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1. Intro duc tion

Since its iden ti fi ca tion as a neu ro trans mit ter, sero to nin 

(5-HT) has been impli cated as a reg u la tor of hypo tha lamic func-

tions in mam mals, includ ing stress, sati a tion, mood, sleep and body 

tem per a ture (Strud er and We ick er, 2001). Among the actions of 

5-HT on the hy po thal amo-hypo phy sial axis, the dynamic inter play 

between 5-HT and the hypo thal a mus-pitu i tary-adre nal axis has 

been exten sively stud ied because of the impor tance of 5-HT in reg-

u lat ing stress (Lowry, 2002). In addi tion, 5-HT has also been shown 

to reg u late growth hor mone (GH) release although its effects are 

con tro ver sial. Early stud ies with in vivo treat ment of 5-HT or 5-HT 

recep tor ago nists and antag o nists sug gested a stim u la tory effect 

of 5-HT on GH release in mam mals (Arnold and Fern strom, 1978, 

1981; Collu et al., 1979); how ever, Spencer et al. (1991) and Muller 

et al. (1976) reported that 5-HT inhib its GH release in sheep and 

dog, respec tively. In birds, evi dence indi cates that 5-HT inhib its GH 

secre tion by reduc ing hypo tha lamic GH-releas ing activ ity (Hall, 

1982; Carew et al., 1983). The lack of direct 5-HT effects at the level 

of the pitu i tary in most mam ma lian stud ies sup ports the view 

that 5-HT indi rectly affects GH release via actions on GH-releas-

ing hor mone (GHRH), pitu i tary aden yl ate cyclase-acti vat ing poly-

pep tide (PA CAP) and somato statin neu rons in the hypo thal a mus 

(Wil loughby et al., 1987; Con way et al., 1990; Rad cliff et al., 2003). 

How ever, recent find ings with rat pitu i tary cell aggre gates sug-

gest that direct action at the level of the pitu i tary is also  pos si ble 

 (Pa pa geor giou and De nef, 2007).

In tel e osts such as gold fish, rain bow trout and Atlan tic croaker, 

5-HT immu no re ac tive fibers have been detected in the pars dis ta-

lis of the pitu i tary gland (Kah and Cham bolle, 1983; Fran ken huis-

van den Heu vel and Nie uwenhuys, 1984; Khan and Thomas, 1993), 

sug gest ing that 5-HT can directly act at the level of the pitu i tary 

in bony fishes. In sup port of the hypoth e sis of direct action at the 

level of the pitu i tary, 5-HT reduced GH release from gold fish pitu-

i tary frag ments and cul tured pitu i tary cells in vitro (So moza and 

Peter, 1991; Wong et al., 1998). This abil ity of 5-HT to inhibit GH 

release was not con fined to basal secre tion but was also observed 

with stim u lated GH secre tion in gold fish (Wong et al., 1998). The 

exact phys i o log i cal con di tion(s) under which 5-HT influ ence on 

GH release is impor tant has not been elu ci dated. How ever, sex ste-

roids such as estra diol are known to ele vate serum GH lev els in  
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sig nal ing path ways to reduce the GH-releas ing effect of GnRH. 5-HT action may occur at the level of PKC 

acti va tion or its down stream sig nal ing events prior to the subsequent rise in [Ca2+]i.. The dif fer en tial Ca2+ 

responses by depo lar iz ing doses of K+ is con sis tent with our pre vi ous find ings that sGnRH and cGnRH-II 

are cou pled to over lap ping and yet dis tinct Ca2+-depen dent mech a nisms.
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sev eral fish spe cies, includ ing the gold fish and rain bow trout 

 (Can osa et al., 2007). In rain bow, estra diol induced an increase 

in pitu i tary 5-HT level and decreased 5HIAA/5-HT ratio, sug gest-

ing that 5-HT turn over is sup pressed (Her nan dez-Rau da and 

 Al deg un de, 2002). Whether estra diol feed back stim u la tion of pitu i-

tary GH release involves the removal of a 5-HT inhib i tory influ ence 

is a pos si bil ity that is worth inves ti gat ing.

Exten sive infor ma tion is avail able on how 5-HT acts in mam-

mals. To date, at least seven dis tinct sero to ner gic recep tor sub types 

(5-HT1, 5-HT2, 5-HT3, 5-HT4, 5-HT5, 5-HT6 and 5-HT7) have been 

iden ti fied or cloned in mam mals. In addi tion, the 5-HT1, 5-HT2 

and 5-HT5 have been fur ther sub clas si fied (Bocka ert et al., 2006). 

In mam mals, the stim u la tion role of 5-HT on the GH reg u la tion 

has been attrib uted to 5-HT1B/D and 5-HT2 recep tors (Mota et al., 

1995; Katz et al., 1996; Valv er de et al., 2000; Pa pa geor giou and 

De nef, 2007). Using phar ma co log i cal manip u la tion of 5-HT recep-

tors, it was reported that 5-HT2-like recep tors may be involved 

in inhi bi tion of 5-HT on basal GH release in gold fish (Wong et al., 

1998). How ever, very little is known with regard to the molec u lar 

mech a nisms respon si ble for this inhib i tory action of 5-HT on GH 

release in gold fish.

In tel e osts, hypo tha lamic neu rons directly inner vate the pars 

 dis ta lis. In gold fish, GH release is stim u lated by many hypo tha lamic 

neu ro en do crine fac tors, includ ing gon a do tro pin-releas ing hor-

mone (GnRH), GHRH, dopa mine and PA CAP (reviewed in  Can osa 

et al., 2007). Two GnRHs are found in, and released from, the pitu-

i tar ies of gold fish, these being GnRH forms ini tially iden ti fied in 

salmon and chicken, namely, salmon GnRH (sGnRH) and chicken 

GnRH-II (cGnRH-II). Among these neu ro en do crine stim u la tors, the 

mech a nisms of action for the two GnRHs, are the best char ac ter-

ized. Both sGnRH and cGnRH-II stim u late GH release via acti va tion 

of pro tein kinase C (PKC), increases in intra cel lu lar free Ca2+ lev els 

([Ca2+]i), and acti va tion of volt age-sen si tive Ca2+ chan nels (VSCC); 

how ever, the involve ment of intra cel lu lar Ca2+ stores in their GH-

releas ing actions are not iden ti cal. Although a caf feine-sen si tive 

Ca2+ store par tic i pates in both sGnRH and cGnRH-II stim u la tion of 

GH release, only sGnRH uses an IP3-sen si tive mech a nism, whereas 

cGnRH-II uti lizes a ryan o dine-sen si tive Ca2+ sig nal ing path way. In 

addi tion, only sGnRH-induced GH release is atten u ated by mito-

chon drial Ca2+ buf fer ing. These and other results not only indi cate 

that multiple phar ma co log i cally dis tinct intra cel lu lar Ca2+ stores 

are pres ent in gold fish soma to tropes but that the two GnRHs mobi-

lizes Ca2+ from dis sim i lar intra cel lu lar stores (Can osa et al., 2007). 

In this study, we exam ined the sig nal trans duc tion mech a nisms 

medi at ing 5-HT inhi bi tion of GH release from primary cul tures of 

gold fish pitu i tary cells under basal con di tion and GnRH stim u la-

tion. The pos si ble involve ment of PKC was exam ined by study ing 

5-HT action on the GH-releas ing effects by PKC acti va tors includ-

ing the phor bol ester 12-O-tet ra deca noyl phor bol-13-ace tate (TPA; 

Liu and Heck man, 1998) and the syn thetic diac yl glyc erol di oc ta-

noyl glyc er ol (DiC8; Nish izuka, 1986). Involve ment of [Ca2+]i was 

also exam ined in Ca2+-imag ing exper i ments with mor pho log i cally 

iden ti fied gold fish soma to tropes (John son et al., 2002) and in hor-

mone release exper i ments with the Ca2+ ion o phore ion o my cin 

(Kwong and Chang, 1997). Our results sug gest that 5-HT can mod-

u late GnRH-stim u lated increase in [Ca2+]i and inhibit GH release 

responses to PKC acti va tion in gold fish soma to tropes.

2. Mate ri als and meth ods

2.1. Ani mals

All ani mal main te nance and exper i men tal pro to cols used in 

this study have been approved by the Bio log i cal Sci ences Ani mal 

Care Com mit tee, Uni ver sity of Alberta in accor dance with national 

guide lines. Com mon gold fish (Car as sius aura tus, 8–13 cm in length) 

were pur chased from Aquatic Imports (Cal gary, Alberta, Can ada) 

and kept in flow-through aquaria (1800 liters) with sim u lated 

(Ed mon ton, Alberta, Can ada) pho to pe riod at 18 °C. Fish were gen er-

ally used within a month of pur chase. Both male and female gold-

fish were used. Gold fish were killed by cer vi cal tran sec tion after 

deep anaes the sia with 0.05% tri caine meth ane sul fo nate (Syn del 

Lab., Van cou ver, BC). Pitu i tar ies were then excised and dis persed 

pitu i tary cells were prepared by a tryp sin/DNAse pro to col (Chang 

et al., 1990a).

2.2. Chem i cals and drugs

Sero to nin (5-HT), TPA, DiC8 were pur chased from Sigma 

Chem i cal Co (St Louis, MO). Ion o my cin was obtained from Cal bio-

chem (San Diego, CA). Fura-2/AM and its sol vent, Plu ron ic F-127, 

were pur chased from Invit ro gen (Carls bad, CA). Syn thetic sGnRH 

([Trp7, Leu8]GnRH) and cGnRH-II ([His5, Trp7, Tyr8]GnRH) were 

pur chased from Pen in sula Lab o ra to ries (Bel mont, CA). 5-HT was 

freshly made prior to use by dis solv ing directly in the per i fu sion 

medium. Dis tilled, deion ised water was used to pre pare stock solu-

tions of sGnRH and cGnRH-II. TPA, DiC8 were dis solved in dimethyl 

sulph ox ide (DMSO). Ion o my cin was dis solved in eth a nol. Ali quots 

of stock solu tions were stored at ¡20 °C. Final con cen tra tions of 

DMSO and eth a nol were always less than 0.1% and had no effect 

on basal GH release and [Ca2+]i in iden ti fied gold fish soma to tropes. 

Stock solu tions of 10 mM fura-2/AM was made up in DMSO with 

20% Plu ron ic F-127 and son i cated for 10 min prior to use. Depo lar-

iz ing media (30 mM KCl) for imag ing exper i ments was made by 

equi mo lar sub sti tu tion of NaCl with KCl.

2.3. Col umn per i fu sion of gold fish pitu i tary cells

Per i fu sion exper i ments were car ried out using an Ac cu syst sys-

tem as described in Chang et al. (1990b). Briefly, after dis per sion, 

pitu i tary cells were cul tured over night with pre swol len Cy to dex 

beads (Cy to dex I, Sigma) in plat ing medium (Medium M199 with 

Ear les’ salts, 26 mM NaHCO3, 25 mM Hepes, 100 mg/l strep to my-

cin, 100,000 units/l pen i cil lin and 1% horse serum; pH 7.2) at 28 °C, 

under 5% CO2 and sat u rated humid ity. Cells on Cy to dex beads were 

then trans ferred into tem per a ture con trolled col umns (1.5 mil lion 

cells/col umn, 18 °C) and peri fused with test ing medium (Medium 

199 with Hank’s salts, 26 mM NaHCO3, 25 mM Hepes, 100 mg/l 

strep to my cin, 100,000 units/l pen i cil lin and 0.1% BSA; pH 7.2) at 

a flow rate of 13 ml/h. Frac tions of pe rifu sate were col lected every 

5 min and stored at ¡26 °C until hor mone lev els were assayed by 

a radio im mu no as say (RIA) pre vi ously val i dated for gold fish GH 

(Mar chant et al., 1987). Treat ments were per formed in dupli cate in 

each exper i ment and all exper i ments were repeated a min i mum 

of three times. Cell col umn per i fu sion exper i ments are suit able for 

stud ies on acute release responses and have the advan tage that 

hor mone release kinet ics can be revealed. In addi tion, the flow-

through nature of this sys tem means that cells are not exposed 

to prod ucts released from neigh bour ing cells for extended peri ods 

of time (cal cu lated vol ume replace ment time for the cell cham-

ber 61.2 min). How ever, the large num ber of sam ples gen er ated 

is a draw back.

2.4. Static incu ba tion exper i ments assess ing GH release

Static incu ba tion stud ies were car ried out accord ing to Chang 

et al. (1990a). Briefly, after dis per sion, pitu i tary cells were plated 

at a den sity of 0.25 mil lion cells/well in 24-well plates (Fal con 

 Pri ma ria, Frank lin lakes, NJ) and cul tured over night at 28 °C, and 

under 5% CO2 and sat u rated humid ity in cul ture media. Fol low ing 

a rinse with test ing medium on the next day, cells were cul tured 

in the pres ence of 5-HT and/or phar ma co log i cal agents for 2 h. At 
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