brie”y frozen at � 20 �C in a freezer. A
midbrain region containing serotonergic cell bodies of the dorsal
and median raphe nuclei was obtained by a 3 mm thick coronal
brain slice (plates 43 and 55 in the rat brain atlas, Paxinos and
Watson, 2007 ), followed by a 3 mm diameter punch into the mid-
brain area. A 4 mm coronal cut was then made at the frontal lobes
(plate 11) and cortex (all cortical areas anterior to breg-
ma + 1.7 mm) was peeled off. Samples were weighted and frozen
at � 80 �C for later analysis.

2.4. Measurement of the peripheral 5HT concentrations

After thorough mixing, samples were transferred from syringes
into microtubes. 5HT concentrations in whole blood (WB) of pups
or in platelet-rich plasma (PRP) and platelet-free plasma (PFP) of



Fig. 1. The direct effects of chronic treatment with 25 mg/kg 5-hydroxytryptophan
(5HTP) or 2 mg/kg tranylcypromine (TCP) on 5HT concentrations in whole blood
expressed as ng 5HT per mL of blood (WB), and in frontal cortex expressed as ng
5HT per g of wet tissue (FC). N = 5 in saline and 5HTP treated, and N = 3 in TCP
treated group. Values are expressed as M ± SEM. ‡p < 0.05, ‡‡p < 0.01; Dunn•s
multiple comparison after Kruskal…Wallis test.

204 D. Hranilovic et al. / Neurochemistry International 59 (2011) 202…207
adult rats were determined using a commercial enzyme immuno-
assay kit (Serotonin ELISA kit, DRG Instruments GmbH, Germany),
according to the kit instructions. A calibration curve was drawn
based on the absorbances measured at 450 nm on the microplate
reader (P-Lab IASON, Austria) and known concentrations of the
standard solutions. Concentration values of samples were obtained
by interpolating them to the calibration curve, using the 4-param-
eters non-linear regression curve “tting. Results were expressed in
ng 5HT per mL of WB, PRP or PFP.

2.5. Measurement of brain Trp, 5HT and 5HIAA concentrations

The frozen samples were thawed and homogenized in 5 vol (w/v)
of a solution of 0.1 M perchloric acid containing 0.2 mM EDTA and
0.4 mM Na 2S2O5. Tissue homogenates were then centrifuged at
14000g for 15 min at 0…4 �C, and aliquots of the clear supernatant
were used for the high performance liquid chromatography analysis
with electrochemical detection (HPLC-ED).

The HPLC system consisted of a delivery pump (Agilent 1100
Series, Agilent Technologies, U.S.A.), a sample injector (Rheodyne
7125, U.S.A.), a C18 reverse phase column (Agilent Technologies
Zorbax SB-C8, 75� 4.6 mm, 5 l m particle size), and a Guard col-
umn (4 � 4 mm, Agilent Technologies, U.S.A.). An electrochemical
detector (HP-ED 1094A, Hewlett…Packard, U.S.A.) with a glassy car-
bon electrode was used at � 0.55 V versus the reference electrode.
All chromatograms were recorded and analyzed using the HPCore
ChemStation Software.

Concentrations were determined from peak areas against exter-
nal standards. The mobile phase contained 0.1 M Na 2HPO4, 0.05 M
citric acid, 5% methanol (v/v), 0.1 mM EDTA, and 1 mM KCl at pH
4.5. The ”ow rate was maintained at 0.8 mL per min at a pressure
of 120 bars. Tissue concentrations of 5HT and 5HIAA were ex-
pressed as ng, and that of Trp as l g of substance per g of wet tissue.

2.6. Statistical analyses

Data were processed by the use of GraphPad InStat 3.01 soft-
ware. Normality of distributions of the measured parameters was
tested by Kolmogorov/Smirnov method. Mean values of normally
distributed parameters were compared using unpaired t-test or
one-way analysis of variance (ANOVA) with Tukey•s post-test.
Mean values of parameters that were not normally distributed
were compared using Mann…Whitney test or using non-parametric
Kruskal…Wallis method with Dunn•s post-test. The level of signi“-
cance was set to 0.05. The values were expressed as means
(M) ± standard error of means (SEM).
3. Results

Direct effects of chronic treatment with 25 mg/kg 5HTP or with
2 mg/kg TCP on blood and brain 5HT levels were measured in pups
at the end of treatment ( Fig. 1). Both substances ef“ciently caused
hyperserotonemia (KW = 8.65, p = 0.003), with 5HT concentrations
being 874 ± 168 ng/mL in 5HTP treated and 669 ± 34.5 ng/mL in
TCP treated pups, compared to 491 ± 59.5 ng/mL in saline treated
pups. The effect of treatment on 5HT levels in frontal cortex was
also signi“cant (KW = 6.96, p = 0.017), although only TCP
(917 ± 32.2 ng/g), and not 5HTP (393 ± 34.2 ng/g) caused consider-
able raise in 5HT concentrations compared to saline (346 ± 32.4 ng/
g).

In order to check whether the perinatal treatment with 5HTP or
TCP has permanently affected the peripheral 5HT homeostasis, 5HT
concentrations in both PFP and PRP were measured in adult rats.
One sample from the TCP treated group and one sample from the
saline treated group were lost during processing. 5HT concentra-
tions in PFP did not differ between male and female rats
(t = 0.011, p =0.991, 26 d.f.), and those in PRP were only indicatively
higher in females (Welch corrected t = 1.995, p = 0.061, 19 d.f.).
This allowed the results from males and females to be analyzed
jointly (Fig. 2 ).

The effect of treatment on 5HT concentrations was signi“cant in
both PFP (F(2,27) = 5.99, p = 0.008) and PRP (F(2,27) = 6.89, p = 0.004).
Post-hoc analysis revealed signi“cantly higher mean 5HT concen-
tration in PRP of TCP treated rats (612 ± 57.8 ng/mL) than in PRP
of saline treated (381 ± 24.6 ng/mL) or 5HTP treated (432 ± 42.6)
animals, indicating the persistence of hyperserotonemia at adult
age (Fig. 2B). On the other hand, mean 5HT concentrations in PFP
of animals from 5HTP treated (5.08 ± 0.83 ng/mL) and TCP treated
(3.92 ± 0.14 ng/mL) rats did not signi“cantly differ from that of the
control animals (4.67 ± 0.24 ng/mL), although they differed from
each other ( Fig. 2A).

We further searched for possible effects of the perinatal treat-
ment with 5HTP or TCP on 5HT metabolism in the brain of adult rats
by measuring 5HT, Trp and 5HIAA concentrations and their ratios in
midbrain raphe region and frontal cortex. There were no gender
in”uence on any of the measured parameters in either raphe region
(t = 0.186, p = 0.854 for 5HT, t = 0.252, p = 0.803 for Trp, and
t = 0.641, p = 0.527 for HIAA) or frontal cortex (t = 0.260, p = 0.797
for 5HT, t = 0.554, p = 0.584 for Trp, t = 0.025, p = 0.980 for 5HIAA)
in an integral sample of ten 5HTP treated, 10 saline treated and 8
TCP treated adult rats (26 d.f.). Therefore, results obtained in males
and females were pooled together for the analyses (Fig. 3 ).

There was a strong in”uence of treatment on 5HT concentration
(Fig 3A) in both, the raphe region ( F(2,27) = 73.69, p < 0.0001) and
frontal cortex ( F(2,27) = 90.34, p < 0.0001). While the mean 5HT lev-
els of the TCP treated animals were markedly decreased compared
to the controls in both regions (74.4 ± 6.11 ng/g vs. 306 ± 17.3 ng/g
in RN, and 48.1 ± 1.20 ng/g vs. 185 ± 7.11 in FC), 5HTP treatment
seemed to signi“cantly lower only 5HT levels in the frontal cortex
(155 ± 9.23 ng/g), but not in the raphe region (309 ± 16.2 ng/g).

The mean concentration of the 5HT precursor tryptophan (Fig 3 B)
was markedly increased in the raphe region of the TCP treated ani-
mals (18.9 ± 2.76 l g/g) in comparison to the saline treated
(4.98 ± 0.70 l g/g) and 5HTP treated (4.39 ± 0.69 l g/g) rats
(KW = 16.74, p = 0.0002). No signi“cant differences among the mean
values of Trp concentrations of 5HTP treated (4.29 ± 0.50 l g/g), sal-
ine treated (5.32 ± 0.63 l g/g) and TCP treated (6.32 ± 0.60 l g/g) rats
were found in frontal cortices (KW = 5.70, p = 0.058).

The mean concentrations of the main 5HT metabolite 5HIAA
(Fig 3C) were similar in raphe regions (663 ± 45.6 ng/g for 5HTP



Fig. 2. Permanent effects of perinatal treatment with 5-hydroxytryptophan (5HTP) or tranylcypromine (TCP) on 5HT concentrations in (A) platelet-free plasma (PFP) and (B)
platelet-rich plasma (PRP). N = 12 in 5HTP treated, N = 9 in saline treated, and N = 7 in TCP treated group. Values are expressed as M ± SEM. ‡‡p < 0.01, ‡p < 0.05, Tukey…Kramer
multiple comparisons after one-way ANOVA.

Fig. 3. Concentrations of (A) serotonin (5HT), (B) tryptophan (Trp), and (C) 5-
hydroxyindol acetic acid (5HIAA) in midbrain raphe nuclei (RN) and frontal cortices
(FC) of 5-hydroxytryptophan (5HTP) treated ( N = 10), saline treated ( N = 10) and
tranylcypromine (TCP) treated ( N = 8) rats at PND 70. Values are expressed as
M ± SEM. ‡p < 0.05, ‡‡‡p < 0.001, Tukey…Kramer multiple comparison after one-way
ANOVA. ## p < 0.01, ### p < 0.001, Dunn•s multiple comparison after Kruskal…
Wallis test.

Fig. 4. (A) 5HT/Trp ratio ( � 10� 3), and (B) 5HIAA/5HT ratio in midbrain raphe nuclei
(RN) and frontal cortices (FC) of 5-hydroxytryptophan (5HTP) treated ( N = 10),
saline treated ( N = 10) and tranylcypromine (TCP) treated ( N = 8) rats at PND 70.
Values are expressed as M ± SEM.‡‡p < 0.01, ‡‡‡p < 0.001, Dunn•s multiple compar-
ison after Kruskal…Wallis test.
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treated, 716 ± 60.3 ng/g for saline treated, and 638 ± 36.0 ng/g for
TCP treated animals) as well as in frontal cortices (330 ± 21.8 ng/
g for 5HTP treated, 328 ± 18.5 ng/g for saline treated, and
303 ± 11.9 ng/g for TCP treated animals) of the investigated groups
(F(2,27) = 0.625, p = 0.543, and F(2,27) = 0.602, p = 0.556,
respectively).
Finally, we determined the 5HT/Trp ratio, which could indicate
the activity of Tph, and the 5HIAA/5HT ratio, which indicates the
rate of 5HT degradation, in both brain regions (Fig. 4). 5HT/Trp ra-
tio ( Fig 4A) was signi“cantly in”uenced by the treatment in both
the raphe region (KW = 16.7, p = 0.0002) and the frontal cortex
(KW = 16.6, p = 0.0003). Post-hoc analysis revealed no signi“cant
differences in the 5HT/Trp ratio between 5HTP treated and saline
treated animals in either the raphe region (87.6 � 10� 3 ±
14.3 � 10� 3 and 71.9 � 10� 3 ± 9.22 � 10� 3, respectively), or the
frontal cortex (40.9 � 10� 3 ± 5.53 � 10� 3 and 39.5 � 10� 3 ± 4.77 �
10� 3, respectively). On the other hand, the 5HT/Trp ratio of TCP
treated animals was markedly reduced in both regions
(4.87 � 10� 3 ± 1.10 � 10� 3 in RN and 8.09 � 10� 3 ± 1.08 � 10� 3 in
FC). The rate of 5HT degradation (Fig 4 B) was also signi“cantly
in”uenced by treatment in both brain regions (KW = 16.98,
p = 0.0002 for RN and KW = 17.86, p = 0.0001 for FC). The observed
signi“cance was the result of considerable increase in the 5HIAA/
5HT ratio of the TCP treated rats in comparison with 5HTP treated
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and saline treated rats in both, the raphe region (8.83 ± 0.64 vs.
2.18 ± 0.16 and 2.35 ± 0.16, respectively) and frontal cortex
(6.31 ± 0.21 vs. 2.21 ± 0.20 and 1.78 ± 0.08, respectively).

4. Discussion

The aim of our study was to investigate in which way does the
perinatal exposure to elevated 5HT levels in”uence peripheral and
central 5HT homeostasis in adult rats. Two different 5HT enhancers
were used for this purpose: the immediate 5HT precursor, which
affects only the 5HT system and elevates 5HT levels without acting
directly on the key regulators of serotonergic transmission (rate-
limiting enzymes, transporters, receptors), and a non-selective
MAO inhibitor, which inhibits the main enzyme involved in 5HT
degradation and also affects other monoaminergic systems.

5HTP is the intermediate in the synthesis of serotonin from its
precursor tryptophan. Unlike Trp which is an essential amino acid
with many functions in the body (mainly a precursor in protein
synthesis), 5HTP is only found in the serotonin synthesis pathway
and is quantitatively converted to 5HT (Udenfriend et al., 1957;
Magnussen and Nielsen-Kudsk, 1980; Birdsall, 1998 ). The advan-
tage of using 5HTP over 5HT itself, is that it readily crosses the pla-
cental barrier ( Birdsall, 1998 ), which is crucial for the prenatal part
of the treatment. Administration of 5HTP allowed us to elude the
rate-limiting step in the synthesis of serotonin and to mimic the ef-
fect of increased serotonin synthesis through a chosen 5HTP dose.
According to our experience with adult rats, we have chosen a dose
of 25 mg/kg 5HTP which was quite effective in raising blood 5HT
concentrations, while causing only a slight reduction in body
weight and no signs of brain toxicity, during the two weeks of
treatment ( Jernej and Cicin-Sain, 1986 ).

TCP is an irreversible MAO A and MAO B inhibitor which inhib-
its oxidative deamination … an essential step in the catabolism of
exogenous amines and monoamine neurotransmitters, including
serotonin ( Billett, 2004; Frieling and Bleich, 2006 ). Although the
two isoenzymes have different substrate af“nities under normal
physiologic conditions (MAO A preferentially oxidizes serotonin
and norepinephrine, MAO B preferentially oxidizes phenylethyl-
amine, while dopamine and tyramine represent substrates for both
isoenzymes), both can catabolize the same compounds and are
able to take over when the function of the other is compromised
through pharmacological inhibition. Accordingly, more pro-
nounced effects on rat 5HT metabolism were observed after the
inhibition of both isoforms than after the sole inhibition of MAO
A (Johnston, 1968; Green and Youdim, 1975; Sleight et al., 1988;
Celada and Artigas, 1993). Signi“cant effects of TCP were measured
in the brain and the periphery of adult rats, after acute or chronic
administration at doses of 0.5…15 mg/kg, as a reduction in MAO A
activity ( Celada and Artigas, 1993), an increase in 5HT concentra-
tions ( Green and Youdim, 1975; McKim et al., 1983; Malyszko
et al., 1993; Ferrer and Artigas, 1994 ), or a decrease in 5-hydrox-
yindolacetic acid levels (Celada and Artigas, 1993; Malyszko
et al., 1993). We have chosen a dose of 2 mg/kg, which was ex-
pected to effectively block most, but not all of the 5HT degradation.

4.1. The effects of 5HTP

Several pups were sacri“ced at the end of treatment to check for
the direct effects of 5HTP on blood and brain 5HT concentrations.
Although transient increases in 5HTP, 5HT and 5HIAA content were
reported in rat serotonergic neurons after a single oral or intraperi-
toneal dose of 5HTP (Sémont et al., 2000; Lynn-Bullock et al.,
2004), it seems that the chronic treatment with 5HTP used in our
experiment signi“cantly raised 5HT levels only in blood but not
in the frontal cortex. It is possible that, at the administered way
and dose, 5HTP was more ef“ciently converted to 5HT and/or
stored in the periphery than in the brain, or that the neuronal com-
pensatory mechanisms were much more ef“cient in compensating
for the excess of newly synthesized 5HT than the peripheral ones.
In any case, given the results of its direct effects, we could assume
that, under our experimental conditions, the long lasting effects of
5HTP in the adult brain would primarily result from hyperseroto-
nemia during the perinatal period, and to a lesser extent from
the increased brain 5HT levels. This condition corresponds to the
theory that the excessive 5HT, which causes alterations in brain
development, originates from blood.

The effect of 5HTP on blood 5HT levels seemed to be only tem-
porary as the peripheral 5HT homeostasis was established at adult
age (presumably after a wash-out period).

Perinatal administration of 5HTP did not seem to affect 5HT lev-
els or metabolism in the serotonergic cell bodies of the adult rats.
However, in the region of serotonergic terminals there was modest
but signi“cant decrease in 5HT concentration without any changes
in 5HT synthesis or degradation rate. This indicates intact expres-
sion/activity of the 5HT metabolizing enzymes but suggests possi-
ble reduction in number of serotonergic terminals in frontal cortex.
This would be in line with the reported inhibitory effects of seroto-
nin on 5HT terminal outgrowth in tissue culture ( Whitaker-Azmi-
tia and Azmitia, 1986 ) as well as on animal models using
pharmacological treatment with the 5HT receptor agonist 5-meth-
oxytryptamine ( Shemer et al., 1991), 5HT precursor tryptophan
(Huether et al., 1992 ), combination of selective MAOA and MAOB
inhibitors (Whitaker-Azmitia et al., 1994 ), and 5HT reuptake inhib-
itors ( Cabrera-vera et al., 1997 ).

4.2. The effects of TCP

Measurements of blood and cortical 5HT levels at the end of
treatment revealed that TCP, besides inducing hyperserotonemia
in the periphery, signi“cantly raised 5HT concentration in the
brain, due to ef“cient inhibition of MAO isoenzymes in both 5HT
compartments. This is in line with the “ndings of Ferrer and
Artigas (1994) that chronic treatment with low doses of tranylcyp-
romine increases extracellular 5HT concentration in frontal cortex
and dorsal raphe nuclei. Therefore, it would be expected that the
developing brain of a TCP treated animal would be exposed to
the high levels of 5HT not only from blood but from serotonergic
neurons as well. This situation complies more with the theory of
simultaneous 5HT dysregulation in the brain and the periphery
as a neurobiological basis of autism.

TCP treated animals remained hyperserotonemic at adult age. It
is important to note that although a mean 5HT concentration in
platelets was increased by about 60%, concentration of 5HT in plas-
ma was indicatively lower than that of the control animals. The
lack of parallelism between plasma and platelet 5HT changes point
to a long-lasting (or permanent) increase in activity/expression of
the 5HT transporter on platelet membranes (Anderson et al.,
1987) which probably happened during treatment to compensate
for the excess of 5HT left in circulation after the inhibition of the
degrading enzyme.

The effect of TCP on brain 5HT levels and metabolism in adult
animals was impressive. Compared to the control animals, 5HT
concentration and 5HT/Trp ratio in both, raphe nuclei and frontal
cortex were signi“cantly decreased while 5HIAA/5HT ratio was
signi“cantly increased. In addition, in the raphe region there was
an almost fourfold increase in Trp concentrations. We suppose
that, in analogy to our results obtained with 5HTP and to the
earlier mentioned reports, reduction in number of serotonergic
terminals also occurred in brains of TCP treated animals, but the
additional consequence of TCP treatment appeared to be perma-
nent changes in 5HT metabolism. We could speculate that, while
such low levels of released 5HT in the terminal region have in-
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duced increased Trp uptake into the nerve cell bodies, this Trp was
either not suf“ciently converted to 5HT or the synthesized 5HT
was not ef“ciently protected from MAO activity. A reason for that
might lie in the long-lasting/permanent downregulation of trypto-
phan hydroxylase activity and/or 5HT storage, induced by high
5HT levels during the chronic inhibition of 5HT degradation. An-
other long-lasting consequence of TCP treatment might be the
upregulated degradation of 5HT, since 5HIAA levels reach those
of the control animals despite considerably lower 5HT concentra-
tions. Of course, possible effects of increased concentrations of
other monoamines during brain development (Andersen, 2003 ),
and of consequential compensatory mechanisms, complicate
interpretation of the obtained results and should be kept in mind.

5. Conclusion

Through chronic pharmacological treatments during the perina-
tal period, we have exposed the developing rat brain to increased
5HT concentrations in two different manners. Simple increase in
the availability of the immediate 5HT precursor signi“cantly raised
peripheral but not central 5HT levels, leading to decreased 5HT
concentration in the cortex of adult animals. On the other hand,
inhibition of the 5HT-degrading enzyme simultaneously elevated
5HT levels in the brain and the periphery, and caused permanent
changes in 5HT homeostasis of adult animals, both peripherally
(hyperserotonemia) and centrally (altered 5HT metabolism with
decreased 5HT concentrations). Further anatomic and expressional
studies are planned to explore the mechanisms of the different dis-
turbances in 5HT homeostasis induced by the two compounds. We
expect that the obtained results will bring some answers to the
question whether hyperserotonemia is a cause or a marker of the
central 5HT-alterations seen in autism.
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a b s t  r  a c t

Serotonin  (5-hydroxytryptamine,  5HT)  is a biologically  active  amine  that  regulates  the  development  of
5HT neurons  and  target  tissues  during  neurogenesis,  while  later  it  assumes the  function  of  a neurotrans-
mitter.  Serotonin  mediates  many  essential  behaviors  common  to  all  mammals,  and  is held  responsible  for
anxiety-like  behavior  and  cognitive  rigidity.  Proper  serotonin  levels,  controlled  through  5HT synthesis
and  metabolism,  are crucial  for  normal  brain  development.  In  this  study  we  investigated  anxiety-like
behavior  and  cognitive  ”exibility  in  adult  animals  after  exposing  their  developing  brains  to  increased
5HT concentrations.  Wistar  rats  were  treated  subcutaneously  from  gestational  day  12  to  post-natal  day
21  with  the  immediate  5HT precursor  5-hydroxytryptophan  (5HTP, 25  mg/kg),  a non-selective  MAO
inhibitor  tranylcypromine  (TCP, 2 mg/kg),  or  saline.  After  reaching  adulthood,  animals  were  tested  for
anxiety-like  behavior  (exploratory  behavior,  thigmotactic  behavior,  social  contact,  and  reaction  to  stress-
ful  stimulus)  and  cognitive  ”exibility  (ability  for  reversal  learning).  Results  of  the  behavioral  studies
corresponded  with  our  previous  neurochemical  “ndings.  Treatment  with  5HTP, which  has induced  mild
reduction  in  cortical  5HT concentrations,  caused reduction  in  only  one  aspect  of  anxiety-like  behavior

(increased  exploratory  activity).  Treatment  with  TCP, which  lead  to  drastic  reduction  in  5HT concen-
tration/function,  resulted  in  a highly  anxiolytic  phenotype  (reduced  thigmotaxis,  reaction  to  stress, and
social  anxiety)  with  improved  cognitive  ”exibility.  Although  further  neurochemical,  anatomical  and  gene-
expression  studies  are needed  to  elucidate  the  mechanisms  underlying  the  observed  behavior,  we  hope
that  our  results  will  contribute  to  the  understanding  of  the  role  of  serotonin  in  anxiety-like  behavior  and
cognitive  rigidity.
. Introduction

Serotonin  (5-hydroxytryptamine,  5HT)  is a biologically  active
mine  with  diverse  roles  in  the  mammalian  organism  [1].  In  the
rain,  5HT synthesizing  neurons  are located  in  discrete  regions  of

he  brain  stem  … raphe  nuclei,  but  project  their  axons  into  various
ortical  and  subcortical  regions  [2].  During  ontogenesis,  5HT
erves as a developmental  signal  for  both  serotonergic  neurons
nd  target  tissues  [3,4].  Later,  in  the  mature  brain,  5HT functions
s a neurotransmitter  modulating  neuronal  function  and  plasticity

5,6].  Due  to  its  dual  role  in  brain  development  and  function,  sero-

onin  mediates  many  essential  behaviors  common  to  all  mammals
7].  It  is  also  held  responsible  for  anxiety-like  behavior  [8]  and
ognitive  rigidity  [9,10]  which  are often  coinciding  as symptoms  in

Abbreviations:  MAO,  monoamine  oxidase;  5HT, 5-hydroxytryptamine,
erotonin;  DA, dopamine;  NA, noradrenalin;  TCP, tranylcypromine;  5HTP, 5-
ydroxytryptophan;  G, gestational  day;  PND, postnatal  day.
� Corresponding  author.  Tel.:  +385  1 4877  700;  fax:  +385  1 4826  260.

E-mail  address: dubravka@biol.pmf.hr  (D. Hranilovic).

166-4328/$  … see front  matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.bbr.2012.02.001
© 2012 Elsevier B.V. All rights reserved.

behavioral  disorders  such  as obsessive-compulsive  disorder  [11],
autism  [12],  or  anorexia  nervosa  [13].

In  order  to  exert  its  proper  function  during  development,
serotonin  must  be present  in  various  brain  regions  in  optimal
concentrations  which  are controlled  through  the  levels  of  5HT syn-
thesis  and  metabolism.  Serotonin  is synthesized  from  the  amino
acid  tryptophan  through  the  intermediate  5-hydroxytryptophan
(5HTP). The rate  limiting  step  in  this  synthesis  pathway  is the
action  of  tryptophan  hydroxylase  (TPH) on  tryptophan.  The
enzyme  has two  forms,  TPH1 and  TPH2, one  present  in  the  periph-
ery  and  the  other  in  the  brain  [14].  In  both  5HT compartments,
serotonin  is metabolized  into  5-hydroxyindoleacetic  acid  starting
with  oxidative  deamination  mediated  by  the  enzyme  monoamine
oxidase  (MAO)  which  also  participates  in  the  metabolism  of  the
catecholamines  dopamine  (DA)  and  noradrenalin  (NA).  5HT cannot
cross the  blood…brain  barrier;  hence  it  is  synthesized  and  regulated
independently  in  each compartment.  During  perinatal  develop-

ment,  however,  the  blood…brain  barrier  is  not  completely  formed
and  serotonin  can freely  cross from  the  peripheral  compartment
into  the  brain  [15].  Peripheral  5HT levels  seem  to  have  a role
during  pregnancy,  as maternal  [16]  and  placental  [17]  serotonin
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ere  shown  to  in”uence  fetal  brain  development  in  mice.  It
ould  be therefore  expected  that  altered  5HT metabolism  in  any
ompartment  could  lead  to  deviations  from  optimal  serotonin
oncentrations  affecting  the  development  of  the  brain  serotonergic
ystem  and  later  lead  to  the  related  behavioral  de“cits.

The aim  of  this  study  was  to  investigate  anxiety-like  behav-
or  and  cognitive  ”exibility  in  adult  animals  after  exposing  their
eveloping  brains  to  increased  5HT concentrations  by  manipulat-

ng  the  synthesis  and  degradation  of  the  amine  during  the  period  of
ost  intensive  development  of  the  5HT neurons  [3,18].  Two  alter-
ative  approaches  were  used:  (1)  treatment  with  the  immediate
HT precursor  which  primarily  increased  5HT concentrations  in  the
eriphery,  and  (2)  treatment  with  a non-selective  MAO  inhibitor
hich  altered  serotonin  metabolism  both  in  the  brain  and  periph-
ry  leading  to  increased  5HT concentrations  in  both  compartments
19].  For that  purpose  Wistar  rats  were  treated  subcutaneously  with
ither  5-hydroxytryptophan  (5HTP, 25  mg/kg),  or  tranylcypromine
TCP, 2 mg/kg),  from  gestational  day  (GD)  12  to  post-natal  day
PND)  21.  After  reaching  adulthood,  animals  were  tested  for  several
spects  of  anxiety-like  behavior  (exploratory  behavior,  thigmotac-
ic  behavior,  social  contact,  and  reaction  to  stressful  stimulus)  and
or  cognitive  ”exibility  (measured  as ability  for  reversal  learning),
nd  their  behavior  was  compared  to  that  of  saline  treated  control
nimals.

. Materials  and  methods

.1. Breeding and pharmacological  treatment  of animals

Wistar  rats  were  bred  and  raised  at  the  Division  of  Biology  of  the  Faculty  of  Sci-
nce, University  of  Zagreb.  The breeding  procedure  and  pharmacological  treatment
ere  described  in  detail  elsewhere  [20,21].  In  short,  nulliparous  Wistar  females

rom  the  animal  facility  of  the  Croatian  Institute  for  Brain  Research (University  of
agreb,  Zagreb,  Croatia),  weighing  230…275 g, were  randomly  assigned  to  a •salineŽ,
5HTPŽ, or  •TCPŽ group,  and  mated  with  males  of  the  same strain  and  age in  2:1  or
:1  ratio.  After  gravidity  was  con“rmed  in  all  females,  the  male  was  removed  from
he  cage. Females remained  together  until  two  days  before  parturition  when  they
ere  separated  and  remained  singly  housed  until  weaning  of  the  pups  (at  PND 22).
fter  weaning,  animals  were  kept  3…4 per  cage throughout  the  experiment.  Ani-
als  were  housed  in  polycarbonate  cages under  12  h  light:12  h  dark  conditions  at  a

emperature  of  22  ±  2 � C, with  free  access to  rat  chow  and  tap  water.
Animals  were  perinatally  treated  with  25  mg/kg  of  the  serotonin  precur-

or  5-hydroxy-l-tryptophan  (Sigma…Aldrich),  2 mg/kg  of  the  monoamine  oxidase
nhibitor  tranylcypromine  (Sigma…Aldrich)  or  saline,  from  GD 12  until  birth  through
ubcutaneous  injections  to  pregnant  females,  and  from  PND 1 until  PND 21  through
ubcutaneous  injections  of  the  same doses.

The study  was  approved  by  the  Ethics  committee  of  the  Faculty  of  Science,
niversity  of  Zagreb,  and  was  conducted  in  accordance  with  the  Croatian  Animal
rotection  Law  (•Narodne  novineŽ,  135/2006).

.2. Behavioral  testing

.2.1. Experimental  design
All  animals  were  submitted  to  a battery  of  behavioral  tests  in  the  following

rder:  reversal  learning  (T-maze),  locomotor  activity  (open  “eld),  exploratory  and
higmotactic  behaviors  (hole-board),  social  contact  (social  choice  apparatus),  and
eaction  to  a stressful  stimulus  (open  “eld),  from  PND 55  onward.  Each animal  had

 day  of  break  between  the  experiments.  The T-maze  test  was  conducted  on  10
aline  (5  females,  5 males),  7 TCP (4  females,  3 males)  and  14  5HTP (7  females,  7
ales)  treated  rats,  and  all  other  experiments  on  27  saline  (14  females,  13  males),  16
CP (8  females,  8 males),  and  24  5HTP (13  females,  11  males)  treated  rats.  Animals
ere  tested  in  an adjacent  isolated  room,  under  illumination  of  30  lx,  between  13:00
nd  18:00  h. Experimenters  were  blind  with  respect  to  the  rats• pharmacological

reatment.

.2.2. Apparatuses
Hole-board  and  open  “eld  consisted  of  a 60  cm  ×  60  cm  ×  35  cm  enclosure  made

f  clear  Plexiglas  walls  and  a removable  white  Plexiglas  ”oor.  The ”oor  of  the
ole-board  contained  16  holes  (4  cm  in  diameter,  4 cm  deep),  displayed  in  a 4 ×  4

on“guration,  while  the  open  “eld  ”oor  was  divided  into  16  squares.

The social  choice  enclosure  was  composed  of  three  cages (adapted  from  Ref.
22])  between  which  the  animal  could  move  freely.  The central  cage was  empty
hile  each of  the  side  cages contained  a wire  enclosure  in  which  an object  or  an
nfamiliar  rat  could  be placed.
esearch 230 (2012) 175… 181

The T-maze  consisted  of  an 85  cm  ×  7.8 cm  ×  6 cm  central  arm  and  two
37  cm  × 7.8 cm  × 6 cm  side  arms.  The maze  had  a wooden  bottom  and  side  walls
dyed  with  black  color,  with  the  upper  side  made  of  a clear  Plexiglas.

Testing  apparatuses  were  washed  with  detergent,  rinsed  with  water,  and  dried
after  each animal,  or  after  each trial,  in  order  to  remove  odor.

2.2.3. Procedures
Horizontal  and  vertical  locomotor  activities  were  tested  in  the  open  “eld  as

the  number  of  squares  entered  with  the  front  paws  and  the  number  of  rearings,
respectively,  during  10  min.

Exploratory  and  thigmotactic  behaviors  were  tested  in  a hole-board.  The num-
ber  of  head  dips  (both  eyes in  a hole)  into  four  inner  and  twelve  outer  holes  during
10  min  was  recorded.  Total  number  of  holes  visited  was  used  as a measure  of  explo-
ration,  and  inner-to-outer  hole  ratio  as a measure  of  thigmotaxis.

The reaction  to  a stressful  stimulus  was  tested  in  the  open  “eld  apparatus.  A
dog  whistle  was  used  to  produce  a high  pitched  sound  of  a frequency  18…22 kHz,
corresponding  to  rat  alarm  calls.  Animals  were  placed  in  the  apparatus  and  were
allowed  to  explore  it  for  5 min.  During  the  following  5 min,  animals  were  exposed
every  30  s to  a 3 s-long  sound,  and  a number  of  freezing  behaviors  after  each whistle
was  recorded.  Total  number  of  freezings  was  used  as a measure  of  stress-induced
anxiety.

In  the  social  choice  test,  animals  were  placed  in  the  central  cage of  the  appara-
tus  and  allowed  to  move  freely  between  the  compartments  during  10  min  in  order
to  habituate.  Then  the  animal  was  simultaneously  presented  with  an object  placed
in  the  wired  enclosure  in  one  side-cage,  and  an unfamiliar  conspeci“c  placed  in
the  wired  enclosure  in  another  side-cage.  The wire  cage allowed  olfactory,  visual,
auditory,  and  tactile  contact  with  the  conspeci“c,  and  only  the  tested  animal  could
initiate  social  contact.  Time  spent  exploring  the  object  or  the  conspeci“c  were  mea-
sured  during  a 10  min  period.

Reversal  learning,  tested  in  a T-maze,  consisted  of  two  sets of  experiments.  In
the  “rst  set, the  animal  had  to  learn  which  side-arm  contains  the  reward  (learning);
in  the  second  set  the  animal  had  to  learn  that  the  reward  is now  on  the  opposite
side-arm  (reversal).  Two  days  prior  to  testing  and  throughout  the  experiments  rats
were  allowed  to  eat  only  1 h  a day.  On the  zero  trial,  a reward  (condensed  milk)  was
placed  on  both  arms  of  the  T-maze,  and  the  arm  the  animal  chose was  recorded.
During  learning  trials,  the  reward  was  placed  in  the  arm  opposite  to  the  one  the
rat  had  chosen  on  the  zero  trial.  The animals  were  then  given  10  trials,  each lasting
60  s, per  day  until  they  learned  where  to  “nd  the  treat.  Learning  was  achieved  when
the  rats  scored  8 out  of  10  correct  choices  in  one  day.  During  reversal  trials,  the
reward  was  placed  on  the  opposite  arm,  and  again  rats  were  given  10  trials  per  day
until  they  learned  the  new  position  of  the  reward.  The number  of  correct  choices  on
consecutive  days  was  used  as a measure  for  both,  learning  and  reversal.

2.3. Statistical  analysis

Data  were  processed  by  the  use of  GraphPad  Prism  5 Software.  The measured
parameters  were  tested  for  normality  of  distributions  by  the  method  of  Kolmogorov
and  Smirnov.  Normally  distributed  parameters  were  compared  using  one-way  anal-
ysis  of  variance  (ANOVA)  with  Dunnett•s  multiple  comparison  test,  which  is speci“c
for  comparison  of  more  groups  against  a control  group.  Parameters  that  were
not  normally  distributed  were  compared  using  the  non-parametric  Kruskal…Wallis
method,  with  Dunn•s  multiple  comparison  post  hoc  test.  Learning  ability  within
each group  was  analyzed  with  non-parametric  Friedman  test  with  Dunn•s  multiple
comparison  post  hoc  test;  while  the  differences  in  learning  between  the  groups  was
compared  using  one-way  analysis  of  variance  (ANOVA),  with  Dunnett•s  multiple
comparison  test.  The level  of  signi“cance  was  set  to  0.05.  Values  in  the  text  were
expressed  as means  (M)  ±  standard  error  of  means  (S.E.M.).

3. Results

Two  experimental  groups  of  animals  were  tested  on  “ve  sero-
tonin  related  paradigms  and  compared  with  a control  group.
First,  the  interaction  between  treatment  and  gender  in  different
behavioral  tests  was  analyzed  using  two-way  ANOVA. Since no
interaction  was  found,  groups  were  analyzed  separately  for  gen-
der  and  treatment  in”uences  in  order  to  allow  for  more  reliable
post  hoc  analysis.  Values  for  most  of  the  examined  parameters  did
not  signi“cantly  differ  between  males  and  females  in  the  integral
sample  of  67  animals  (p  = 0.38  for  total  number  of  holes;  p = 0.35  for
inner-to-outer  hole  ratio;  p = 0.19  for  number  of  freezings;  p = 0.35
for  time  spent  with  object;  p = 0.37,  p = 0.57,  and  p = 0.16  for  days
1, 2 and  3 in  learning  test;  p = 0.79,  p = 0.15,  and  p = 0.18  in  days

1, 2, 3 in  reversal  test),  so the  treatment  groups  were  analyzed  as
a whole.  Data  for  the  parameters  that  differed  between  genders
(p  = 0.0068  and  p = 0.0046  for  horizontal  and  vertical  activity  in  open
“eld,  respectively;  p = 0.0004  for  time  spent  with  conspeci“c)  was



S. Blazevic et al. /  Behavioural  Brain  Research 230 (2012) 175… 181 177

Fig.  1. Horizontal  (A)  and  vertical  (B)  locomotor  activity  in  the  open  “eld,  expressed
as number  of  squares  entered  and  number  of  rearings,  respectively,  in  saline  treated
(N = 13  males,  14  females),  tranylcypromine  (TCP) treated  (N = 8 male,  8 females),
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Fig.  2. Exploratory  behavior  measured  as a total  number  of  holes  visited  (A)  and
anxiety  like  behavior  measured  as the  ratio  of  inner  and  outer  holes  visited  (B), in  the

females  (F(2,30) = 1.30,  p = 0.2871),  we  could  notice  the  same ten-
dency  for  higher  interest  in  social  contact  in  TCP treated  rats  in
both,  males  and  females,  as in  the  integral  sample  (Fig. 4B).
nd  5-hydroxytryptophan  (5HTP)  treated  (11  male  and  13  female)  rats.  Values  are
xpressed  as M  ±  S.E.M.

lso  analyzed  separately  for  males  and  females.  Animals  differing
n  values  of  the  tested  parameter  by  more  than  two  standard  devi-
tions  from  the  group  means  were  considered  as outliers  and  were
liminated  from  the  analyses.

The open  “eld  test  was  conducted  in  order  to  check  for  the  pos-
ible  treatment-induced  differences  in  locomotor  activity  (Fig. 1).
emales showed  higher  level  of  both  types  of  locomotion  than

he  males.  However,  within  each gender,  there  were  no  signi“cant
n”uence  of  treatment  on  either  horizontal  activity  (F(2,29) = 1.56,

 > 0.2 for  males;  F(2,32) = 1.03,  p > 0.9 for  females)  or  vertical  activ-
ty  (F(2,29) = 2.16,  p > 0.1 for  males;  KW  = 2.16,  p > 0.3 for  females).

ean  values  of  the  whole  groups  were  also  very  similar  (40.7  ±  3.8,
2.1  ±  6.8, and  46.5  ±  5.0 squares  entered  for  saline,  TCP, and  5HTP,
nd  19.3  ±  2.0, 18.1  ±  3.5 and  19.9  ±  2.0 rearings  for  saline,  TCP, and
HTP).

Exploratory  and  thigmotactic  behaviors  were  tested  on  the  hole
oard  paradigm  (Fig. 2).  There  was  a signi“cant  group  effect  on
oth,  the  total  number  of  holes  visited  (KW  = 9.44,  p = 0.0089),  and

he  ratio  of  inner  and  outer  holes  visited  (KW  = 9.67,  p = 0.0079).
hile  the  5HTP treated  rats  visited  signi“cantly  higher  total  num-

er  of  holes  (20.3  ±  1.9)  than  the  saline  treated  rats  (13.0  ±  1.0),
he  number  of  holes  visited  by  the  TCP treated  animals  (15.9  ±  2.5
oles)  did  not  differ  from  that  of  the  control  group.  On the  contrary,
CP treated  rats  had  a signi“cantly  higher  inner-to-outer  visited
oles  ratio  (0.18  ±  0.05)  than  the  saline  treated  rats  (0.06  ±  0.02)
hich  was  similar  to  that  of  the  5HTP treated  animals  (0.07  ±  0.03).

The level  of  anxiety  after  exposure  to  a stressful  stimulus,  mea-
ured  as freezing  behavior,  was  also  signi“cantly  in”uenced  by
reatment  (KW  = 8.47,  p = 0.0145,  Fig. 3).  When  presented  with

 repeated  high  pitched  sound,  rats  treated  with  5HTP and  rats
reated  with  saline  freezed  to  a similar  extent  (5.3  ±  0.4 and
.7 ±  0.8, respectively)  while  TCP treated  rats  freezed  signi“cantly

ess (3  ±  0.6)  than  the  control  animals.
When  tested  for  social  contact,  rats  were  given  the  choice  of

xploring  an object  or  an age matched  unfamiliar  conspeci“c.  As

xpected,  rats  regardless  of  treatment  spent  a considerably  larger
mount  of  time  exploring  an animate  than  exploring  an inanimate
bject  (Fig. 4A).  When  analyzing  each type  of  object  separately,
hole  board  for  saline  treated  (N = 27),  tranylcypromine  (TCP) treated  (N = 16),  and  5-
hydroxytryptophan  (5HTP)  treated  (N = 23)  rats.  Values  are expressed  as M  ±  S.E.M.
**p  < 0.01  Dunn•s  multiple  comparison  after  Kruskal…Wallis  test.

we  found  signi“cant  in”uence  of  treatment  on  both,  time  spent
with  inanimate  object  (F(2,57) = 6.01,  p = 0.0043)  and  time  spent
with  a conspeci“c  (F(2,60) = 3.42,  p = 0.0392).  The TCP treated  rats
spent  an equal  amount  of  time  exploring  an inanimate  object
(22.7  ±  2.4 s) as the  saline  treated  rats  (22.5  ±  1.3 s), while  5HTP
treated  rats  explored  it  signi“cantly  longer  (30.8  ±  2.4 s). On the
contrary,  rats  treated  with  5HTP and  rats  treated  with  saline  spent
similar  amounts  of  time  investigating  a conspeci“c  (93.5  ±  6.0 s
and  92.7  ±  7.3 s, respectively)  while  the  TCP treated  rats  explored
it  signi“cantly  longer  (117.6  ±  8.6 s). Since males  spent  signi“-
cantly  more  time  in  social  exploration  (139  ±  6.1 s) than  females
(121  ±  4.9 s), the  results  were  also  analyzed  separately.  Although
in  separate  gender  groups  the  effects  of  treatment  were  only
indicative  in  males  (F(2,27) = 2.51,  p = 0.0997)  and  non-signi“cant  in
Fig.  3. Stress induced  anxiety,  measured  as number  of  freezings,  in  saline  treated
(N = 23),  tranylcypromine  (TCP) treated  (N = 16),  and  5-hydroxytryptophan  (5HTP)
treated  (N = 23)  rats.  Values  are expressed  as M  ±  S.E.M. *p  < 0.05  Dunn•s  multiple
comparison  after  Kruskal…Wallis  test.
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Fig.  4. The social  choice  test.  (A)  Time  spent  with  an object  and  with  an unknown
conspeci“c  for  saline  treated  (N = 26),  tranylcypromine  (TCP) treated  (N = 15),  and
5-hydroxytryptophan  (5HTP)  treated  (N = 19)  rats.  (B)  Time  spent  exploring  the
conspeci“c  in  males  (12  saline,  8 TCP, 9 5HTP) and  females  (14  saline,  7 TCP, 10
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Table  1
Number  of  correct  choices  over  consecutive  days  of  learning  and  reversal  training
in  saline,  tranylcypromine  (TCP) and  5-hydroxytryptophan  (5HTP)  treated  rats.

Days Saline  (N = 10)  TCP (N = 7)  5HTP (N = 14)

Learning  1 3.2 ±  0.9 5.0 ±  1.1 4.6 ±  0.8
Learning  2 7.0  ±  0.8 7.3 ±  1.3 7.1 ±  1.0
Learning  3 9.1 ±  0.6*** 9.7 ±  0.2** 8.8 ±  0.5***

Learning  4 9.9  ±  0.1*** 10.0  ±  0** 10.0  ±  0***

Reversal  1 4.3 ±  0.7 7.1 ±  0.8 4.6 ±  0.3
Reversal  2 8.8 ±  0.5# 8.6 ±  1.1 9.1 ±  0.2##

Reversal  3 9.9 ±  0.1### 9.4 ±  0.6# 10.0 ±  0###

** p < 0.01, *** p < 0.001,  against  Learning  day  1, Dunn•s  multiple  comparison  after
Friedman  test.

F
(

HTP). Values  are expressed  as M  ±  S.E.M. *p  < 0.05,  **p  < 0.01,  Dunnett•s  multiple
omparison  after  one-way  ANOVA.

Finally,  rats  were  tested  for  reversal  of  the  learned  paradigm
n  a T-maze.  In  the  learning  part  of  the  test,  all  groups  of  animals
igni“cantly  improved  the  number  of  correct  choices  over  consecu-
ive  days  of  training  (Fr  = 28,  p < 0.0001  for  saline,  Fr = 18,  p = 0.0004
or  TCP, and  Fr = 30, p < 0.0001  for  5HTP) (Table  1).  Also,  all  tested
nimals  were  able  to  reverse  the  learned  paradigm  over  consec-
tive  days  of  training  (Fr  = 18.6,  p < 0.0001  for  saline,  TCP Fr = 8.7,
 = 0.0084  for  TCP, and  5HTP Fr = 26,  p < 0.0001  for  5HTP). There
ere  no  signi“cant  differences  among  the  treatment  groups  in

he  number  of  correct  choices  on  each day  of  the  learning  period

ig.  5. Comparison  of  the  average  number  of  correct  choices  on  each day  of  learning  (A)  an
N = 7),  and  5-hydroxytryptophan  (5HTP)  treated  (N = 14)  rats.  Values  are expressed  as me
# p < 0.05, ## p < 0.01, ### p < 0.001,  against  Reversal  day  1, Dunn•s  multiple  compari-
son  after  Friedman  test.

(F(2,28) = 0.95,  p > 0.3 for  the  “rst  day,  KW  = 1.1, p > 0.5 for  the  sec-
ond  day,  KW  = 0.45,  p > 0.7 for  the  third  day,  KW  = 2.1, p > 0.3 for
the  fourth  day)  (Fig. 5A).  However,  signi“cant  in”uence  of  treat-
ment  on  the  number  of  correct  choices  was  observed  on  the  “rst
day  of  reversal  training  (F(2,28) = 6.12,  p = 0.0062)  due  to  signi“-
cantly  higher  incidence  of  correct  choices  in  the  TCP treated  group
(Fig. 5B). No  differences  in  learning  among  the  groups  were  noted
on  the  second  or  third  day  of  the  reversal  training  (KW  = 0.3, p > 0.8
and  KW  = 1.9, p > 0.3, respectively).

4. Discussion

4.1. The choice of 5HT enhancers

Interference  with  neurotransmitter  homeostasis  can be
achieved  through  inhibition/stimulation  of  receptors,  modulation
of  neurotransmitter  reuptake,  or  interference  with  neurotrans-
mitter  metabolism.  Since our  earlier  “ndings  in  autistic  subjects

indicated  that  disrupted  5HT homeostasis  might  be related  to
alterations  in  5HT metabolism  [23,24],  we  decided  to  use the
thirdly  mentioned  approach  in  order  to  study  the  consequences

d  reversal  (B)  training  among  saline  treated  (N = 10),  tranylcypromine  (TCP) treated
ans  M  ±  S.E.M. **p  < 0.01  Dunnett•s  multiple  comparison  after  one-way  ANOVA.
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f  increased  5HT concentrations  during  brain  development  in  an
nimal  model.

5HTP is the  immediate  5HT precursor.  It  readily  crosses the
lacental  barrier,  and  is only  found  in  the  serotonin  synthesis
athway  [25].  The administration  of  5HTP allowed  us to  elude

he  rate-limiting  step  in  the  synthesis  of  serotonin  and  to  mimic
he  effect  of  increased  serotonin  synthesis  in  one  group  of  ani-
als.  Treatment  with  5HTP signi“cantly  raised  peripheral  but  not

entral  5HT levels.  At  adult  age, a modest  decrease  in  5HT con-
entration  was  observed  in  the  frontal  cortex,  presumably  due
o  hyperserotonemia-induced  loss of  5HT terminals  during  brain
evelopment  [19].

TCP is an irreversible  MAO  A and  MAO  B inhibitor  which  inhibits
he  oxidative  deamination  of  exogenous  amines  and  monoamine
eurotransmitters,  including  serotonin  [26].  Although  the  two

soenzymes  have  different  substrate  af“nities  under  normal  phys-
ological  conditions,  both  can catabolize  the  same compounds  and
re able  to  take  over  when  the  function  of  the  other  is  compro-
ised  through  pharmacological  inhibition.  Since more  pronounced
ffects  on  rat  5HT metabolism  were  observed  after  the  inhibition
f  both  isoforms  than  after  the  sole  inhibition  of  MAO  A [27,28],
e  decided  to  use TCP over  a speci“c  MAO  A inhibitor  in  a dose
hich  was  expected  to  effectively  block  most,  but  not  all  of  the
HT degradation.  Indeed,  treatment  with  TCP caused simultaneous

nhibition  of  MAO  enzymes  in  the  brain  and  the  periphery,  induc-
ng  signi“cant  5HT elevations  in  both  compartments.  At  adult  age,

 drastic  decrease  in  5HT concentrations,  as well  as altered  5HT
etabolism  was  observed  in  both,  frontal  cortex  and  midbrain

aphe  region  [19].  Although,  focused  on  5HT research,  we  did  not
eurochemically  characterize  catecholamine  homeostases  in  the

reated  animals,  we  could  assume  that  DA and  NA levels  were  also
ncreased  during  the  treatment.  This  might  have  caused additional
ffects  in  our  animals  since  both  catecholamines  are considered  to
ave  a role  in  brain  development  and  establishment  of  essential  cir-
uits  required  for  typical  adult  function  [29…31]. On the  other  hand,
hile  5HT is catabolized  solely  through  oxidative  deamination,
athecolamines  can also  be degraded  by  the  action  of  cathecol-o-
etil-trasferase  which  is especially  abundant  in  prefrontal  cortex

32].  Therefore  increases  in  DA and  NA concentrations  were  not
xpected  to  be as massive  as that  of  5HT. This  view  is supported
y  “ndings  that  MAO  A/B knock-out  mice  have  about  twofold

ncrease  in  dopamine  and  noradrenalin  levels  but  more  than  eight-
old  increase  in  5HT levels  in  comparison  to  wild-type  animals
33],  and  that  treatment  with  a combination  of  MAO  A and  MAO

 inhibitor  throughout  gestation  produced  marked  changes  in  the
evelopment  of  5HT but  not  of  DA and  NA terminals  in  rats  [34].
aken  all  together,  we  will  discuss  behavioral  data  primarily  from

he  point  of  view  of  the  well  characterized  changes  in  the  5HT
omeostasis,  while  also  addressing  possible  in”uences  of  other
onoamines.

.2. Behavioral  effects of 5HTP and TCP treatments

Results  from  our  previous  studies  have  shown  that  treatments
ith  both,  5HTP and  TCP have  led  to  a long-lasting/permanent
ecrease  in  5HT concentrations  in  the  serotonergic  terminals  of
he  frontal  cortex,  the  one  in  TCP-treated  group  being  far  more  pro-
ounced  [19].  In  this  study  we  explored  in  which  way  the  decreased
HT function  in  frontal  cortex  has affected  anxiety-like  behavior
nd  cognitive  ”exibility  in  the  treated  groups  of  animals.  It  was
ard  to  predict  the  outcome  of  the  study.  On one  hand,  one  could
xpect  that  the  non-optimal  5HT concentrations  during  develop-

ent  would  lead  to  increased  anxiety  and  cognitive  rigidity,  as

eported  in  the  studies  with  serotonin-de“cient  rats  [9,35,36].  On
he  other  hand,  in  line  with  the  theory  that  increased  5HT func-
ion  is considered  to  act  as inhibitor  of  behavioral  activation,  while
esearch 230 (2012) 175… 181 179

reduced  5HT function  facilitates  behavioral  response  to  environ-
mental  stimuli  [7,37],  the  opposite  effect  on  the  explored  features
could  also  be expected.

Results  of  behavioral  studies  accorded  well  with  the  neuro-
chemical  “ndings  … behavioral  alterations  in  the  5HTP-treated
group  were  very  mild,  while  those  of  the  TCP-treated  group
were  prominent.  Compared  to  the  saline  treated  rats,  both  groups
displayed  reduced  anxiety-like  behavior.  5-HTP-treated  animals
showed  signi“cantly  higher  degree  of  exploration  of  both,  novel
environment  (Fig. 2A)  and  novel  object  (Fig. 4A),  while  TCP-treated
rats  showed  signi“cantly  reduced  degree  of  thigmotactic  (Fig. 2B)
and  freezing  (Fig. 3)  behaviors,  and  spent  more  time  exploring  a
conspeci“c  (Fig. 4)  than  did  control  rats.

Our  “ndings  seem  to  differ  from  the  results  obtained  after  pre-
natal  or  neonatal  exposure  of  rodents  to  5HT reuptake  blockers,
which  was  also  shown  to  alter  the  long-term  chemical  pro“le
of  the  raphe  cortical  projection  system  [38].  Groups  that  investi-
gated  anxiety-like  behaviors  in  these  animals  reported  long  lasting
decrease  in  exploratory  activity  [39,40],  transient  decrease  in  social
exploration  [39],  and  no  changes  in  thigmotactic  behavior  [40,41].
Although  both  interference  with  5HT metabolism  and  interfer-
ence with  5HT uptake  increased  5HT availability  at  the  synapse,
the  observed  discrepancies  between  the  anxiolytic  pro“le  of  our
animals  and  the  anxiogenic  pro“le  of  the  animals  treated  with
reuptake  blockers  might  be explained  by  different  compensatory
mechanisms  induced  by  interference  with  presynaptic  vs. synaptic
events.  In  any  case, the  reduced  anxiety-like  behavior  observed  in
our  animals  corresponds  with  the  reduced  5HT function  found  in
their  cortices,  and  is in  line  with  the  reported  “ndings  of  reduced
anxiety-like  behavior  after  pharmacologically  induced  [42,43]  or
lesion-induced  [44,45]  decrease  of  5HT function,  as well  as with
studies  on  Wistar-Zagreb  5HT rats  reporting  signi“cantly  higher
anxiety  in  the  •high  5HTŽ than  in  the  •low  5HTŽ subline  [46].

Interestingly,  different  aspects  of  anxiety-like  behavior  were
affected  in  the  two  treated  groups,  which  is probably  the  result
of  different  effects  induced  by  treatment  with  5-HTP  or  TCP. The
observed  differences  in  anxiety-like  behavior  might  be the  result
of  a 5HT-dose  effect,  in  a sense that  lower  degree  of  5HT-reduction
might  have  affected  only  exploration  as a less anxiogenic  compo-
nent,  while  higher  degree  of  5HT-reduction  would  have  affected
more  anxiogenic  components  such  as exposure  to  open  spaces,
novel  conspeci“c  or  stressful  stimulus.  Alternatively,  prominent
changes  in  anxiety-like  behavior  of  TCP-treated  rats  might  be a
result  of  perinatally  altered  catecholamine  homeostasis  in  addi-
tion  to  the  effects  of  serotonin,  as opposed  to  a solely  5HT-induced
effect  in  5HTP-treated  rats.  Dopamine  is present  in  the  entire  fore-
brain  where  it  primarily  contributes  to  the  regulation  of  motor  and
limbic  functions,  including  anxiety-related  processes [47].  Indeed,
reduced  thigmotactic  behavior  was  observed  in  D3  receptor  knock-
out  mice  [48],  while  D2  receptor  acting  antipsychotics  were  shown
to  reduce  anxiety  [49…51] and  increase  social  investigation  [52]
in  rodents.  NA, on  the  other  hand,  serves as an essential  neuro-
transmitter  to  regulate  arousal  and  adapt  to  environmental  and
internal  stressors,  and  facilitated  function  of  the  NA system  has
been  associated  with  anxiogenic  effects  [53].  According  to  the
above  mentioned  reports,  the  anxiolytic  pro“le  of  TCP-treated
animals  could  indicate  possible  reduction  in  catecholaminergic
function.

Cognitive  ”exibility  is  de“ned  as the  ability  to  adjust  behav-
ior  to  changes  in  the  environment  or  task  conditions  and  is often
measured  as ability  for  reversal  learning  of  the  acquired  task  [54].
Animal  studies  have  indicated  a major  role  of  5HT in  the  modu-

lation  of  reversal  learning  [55].  However,  reports  on  the  effects  of
pharmacologically  induced  decrease  of  5HT function  on  cognitive
”exibility  are contradictory.  Impairments  of  the  reversal  learning
ability  have  been  reported  after  5HT depletion  in  rats  [9,10],  while
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o  effect  [56]  or  even  improvement  [57]  on  the  reversal  learn-
ng  task  have  been  reported  in  marmosets  after  treatment  with

 5HT3  antagonist.  In  our  study,  all  groups  of  rats  displayed  simi-
ar  level  of  learning  of  the  initial  position  of  the  reward,  indicating
hat  the  treatments  with  5HT agonists  did  not  affect  general  learn-
ng  ability.  However,  TCP-treated  animals  learned  the  new  position
igni“cantly  faster  than  the  5HTP-treated  and  saline-treated  rats,
uggesting  an improvement  of  cognitive  ”exibility  in  a group  of
ats  with  drastically  reduced  cortical  5HT levels.  Again,  the  possibil-
ty  that  alterations  in  the  DA and/or  NA systems  have  contributed
o  this  effect  must  be taken  into  consideration.  Pharmacological
tudies  using  dopamine  agonists  and  antagonists  have  shown  that
unctional  overactivity  of  the  dopamine  system  impairs  reversal
earning,  both  in  animal  models  and  in  humans,  as reviewed  in  Clark
t  al. [55].  Also,  a �-andrenergic  antagonist  was  shown  to  improve
ognitive  ”exibility  in  stressed  humans  [58],  while  inhibitors  of
oradrenalin  transporter  improved  reversal  performance  in  rats
nd  monkeys  [59].

. Conclusion

In  conclusion,  perinatal  treatment  of  rats  with  two  different
HT agonists:  5HTP which  induced  mild  reduction  in  cortical  5HT
oncentrations,  and  TCP which  lead  to  drastic  reduction  in  5HT
oncentration/function,  affected  5HT-related  behavior  in  the  two
roups  of  adult  animals  to  different  extents.  While  reduction  in  only
ne  aspect  of  anxiety-like  behavior  (increased  exploratory  activity)
as  found  in  the  5HTP-treated  group,  TCP-treated  rats  displayed  a
rofound  anxiolytic  pro“le  (reduced  thigmotaxis,  reaction  to  stress
nd  social  anxiety)  with  improved  cognitive  ”exibility.  Further  neu-
ochemical,  anatomical  and  gene-expression  studies  are planned  in
rder  to  elucidate  whether  the  highly  anxiolytic  phenotype  of  TCP-
reated  vs. 5HTP-treated  animals  is the  consequence  of  a 5HT-dose
ffect,  or  of  a reduced  cathecolaminergic  in  addition  to  serotonergic
unction.  We  hope  that  our  results  will  eventually  contribute  to  the
nderstanding  of  the  role  of  serotonin  and  other  monoamines  in
nxiety-like  behavior  and  cognitive  rigidity,  and  to  the  possibility
f  treatments  of  these  symptoms  in  certain  behavioral  disorders.
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2.5. Effects of perinatal exposure to increased 5HT concentrations on 
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4. Discussion
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�S�F�T�J�T�U�B�O�U�� �U�P�� �4�4�3�*��� �B�O�E�� ���)�5�1�� �B�T�� �B�O�� �P�W�F�S���U�I�F��

�D�P�V�O�U�F�S�� �E�J�F�U�B�S�Z�� �T�V�Q�Q�M�F�N�F�O�U�� �B�D�U�J�O�H�� �B�T�� �B�� �N�P�P�E��

�F�O�I�B�O�D�F�S��� �B�Q�Q�F�U�J�U�F�� �T�V�Q�Q�S�F�T�T�B�O�U�� �P�S�� �T�M�F�F�Q��

�B�J�E���� �)�P�X�F�W�F�S��� �M�P�O�H���M�B�T�U�J�O�H�� �D�P�O�T�F�R�V�F�O�D�F�T�� �P�G��

�Q�F�S�J�O�B�U�B�M�� �F�Y�Q�P�T�V�S�F�� �U�P�� �U�S�B�O�Z�M�D�Z�Q�S�P�N�J�O�F�� �I�B�W�F��

�I�B�S�E�M�Z�� �C�F�F�O�� �F�Y�Q�M�P�S�F�E��� �B�O�E�� �F�W�F�O�� �M�F�T�T�� �J�T�� �L�O�P�X�O��

�B�C�P�V�U���U�I�F���M�P�O�H���U�F�S�N���F�ò�F�D�U�T���P�G�����)�5�1����

�"�M�U�I�P�V�H�I�� �J�U�� �X�P�V�M�E�� �I�B�W�F�� �C�F�F�O�� �N�P�S�F��

�J�O�G�P�S�N�B�U�J�W�F�� �U�P�� �F�Y�Q�M�P�S�F�� �E�P�T�F�� �E�F�Q�F�O�E�F�O�D�J�F�T��

�P�G�� �U�I�F�� �J�O�E�V�D�F�E�� �F�ò�F�D�U�T��� �C�P�U�I�� �T�V�C�T�U�B�O�D�F�T��

�X�F�S�F�� �B�E�N�J�O�J�T�U�F�S�F�E�� �P�O�M�Z�� �J�O�� �T�J�O�H�M�F�� �D�I�P�T�F�O��

�D�P�O�D�F�O�U�S�B�U�J�P�O�T�� �E�V�F�� �U�P�� �M�P�O�H�� �E�V�S�B�U�J�P�O�� �P�G��

�U�S�F�B�U�N�F�O�U����M�P�X���O�V�N�C�F�S���P�G���Q�V�Q�T���J�O���F�Y�Q�F�S�J�N�F�O�U�B�M��

�H�S�P�V�Q�T��� �B�O�E�� �D�P�N�Q�M�F�Y�J�U�Z�� �P�G�� �F�Y�Q�F�S�J�N�F�O�U�B�M��

�E�F�T�J�H�O�����"�T���E�F�T�D�S�J�C�F�E���F�B�S�M�J�F�S���<����,�����>����E�P�T�F�T���X�F�S�F��

�E�F�U�F�S�N�J�O�F�E���B�D�D�P�S�E�J�O�H���U�P���M�J�U�F�S�B�U�V�S�F���E�B�U�B���B�O�E���U�P��

�U�I�F���S�F�T�V�M�U�T���P�G���P�V�S���F�Y�Q�F�S�J�N�F�O�U�T���P�O���B�E�V�M�U���B�O�J�N�B�M�T����

���)�5�1�� �X�B�T�� �B�E�N�J�O�J�T�U�F�S�F�E�� �J�O�� �B�� �E�P�T�F�� �T�V�ó�D�J�F�O�U�� �U�P��

�S�B�J�T�F�� ���)�5�� �D�P�O�D�F�O�U�S�B�U�J�P�O�T�� �X�J�U�I�P�V�U�� �D�B�V�T�J�O�H�� �U�I�F��

�T�F�S�P�U�P�O�J�O�� �T�Z�O�E�S�P�N�F��� �X�I�J�M�F�� �U�I�F�� �H�J�W�F�O�� �E�P�T�F�� �P�G��

�5�$�1���X�B�T���F�Y�Q�F�D�U�F�E���U�P���F�ò�F�D�U�J�W�F�M�Z���C�M�P�D�L���N�P�T�U����C�V�U��

�O�P�U���B�M�M���P�G���U�I�F�����)�5���E�F�H�S�B�E�B�U�J�P�O��

�����������4�J�U�F�T�� �P�G�� �F�Y�Q�S�F�T�T�J�P�O�� �P�G�� ���)�5��
�S�F�H�V�M�B�U�J�O�H���H�F�O�F�T

�5�I�F�S�F�� �J�T�� �M�J�U�U�M�F�� �E�B�U�B�� �B�W�B�J�M�B�C�M�F�� �P�O�� �U�I�F�� �M�F�W�F�M�T��

�P�G�� �F�Y�Q�S�F�T�T�J�P�O�� �P�G�� �H�F�O�F�T�� �D�P�E�J�O�H�� �G�P�S�� �U�I�F�� ���)�5��

�S�F�H�V�M�B�U�J�O�H�� �F�M�F�N�F�O�U�T�� �J�O�� �W�B�S�J�P�V�T�� �C�S�B�J�O�� �S�F�H�J�P�O�T����

�8�F�� �U�I�F�S�F�G�P�S�F�� �ö�S�T�U�� �D�P�N�Q�B�S�F�E �S�F�M�B�U�J�W�F�� �N�3�/�"��

�B�C�V�O�E�B�O�D�F�� �G�P�S�� �U�I�F�T�F�� �H�F�O�F�T�� �C�F�U�X�F�F�O�� �U�I�F�� �T�J�U�F��

�P�G�� ���)�5�� �O�F�V�S�P�O�B�M�� �T�P�N�B�T�� �B�O�E�� �U�I�F�� �T�J�U�F�� �P�G�� ���)�5��

�O�F�V�S�P�O�B�M�� �F�O�E�J�O�H�T�� �J�O�� �U�I�F�� �D�P�O�U�S�P�M�� �H�S�P�V�Q�� �P�G�� �S�B�U�T. 

�"�M�M�� �P�G�� �U�I�F�� �J�O�W�F�T�U�J�H�B�U�F�E�� �H�F�O�F�T�� �X�F�S�F�� �F�Y�Q�S�F�T�T�F�E��

�C�P�U�I�� �J�O�� �U�I�F�� �3�/�3�� �B�O�E�� �1�'�$���� �0�V�S�� �ö�O�E�J�O�H�T�� �B�S�F�� �J�O��

�M�J�O�F�� �X�J�U�I�� �U�I�F�� �S�F�Q�P�S�U�F�E�� �E�F�U�F�D�U�J�P�O�� �P�G�� �N�3�/�"�� �J�O��

�C�P�U�I�� �S�F�H�J�P�O�T�� �G�P�S�� ���)�5�5�� �<�����>��� �5�1�)���� �<�����>��� ���)�51AR 

[�����>��� ���)�5���"R [�����>��� �B�O�E�� �.�"�0�� �"�� �<�����>��� �T�V�H�H�F�T�U�J�O�H��

�U�I�B�U�� ���)�5���S�F�H�V�M�B�U�J�O�H�� �Q�S�P�U�F�J�O�T�� �B�S�F�� �T�Z�O�U�I�F�T�J�[�F�E��

�C�P�U�I��� �Q�S�F�T�Z�O�B�Q�U�J�D�B�M�M�Z�� �J�O�� �U�I�F�� �O�F�V�S�P�O�B�M�� �T�P�N�B�T���

�B�O�E�� �B�U�� �U�I�F�� �U�B�S�H�F�U�� �Q�S�P�K�F�D�U�J�P�O�� �T�J�U�F�T�� �B�G�U�F�S�� �B�Y�P�O�B�M��

�U�S�B�O�T�Q�P�S�U���P�G���N�3�/�"�����5�I�F���Q�S�F�T�F�O�D�F���P�G���N�3�/�"�� �G�P�S��

�.�"�0�� �#�� �<�����>�� �B�O�E�� �7�.�"�5���� �<�����>�� �X�B�T�� �Q�S�F�W�J�P�V�T�M�Z��

�S�F�Q�P�S�U�F�E�� �P�O�M�Z�� �J�O�� �U�I�F�� �3�/�3�� �P�G�� �B�E�V�M�U�� �B�O�J�N�B�M�T���

�C�V�U�� �B�� �S�F�B�T�P�O�� �G�P�S�� �U�I�F�T�F�� �E�J�T�D�S�F�Q�B�O�D�J�F�T�� �N�J�H�I�U��

�M�J�F�� �J�O�� �E�J�ò�F�S�F�O�U�� �N�F�U�I�P�E�P�M�P�H�J�F�T�� �V�T�F�E�� �U�P�� �E�F�U�F�D�U��

�N�3�/�"�� �	in situ�� �I�Z�C�S�J�E�J�[�B�U�J�P�O�� �W�T���� �R�3�5���1�$�3�
��

�C�F�U�X�F�F�O�� �U�I�F�� �N�F�O�U�J�P�O�F�E�� �T�U�V�E�J�F�T�� �B�O�E�� �P�V�S�T����

�%�J�ò�F�S�F�O�D�F�T�� �J�O�� �S�F�H�J�P�O�B�M�� �N�3�/�"�� �B�C�V�O�E�B�O�D�F��

�G�P�S�� �F�B�D�I�� ���)�5���S�F�H�V�M�B�U�J�O�H�� �H�F�O�F�� �N�J�H�I�U�� �S�F�ø�F�D�U��

�E�J�ò�F�S�F�O�U�� �S�F�H�V�M�B�U�J�P�O�� �N�F�D�I�B�O�J�T�N�T�� �P�G�� �Q�S�P�U�F�J�O��

�T�Z�O�U�I�F�T�J�T�� �	�M�P�D�B�M�� �W�T���� �D�F�O�U�S�B�M�
��� �Q�P�T�T�J�C�M�Z�� �S�F�M�B�U�F�E�� �U�P��

�U�I�F�� �Q�I�Z�T�J�P�M�P�H�J�D�B�M�� �S�P�M�F�� �P�G�� �U�I�F�� ���)�5���S�F�H�V�M�B�U�J�O�H��

�F�M�F�N�F�O�U����

�����������5�I�F�� �F�ò�F�D�U�T�� �P�G�� �Q�I�B�S�N�B�D�P�M�P�H�J�D�B�M��
�U�S�F�B�U�N�F�O�U�T�� �P�O�� �U�I�F�� �F�Y�Q�S�F�T�T�J�P�O�� �P�G��
���)�5���S�F�H�V�M�B�U�J�O�H���H�F�O�F�T

�5�X�P�� �E�J�ò�F�S�F�O�U�� ���)�5�� �F�O�I�B�O�D�F�S�T�� �J�O�U�F�S�G�F�S�J�O�H�� �X�J�U�I��

���)�5�� �N�F�U�B�C�P�M�J�T�N�� �X�F�S�F�� �V�T�F�E�� �J�O�� �U�I�J�T�� �T�U�V�E�Z���� �5�I�F��

�ö�S�T�U�� �P�O�F�� �X�B�T�� �U�I�F�� �J�N�N�F�E�J�B�U�F�� ���)�5�� �Q�S�F�D�V�S�T�P�S���

�X�I�J�D�I�� �F�M�F�W�B�U�F�E�� ���)�5�� �M�F�W�F�M�T�� �X�J�U�I�P�V�U�� �B�D�U�J�O�H��

Treatment  N TPH2 MAOA MAOB 5HTT VMAT2 5HT1aR 5HT2aR

���)�5�1 ���� ���������œ�������� ���������œ������������ ���������œ���������� ���������œ�������� ���������œ�������� ���������œ�������� ���������œ��������

saline 11 ���������œ�������� ���������œ�������� ���������œ�������� ���������œ�������� ���������œ�������� ���������œ�������� ���������œ��������

�5�$�1 ���� ���������œ�������� ���������œ�������������� ���������œ�������������� ���������œ�������� ���������œ���������� ���������œ�������� ���������œ��������

�5�B�C�M�F�������������$�R���W�B�M�V�F�T#���P�G���H�F�O�F�T���B�O�B�M�Z�[�F�E���J�O���S�B�Q�I�F���O�V�D�M�F�J���S�F�H�J�P�O�T���P�G���U�S�F�B�U�F�E���B�O�J�N�B�M�T��

# �7�B�M�V�F�T���B�S�F���F�Y�Q�S�F�T�T�F�E���B�T���.���œ���4���&���.�����-�P�X�F�S�����$�R���O�V�N�C�F�S�T���J�O�E�J�D�B�U�F���I�J�H�I�F�S���F�Y�Q�S�F�T�T�J�P�O���P�G���U�I�F���H�F�O�F�T��
�����Q�������������������������Q���������������������������Q���������������������F�Y�Q�F�S�J�N�F�O�U�B�M���W�T�����D�P�O�U�S�P�M�����%�V�O�O�T��post hoc���B�O�B�M�Z�T�J�T���B�G�U�F�S���,�S�V�T�L�B�M���8�B�M�M�J�T���U�F�T�U

Treatment  N TPH2 MAOA MAOB 5HTT VMAT2 5HT1aR 5HT2aR

���)�5�1 ���� ���������œ�������� ���������œ�������� ���������œ�������� ���������œ�������� ���������œ�������� ���������œ�������� ���������œ��������

saline ���� ���������œ�������� ���������œ�������� ���������œ�������� ���������œ�������� ���������œ�������� ���������œ�������� ���������œ��������

�5�$�1 ���� ���������œ�������� ���������œ�������� ���������œ�������� ���������œ������������ ���������œ�������� ���������œ������������ ���������œ��������

�5�B�C�M�F�������������$�R���W�B�M�V�F�T#���P�G���H�F�O�F�T���B�O�B�M�Z�[�F�E���J�O���Q�S�F�G�S�P�O�U�B�M���D�P�S�U�J�D�F�T���P�G���U�S�F�B�U�F�E���B�O�J�N�B�M�T��

�����7�B�M�V�F�T���B�S�F���F�Y�Q�S�F�T�T�F�E���B�T���.���œ���4���&���.�����-�P�X�F�S�����$�R���O�V�N�C�F�S�T���J�O�E�J�D�B�U�F���I�J�H�I�F�S���F�Y�Q�S�F�T�T�J�P�O���P�G���U�I�F���H�F�O�F�T��
�������Q���������������������F�Y�Q�F�S�J�N�F�O�U�B�M���W�T�����D�P�O�U�S�P�M�����%�V�O�O�T��post hoc���B�O�B�M�Z�T�J�T���B�G�U�F�S���,�S�V�T�L�B�M���8�B�M�M�J�T���U�F�T�U
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�E�J�S�F�D�U�M�Z�� �P�O�� �U�I�F�� ���)�5���S�F�H�V�M�B�U�J�O�H�� �Q�S�P�U�F�J�O�T��� �B�O�E��

�T�J�H�O�J�ö�D�B�O�U�M�Z���E�J�T�U�V�S�C�F�E�����)�5���I�P�N�F�P�T�U�B�T�J�T���P�O�M�Z���J�O��

�U�I�F���Q�F�S�J�Q�I�F�S�B�M���D�P�N�Q�B�S�U�N�F�O�U�����4�U�J�M�M����U�I�J�T���U�S�B�O�T�J�F�O�U��

�I�Z�Q�F�S�T�F�S�P�U�P�O�F�N�J�B���X�B�T���T�V�ó�D�J�F�O�U���U�P���J�O�E�V�D�F���N�J�M�E��

�C�V�U���T�J�H�O�J�ö�D�B�O�U���J�O�D�S�F�B�T�F�T���J�O���.�"�0���"���B�O�E���.�"�0���#��

�N�3�/�"���B�C�V�O�E�B�O�D�F���J�O���U�I�F���3�/�3���P�G���B�E�V�M�U���B�O�J�N�B�M�T����

�6�Q�S�F�H�V�M�B�U�J�P�O�� �J�O�� �.�"�0�� �H�F�O�F�� �F�Y�Q�S�F�T�T�J�P�O�� �X�B�T��

�Q�S�F�T�V�N�B�C�M�Z�� �B�� �S�F�B�D�U�J�P�O�� �U�P�� �U�I�F�� �D�I�S�P�O�J�D�� �J�O�D�S�F�B�T�F��

�J�O�� ���)�5�� �D�P�O�D�F�O�U�S�B�U�J�P�O�T�� �E�V�S�J�O�H�� �U�S�F�B�U�N�F�O�U��� �B�O�E��

�X�B�T�� �B�Q�Q�B�S�F�O�U�M�Z�� �T�V�ó�D�J�F�O�U�� �U�P�� �Q�S�F�W�F�O�U�� �B�� �S�P�C�V�T�U��

�J�O�D�S�F�B�T�F�� �J�O�� �C�S�B�J�O�� ���)�5�� �D�P�O�D�F�O�U�S�B�U�J�P�O�T�� �E�V�S�J�O�H��

�E�F�W�F�M�P�Q�N�F�O�U���� �)�P�X�F�W�F�S��� �H�F�O�F�� �F�Y�Q�S�F�T�T�J�P�O��

�S�F�N�B�J�O�F�E�� �V�Q�S�F�H�V�M�B�U�F�E�� �B�G�U�F�S�� �U�I�F�� �X�B�T�I���P�V�U��

�Q�F�S�J�P�E��� �B�O�E�� �M�J�L�F�M�Z�� �S�F�Q�S�F�T�F�O�U�T�� �B�� �D�B�V�T�F�� �P�G�� �B�� �N�J�M�E��

�S�F�E�V�D�U�J�P�O���J�O�����)�5���M�F�W�F�M�T���J�O���U�I�F���D�P�S�U�J�D�F�T���P�G���U�I�F�T�F��

�B�O�J�N�B�M�T���P�C�T�F�S�W�F�E���J�O���P�V�S���Q�S�F�W�J�P�V�T���T�U�V�E�Z���<19�>��

�5�I�F�� �T�F�D�P�O�E�� ���)�5���F�O�I�B�O�D�F�S�� �J�O�I�J�C�J�U�F�E�� �U�I�F��

�N�B�J�O�� �F�O�[�Z�N�F�� �J�O�W�P�M�W�F�E�� �J�O�� �U�I�F�� �E�F�H�S�B�E�B�U�J�P�O�� �P�G��

���)�5�� �B�O�E�� �P�U�I�F�S�� �N�P�O�P�B�N�J�O�F�T��� �B�O�E�� �T�J�H�O�J�ö�D�B�O�U�M�Z��
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�<�����>���-�B�V�E�F�S�� �+���.����� �-�J�V�� �+����� �(�S�B�Z�T�P�O�� �%���3����� �*�O�� �V�U�F�S�P�� �F�Y�Q�P�T�V�S�F�� �U�P�� �T�F�S�P�U�P�O�F�S�H�J�D��

�E�S�V�H�T���B�M�U�F�S�T���O�F�P�O�B�U�B�M���F�Y�Q�S�F�T�T�J�P�O���P�G�������)�5�	���"�
�� �S�F�D�F�Q�U�P�S���U�S�B�O�T�D�S�J�Q�U�T���� �B��

�R�V�B�O�U�J�U�B�U�J�W�F���3�5���1�$�3���T�U�V�E�Z����*�O�U�����+�����%�F�W�����/�F�V�S�P�T�D�J������������������������������o������

�<�����>���)�S�B�O�J�M�P�W�J�Î�� �%����� �/�P�W�B�L�� �3����� �#�B�C�J�Î�� �.����� �/�P�W�P�L�N�F�U�� �.����� �#�V�K�B�T���1�F�U�L�P�W�J�Î�� �;�����

�+�F�S�O�F�K�� �#����� �F�U�� �B�M����� �)�Z�Q�F�S�T�F�S�P�U�P�O�F�N�J�B�� �J�O�� �B�V�U�J�T�N���� �U�I�F�� �Q�P�U�F�O�U�J�B�M�� �S�P�M�F�� �P�G��

���)�5���S�F�M�B�U�F�E���H�F�O�F���W�B�S�J�B�O�U�T����$�P�M�M�����"�O�U�S�P�Q�P�M����������������������������o����

�<�����>���)�S�B�O�J�M�P�W�J�Î�� �%����� �#�V�K�B�T���1�F�U�L�P�W�J�Î�� �;����� �5�P�N�J�Ï�J�Î�� �.����� �#�P�S�E�V�L�B�M�P���/�J�L�Ý�J�Î�� �5�����

�#�M�B�ä�F�W�J�Î�� �4����� �Ž�J�Ï�J�O���À�B�J�O�� �-����� �)�Z�Q�F�S�T�F�S�P�U�P�O�F�N�J�B�� �J�O�� �B�V�U�J�T�N���� �B�D�U�J�W�J�U�Z�� �P�G��
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3.1. Prednosti i nedostaci eksperimentalnog pristupa 

 

Smatramo da eksperimentalni pristup koji smo primijenili u ovoj disertaciji ima 

nekoliko prednosti: 

1) Posljedice perinatalne izloženosti prekomjernim koncentracijama serotonina nakon 

izlaganja tvarima koje djeluju �S�X�W�H�P�� ���+�7�� �U�H�F�H�S�W�R�U�D�� �W�H�P�H�O�M�L�W�R�� �V�X�� �S�U�R�X�þ�H�Q�H�� �X�� �U�D�]�Y�R�M�Q�R�P��

modelu hiperserotoninemije (Hadjikhani, 2010.). Posljedice perinatalne izloženosti 

eksperimentalnih životinja i ljudi SSRI-ima, koji djeluju putem transportera 5HT�����W�D�N�R�ÿ�H�U���V�X��

�W�H�P�H�O�M�L�W�R�� �L�V�W�U�D�å�H�Q�H�� �� ���1�L�M�H�Q�K�X�L�V�� �L�� �V�X�U������ ���������������� �0�H�ÿ�X�W�L�P���� �Y�U�O�R�� �V�H�� �P�D�O�R�� �]�Q�D�� �R�� �G�X�J�R�U�R�þ�Q�L�P��

posljedicama perinatalnih promjena u serotoninskom metabolizmu. Stoga smo u svojim 

istraživanjima farmakološki promijenili metabolizam serotonina u vrijeme perinatalnog 

razvoja mozga primjenom 5HTP �N�R�M�L�� �S�R�W�L�þ�H�� �V�L�Q�W�H�]�X�� �V�H�U�R�W�R�Q�L�Q�D�� �L�O�L��TCP �N�R�M�L�� �R�Q�H�P�R�J�X�ü�X�M�H��

razgradnju serotonina. 

������ �8�� �O�L�W�H�U�D�W�X�U�L�� �Q�H�� �S�R�V�W�R�M�H�� �S�R�G�D�F�L�� �R�� �G�X�J�R���W�U�D�M�Q�R�P���� �X�þ�L�Q�N�X�� �S�R�Y�L�ã�H�Q�L�K�� �N�R�Q�F�H�Q�W�U�D�F�L�M�D��

serotonina tijekom razvoja mozga na ekspresiju gena koji reguliraju funkciju 5HT i to je po 

prvi puta istraženo u ovoj disertaciji. 

3) Tretman je izvršen tijekom prenatalnog (od 13. gestacijskog dana do okota) i ranog 

�S�R�V�W�Q�D�W�D�O�Q�R�J�����R�G���R�N�R�W�D���G�R�����������S�R�V�W�Q�D�W�D�O�Q�R�J���G�D�Q�D�����U�D�]�Y�R�M�D���P�R�]�J�D�����þ�L�P�H���M�H���S�R�V�Y�H���R�E�X�K�Y�D�ü�H�Q�R��

�U�D�]�G�R�E�O�M�H���L�Q�W�H�Q�]�L�Y�Q�R�J���U�D�]�Y�R�M�D���V�H�U�R�W�R�Q�H�U�J�L�þ�Q�L�K���Q�H�X�U�R�Q�D���X���ã�W�D�N�R�U�D�����/�D�X�G�H�U������������������ 

4) Tvari su injicirane subkutano, u nabor k�R�å�H�� �]�D�W�L�O�M�N�D���� �þ�L�P�H�� �V�H�� �P�R�J�X�ü�Q�R�V�W���R�ã�W�H�ü�H�Q�M�D��

fetusa za vrijeme prenatalne primjene �L�]�E�M�H�J�O�D���� �D�� �P�R�J�X�ü�Q�R�V�W�� �R�]�O�M�H�G�H�� �P�O�D�G�X�Q�D�F�D�� �V�Y�H�O�D�� �Q�D��

�Q�D�M�P�D�Q�M�X���P�R�J�X�ü�X���P�M�H�U�X�� 

������ �6�S�R�]�Q�D�M�D�� �G�D�� ���+�7�3�� �X�]�U�R�N�X�M�H�� �]�Q�D�þ�D�M�Q�H�� �S�U�R�P�M�H�Q�H�� �K�R�P�H�R�V�W�D�]�H��5HT samo u 

perifernom, a TCP u oba odjeljka, �R�P�R�J�X�ü�L�O�D�� �Q�D�P�� �M�H�� �X�V�S�R�U�H�G�E�X�� �G�X�J�R�W�U�D�M�Q�L�K�� �S�U�R�P�M�H�Q�D�� �X��

homeostazi serotonina nakon razvojne neuravnoteženosti inducirane u perifernom odjeljku 

5HT naspram one inducirane u središnjem odjeljku 5HT i testiranje hipoteza o 

hiperserotoninemiji kao uzroku ili kao biljegu promjena 5HT u mozgu. 

�������ý�L�Q�M�H�Q�L�F�D���G�D���V�H���R�E�M�H���W�Y�D�U�L���N�R�U�L�V�W�H���]�D��povišenje razine serotonina u ljudi, �X�N�O�M�X�þ�X�M�X�ü�L��

i trudnice, doprinosi relevantnosti dobivenih rezultata za humanu populaciju.  

Ovdje moramo spomenuti i glavni nedostatak istraživanja, a �W�R�� �M�H�� �þ�L�Q�M�H�Q�L�F�D�� �G�D�� �7�&�3��

inhibicijom obje izoforme enzima MAO povisuje i razinu katekolamina, što može utjecati na 

�M�D�V�Q�R�ü�X�� �L�Q�W�H�U�S�U�H�W�D�F�L�M�H�� �G�R�E�L�Y�H�Q�L�K�� �U�H�]�X�O�W�D�W�D���� �0�H�ÿ�X�W�L�P���� �V�� �R�E�]�L�U�R�P�� �G�D�� �V�H�� ���+�7�� �U�D�]�J�U�D�ÿ�X�M�H��

�L�V�N�O�M�X�þ�L�Y�R�� �R�N�V�L�G�D�W�L�Y�Q�R�P�� �G�H�D�P�L�Q�D�F�L�M�R�P���� �D�� �G�D�� �V�H�� �N�D�W�H�N�R�O�D�P�L�Q�L��mogu razgraditi i djelovanjem 
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katekol-O-metil-transferaze (koja dominira nad MAO u prefrontalnom korteksu), 

pretpostavljamo da su promjene u razini dopamina i noradrenalina bile znatno manje nego 

promjene u razini serotonina. Tome u prilog govore i podaci �L�]�� �O�L�W�H�U�D�W�X�U�H�� �R�� �G�U�D�V�W�L�þ�Q�L�P��

�S�U�R�P�M�H�Q�D�P�D�� �X�� �U�D�]�Y�R�M�X�� �V�H�U�R�W�R�Q�H�U�J�L�þ�Q�L�K���� �D�O�L�� �Q�H�� �L�� �N�D�W�H�N�R�O�D�P�L�Q�H�U�J�L�þ�Q�L�K�� �å�L�Y�þ�D�Q�L�K�� �]�D�Y�U�ã�H�W�D�N�D��

nakon primjene inhibitora MAO A i MAO B tijekom gestacije (Whitaker-Azmitia i sur., 

1994.), te o dvostrukom porastu razine katekolamina u odnosu na osmerostruki porast razine 

serotonina u miševa s inaktiviranim genima za MAO A/B (Chen i sur., 2004.). 

 

3.2. Posljedice perinatalne izloženos�W�L���S�R�Y�H�ü�D�Q�R�M���V�L�Q�W�H�]�L���V�H�U�R�W�R�Q�L�Q�D 

 
3.2.1. �1�H�S�R�V�U�H�G�Q�L���X�þ�L�Q�D�N��5HTP 

Opisana primjena 5HTP je bila �Y�U�O�R���X�þ�L�Q�N�R�Y�L�Wa u izazivanju hiperserotoninemije, pri 

�þ�H�P�X���V�X���N�R�Q�F�H�Q�W�U�D�F�L�M�H�����+�7���X���N�U�Y�L���H�N�V�S�H�U�L�P�H�Q�W�D�O�Q�L�K���å�L�Y�R�W�L�Q�M�D���E�L�O�H���X���S�U�R�V�M�H�N�X�������������Y�H�ü�H���Q�H�J�R��

�X�� �N�U�Y�L�� �N�R�Q�W�U�R�O�Q�L�K�� �å�L�Y�R�W�L�Q�M�D�� �W�U�H�W�L�U�D�Q�L�K�� �I�L�]�L�R�O�R�ã�N�R�P�� �R�W�R�S�L�Q�R�P�� ���Y���� �U�D�G�R�Y�H�� ���� �L�� �������� �0�H�ÿ�X�W�L�P����

primjena nije izazvala �]�Q�D�þ�D�M�Q�L���S�R�U�D�V�W razine 5HT u mozgu, mjereno u prefrontalnoj kori (v. 

�U�D�G�� �������� �2�Y�D�� �S�H�U�L�I�H�U�Q�D���� �Q�R�� �Q�H�� �L�� �V�U�H�G�L�ã�Q�M�D�� �]�Q�D�þ�D�M�Q�D�� �S�U�R�P�M�H�Q�D�� �U�D�]�L�Q�H�� �V�H�U�R�W�R�Q�L�Q�D�� �P�R�J�O�D�� �M�H�� �E�L�W�L��

�X�]�U�R�N�R�Y�D�Q�D�� �R�G�D�E�U�D�Q�R�P�� �G�R�]�R�P�� �L�� �Q�D�þ�L�Q�R�P�� �S�U�L�P�M�H�Q�H��5HTP, koji su efikasnije potaknuli 

konverziju u 5HT i njegovo skl�D�G�L�ã�W�H�Q�M�H���Q�D���S�H�U�L�I�H�U�L�M�L���Q�H�J�R���X���P�R�]�J�X���� �'�U�X�J�D���P�R�J�X�ü�Q�R�V�W���M�H���G�D��

su kompenzatorni mehanizmi u mozgu bili mnogo efikasniji u otklanjanju prekomjernog 

novosintetiziranog serotonina nego što je to bilo na periferiji, na što ukazuju podaci iz 

literature o promjeni koncentracije serotonina unutar prvih sati nakon primjene 5HTP, a koja 

�V�H�� �����K�� �Q�D�N�R�Q�� �L�Q�M�H�N�F�L�M�H�� �Y�U�D�ü�D�� �Q�D�� �E�D�]�D�O�Q�H�� �U�D�]�L�Q�H�� ���/�\�Q�Q-Bullock i sur., 2004.; Sémont i sur., 

2000.). Razvojna hiperserotoninemija bila je privremena pa se u odrasloj dobi srednja 

vrijednost razine 5HT u krvi eksperimentalnih životinja nije razlikovala od srednje vrijednosti 

u krvi kontrolnih životinja (v. rad 3). 

Tijekom primjene 5HTP došlo je i do drugih fizioloških posljedica. Tako su 

�S�R�U�R�ÿ�D�M�Q�D���P�D�V�D���L���V�W�R�S�D���S�U�H�å�L�Y�O�M�H�Q�M�D���E�L�O�H���Q�L�å�H���X���H�N�V�S�H�U�L�P�H�Q�W�D�O�Q�L�K���Q�H�J�R���X���N�R�Q�W�U�R�O�Q�L�K���å�L�Y�R�W�L�Q�M�D����

�L�D�N�R�� �M�H�� �E�U�R�M�� �P�O�D�G�X�Q�D�F�D�� �S�R�� �R�N�R�W�X�� �E�L�R�� �M�H�G�Q�D�N���� �0�R�J�X�ü�H�� �M�H�� �G�D�� �V�X�� �R�Y�H�� �S�U�R�P�M�H�Q�H�� �S�R�V�O�M�H�G�L�F�D����

indirektnog povišenja razine 5HT u mozgu mladunaca, izazvanog hiperserotoninemijom, koje 

�M�H���P�R�J�O�R���Q�H�J�D�W�L�Y�Q�R���X�W�M�H�F�D�W�L���Q�D���U�D�]�Y�R�M���I�H�W�D�O�Q�R�J���P�R�]�J�D���� �=�Q�D�þ�D�M�Q�H���U�D�]�O�L�N�H���X���W�M�H�O�H�V�Q�R�M���P�D�V�L���N�R�M�H��

su se održavale tijekom rasta sve do odrasle dobi, govore u prilog promjenama u središnjoj 

seroto�Q�H�U�J�L�þ�Q�R�M���W�U�D�Q�V�P�L�V�L�M�L���W�U�H�W�L�U�D�Q�L�K���å�L�Y�R�W�L�Q�M�D�����N�R�M�H���V�X���V�H���P�R�J�O�H���R�þ�L�W�R�Y�D�W�L���V�P�D�Q�M�H�Q�L�P���X�Q�R�V�R�P��

�K�U�D�Q�H�� �L���L�O�L�� �S�R�M�D�þ�D�Q�L�P�� �P�H�W�D�E�R�O�L�]�P�R�P�����.�R�U�H�O�D�F�L�M�D�� �L�]�P�H�ÿ�X�� �U�D�]�L�Q�H serotonina i tjelesne mase 
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dokumentirana je u ljudi i životinja (Broqua i sur., 1992.; Curzon, 1990.; Fletcher, 1988.; 

�+�D�O�I�R�U�G���L���V�X�U���������������������+�U�D�Q�L�O�R�Y�L�F���L���V�X�U���������������������3�R�O�O�R�F�N���L���5�R�Z�O�D�Q�G���������������������'�U�X�J�D���M�H���P�R�J�X�ü�Q�R�V�W��

�G�D���M�H���]�E�R�J���N�U�R�Q�L�þ�Q�R�J���W�U�H�W�P�D�Q�D���P�D�M�N�L���G�R�ã�O�R���G�R���V�P�D�Q�M�H�Q�R�J���S�U�R�W�R�N�D���N�U�Y�L���X���P�D�W�H�U�Q�L�F�L���L���S�R�V�W�H�O�M�L�F�L��

s obzirom da serotonin regulira tonus krvnih žila. Smanjena opskrba krvlju mogla se 

negativno odraziti na fetalni razvoj, kao što je to pokazano u ljudi (Duvekot i sur., 1995.; 

Salas i sur., 2006., 2007.), �W�H���X�]�U�R�N�R�Y�D�W�L���S�R�Y�H�ü�D�Q�X���V�P�U�W�Qost, odnosno nižu tjelesnu masu u tek 

�R�N�R�ü�H�Q�L�K���P�O�D�G�X�Q�D�F�D���� 

 

3.2.2. �'�X�J�R�U�R�þ�Q�H���S�R�V�O�M�H�G�L�F�H���S�H�U�L�Q�D�W�D�O�Q�H���S�U�L�P�M�H�Q�H��5HTP 

  �6�� �R�E�]�L�U�R�P�� �Q�D�� �X�R�þ�H�Q�H�� �G�L�U�H�N�W�Q�H�� �S�R�V�O�M�H�G�L�F�H��primjene 5HTP, a to je izražena 

�K�L�S�H�U�V�H�U�R�W�R�Q�L�Q�H�P�L�M�D�� �E�H�]�� �]�Q�D�þ�D�M�Q�L�K�� �S�U�R�P�M�H�Q�D�� �X�� �V�U�H�G�L�ã�Q�M�H�P�� �R�G�M�H�O�M�N�X�� ���+�7���� �V�P�D�W�U�Dli smo da je 

ovaj model prikladan za ispitivanje teorije o hiperserotoninemiji kao uzroku razvojnih 

�S�R�U�H�P�H�ü�D�M�D�� �X�� �V�U�H�G�L�ã�Q�M�H�P�� �V�H�U�R�W�R�Q�L�Q�V�N�R�P�� �R�G�M�H�O�M�N�X�� ���:�K�L�W�D�N�H�U-Azmitia, 2005.). Stoga smo u 

odraslih životinja istražili razinu i metabolizam serotonina te ekspresiju 5HT-regulatornih 

gena u središnjem odjeljku, kao i ponašanje regulirano serotoninom.  

�6�� �Q�H�X�U�R�N�H�P�L�M�V�N�R�J�� �V�W�D�Q�R�Y�L�ã�W�D���� �X�� �S�U�H�I�U�R�Q�W�D�O�Q�R�M�� �N�R�U�L�� �M�H�� �G�R�ã�O�R�� �G�R�� �E�O�D�J�R�J���� �D�O�L�� �]�Q�D�þ�D�M�Q�R�J��

smanjenja razine serotonina, bez promjena u njegovom metabolizmu. Pretpostavljamo da je u 

prefr�R�Q�W�D�O�Q�R�M�� �N�R�U�L�� �G�R�ã�O�R�� �G�R�� �J�X�E�L�W�N�D�� �V�H�U�R�W�R�Q�H�U�J�L�þ�Q�Lh završetaka uslijed perinatalne 

hiperserotoninemije. Naime, inhibitorna uloga serotonina na razvoj vlastitih neurona 

pokazana je u kulturi stanica (Whitaker-Azmitia i Azmitia, 1986.) kao i u životinjskim 

modelima nakon farmakološke primjene agonista receptora 5HT, 5-metoksitriptamina 

(Shemer i sur., 1991.); prekursora 5HT, triptofana (Thomke i sur., 1992.); kombinacija 

selektivnih inhibitora MAO A i MAO B (Whitaker-Azmitia i sur., 1994.) te inhibitora 

ponovnog unosa 5HT (Cabrera-Vera i sur., 1997.).  

�2�G�U�H�ÿ�L�Y�D�Q�M�H ekspresije gena koji reguliraju funkciju 5HT (v. rad 5) sugerira da je 

�N�U�R�Q�L�þ�Q�R�� �S�R�Y�L�ã�H�Q�M�H�� �U�D�]�L�Qe serotonina tijekom tretmana �S�U�Y�H�Q�V�W�Y�H�Q�R�� �X�]�U�R�N�R�Y�D�O�R�� �S�R�Y�H�ü�D�Q�X��

ekspresiju gena za MAO A i MAO B u jezgrama rafe te da je navedena promjena u ekspresiji 

�E�L�O�D�� �G�R�Y�R�O�M�Q�D�� �G�D�� �V�H�� �L�]�E�M�H�J�Q�X�� �]�Q�D�þ�D�M�Q�D�� �S�R�Y�H�ü�D�Q�M�D�� �U�D�]�L�Q�H�� ���+�7�� �X�� �P�R�]�J�X�� �W�L�M�H�N�R�P�� �U�D�]�Y�R�M�D����

�(�N�V�S�U�H�V�L�M�D�� �R�Y�L�K�� �J�H�Q�D�� �R�V�W�D�O�D�� �M�H���� �P�H�ÿ�X�W�L�P���� �W�U�D�M�Q�R�� �S�R�Y�H�ü�D�Q�D�� �ã�W�R�� �Y�M�H�U�R�M�D�W�Q�R�� �G�R�S�U�L�Q�R�V�L�� �R�S�D�å�H�Q�R�M��

smanjenoj razini serotonina u prefrontalnoj kori odraslih štakora. U ovih je ži�Y�R�W�L�Q�M�D���X�R�þ�H�Q�D���L��

�L�Q�G�L�N�D�W�L�Y�Q�R�� �S�R�Y�H�ü�D�Q�D�� �U�D�]�L�Q�D�� �H�N�V�S�U�H�V�L�M�H�� �J�H�Q�D�� �]�D�� �H�Q�]�L�P�� �7�3�+������ �N�R�M�R�P�� �V�H�� �Y�M�H�U�R�M�D�W�Q�R�� �S�R�N�X�ã�D�Y�D��

�N�R�P�S�H�Q�]�L�U�D�W�L�� �S�R�Y�H�ü�D�Q�D�� �U�D�]�J�U�D�G�Q�M�D�� ���+�7�� �X�� �W�L�M�H�O�L�P�D�� �Q�H�X�U�R�Q�D�� �L���L�O�L�� �V�P�D�Q�M�H�Q�D�� �N�R�Q�F�H�Q�W�U�D�F�L�M�D��

serotonina u aksonskim završetcima.  
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 Bihevioralne studije pokazale su da je perinatalna primjena 5HTP rezultirala 

�S�R�Y�H�ü�D�Q�R�P���H�N�V�S�O�R�U�D�W�R�U�Q�R�P���D�N�W�L�Y�Q�R�V�W�L�����L�V�W�U�D�å�L�Y�D�Q�M�H���Q�R�Y�H���R�N�R�O�L�Q�H���L���Q�R�Y�L�K���S�U�H�G�P�H�W�D�����X���R�G�U�D�V�O�R�M��

dobi (v. rad 4). Stupanj eksploratorne aktivnosti smatra se jednim od aspekata anksioznog 

ponašanja pa možemo zaklj�X�þ�L�W�L���G�D���M�H��primjena 5HTP djelovala �E�O�D�J�R���D�Q�N�V�L�R�O�L�W�L�þ�N�L�����6���R�E�]�L�U�R�P��

�G�D�����X���S�U�D�Y�L�O�X�����V�P�D�Q�M�H�Q�H���N�R�Q�F�H�Q�W�U�D�F�L�M�H���V�H�U�R�W�R�Q�L�Q�D���G�R�Y�R�G�H���G�R���S�R�M�D�þ�D�Q�R�J���R�G�J�R�Y�R�U�D���Q�D���S�R�G�U�D�å�D�M��

iz okoline (Lucki, 1998.), opažena promjena u ponašanju u skladu je sa sniženom 

koncentracijom serotonina izmjerenom u našim neurokemijskim istraživanjima. Smanjeni 

�V�W�X�S�D�Q�M�� �D�Q�N�V�L�R�]�Q�R�J�� �S�R�Q�D�ã�D�Q�M�D�� �W�D�N�R�ÿ�H�U�� �M�H�� �X�R�þ�H�Q�� �S�U�L�� �R�V�O�D�E�O�M�H�Q�R�M�� �V�H�U�R�W�R�Q�H�U�J�L�þ�Q�R�M�� �I�X�Q�N�F�L�M�L��

izazvanoj farmakološkim tretmanom (Artaiz i sur., 1998.; Borsini i sur., 2002.; Kshama i sur., 

1990.), ozljedom (Ciobica i sur., 2010.; Darlington i sur., 2009.), inaktivacijom gena 

(Mosienko i sur., 2012.) ili usmjerenom selekcijom (Hranilovic i sur., 2005.). 

�=�D�N�O�M�X�þ�X�M�H�P�R���G�D���M�H���U�D�]�Y�R�M�Q�D���K�L�S�H�U�V�H�U�R�W�R�Q�L�Q�H�P�L�M�D���X�]�U�R�N�R�Y�D�Q�D��primjenom 5HTP zaista 

dovela do (dugo)trajnih posljedica po razvoj i funkciju središnjeg serotoninskog odjeljka, 

premda su one vrlo blage i diskretne. 

 

 

3.3. Posljedice perinatalne izloženosti smanjenoj razgradnji serotonina 

 
3.3.1. �1�H�S�R�V�U�H�G�Q�L���X�þ�L�Q�D�N��TCP 

Primjena TCP izazvala �M�H�� �]�Q�D�þ�D�M�Q�L�� �S�R�U�D�V�W�� �N�R�Q�F�H�Q�W�U�D�F�L�M�H�� �V�H�U�R�W�R�Q�L�Q�D���� �Q�H�� �V�D�P�R�� �X��

perifernom odjeljku (krvi), nego i u središnjem odjeljku (prefrontalna kora) (v. rad 3). Ovaj 

�U�H�]�X�O�W�D�W�� �X�N�D�]�X�M�H�� �Q�D�� �X�þ�L�Q�N�R�Y�L�W�X�� �L�Q�K�L�E�L�F�L�M�X�� �H�Q�]�L�P�D�� �0�$�2�� �X�� �R�E�D�� �R�G�M�H�O�M�N�D�� �L�� �X�� �V�N�O�D�G�X�� �M�H�� �V��

literaturnim podacima o povišenju razine serotonina u prefrontalnoj kori i u jezgrama rafe 

�Q�D�N�R�Q���N�U�R�Q�L�þ�Qe primjene TCP u odraslih životinja (Ferrer i Artigas, 1994.). 

Prenatalni dio tretmana uzrokovao �M�H���V�P�D�Q�M�H�Q�L���E�U�R�M���R�N�R�ü�H�Q�L�K���P�O�D�G�X�Q�D�F�D���S�R���P�D�M�F�L���N�D�R��

�L�� �Q�L�V�N�X�� �V�W�R�S�X�� �S�U�H�å�L�Y�O�M�H�Q�M�D�� �V�� �U�H�O�D�W�L�Y�Q�L�P�� �U�L�]�L�N�R�P�� �X�J�L�E�D�Q�M�D�� �R�G�� �þ�D�N�� �������� ���Y���� �U�D�G�� �������� �'�R�V�W�D��

mladunac�D�� �M�H�� �R�N�R�ü�H�Q�R�� �P�U�W�Y�R�� �L�O�L�� �M�H�� �X�J�L�Q�X�O�R�� �X�Q�X�W�D�U�� �����K�� �Q�D�N�R�Q�� �R�N�R�W�D���� �=�D�Q�L�P�O�M�L�Y�R���� �S�U�R�V�M�H�þ�Q�D��

tjelesna masa preživjelih mladunaca tretiranih TCP-om nije se razlikovala od one u kontrolnih 

mladunaca. U literaturi nema podataka o utjecaju TCP �Q�D�� �W�L�M�H�N�� �W�U�X�G�Q�R�ü�H�� �X�� �O�M�X�G�L�� �L�O�L štakora, 

�L�D�N�R�� �M�H�� �Y�H�ü�L�� �S�H�U�L�Q�D�W�D�O�Q�L�� �P�R�U�W�D�O�L�W�H�W�� �X�R�þ�H�Q�� �X�� �P�L�ã�H�Y�D�� �S�H�U�L�Q�D�W�D�O�Q�R�� �W�U�H�W�L�U�D�Q�L�K�� �N�O�R�U�J�L�O�L�Q�R�P����

inhibitorom MAO A (Vitalis i sur., 1998.). Povišene razine 5HT, kao i drugih monoamina, 

uzrokovane primjenom TCP, mogle su utjecati na razvoj mozga što se zatim moglo odraziti 

na ugibanje u kasnoj fetalnoj i ranoj neonatalnoj dobi���� �0�H�ÿ�X�W�L�P���� �N�D�R�� �L�� �S�U�L��primjeni 5HTP, i 
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�R�Y�G�M�H���M�H�����]�E�R�J���Y�L�V�R�N�L�K���S�H�U�L�I�H�U�Q�L�K���U�D�]�L�Q�D�����+�7�����P�R�J�O�R���G�R�ü�L���G�R���Y�D�]�R�N�R�Q�V�W�U�L�N�F�L�M�H���å�L�O�D���P�D�W�H�U�Q�L�F�H���L��

posteljice te negativnog utjecaja na razvoj fetusa (Duvekot i sur., 1995.; Salas i Rosso, 1998.; 

Salas i sur., 2006.).  

�,�D�N�R�� �M�H�� �D�Q�R�U�H�W�L�þ�N�L�� �H�I�H�N�W�����+�7�� �X�R�þ�H�Q�� �X�� �R�G�U�D�V�O�L�K�� �ã�W�D�N�R�U�D�� �Q�D�N�R�Q��primjene �U�D�]�O�L�þ�L�W�Lh 

agonista 5HT (Curzon, 1990.; Fletcher, 1988.; Halford i sur., 2005.; Hranilovic i sur., 2005.; 

Pollock i Rowland, 1981.) mladunci su u doba primjene �7�&�3���L�P�D�O�L���]�Q�D�þ�D�M�Q�R���Y�H�ü�X���P�D�V�X��nego 

kontrolni štakori���� �Y�M�H�U�R�M�D�W�Q�R�� �]�E�R�J�� �]�Q�D�þ�D�M�Q�R�� �P�D�Q�M�H�J�� �E�U�R�M�D�� �P�O�D�G�X�Q�D�F�D�� �S�R�� �O�H�J�O�X���� �0�H�ÿ�X�W�L�P����

nakon odvajanja od majki, mladunci iz eksperimentalne skupine sporije su dobivali na 

tjelesnoj masi (v. rad 2) �ã�W�R�� �X�N�D�]�X�M�H�� �Q�D�� �G�X�J�R�U�R�þ�Q�H�� �S�R�V�O�M�H�G�L�F�H��primjene TCP u središnjem 

odjeljku serotonina.  

 

3.3.2. �'�X�J�R�U�R�þ�Q�H���S�R�V�O�M�H�G�L�F�H���S�H�U�L�Q�D�W�D�O�Q�H���S�U�L�P�M�H�Q�H��TCP 

Kako je primjena TCP uzrokovala �]�Q�D�þ�D�M�Q�R���S�R�Y�L�ã�H�Q�M�H���N�R�Q�F�H�Q�W�U�D�F�L�M�H���V�H�U�R�W�R�Q�L�Q�D���L���X���N�U�Y�L��

i u mozgu, ovaj smo model smatrali prikladnim za ispitivanje teorije o istovremenoj 

disregulaciji serotoninskih elemenata u središnjem i perifernom odjeljku, koja 

hiperserotoninemiju smatra biljegom, a ne uzrokom središnje promjene homeostaze 5HT 

(Janusonis, 2005.). 

 (Dugo)trajne posljedice primjene TCP �X�R�þ�H�Q�H�� �V�X�� �X�� �R�E�D�� �R�G�M�H�O�M�N�D�� ���+�7���� �ä�L�Y�R�W�L�Q�M�H�� �V�X��

�E�L�O�H�� �K�L�S�H�U�V�H�U�R�W�R�Q�L�Q�H�P�L�þ�Q�H�� �L�� �V�H�G�D�P�� �W�M�H�G�D�Q�D�� �Q�D�N�R�Q�� �]�D�Y�U�ã�H�W�N�D�� �W�U�H�W�P�D�Q�D�� ���Y���� �U�D�G�R�Y�H�� ���� �L�� �������� �ã�W�R��

ukazuje na trajnu promjenu homeostaze u perifernom serotoninskom odjeljku. S obzirom da 

�M�H�� �]�Q�D�þ�D�M�Q�R�� �S�R�Y�L�ã�H�Q�D�� �U�D�]�L�Q�D�� �V�H�U�R�W�R�Q�L�Q�D�� �X�R�þ�H�Q�D�� �X�� �W�U�R�P�E�R�F�L�W�L�P�D�� ������������ �V�U�H�G�Q�M�H�� �Y�U�L�M�H�G�Q�R�V�W�L��

kontrolne skupine) dok je u plazmi ona bila indikativno niža, pretpostavljamo da je u odraslih 

životi�Q�M�D�� �K�L�S�H�U�V�H�U�R�W�R�Q�L�Q�H�P�L�M�D�� �U�H�]�X�O�W�D�W�� �S�R�Y�H�ü�D�Q�R�J�� �X�Q�R�V�D�� ���+�7�� �X�� �W�U�R�P�E�R�F�L�W�H�� ���$�Q�G�H�U�V�R�Q�� �L�� �V�X�U������

1987.), a ne promjena u perifernom metabolizmu serotonina.  

�-�R�ã���]�Q�D�þ�D�M�Q�L�M�L���X�þ�L�Q�F�L��primjene TCP �X�R�þ�H�Q�L���V�X���X���P�R�]�J�X���H�N�V�S�H�U�L�P�H�Q�W�D�O�Q�L�K���å�L�Y�R�W�L�Q�M�D���L�����X��

jezgrama rafe, u kojima su smještena tijela neurona i u prefrontalnoj kori, u kojoj se nalaze 

aksonski završetci. U obje promatrane regije razina serotonina bila je trajno smanjena, a 

�Q�M�H�J�R�Y�� �P�H�W�D�E�R�O�L�]�D�P�� �]�Q�D�þ�D�M�Q�R�� �S�U�R�P�L�M�H�Q�M�H�Q���� �1�L�]�D�N�� �R�P�M�H�U�� ���+�7���7�U�S�� �X�N�D�]�D�R�� �M�H�� �Q�D�� �V�P�D�Q�M�H�Q�X��

sintezu i/ili pohranu novosintetiziranog serotonina, a visok omjer 5HIAA/5HT na njegovu 

�S�R�Y�H�ü�D�Q�X���U�D�]�J�U�D�G�Q�M�X�����Y�����U�D�G�����������%�X�G�X�ü�L���G�D���V�H���7�&�3���L�U�H�Y�H�U�]�L�E�L�O�Q�R���Y�H�å�H���]�D���R�E�M�H���L�]�R�I�R�U�P�H���H�Q�]�L�P�D��

MAO, sustav je morao sintetizirati nove enzime kako bi razgradio neurotransmitere. 

Ekspresijske studije ukazuju na to da se nedostatak razgradnog enzima pokušao kompenzirati 

�S�R�Y�H�ü�D�Q�R�P���H�N�V�S�U�H�V�L�M�R�P���J�H�Q�D���]�D���H�Q�]�L�P�H���0�$�2���X���U�H�J�L�M�L���M�H�]�J�D�U�D���U�D�I�H�����G�R�N���V�H���Y�L�ã�D�N���V�H�U�R�W�R�Q�L�Q�D���X��
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�V�L�Q�D�S�V�L���S�R�N�X�ã�D�R���N�R�P�S�H�Q�]�L�U�D�W�L���S�R�Y�H�ü�D�Q�R�P���H�N�V�S�U�H�V�L�M�R�P���J�H�Q�D���]�D�����+�7�W��(uklanjanje iz sinapse) i 

VMAT (�W�U�D�Q�V�S�R�U�W�� �X�� �Y�H�]�L�N�X�O�H���� �L�� �V�P�D�Q�M�H�Q�R�P�� �H�N�V�S�U�H�V�L�M�R�P�� �J�H�Q�D�� �]�D�� �S�R�V�W�V�L�Q�D�S�W�L�þ�N�H�� �U�H�F�H�S�W�R�U�H��

5HT1A (slabija aktivacija post-�V�L�Q�D�S�W�L�þ�N�R�J�� �Q�H�X�U�R�Q�D���� �X��prefrontalnoj kori (v. rad 5). Pošto su 

životinje svaki dan dobivale novu dozu TCP, ova prilagodba nije bila dovoljna da se održi 

�K�R�P�H�R�V�W�D�]�D�� ���+�7�� �W�L�M�H�N�R�P�� �U�D�]�Y�R�M�D�� �P�R�]�J�D���� �*�H�Q�L�� �]�D�� �H�Q�]�L�P�H�� �0�$�2�� �R�V�W�D�O�L�� �V�X�� �S�R�M�D�þ�D�Q�R��

eksprimirani dugo nakon što je TCP prestao djelovati (prema Planzu i sur. (1972.), tri tjedna 

od završetka tretmana) i vjerojatno predstavljaju glavni razlog izrazito niskoj koncentraciji 

5HT uz nepromijenjenu koncentraciju 5HIAA u mozgovima eksperimentalnih u odnosu na 

kontrolne životinje. Uz to, i trajno promijenjena ekspresija gena za 5HTt, VMAT i 5HT1Ar 

vjerojatno doprinosi narušavanju 5HT-homeostaze u odrasloj dobi, dok je indikativno 

�S�R�Y�H�ü�D�Q�D���H�N�V�S�U�H�V�L�M�D���7�3�+�����Q�D�V�W�R�M�L���N�R�P�S�H�Q�]�L�U�D�W�L���� 

Perinatalna primjena TCP imala �M�H���V�Q�D�å�D�Q���D�Q�N�V�L�R�O�L�W�L�þ�N�L���X�þ�L�Q�D�N���Q�D���S�R�Q�D�ã�D�Q�M�H���X���R�G�U�D�V�O�R�M��

dobi u smislu smanjenja tigmotaksije, socijalne anksioznosti i reakcije na akutni stres (v. rad 

4). Rezultati su opet u skladu s reduciranom funkcijom 5HT u prefrontalnoj kori, kao što je 

�E�L�R���V�O�X�þ�D�M���L���N�R�G���å�L�Y�R�W�L�Q�M�D���W�U�H�W�L�U�D�Q�L�K�����+�7�3-�R�P�����V�D�P�R���ã�W�R���M�H���X�þ�L�Q�D�N���E�L�R���]�Q�D�W�Q�R���M�D�þ�L���W�H���M�H���]�D�K�Y�D�W�L�R��

�G�U�X�J�H�� �D�V�S�H�N�W�H�� �D�Q�N�V�L�R�]�Q�R�J�� �S�R�Q�D�ã�D�Q�M�D���� �-�H�G�D�Q�� �X�]�U�R�N�� �U�D�]�O�L�þ�L�W�R�P�� �G�M�H�O�R�Y�Dnju 5HTP i TCP na 

ponašanje može biti efekt doze – �]�Q�D�þ�D�M�Q�D�� �U�H�G�X�N�F�L�M�D�� �X�� �N�R�Q�F�H�Q�W�U�D�F�L�M�L�� �P�R�å�G�D�Q�R�J�� �V�H�U�R�W�R�Q�L�Q�D��

nakon primjene TCP �X�E�O�D�å�L�O�D�� �M�H�� �M�D�þ�H�� �D�Q�N�V�L�R�J�H�Q�H�� �N�R�P�S�R�Q�H�Q�W�H�� �S�R�Q�D�ã�D�Q�M�D�� �S�R�S�X�W�� �L�]�O�D�J�D�Q�M�D��

otvorenim prostorima, stresnom podražaju ili drugoj jedinki, dok je blaga redukcija u 

koncentraciji serotonina u mozgu životinja tretiranih 5HTP-om utjecala na slabije anksiogenu 

komponentu poput istraživanja okoline ili nepoznatog objekta. Drugi uzrok može biti 

�S�U�R�P�M�H�Q�D�� �X�� �U�D�]�L�Q�D�P�D�� �G�R�S�D�P�L�Q�D�� ���'�$���� �L�� �Q�R�U�D�G�U�H�Q�D�O�L�Q�D�� ���1�$������ �N�R�M�L�� �U�H�J�X�O�L�U�D�M�X�� �P�R�W�R�U�L�þ�N�H�� �L��

�O�L�P�E�L�þ�N�H���I�X�Q�N�F�L�M�H�����R�G�Q�R�V�Q�R���E�X�G�Q�R�V�W���L���U�H�D�N�W�L�Y�Q�R�V�W���Q�D���S�R�G�U�D�å�D�M�H���L�]���R�N�R�O�L�Q�H�����2�Y�D�M���X�þ�L�Q�D�N���L�]�D�]�L�Y�D��

TCP zbog inhibicije enzima koji sudjeluje u razgradnji svih monoamina, dok 5HTP djeluje 

samo na serotoninski sustav. Naši rezultati u skladu su s rezultatima istraživanja na ljudskoj 

�S�R�S�X�O�D�F�L�M�L�� �N�R�M�L�� �S�R�N�D�]�X�M�X�� �N�D�N�R�� �J�H�Q�R�W�L�S�� �V�� �Y�L�V�R�N�R�P�� �D�N�W�L�Y�Q�R�ã�ü�X�� �0�$�2-A djeluje zaštitno protiv 

razvijanja antisocijalnog ponašanja (Caspi i sur., 2002.), no razlikuju se od rezultata 

dobivenih nakon prenatalnog i neonatalnog izlaganja štakora SSRI-�P�D�� �N�R�M�L�� �V�X�� �W�D�N�R�ÿ�H�U��

promijenili biokemijski profil 5HT u jezgrama rafe (Maciag i sur., 2006.), ali su djelovali ili 

anksiogeno, u smislu smanjene eksploratorne aktivnosti (Ansorge i sur., 2008.; Rodriguez 

Echandia i Broitman, 1983.) i socijalnog ponašanja (Rodriguez Echandia i Broitman, 1983.), 

ili nisu izazvali promjene u tigmotaksiji (Ansorge i sur., 2008.; Popa i sur., 2008.). Razlika 

�L�]�P�H�ÿ�X�� �Q�D�ã�L�K�� �L�� �O�L�W�H�U�D�W�X�U�Q�L�K�� �S�R�G�D�W�D�N�D���V�H�� �P�R�å�H�� �S�U�L�S�L�V�D�W�L�� �U�D�]�O�L�þ�L�W�L�P�� �Q�D�þ�L�Q�L�P�D�� �L�]�D�]�L�Y�D�Q�M�D�� �Y�L�V�R�N�H��

�U�D�]�L�Q�H���V�H�U�R�W�R�Q�L�Q�D�����W�M�����V�L�Q�D�S�W�L�þ�N�R�P���X�þ�L�Q�N�X���6�6�5�,���Q�D�V�S�U�D�P���S�U�H�V�L�Q�D�S�W�þ�N�R�P���X�þ�L�Q�N�X��5HTP i TCP.   
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Životinje tretirane TCP-�R�P�� �W�D�N�R�ÿ�H�U�� �V�X�� �S�R�N�D�]�D�O�H�� �S�R�Y�H�ü�D�Q�X�� �N�R�J�Q�L�W�L�Y�Q�X�� �I�O�H�N�V�L�E�L�O�Q�R�V�W�� �X��

�Y�L�G�X�� �]�Q�D�þ�D�M�Q�R�� �E�U�å�H�J�� �R�E�U�D�W�D�� �Q�D�X�þ�H�Q�R�J�� ���H�Q�J�O����reversal learning). Iako je poznato da 5HT 

sudjeluje u ovom procesu (Clark i sur., 2004.), efekt smanjenja 5HT-funkcije na kognitivnu 

fleksibilnost u provedenim farmakološkim studijama je kontradiktoran: od smanjenja (Clarke 

i sur., 2004.; Mazer i sur., 1997.), preko nedostatka utjecaja (Arnsten i sur., 1997.) pa do 

�S�R�E�R�O�M�ã�D�Q�M�D�� �P�R�J�X�ü�Q�R�V�W�L�� �R�E�U�D�W�D�� �Q�D�X�þ�H�Q�R�J�� ���'�R�P�H�Q�H�\�� �L�� �V�X�U������ ���������������� �1�D�U�Dvno i u ovaj vid 

�S�R�Q�D�ã�D�Q�M�D�� �M�H�� �P�R�J�X�ü�D�� �X�N�O�M�X�þ�H�Q�R�V�W�� �G�U�X�J�L�K�� �P�R�Q�R�D�P�L�Q�D�� �þ�L�M�D�� �M�H�� �U�D�]�L�Q�D�� �Y�M�H�U�R�M�D�W�Q�R�� �S�U�R�P�L�M�H�Q�M�H�Q�D��

primjenom TCP. 

�=�D�N�O�M�X�þ�X�M�H�P�R���G�D���M�H���G�L�U�H�N�W�Q�R���S�R�Y�L�ã�H�Q�M�H���U�D�]�L�Q�H�����+�7���X���P�R�]�J�X�����X�]���R�Q�R���L�Q�G�L�U�H�N�W�Q�R���N�R�M�H���M�H��

posljedica hiperserotoninemije), uzrokovano primjenom TCP, �G�R�Y�H�O�R�� �G�R�� �]�Q�D�þ�D�M�Q�L�K��

(dugo)trajnih posljedica po razvoj i funkciju središnjeg serotoninskog odjeljka, u vidu 

�G�U�D�V�W�L�þ�Q�R�J�� �V�P�D�Q�M�H�Q�M�D�� �N�R�Q�F�H�Q�W�U�D�F�L�M�H�� �V�H�U�R�W�R�Q�L�Q�D�� �X�� �P�R�]�J�X���� �S�R�M�D�þ�D�Q�H�� �H�N�V�S�U�H�V�L�M�H�� �L�� �I�X�Q�N�F�L�M�H��

�P�H�W�D�E�R�O�L�þ�N�R�J���H�Q�]�L�P�D���W�H���V�Q�D�å�Q�R�J���D�Q�N�V�L�R�O�L�W�L�þ�Q�R�J���I�H�Q�R�W�L�S�D�� 

  

3.4. �0�R�J�X�ü�L���]�Q�D�þ�D�M���G�R�E�L�Y�H�Q�L�K���U�H�]�X�O�W�D�W�D���]�D���K�X�P�D�Q�X���S�R�S�X�O�D�F�L�M�X 

 

Poznato je da odstupanje od optimalnih koncentracija monoamina tijekom razvoja 

mozga može imati utjecaj na funkcije odraslog mozga (Thompson i Stanwood, 2009.). S 

�M�H�G�Q�H���V�W�U�D�Q�H�����S�U�H�W�S�R�V�W�D�Y�O�M�D���V�H���G�D���E�L���S�U�R�P�M�H�Q�H���X���V�H�U�R�W�R�Q�H�U�J�L�þ�Q�R�M���W�U�D�Q�V�P�L�V�L�M�L���P�R�J�O�H���E�L�W�L���S�R�G�O�R�J�D��

�U�D�]�Q�L�K���S�R�U�H�P�H�ü�D�M�D���S�R�Q�D�ã�D�Q�M�D�����N�D�R���ã�W�R��su autizam, ovisnost o alkoholu ili suicidalno ponašanje 

(Lesch i Moessner, 1998.). S druge strane, uzimanje pripravaka kao što su antidepresivi ili 

�G�U�R�J�H���N�R�M�H���S�R�Y�L�V�X�M�X���U�D�]�L�Q�H�����+�7���W�L�M�H�N�R�P���W�U�X�G�Q�R�ü�H�����P�R�J�O�R���E�L���N�D�V�Q�L�M�H���X�]�U�R�N�R�Y�D�W�L���S�R�U�H�P�H�ü�D�M�H���X��

ponašanju potomst�Y�D�����'�X�J�R�U�R�þ�Q�H�����E�L�K�H�Y�L�R�U�D�O�Q�H�����V�W�D�Q�L�þ�Q�H���L���P�R�O�H�N�X�O�D�U�Q�H���S�U�R�P�M�H�Q�H���X�R�þ�H�Q�H���V�X���X��

životinjskim modelima, kao i kod djece, perinatalno izloženima selektivnim inhibitorima 

ponovnog unosa 5HT, kokainu, amfetaminu, MDMA, p-klorofenilalaninu i 5-

metoksitriptaminu (Baum i Misri, 1996.; Borue i sur., 2007.; Frederick i Stanwood, 2009.; 

Henderson i McMillen, 2005.; Kelly i sur., 2002.; Lauder i sur., 2000.; Pawluski, 2012.). U 

�V�N�O�R�S�X�� �R�Y�H�� �G�R�N�W�R�U�V�N�H�� �G�L�V�H�U�W�D�F�L�M�H���� �S�R�� �S�U�Y�L�� �S�X�W�� �M�H�� �S�R�N�D�]�D�Q�R�� �S�R�V�W�R�M�D�Q�M�H�� �]�Q�D�þ�D�M�Q�L�K�� �S�U�R�P�M�H�Q�D�� �X��

fiziolog�L�M�L���� �E�L�R�N�H�P�L�M�L���� �H�N�V�S�U�H�V�L�M�L�� �J�H�Q�D�� �L�� �S�R�Q�D�ã�D�Q�M�X�� �X�V�O�L�M�H�G�� �N�U�R�Q�L�þ�Q�L�K�� �S�H�U�L�Q�D�W�D�O�Q�L�K��primjena 

���+�7�3�� �L�O�L�� �7�&�3���� �'�R�E�L�Y�H�Q�L�� �U�H�]�X�O�W�D�W�L�� �P�R�J�O�L�� �E�L�� �E�L�W�L�� �]�Q�D�þ�D�M�Q�L�� �]�D�� �K�X�P�D�Q�X�� �S�R�S�X�O�D�F�L�M�X�� �L�]�� �V�O�M�H�G�H�ü�L�K��

razloga. 

�3�U�Y�R�����þ�L�Q�M�H�Q�L�F�D���G�D���V�X���S�U�R�P�M�H�Q�H���X���V�L�Q�W�H�]�L���L�O�L���U�D�]�J�U�D�G�Q�M�L�����+�7���W�L�M�H�N�R�P���U�D�]�Y�Rja inducirale 

�W�U�D�M�Q�H�� �S�U�R�P�M�H�Q�H�� �X�� �V�U�H�G�L�ã�Q�M�R�M�� �K�R�P�H�R�V�W�D�]�L�� �V�H�U�R�W�R�Q�L�Q�D���� �V�X�J�H�U�L�U�D�� �P�R�J�X�ü�X�� �X�O�R�J�X�� �J�H�Q�D�� �N�R�M�L��
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�U�H�J�X�O�L�U�D�M�X���P�H�W�D�E�R�O�L�]�D�P���V�H�U�R�W�R�Q�L�Q�D���X���S�R�U�H�P�H�ü�D�M�L�P�D���S�R�Q�D�ã�D�Q�M�D���S�R�Y�H�]�D�Q�L�P��s 5HT. Doista, naša 

�L�V�W�U�D�å�L�Y�D�Q�M�D�� �X�� �R�V�R�E�D�� �R�E�R�O�M�H�O�L�K�� �R�G�� �D�X�W�L�]�P�D�� �S�R�N�D�]�D�O�D�� �V�X�� �G�D�� �M�H�� �S�R�U�H�P�H�ü�H�Qa homeostaza 5HT 

vezana uz promjene metabolizma, a ne ponovnog unosa 5HT (Hranilovic i sur., 2008., 2009.).  

Drugo, razvojna neuravnoteženost 5HT inducirana u središnjem odjeljku (primjena 

TCP) �Y�R�G�L�� �N�D�� �]�Q�D�W�Q�R�� �M�D�þ�L�P�� �W�U�D�M�Q�L�P�� �S�U�R�P�M�H�Q�D�P�D�� �K�R�P�Hostaze 5HT u odnosu na razvojnu 

neuravnoteženost 5HT inducirana samo na periferiji (primjena 5HTP�������6�W�R�J�D���V�H���þ�L�Q�L���G�D���V�D�P�D��

�K�L�S�H�U�V�H�U�R�W�R�Q�L�Q�H�P�L�M�D���Q�L�M�H���G�R�Y�R�O�M�Q�D���]�D���L�Q�G�X�F�L�U�D�Q�M�H���R�]�E�L�O�M�Q�L�K���S�R�U�H�P�H�ü�D�M�D���V�H�U�R�W�R�Q�H�U�J�L�þ�Q�H���I�X�Q�N�F�L�M�H��

�N�D�N�Y�L�� �V�X�� �R�S�D�å�H�Q�L�� �X�� �R�G�U�H�ÿ�H�Q�L�P�� �S�V�L�K�L�M�D�W�U�L�M�V�N�L�P�� �E�R�O�H�V�W�L�Pa, što govori u prilog teoriji o 

hiperserotonin�H�P�L�M�L�� �N�D�R�� �R�� �E�L�O�M�H�J�X���� �D�� �Q�H�� �X�]�U�R�þ�Q�L�N�X�� �S�U�R�P�M�H�Q�D�� �X�� �V�U�H�G�L�ã�Q�M�R�M�� �K�R�P�H�R�V�W�D�]�L��

serotonina (Janusonis, 2005.).  

�7�D�N�R�ÿ�H�U���� �Y�D�å�Q�R�� �M�H�� �Q�D�J�O�D�V�L�W�L�� �G�D�� �M�H���� �I�H�W�D�O�Q�D���Q�H�R�Q�D�W�D�O�Q�D���� �D�� �Y�M�H�U�R�M�D�W�Q�R�� �L�� �P�D�M�þ�L�Q�V�N�D��

hiperserotoninemija uzrokovana primjenom 5HTP, ipak bila dovoljna da izazove mjerljive 

promjene u središnjem odjeljku 5HT na molekularnoj i bihevioralnoj razini. Kako su 

d�X�J�R�U�R�þ�Q�H���S�R�V�O�M�H�G�L�F�H���S�H�U�L�Q�D�W�D�O�Q�H���L�]�O�R�å�H�Q�R�V�W�L�����+�7�3-u (Mokler i sur., 1992.; Salas i sur., 2007.) 

slabo istražene, a još manje se zna o posljedicama primjene TCP, smatramo da je nužno 

provesti daljnja istraživanja njihovog utjecaja kako na životinjskim modelima, tako i u 

humanoj populaciji, kako bi se preispitala sigurnost primjene ovih spojeva u trudnica i dojilja.  
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1) Perinatalna primjena neposrednog prekursora sinteze serotonina (25mg/kg 5HTP),  ili 

inhibitor a razgradnje serotonina (2mg/kg TCP), uzrokovala je �]�Q�D�þ�D�M�Q�L�� �S�R�U�H�P�H�ü�D�M��

homeostaze serotonina: 

- ���+�7�3���M�H���L�]�D�]�Y�D�R���K�L�S�H�U�V�H�U�R�W�R�Q�L�Q�H�P�L�M�X���E�H�]���]�Q�D�þ�D�M�Q�L�K���S�U�R�P�M�H�Q�D���U�D�]�L�Q�H�����+�7���X���P�R�]�J�X�� 

- �7�&�3���M�H�����X�]���K�L�S�H�U�V�H�U�R�W�R�Q�L�Q�H�P�L�M�X�����L�]�D�]�Y�D�R���L���]�Q�D�þ�D�M�Q�L���S�R�U�D�V�W���U�D�]�L�Q�H�����+�7���X���P�R�]�J�X�� 

To �Q�D�P�� �M�H�� �R�P�R�J�X�ü�L�O�R��usporedbu dugotrajnih promjena u 5HT-homeostazi nakon 

razvojne neuravnoteženosti inducirane u perifernom odjeljku 5HT naspram one 

inducirane u središnjem 5HT-odjeljku . 

 

2) U mozgu koji se razvijao u uvjetima povišene koncentracije serotonina došlo je do 

(dugo)trajnih posljedica na funkciju središnjeg serotoninskog odjeljka koje su se 

�R�þ�L�W�R�Y�D�O�H��u: 

a) Razini i metabolizmu serotonina 

- Primjena 5HTP je uzrokovala blago, ali �]�Q�D�þ�D�M�Q�R��smanjenje razine serotonina 

samo u prefrontalnoj kori , bez promjena u njegovom metabolizmu, do koje je 

�Y�M�H�U�R�M�D�W�Q�R�� �G�R�ã�O�R�� �]�E�R�J�� �J�X�E�L�W�N�D�� �V�H�U�R�W�R�Q�H�U�J�L�þ�Q�L�K�� �]�D�Y�U�ã�H�W�D�N�D�� �X�V�O�L�M�H�G�� �S�H�U�L�Q�D�W�D�O�Q�H��

hiperserotoninemije.  

- Primjena TCP je uzrokovala �G�U�D�V�W�L�þ�Q�R�� �V�P�D�Q�M�Hnje razine serotonina i promjenu 

njegovog metabolizma u regiji jezgra rafe i prefrontalnoj kori . Nizak omjer 

5HT/Trp ukazuje na smanjenu sintezu i/ili pohranu novosintetiziranog serotonina, a 

�Y�L�V�R�N���R�P�M�H�U�����+�,�$�$�����+�7���Q�D���Q�M�H�J�R�Y�X���S�R�Y�H�ü�D�Q�X���U�D�]�J�U�D�G�Q�M�X. 

b) Ekspresiji 5HT -�U�H�J�X�O�L�U�D�M�X�ü�L�K���J�H�Q�D 

- Životinje tretirane 5HTP-om imaju �S�R�M�D�þ�D�Q�X���H�N�V�S�U�H�V�L�M�X���J�H�Q�D���]�D���0�$�2���$���L���0�$�2��

B u regiji jezgara rafe 

- Životinje tretirane TCP-om imaju �S�R�M�D�þ�D�Q�X���H�N�V�S�U�H�V�L�M�X���J�H�Q�D���]�D���0�$�2���$���L���0�$�2���% 

u regiji jezgara rafe te �S�R�M�D�þ�D�Q�X�� �H�N�V�S�U�H�V�L�M�X gena za 5HTt i VMAT  i smanjenu 

ekspresiju gena za 5HT1ar  u prefrontalnoj kori. 

- �ý�L�Q�M�H�Q�L�F�D���G�D���M�H���]�D�M�H�G�Q�L�þ�N�L���X�þ�L�Q�D�N���R�E�D���W�U�H�W�P�D�Q�D �]�Q�D�þ�D�M�Q�R���S�R�Y�H�ü�D�Q�D���H�N�V�S�U�H�V�L�M�D���J�H�Q�D���]�D��

�0�$�2���$���L���0�$�2���%���X�S�X�ü�X�M�H���Q�D���]�D�N�O�M�X�þ�D�N���G�D��promjene u ekspresiji gena za razgradni 

enzim predstavljaju „prvu liniju obrane“  �R�G�� �N�U�R�Q�L�þ�Q�R�� �Y�L�V�R�N�L�K�� �U�D�]�L�Q�D�� ���+�7, bez 

�R�E�]�L�U�D�� �M�H�V�X�� �O�L�� �L�Q�G�X�F�L�U�D�Q�H�� �S�R�Y�H�ü�D�Q�R�P�� �V�L�Q�W�H�]�R�P�� �L�O�L�� �V�P�D�Q�M�H�Q�R�P�� �U�D�]�J�U�D�G�Q�M�R�P���� �W�H�� �G�D��pri 

�]�Q�D�þ�D�M�Q�R�� �S�R�Y�L�ã�H�Q�L�P�� �N�R�Q�F�H�Q�W�U�D�F�L�M�Dma serotonina obje izoforme igraju ulogu u 

njegovoj razgradnji. 
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c) Ponašanju reguliranom serotoninom 

- Životinje tretirane 5HTP-om pokazale su �E�O�D�J�R���D�Q�N�V�L�R�O�L�W�L�þ�N�L���S�U�R�I�L�O�����N�R�M�L���V�H���R�þ�L�W�R�Y�D�R��

�X���]�Q�D�þ�D�M�Q�R���S�R�Y�H�ü�D�Q�R�P���H�N�V�S�O�R�U�D�W�R�U�Q�R�P���S�R�Q�D�ã�D�Q�M�X�� 

- Životinje tretirane TCP-om pokazale su �V�Q�D�å�D�Q�� �D�Q�N�V�L�R�O�R�W�L�þ�N�L�� �S�U�R�I�L�O u smislu 

smanjenja tigmotaksije, socijalne anksioznosti i reakcije na akutni stres te �S�R�Y�H�ü�D�Q�X��

kognitivnu fleksibilnost. 

  

 3) �'�R�E�L�Y�H�Q�L���U�H�]�X�O�W�D�W�L���X�S�X�ü�X�M�X �Q�D���V�O�M�H�G�H�ü�H �]�D�N�O�M�X�þ�N�H: 

 

- �6�� �R�E�]�L�U�R�P�� �G�D�� �U�D�]�Y�R�M�Q�L�� �S�R�U�H�P�H�ü�D�M�� �X�� �P�H�W�D�E�R�O�L�]�P�X�� �V�H�U�R�W�R�Q�L�Q�D�� ���G�X�J�R���W�U�D�M�Q�R�� �Q�D�U�X�ã�D�Y�D��

funkciju središnjeg serotoninskog odjeljka, gene koji reguliraju metabolizam 5HT 

trebalo bi uzeti u obzir kao �P�R�J�X�ü�H�� �N�D�Q�G�L�G�D�W�H u istraživanjima �S�R�U�H�P�H�ü�D�M�D�� �S�R�Q�D�ã�D�Q�M�D��

vezanima uz sustav 5HT. 

 

- Perinatalne primjene 5HTP i TCP inducirale su analogne (dugo)trajne promjene u 

mozgu tretiranih životinja na biokemijskoj (snižena razina 5HT), ekspresijskoj ���S�R�M�D�þ�D�Q�D��

�H�N�V�S�U�H�V�L�M�D�� �J�H�Q�D�� �]�D�� �0�$�2���� �L�� �E�L�K�H�Y�L�R�U�D�O�Q�R�M�� ���D�Q�N�V�L�R�O�L�W�L�þ�N�L�� �X�þ�L�Q�D�N���� �U�D�]�L�Q�L����koje odražavaju 

efekt doze: središnja homeostaza 5HT je diskretno narušena u životinja s razvojnim 

promjenama samo u perifernoj homeostazi 5HT (5HTP), a opsežno u životinja s 

razvojnim promjenama i u središnjoj i u perifernoj homeostazi 5HT (TCP).  

 

- Opaž�H�Q�L���H�I�H�N�W���G�R�]�H���X�S�X�ü�X�M�H���Q�D���]�D�N�O�M�X�þ�D�N���G�D���M�H���]�D���R�]�E�L�O�M�Q�R���Q�D�U�X�ã�D�Y�D�Q�M�H���V�H�U�R�W�R�Q�H�U�J�L�þ�Q�H��

funkcije ���� �N�D�N�Y�R�� �M�H�� �R�S�D�å�H�Q�R�� �X�� �R�G�U�H�ÿ�H�Q�L�P�� �S�V�L�K�L�M�D�W�U�L�M�V�N�L�P�� �E�R�O�H�V�W�L�P�D����nužna razvojna 

neuravnoteženost u središnjem odjeljku 5HT i govori u prilog teoriji o 

hiperserotoninemiji  kao biljegu, a ne �X�]�U�R�þ�Q�L�N�X promjena u središnjoj homeostazi 

serotonina. 

 

- �,�S�D�N�����I�H�W�D�O�Q�D���Q�H�R�Q�D�W�D�O�Q�D�����L���P�D�M�þ�L�Q�V�N�D����hiperserotoninemija kojoj je tijekom razvoja bio 

izložen mozak životinja tretiranih 5HTP-om, bila je dovoljna da u odrasloj dobi uzrokuje 

mjerljive promjene u središnjem odjeljku 5HT, što ukazuje na potrebu za ispitivanjem 

�P�R�J�X�ü�L�K��posljedica uporabe 5HTP i TCP u žena �W�L�M�H�N�R�P���W�U�X�G�Q�R�ü�H���L���G�R�M�H�Q�M�D. 
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�6�R�I�L�D�� �$�Q�D�� �%�O�D�å�H�Y�L�ü���� �U�R�ÿ�H�Q�D�� ������������������������ �X�� �%�X�H�Q�R�V�� �$�L�U�H�V�X���� �W�U�H�ü�H�� �M�H�� �R�G�� �S�H�W�H�U�R�� �G�M�H�F�H��
�-�R�V�L�S�D���0�D�U�L�D�Q�D���%�O�D�å�H�Y�L�ü�D���L���9�H�U�H���.�D�W�D�U�L�Q�H���&�U�Q�N�R�����8���%�X�H�Q�R�V���$�L�U�H�Vu �M�H���S�R�K�D�ÿ�D�O�D���R�V�Q�R�Y�Q�X���ã�N�R�O�X��
do 10. godine života kad se cijela obitelj preselila u Puerto Rico gdje je završila osnovnu i 
srednju školu u Baldwin School of Puerto Rico. Studij �%�L�R�O�R�J�L�M�H�� �M�H�� �]�D�S�R�þ�H�O�D�� ������������ �Q�D��
�6�Y�H�X�þ�L�O�L�ã�W�X���X���1�D�Y�D�U�U�L�����3�D�P�S�O�R�Q�D�����â�S�D�Q�M�R�O�V�N�D�����8���+�U�Yatsku se preselila �������������W�H���Q�D���6�Y�H�X�þ�Llištu 
u Zagrebu završava studij molekularne biologije. Diplomski rad pod naslovom „Blokiranje 
signalnog puta Hh-Gli u primarnim kulturama dermoida ovarija“ izradila je pod vodstvom 
dr. sc. Sonje Levanat u Laboratoriju za nasljedni rak, Zavoda za molekularnu medicinu 
�,�Q�V�W�L�W�X�W�D�� �5�X�ÿ�H�U�� �%�R�ã�N�R�Y�L�ü���� �2�G�� �V�L�M�H�þ�Q�M�D�� ������������ �U�D�G�L�� �N�D�R�� �]�Q�D�Q�V�W�Y�H�Q�D�� �Q�R�Y�D�N�L�Q�M�D-asistent na 
projektu �S�U�R�I���� �G�U���� �V�F���� �'�X�E�U�D�Y�N�H�� �+�U�D�Q�L�O�R�Y�L�ü��u Zavodu za animalnu fiziologiju Biološkog 
odsjeka, Prirodoslovno-�P�D�W�H�P�D�W�L�þ�N�R�J���I�D�N�X�O�W�H�W�D���6�Y�H�X�þ�L�O�L�ã�W�D���X���=agrebu. Te iste godine upisuje 
poslijediplomski doktorski studij Biologije �S�U�L�� �6�Y�H�X�þ�L�O�L�ã�W�X�� �X�� �=�D�J�U�H�E�X���� �6�X�G�M�H�O�X�M�H�� �X�� �L�]�Y�H�G�E�L��
nastave predmeta: „Neurofiziologija“, „Neurofiziologija i endokrinologija“, „Metode u 
imunologiji“ i „Laboratorijske životinje u biološkim istraživanjima“. Godine 2012., 
�P�D�J�L�V�W�U�L�U�D�O�D�� �M�H�� �%�L�R�H�W�L�N�X�� �Q�D�� �6�Y�H�X�þ�L�O�L�ã�W�X�� �X�� �1�D�Y�D�U�U�L�� �X�� �3�D�P�S�O�R�Q�L���� �â�Sanjolska s radom pod 
naslovom „Epidemiological or social factors that contribute to the increase in autism 
incidence: epigenetics of the brain“. �3�R�K�D�ÿ�D�O�D�� �M�H �W�H�þ�D�M�H�Ye Master course Advanced qPCR 
Techniques for Publication Success: Following MIQE Recommendation (EMBL, 
Heidelberg); Course in Laboratory Animal Science (FELASA-C; �6�Y�H�X�þ�L�O�L�ã�W�H�� �X�� �8�S�S�V�D�O�L����
Šwedska������ �W�H�� �W�H�þ�D�M�� �%�L�R�L�Q�I�R�U�P�D�W�L�N�H�� ���6�Y�H�X�þ�L�O�L�ã�W�H��u Zagrebu). Koautorica je 7 znanstvenih 
radova, jednog poglavlja u knjizi i 13 sažetaka u zbornicima skupova te bila neposredni 
voditelj 5 diplomskih radova. 
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