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Studies of goldfish pituitary ceil populations have suggested that 

gonadotropin-rdeasing hormone (GnRH) stimulates maturational gonadotropin 

(GTH-II) seaetion by activating protein kinase C (PKC), inaease in Ca2+ innwc 

through voltage-dependent Ca2+ channels (VDCC) and devations of intracellular 

free Gaz* concentration ([Ca2+Ii). It has also been proposed that dopamine 

inhibits GTH-II seaetion by reducing Gaz* influx through VDCC and thus 

reducing [Ca2+] elevation. To directly test these hypotheses, 

electrophysiological and fura-II Ca2+ imaging studies were perfonned on 

individual goldfish gonadotrophs. 

To faciLitate these studies, a reliable method to identify goldfish gonadotrophs 

based on their unique cellular morphology when viewed under Nomarski 

differential interference-contrast miaoscopy was developed. This novel 

technique for cell identification was shown to be applicable to somatotrophs and 

lactotrophs. 

Patch-damp recordings indicated that goldfish gonadotrophs are electrically 

excitable and exhibit voltage-dependent Na+ mrrents, VDCC, as well as multiple 

K+ m e n t  sub-types. Unlike mammalian gonadotrophs, apatnin-sensitive K+ 

currents were not observed in goldfish gonadotrophs. Activation of dopamine 

D2 receptors reduced current amplitude through VDCC, but did not alter 

voltage-dependent Na+ or Kt currents. Thus, VDCC are an important site for the 

regulation of GTH-II seaetion by dopamine. 

GnRH and PKC activators ~ ~ u l a t e d  a rapid, localized increase in [Ca2+]i but 

did not directly affect VDCC. Since this response was relatively unaffected by 

the inhibition of Ca2+ influx, these results suggest that the acute [Ca2+Ii incxease 

is largely mediated by mobüization of intracellular Ca2+. Although VDCC do 



not appear to directly participate in acute GnRH action, their activity may 

regulate the concentration of Ca2+ in intracellular Ca2+ stores. 

Amiloride-sensitive Na+/H+ antiports also partiapated in agonist-shulated 

GTH-II secretion. Activation of these antiports may be important to counteract 

cytoplasmic acidification redting from agonist-induced increases in [Ca2+Ii. 

In condusion, these results support the hypothesis that VDCC and [Ca2+Ii are 

targets for neuroendocrine regulation in 

identify the importance of intracellular 

regulation. 

gonadotrophs. Furthermore, they 

Ca2+ release and cytoplasmic pH 
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hITRODUCnON 

It has become widdy accepted that an inaease in intracellular free Ca2+ 

concentration ([Câ2+li) is a critical event leading to hormone secretion (Stojilkovic 

and Catt, 1992; Hille et al., 1994,1995). An inaease in [Ca2+Ii may arise due to an 

increase in Ca2+ entry through plasma membrane i o ~ c  channels or the release of 

Ca2+ from intracellular stores. In pituitary cells, entry and release of Ca2+ is 

regulated by neumendocrine stimulatory and inhiiitory factors (Stojikovic and 

Catt, 1992). In goldfish, gonadotropin (GTH) secretion is under stimulatory and 

inhibitory influence by gonadotropin releasing hormone (GnRH) and dopamine, 

respectively (Peter et al., 1986,1991; Chang ef al., 1993,1996). Recent studies have 

indicated that alterations in plasma membrane ionic Channel activity and release 

of Ca2+ from intracellular Ca2+ stores are critical to the regdation of 

gonadotroph cell fwiction. However, evidence for their involvement has been 

based on indirect studies using pituitary fragments or mixed populations of 

dispersed pituitary cells (Chang et al., 1993; Chang et al., 1996). The primary goal 

of this study is to directly monitor the actions of GnRH and dopamine on plasma 

membrane ionic channels and mobilization of Ca2+ in single, identified goldnsh 

gonadotrophs. Understanding the mechaniSm of action of GnRH and dopamine 

at a single-cell level is critical to our understanding of how GTH-II seaetion is 

regulated in gonadotroph cell populations. 

Goldfish gonadotrophs provide an excellent mode1 system for studying the 

control of GTH secretion in teleosts, as well as vertebrates for the following 



reasons. First, goldfish are a representative of the cyprinid family of fishes, 

whïch contains many comeraally important fish species. Second, compared to 

other teleostean model systems, the reproductive behavior. neuroendocrine 

regdation and intracellular signal transduction pathways mediating GTH-II 

secretion from the goldfish anterior p i t u i t q  have been extensively studied 

(Petet et al, 1991; Chang ef al., 1996). Third, salmon (s)GnRH and chicken (c)- 

GnRH-II compete for the same dass of receptors on gonadotrophs, however, 

sGnRH uses additional post-receptor pathways that are not involved in cGnRH- 

II action (Chang et al, 1996). These results suggest that activation of the same 

receptor population by two similar peptides can Iead to the differential activation 

of postreceptor pathways. It will be of general interest to understand how two 

endogenous ligands, which bind to the same population of receptors, can 

differentially activate separate signal transduction pathways. Fourth, dopamine 

activation of D2 receptors on gonadotrophs directly inhibits basal and GnRH- 

stimulated GTH-II secretion, both in vivo and in oitro (Peter et al.. 1991; Chang et 

al., 1993). This allows for the investigation of how inhibitory neuroendoaine 

factors may interact with plasma membrane ionic channeis to modulate the 

spontaneous activity of secretory ceIlsr as w d  as the activity of the stimulatory 

neurwndocrine regulator, GnRH. In addition, this may provide an excellent 

physiological model to examine the interactions of neurotransmitters and 

neuropeptides on exocytosis in general. 

[C~2+]i PATTERNS AND CONTROL OF [CA2+]i OSCILLATIONS 

[Câ2+li patterns 

Although an inaease in [Ca2+Ji mediates agonist-induced hormone secretion 

in many cells, the pattern of responses cm be cornplex and Vary from cell 



to ceU. The two basic aspects of any Ca2+ response are how an increase in [Ca2+ji 

occurs with respect to time and space. The temporal pattern of [Ca2+]i signals 

can be divided into oscillatory and nonoscillatory responses (Berridge, 1990). 

Non-oscillatory [Ca2+Ii responses can occur as a simple spike ( A k m a n  et al., 

1991; Tomic ef al., 1995) or as a biphasic response, consisting of a peak and a 

lower amplitude plateau phase (Krsmanovic, et al., 1993; Thomas et al., 1996). 

Although there is a wide variety of oscillatory Ca2+ signals, they can be grouped 

into two general categories, sinusoida1 and base-line spiking (Bemdge, 1990). 

Sinusoidal Ca2+ osdations appear as regular fluctuations in about a 

mean value, which is often elevated above the resting values (Berridge, 1990; 

Bird et al., 1993). BaseLine spiking appears as disaete transient increases in 

[c&+]~ arising from a constant resting level (Berridge, 1990). In addition to the 

differences in the temporal patterns of Ca?f responses, an increase in [Ca2+li can 

also display a variety of spatial patterns. In many cells there is a specific 

initiation point from which a Ca2+ wave spreads aaoss the c d  (Bemdge, 1993; 

Rawlings, et al., 1991). In others, an inaease in [Ca2+Ii can occur unifody 

throughout the ce11 or be restricted to a specific region, resulting in the 

appearance of Ca2+ "hot-spots" (MiUer, 1988; Silver et al., 1990). 

Control of [CS+]i oscillations 

Oscillations in [Ca2+Ii can occur by the periodic opening of voltage- 

dependent Ca2+ channels or by the intermittent release of Ca2+ from htracellular 

Ca2+ stores (reviewed by Bemdge, 1990; Berridge, 1993). In electrically excitable 

cells, repetitive action potential activity can lead to the periodic opening of 

vo 1 tage-dependent Ca2+ channels, resulting in the generation of [Ca2+] 

oscillations (Bemdge, 1990). Such membrane oscillators have been obsewed in 

gonadotrophs, somatotrophs, lactotrophs, corticotrophs and GH pituitary cells. 



In some pituitary cells, the membrane oscillator can be modulated by inhibitory 

and stimulatory neuroendoaine factors (reviaved by Stojilkovic and Catt, 1992). 

In electrically excitable and non-excitable cells, [Ca2*Ii oscillations can be 

generated by the periodic release of Ca2+ from intracdular stores. Although this 

response is derived by the release of Ca2+ hom intracellular stores, Ca2+ entry 

through voltage-dependent or independent Ca2+ channels, is required to 

recharge the intracdular stores (Bemdge, 1990). Initiation of [Ca2f]i oscillations 

by neurotransmitters and hormones is due to an increase in inositol(l,4,5)- 

trisphosphate (InsP3) levels by phosphlipase C (PLC)-dependent hydrolysis of 

p hosp hatid y linositol-(4,5)b"phosphate (PIP2). This is also associated with the 

generation of diacylglycerol @AG) and the subsequent activation of protein 

kinase C (PKC). Two models have been proposed to describe how Ca2+ 

osdations are generated in response to an inaease in h P 3  levels. In receptor- 

controlled models, osdating InsP3 levels are generated by various feedbadc 

effecis of PKC or Ca2+ at the level of the plasma membrane (Berridge, 1990; BKd, 

et al., 1993). Whereas in second messenger-controlled models, Ca2+ oscillations 

are set up in the presence of a constant level of InsP3 (Berridge, 1990; Stojilkovic 

et al., 1993). In these models, the activity of the InsP3-receptor exhibits a beIl- 

shaped response curve to an increase in [CS+]i (Bemidge, 1990). 

GONADOTROPINS IN TELEOST FISH 

In vertebrates, GTH secretion is regulated by multiple neuroendocrine 

factors, induding GnRH. In tetrapods and teleost fish, GTH seaeted from the 

pituitary is responsible for regulating the production and release of gem cells 

and sex steroids. The teleostean pihiitary, like that of tetrapods, seaetes two 

distinct GTHs, GTH-1 and GTH-II, which are chemically and lunctionally similar 



to foilïde-stimulatïng hormone (FSH) and luteininng hormone (Lw, of higher 

vertebrates, respectively (reviewed by Nagahama et al., 1993). To date, two 

distinct GTH forms have been identified in salmonid fishes (Nagahama et al., 

1993), common carp (Van Der Kra& et al., 1992), red seabream (Tanaka et al., 

1995), Mediterranean ydowtail (Hemandez et al., 1995), and bonito (Koide et al., 

1993). Fish GTHs are members of the glycoprotein hormone family, whidi also 

indudes thyroid-stimulating hormone and human chorionic GTH (Pierce and 

Parsons, 1981). Gonadotropin-1 and GTH-II consist of two chemically distinct 

subunits, designated a and p, which are noncovalently bound. Both 

gonadotropins appear to share a similar a-subunit but have different fGsubunits 

(Pierce and Parsons, 1981; Koide, et al., 1993; Van Der Kraak et al., 1992). In 

salmonid fishes, GTH-I stimulates ovarian growth and steroidogenesis during 

the early period of oocyte growth, while GTH-II stimulates final oocyte 

maturation (Nagahama et al., 1993). These results indicate that GTH-1 and GTH- 

II have simüar biological activities as FSH and LH, respectively. In goldfish, 

although GTH-1 and GTH-II are equally effective in stimulating the uptake of 

viteliogenin and inducing final oocyte maturation, GTH-II is more potent in 

stimulating the production of testosterone and progesterone (Van Der Kraak et 

al., 1992). GTH-II is also the predominant form in the pituitary from 

prespawning female common carp (Van Der Kraak, et al., 1992). In addition, the 

profile of GTH-II secretion throughout the seasonal reproductive cycle of 

goldfish is consistent with its involvement in fïnal oocyte maturation. Taken 

together, these data indicate that GTH-II is more closely related to LH in 

tetrapods and represents the maturational GTH in goldnsh. Due to the la& of a 

validated RLA for GTH-1 in goldfish, and the use of antifbodies specific for GTH-II 

in the verification of the cell identification technique (Chapter 2), the work in this 

thesis is restricted to the regdation of GTH-II. 



N EUROENDOCRINE REGULATION OF GTH-II SECRETION IN 

GOLDFISH 

Multiple stimulatory and inhibitory neuroendoaine factors act at various 

levels of the hypothalamic-pituitary axis to regulate GTH-II seaetion from the 

anterior pituitary of goldfish (for reviews see, Peter et al., 1991; Trudeau and 

Peter, 1995). The principle stimulatory and inhibitory newoendocrine factors 

regulating GTH-II met ion  are GnRH and dopamine, respectively. An inaease 

in GnRH secretion and a concomitant decrease in dopaminergic inhibition are 

required for the induction of the preovulatory GTH-II surge and ovulation 

(Chang et al., 1984; Peter et al., 1991). Various other monoamines, amino aads, 

neuropeptides, steroids and growth factors are also involved in the 

neuroendocrine regdation of GTH-II secretion, as summarized in Fig. 1.1. 

GnRH stimulation of GTH-II secretion in goldfish 

In tetrapods, hypothalarnic neuropeptides and neurotransmitters are released 

from nerve t d a l s  in the median eminence and are transported to the anterior 

pituitary by a hypothalamehypophyseal portal vascular system (Kawano and 

Daikoku, 1981). A median eminence is absent in many teleosts, induding 

goldfish (Peter et al., 1990b; Kah et al., 1993). Instead, hypothalamic 

neurosecretory fibers duectly innervate the anterior pituitary (Peter et al. 1990; 

Kah et al., 1993). As a result, GnRH is released from nerve termuials near to 

gonadotrophs to stimulate GTH-II seaetion (Peter et al., l99Ob). 

The temporal pattern of GnRH delivery to gonadotrophs in the anterior 

pituitary of goldfish is not yet known. This is mainly due to the technical 

difficulties in measuring the release of GnRH into the pituitary, as there is no 

hypothalamo-hypophyseal portal system. However, GnRH-induced desensit- 



ization is dependent on both the fiequency and concentration of GnRH (Habibi, 

1991), indicating that pulsatile GnRH release may be important in goldfish to 

maintah normal c d  function. This has been ciearly demonstrated in mammals, 

in which intermittent, rather than continuous, seaetion of GnRH from the 

median erninence into the anterior pituitary is necessary to maintain normal 

gonadotroph c d  function (Katt ef al., 1985; Knob& 1992). 

Since the p r i m q  structure for mammalian GnRH in porcine and ovine 

brains was first eluadated (Matsuo et al., 1971; B u r p  et al., 1972), at least 9 other 

forms have been identified by their primary structure in vertebrates (Sherwood et 

al., 1993; Sherwood, 1995; Powell et al., 1994). Additionally, a novel GnRH form 

has been identified in tunicates (Sherwood, 1995) and GnRH-like 

immunoreactivity and bioactivity have been demonstrated in the pond snail, 

Helisonza h.iuolvis (Goldberg et al., 1993). As in many vertebrate species, multiple 

forms of GnRH are found in the central nemous system of goldfish (Sherwood et 

al., 1993). The two f o m  of GnRH identified in the goldfish brain and pituitary 

are salmon GnRH ([~rp', Les]-GnRH; sGnRH) and chicken GnRH-II ([Hiss, 

Trp7, Tyfi]-GnRH; cGnRH-II; Yu et al., 1988). Salmon GnRH and cGnRH-II 

precursor mRNA have &O been dernonstrated to be expressed in the goldfish 

brain (Lin and Peter, 1996). Although both GnRH forms are found throughout 

the brain and pihùtary, sGnRH is the predomuiant form in the forebrain and 

pituitary, whereas cGnRH-II predominates in the hindbrain regions (Yu et al., 

1988; Rosenblum et al., 1994). Differential distribution of endogenous GnRH 

forxns has also been observed in the brain of other teleosts, reptiles, amphibians 

and birds (Tsai and Licht, 1992; Sherwood et al., 1993; Dufour et al., 1993; Licht et 

al., 1994). 

The presence of multiple GnRH fonns and theu differential distribution in the 

brain and pituitary of many vertebrates suggests that different GnRHs may play 



different roles in the regulation of pituitary cells and other physiological 

functions. In goldfish, several lines of evidence implicate the involvement of 

both native GnRWs in the regdation of GTH-II seaetion. Although the content 

of sGnRH is higher, both sGnRH and cGnRH-II: are found in the pituitary and 

telencephalon-preoptic area (Yu et al., 1988; Rosenblum et al., 1994). The 

telencephalon-preoptic area is believed to be involved in the neuroendocrine 

regulation of pituitary c d  function in goldfish (Kah et al, 1993), as well as other 

teleosts (Amano et al., 1995). In addition, these areas are believed to be targets of 

olfactory neurons mediating pheromonal influences on sexual behavior and 

GTH-II secretion (Zheng, 1996). Retrogradely-stained neurons kom the goldfkh 

pituitary were also observed in the rostrai rnidbrain tegmentum, which has a 

high c G ~ R H - ~ ~  content relative to sGnRH (Kah et al., 1993; Anglade et al., 1993). 

In addition to the presence of both native GnRHs in the telencephalon-preoptic 

area and pituitary, sGnRH and cGnRH-II are released from nerve terminais in 

the pituitary (Rosenblum et al., 1994). Salmon GnRH and cGnRH-II released into 

the pituitary bind to the same population of receptors (Habibi and Peter, 1991) 

located in the plasma membrane of goldfish gonadotrophs (Cook et al., 1991) to 

stimulate GTH-II secretion (Chang et al, 1993; Chang et aL, 1994., Chang et al., 

1996). Although these redts implicate the involvement of both native GnRHs in 

the neuroendocrïne regulation of pituitary cell function, they do not discount 

other possible functions of cGnRH-II. For example, cGnRH-II has been 

demonstrated to play a neuromodulatory role in some vertebrates (Elrnslie et al., 

1990; Kah et al., 1993; Sherwood et al., 1993). The participation of more than one 

GnRH form in the regulation of GTH-II-seaetion is not a universal phenomenon 

among teleosts or vertebrates in general (Kah et al., 1993; Sherwood et al., 1993). 

However, in at least one other vertebrate group, Rnna frogs, the two endogenous 



GnRHs, mGnRH and cGnRH-II, have been implicated in the physiological 

regdation of GTH secretion (Li& et al, 1994). 

Dopamine inhibition of GTH-II secretion in goldfish 

The presence of a gonadohopin-release inhibitory factor (GRIF) in goldfish 

was first suggested by Peter et al. (1978) on the basis of brain lesioning 

experiments (reviewed in Peter et al., 1986). Dopamine was later identified to be 

the GRE in goldfish (Chang and Peter, 1983; Chang et al., 1983). Although 

dopamine exerts tonic inhibitory control over GTH-II seaetion throughout the 

seasonal reproductive cycle, dopaminergic inhibition of GTH-II secretion is 

greatest in prespawning fish (Sokolowska et al., 198%). This allows for the 

maintenance of relatively low cirdating GTH-II levels in response to increasing 

pituitary responsiveness to GnRH (Peter et al., 1986; Habibi et al., 1989; 

Omeljaniuk, et al., 1989; Trudeau et al., 1993a). In addition, the removal of 

inhibitory dopamine tone prior to, or in conjunction with, an increase in GnRH 

stimulation is required to induce the rapid inaease in cirdatïng GTH-II levels 

necessary to trigger ovulation (Chang and Peter, 1983). 

In goldfish, dopamine inhibits GTH-II secretion at various levels of the 

hypothalamic-pituitary axis. Dopamine inhibits spontaneous GnRH secretion 

from the preoptic-anterior hypothalamus by the activation of dopamine Dl-üke 

receptors (Yu et al., 1991; Y u  and Peter, 1992). Dopamine also inhibits GTH-II 

seaetion from nerve terminals in the pituitary (Yu and Peter, 1992), presumably 

by am-axonal interactions of dopamine and GnRH nerve terminais. In conhast 

to the situation in the preoptic-anterior hypothalamus, dopamine D2-like 

receptors mediate the actions of dopamine on GnRH nerve terminals in the 

pituitary (Yu and Peter, 1992). Finally, dopamine dvectly inhibits spontaneous 



and GnRH-stimdated GTH-II seaetion from gonadotrophs via dopanUne-D2 

iike receptors (Chang et al., 1984; Petet, et al., 1991; Chang et al., 1993). 

In goldfish, dopaminergic neurons innervate the anterior pituitary (Kah et al., 

19%). Bain lesioning and immunocytochemical studies indicated that 

doparninergic fibers originate in the anteroventral preoptic region and pass 

through the ventral anterior hypothalamic area and pituitary s t a k  to reach the 

anterior pituitary, where they terminate near to gonadotrophs (Peter et al., 1978; 

Peter and Paulencu, 1980; Peter et al., 1986; Kah et al., 1993). The dose association 

of doparninergic and GnRH pathways in the goldfish forebrain and pituitary 

(Kah et al., 1993) is consistent with the proposed inhiitory actions of dopamine 

on GnRH secretion in these areas (Yu et al., 1991; Yu and Peter, 1992; Peter et al., 

1991; Chang et al., 1993). Moreover, doparninergic neurons receive GnRH 

innervation, suggesting that GnRH may also a b  on the dopaminergic pathway to 

M e r  regulate GnRH swetion (Kah et al., 1993). This suggests that GnRH and 

dopaminergic neuronal networks act as an integrated unit to control GTH-II 

secretion. 

Other neuroendoaine regulators of GTH-II secretion in goldfish 

In addition to dopamine, other monoamines regulate GnRH and GTH-II 

seaetion. In goldfïsh, norepinephrine and a-adrenergic agonists increase serum 

GTH-II levels (Chang et al., 1983; Chang and Peter, 1984), indicating a 

stimulatory a-adrenergic Muence on GTH-II seaetion in vivo. In oifro, 

norepinephrine acts through al-adrenergic receptors to stimulate GnRH 

secretion from preoptic-anterior hypothalamic slices (Yu and Peter, 1992) as well 

as GTH-II seaetion from dispersed goldfish pituitary c a s  (Chang et al., 1991b). 

Serotonin also stimulates GnRH secretion from preoptic-hypothrilamic and 

pituitary fragments (Yu et al., 1991), as weU as GTH-II seaetion from dispersed 



goldfish pituitary cells (Wong, 1995). The stimulatory actions of serotonin are 

mediated by 5-H"ï2-Like receptors (Somoza et al, 1988; Wong, 1995). These 

results indîcate that norepinephruie and serotonin act at various levels of the 

hypothalamic-pituitary axis of goldfish to exert both direct and indirect 

stimulatory influences over GTH-II secretion. 

Arnino acids, neuropeptides and growth factors aiso stimulate GTH-II 

seaetion in goldfish. The amino aad neurotransmitters, L-glutamine, taurine 

and yaminobutryic acïd (GABA) stimulate GTH-LI secretion (Trudeau and Peter, 

1995). These stimulatory actions are mediated by indirect actions through GnRH 

and dopaminergic neuronal pathways. For example, GABA increases GnRH 

secretion and decreases dopaminergic activity, but does not stimulate GTH-II 

secretion from dispersed goldnsh pituitary cells, arguing against a direct action 

of GABA on gonadotroph c d  function (Trudeau and Peter, 1995). In contrast, 

neuropeptide Y (NPY), inhibin and activin stimulate GTH-II secretion at the level 

of the gonadotroph (Peter, ef al., 1991; Ge, et al, 1992; Trudeau and Peter, 1995). 

NPY also stimulates the release of GnRH from nerve terminais in the brain and 

pituitary, which in tum stimulates GTH-II seaetion (Peng et al., 1993). Other 

peptidergic stimulatory factors indude cholecystokinin and endogenous opioid 

peptides (Peter, et al., 1991; Trudeau and Peter, 1995). 

Gonadal steroids exert negative and positive feedbadc effects on GTH-II 

secretion at various levels of the brain-pituitary axis (Peter et al., 1991; Trudeau 

and Peter, 1995). In sexually regressed goldfish, testosterone eliats a decrease in 

dopamine turnover in the telencephalon-preoptic area, which may represent a 

decrease in inhibitory dopamine tone. In contrast, in sexually recrudescent 

goldfish, gonadal steroids increase dopamine turnover in the telencephalon- 

preoptic area to augment uihibitory dopamine tone (Trudeau et al., 1993a). 

Additionally, in sexually regressed goldfish, testosterone enhances the 



stimulatory action of GABA on GTH-II secretion, while in sexudy recrudescent 

goldfish, estradiol decreases the action of GABA (Trudeau et al., 1993b). Thus, 

gonadal steroids exert both positive and negative feedbadc effects on 

dopaminergic and GABAnergic pathways in the brain, depending on the 

reproductive statu of the fkh. In addition to the actions of sex steroids at the 

level of the brain, they &O exert negative feedbadc effects at the level of the 

pituitary by inaeasing dopamine inhibitory tone (Trudeau, et al., 1993a). In 

contrast, gonadal steroids can also exert positive feedbadc effects by acting 

directly on gonadotrophs to increase their responsiveness to GnRH. This is in 

part due to an increase in GnRH receptor capacity (Habibi and Peter, 1991). 

Recent studies &O indicate that sex steroids act d i r d y  on second messenger 

systems to augment GnRH-stimulated GTH-II seaetion @AI et al., 1995; Chang et 

al., 1996). 

GNRH-RECEPTORS AND INTRACELLULAR SIGNALING PATHWAYS 

IN GOLDFISH GONGDOTROPHS 

Although several neuroendocrine factors act directly on gonadotrophs to 

regulate GTH-II secretion, the receptors and associated second messenger 

pathways are perhaps best chaxacterized for GnRH-stimulatecl GTH-II seaetion. 

A summary of the signal transduction pathways mediating GnRH-stimulated 

GTH-II secretion in the goldfish pituitary are outlined below and are 

sufnmarized in Fig. 1.2. 

GnRH receptors in goldfish 

The actions of peptides, neuropeptides and neurotransmitters on cellular 

activity of their target cells are mediated by specific receptors located in the 



plasma membrane. in vertebrates, includuig goldfish, the binding of GnRH to 

GnRH receptors in the plasma membrane of gonadotrophs initiates a series of 

biochemical events resulting in the synthesis and secretion of GTH-II (Chang et 

al., 1994; Stojilkovic et al., 1994; Chang et al, 1996). Based on radio-receptor 

assays, it has been shown that the goldfish pituitary contains two classes of 

GnRH binding sites: a high-affinity/ low-capacity binding site and a low- 

af finity / high-capacity binding site (Habibi et al., 1987). The GTH-II-releasing 

actions of sGnRH and cGnRH4I are mediated by the high-affinity/low-capacity 

GnRH binding sites (Habibi and Peter, 1991). Several lines of evidence indicate 

that sGnRH and cGnRH-II: act on the same population of receptors in 

gonadotrophs to stimulate GTH-II secretion. Both sGnRH and cGnRH-II 

displace bound 125I-[D-Arg6, Pd-N-ethylamidel-sGnM from crude pituitary 

membrane preparations (Habibi and Peter, 1991), as well as avidin-gold labeled 

[D-Ar$, Pros-N-elliylamidel-sGnRH from immunohistochemically identified 

goldfish gonadotrophs (Cook et al., 1991). The GTH-II release response to 

maximaily effective doses of sGnRH and cGnRH-II are not additive (Chang et al., 

1993). sGnRH- and cGnRH-II-stimulated GTH-II secretion were equally 

inhibited by competitive antagonists (Murthy and Peter, 1994). In the continued 

presence of sGnRH or cGnRH-II, further stimulation by either GnRH is inhibited, 

suggesting that there is aoss desensitization of the GTH-II release response by 

either of the GnRHs (Murthy and Peter, 1994). Prolonged treatment with either 

GnRH results in a similar reduction in the GTH-II release response to subsequent 

applications of sGnRH or cGnRH-II (Murthy and Peter, 1994). Taken together, 

these studies strongly indicate the invo1vement of a single population of GnRH 

receptors in the mediation of sGnRH and cGnRH-II action. Definitive proof of a 

single GnRH receptor type mediating the actions of both GnRHs awaits the 

doning of GnRH receptors from the goldfish pituitary. 



GnRH bindùig sites and GnRH receptors have also been identified in other 

pihiitary cell types and extrapitwtary tissues. Most notably, GnRH receptors 

have been identified in immunohist~eniicdy-identified goldfish somatotrophs 

(Cook et al., 1991), which is consistent with the involvement of sGnRH and 

CG--II in regulating GH seaetion from the pituitary of goldfish and other 

rdated species (Chang et al., 1994; Peter and Marchant, 1995). Salmon-GnRH and 

cGnRH-JI bind to receptors in the plasma membrane of somatotrophs to 

stimulate GH seaetion. These receptors may be distinct ftom those found in 

gonadotrophs. Photoaffinity labelling studies revealed a 51 000-Me protein 

which appeared as two dosely associated bands (Habibi et al., 1990) and may 

represent distinct populations of GnRH receptors in gonado trop hs and 

somatotrophs. In support of this view, certain GnRH analogs bct ion as 

antagonists for GTH-11 seaetion but are effective agonists for GH secretion 

(Murthy and Peter, 1994). In addition to the pituitary, GnRH binding sites have 

also been identified in the be r ,  mature ovary, testis and kidney of goldfish 

(Habibi and Pati, 1993). 

G-protein and phospholipase C involvement in GnRH action 

Heterotrimeric guanine nucleotide binding proteins (G-proteins) link 

receptors to effectors in a wide variety of cell types, including pituitary cells 

(Hille et al., 1994). Gproteiw are composed of three subunits induding a, P and 
y, of which the B and y subunits are tightly but non-covalently associated to form 

a py-complex (Spiegel et al., 1992). Receptor activation by ligand binding, 

promotes the release of GDP from the a-subunit, dowing for the binding of 

GV. Binding of GTP causes a conformational change in the a-subunit, whîch in 

tum leads to the dissoaation of the Gprotein from its receptor and separation of 

the a-subunit hom the By-complex. The GTP-bound a-subunit and the py- 



complex are then free to adivate various effectors, su& as phospholipase C 

(PLC) isozymes (Berridge, 1993) or ionic channeis (Hille, 1992; Boland and Bean, 

1993). The intrinsic GTIpase activity of the a-subunit causes the hydrolysis of 

bound GTP to GDP with the hieration of inorganic phosphate, resulting in the 

dissoaation of the a-subunit from the effector and its reassociation with a py- 

complex (reviewed in Spiegel et al., 1992). In this way, Gproteins allow 

receptors to tum "on" and "off" various &ectors to mediate a wide range of 

cellular responses, including mobilization of intracdular Ca2+ (Berridge, 1993) 

and regulation of ionic Channel activity (Hille, 1992; Clapham, 1994). In goldfish, 

preliminary studies have indicated the presence of cholera toxin- and pertussis 

toxin-sensitive G proteins (Chang et al., 1993). However, whether other G- 

proteins, which are not sensitive to these toxins, are present remains to be 

determined. 

In some ce&, Gprotein activation stimulates the hydrolysis of PIP2 by PLC, 

which in tum leads to the generation of InsP3 and DAG (Bemdge, 1993). In 

goldfish, addition of PLC stimulates GTH-II secretion (Chang et al., 1991c), 

suggesting that PLC-dependent pathways are present in goldfish gonadotrophs. 

Moreover, sGnRH stimulates PLC-mediated hydrolysis of phosphoinositides, 

resulting in the production of major inositol phosphate groups, induding InsPl, 

IwP2 InsP3 and other higher InsPs (Chang et al., 1995), as well as the formation 

of DAG (Chang et al., 1993; Chang et al., 1996). Taken together, these results 

suggest the involvement of PLC in the mediation of GnRH-stimulated GTH-II 

secretion in goldfish. It is important to note that uniilce sGnRH, cGnRH-II 

increases InsP2 production but does not stimulate the accumulation of InsP3 

isoforms, suggesting that sGnRH and cGnRH-II may interact with different PLC 

isozymes or InsPs metabolizing enzymes (Chang ef al., 1995). Further studies are 

required to demonstrate the direct involvement of Gproteins, and the G-protein 



and PLC subtypes involved in the mediation of GnRH-stimulated GTH-II 

secretion. 

Role of protein kinase C and Ca2+ in mediating GnRH action 

In neuronal and endocrine cells, an inaease in [Ca2+Ii is widely regarded to 

be the final common pathway mediating secretion. Accordingly, a rise in [Ca2+Ii 

has been demonstrated to be central to the mediation of pituitary hormone 

secretion in general (Stojilkovic and Catt, 1992), and LH secretion in partidar 

(Stojilkovic et al., 1994). A rise in [Ca2+Ii can originate from two general Ca2+ 

sources; extracellular Ca2+ entry and intracdular Ca2+ release. Mobilization of 

extracellular Ca2+ is mediated by a variety of pathways, induding voltage- 

dependent Ca2+ channels and receptor-operated Ca2+ channels. On the other 

hand, mobilization of intracellular Ca2+ is mediated by InsP3 and ryanodine 

receptors (Berridge, 1993). It has been proposed that in goldfiçh gonadotrophs, 

GnRH-stimulates a rise in [Ca2+Ii by mobüizing extracellular en tq  and 

inkacellular Ca2+ release (Jobin and Chang, 1992a; Jobin and Chang, 1992b; 

Chang et al., 1996). 

Extracellular Ca2+ availabiüty is critical to the normal funcüoning of goldfish 

gonadotrophs. During 2-hr static incubation experiments (prolonged hormone 

release response), removal of extraceiiular Ca2+ attenuated the GTH-II response 

to sGnRH and abolished cGnRH-II-stimulated GTH-II secretion (Jobin and 

Chang, 1992a). Similady, in perifusion experiments (short-temi honnone release 

response), removal of extracellular Ca2+ reduced both sGnRH- and cGnRH-II 

stimulated GTH-II secretion (Tobin et al., 1996). Taken together, these results 

demonstxaie Lhat both short-term and prolonged GnRH action is dependent on 

the availability of extracellular Ca2+; further implicating extracellular Ca2+ in the 

mediation of GTH-II secretion, sGnRH and cGnRH-II increased [Ca2+Ji in mked 



populations of dispersed goldfish pituitary uobin and Chang, 1992b). Consistent 

with hormone release studies, sGnRH-stimulated inaeases in [Ca2+Ii were 

reduced by removd of extracellular Ca2+, while the responses to CçnRH-II- were 

totally abolished. It should, however, be mentioned that the intracellular Ca2+ 

response to sGnRH and cGnRH-II cannot be attnauted enoreiy to gonadotrophs, 

as mixed populations of dispersed goldfish pihiitary celIs were used. 

Nevertheless, results from both hormone-release and [Ca2+Ii measurement 

studies indicate that extracellular Ca2+ is involved in the actions of sGnRH and 

cGnRH-11. Moreover, compared to sGnRH, cGnRH-II action is more sensitive to 

removal of extracellular Ca2+, suggesting that there are possible differences in 

the signal transduction pathways mediating the two native GnRHs. In 

partidar, sGnRH action appears to involve the mobilization of Ca2+ from 

intracdular stores. These results are consistent with the abiüty of sGnRH, but 

not cGnRK-II, to inaease InsP3 levels (Chang et al., 1995). 

Hormone release and [Ca2+li measurement studies on dispersed goldfish 

pituitary cells have suggested that the extracellular Ca2+-dependence of GnRH 

action is in part due to the involvement of voltage-dependent Ca2+ charnels. 

Application of Cd+, an inorganic voltage-dependent Ca2+ Channel blocker, as 

well as dihydropyridine and phenylalkylamine inhibitors of voltage-dependent 

Ca2+ channels, attenuate sGnRH- and cGnRH-ITstimulated GTH-II secretion in 

static incubation and perifusion experiments (Jobin and Chang, 1992a; Jobin and 

Chang, 1992b; Jobin et al., 1996). Similarly, cGnRH-11-stimulated increases in 

[Ca2+Ii is reduced by nicardipine, a dihydropyridine voltage-dependent Ca2+ 

channel antagonist (Chang et al., 1996). Conversely, Bay K 8644, a 

dihydropyridine voltage-dependent Ca2+ Channel agonist, stimuiates basal GTH- 

II secretion, and augments sGnRH- and cGnRH-II-induced GTH-II secretion 

(Chang et al., 1996; Jobin et al., 1996). These results strongly support the 



participation of voltagedependent Ca2+ channek in GnRH-stimulated GTH-II 

secretion from the goldfish pituitary. However, the voltage-dependent 

characteristics of the Ca2+ cha~els  present in goldfish gonadotrophs, as well as 

the direct dernonstration of th& involvement in mediating the actions of GnRH 

awaits patch-clamp studies on single identifid gokdfïsh gonadotrophs. 

The involvement of PKC in mediating GnRH action in mammalian 

gonadotrophs has been a subject of much debate. Some have suggested that PKC 

is obligatory for seaetion while others have suggested that it plays a modulatory 

role (Davidson et al, 1990; Stojdkovic et al, 1991; Stojilkovic and Catt, 1992; Jobin 

et al., 1995; Tse et al., 1995). It has also been proposed that PKC is not involved in 

the secretory response to GnRH (McArdle et al., 1987). In goldfish, several lines 

of evidence strongly support the involvement of PKC in mediating both short- 

term and prolonged stimulation of GTH-II secretion by sGnRH and cGnRH-II 

(Chang et al, 1993; Chang et al., 1996). Application of synthetic diacylglycerol 

@AG) or activation of PKC by hunor-promoting phorbol esters stimulates GTH- 

II seaetion (Chang et al., 1991a). Specifïc inhibitors of PKC reduce the GTH-II- 

release response to synthetic DAG, phorbol esters, sGnRH and cGnRH-II (Chang 

et a l ,  1991a; Jobin et al., 1996). The maximal GTH-II response to GnRH and that 

of phorbol esters or synthetic DAG are not additive in both static incubation and 

perifusion experiments (Jobin et al., 1996). In cells depleted of PKC, both the 

short-tenn and prolonged hormone release response to sGnRH and cGnRH-Ii, as 

weli as the super-active GnRH analog, [D-Ala6, Pro9,-Net]-sCnRH, are markedly 

attenuated (Jobin and Chang, 1993; Jobin et al., 1993). The reduction in GnRH- 

stimulated GTH-II seaetion in PKC depleted cells is not due to a reduction in the 

GTH-II releasable pool or an impairment of the exocytotic machinery, as 

elevations in cyclic adenosine-3',Sr-monophosphate (CAMP) were still able to 

stimulate GTH-II secretion (Jobin et al., 1993). 



In gokdfish, hormone release and [Ca2+] measwement stuclies from mixed 

populations of dispersed goldfish pituitary cells suggest that PKC activates 

voltage-dependent Ca2+ channeh to induce extracellular Ca2+ influx and the 

subsequent secretion of GTH-II (Chang et al., 1993; Chang and Jobin, 1994; Chang 

et al., 1996). Protein kinase C-stimulated GTH-II secretion is reduced by rernoval 

of extracellular Ca2* or by addition of voltagedependent Ca2+ channel blockers 

(Chang et al., 1991a; Jobin and Chang, 1992b). Converseiy, Bay K 8644 and 

membrane depolarizations by high concentrations of extracellular Kt potentiate 

PKC-stimulated GTH-II secretion (Jobin and Chang, 1992b; Jobin et al., 1996). 

Activators of PKC stimulate an inaease in [Ca2+Ii in mixed populations of 

goldfish pituitary cells that is reduced or abolished by the removal of 

extracellular Ca2+ or by the application of dihydropyridine voltagedependent 

Ca2+ channel antagonists (Jobin and Chang, 1992b; Chang et al., 1996). Finally, 

staurosporine, a PKC inhibitor, reduces PKC-, and GnRH-stimulated increases in 

[ca2+Ii in mOted populations of dispersed goldfish pituitary cells (Tobin and 

Chang, 1992b; Chang et al., 1996). Whether PKC directly activates voltage- 

dependent Ca2+ channels in goldfish gonadotrophs remains to be investigated. 

Role of calmodulin in goldfish gonadotrophs 

Calmodulin is an ubiquitous Ca2+-binding protein which is activated by an 

inaease in [Ca2+Ii. Calmodulin affects a wide variety of enzymes, including 

Ca2+tahodulin-dependent protein kinase, adenylate cydase, cyciic nudeotide 

phosphodiesterase, and synaptic veside-assoaated phosphoproteins (Hanson 

and Schulman, 1992; Benfenati et al., 1992). Ln goldfish gonadotrophs, 

calmodulin and calmodulin kinase II do not mediate the short-term actions of 

sGnRH or cGnRH-II; however, they participate in prolonged GnRH-stimulated 

GTH-II secretion (Jobin et al., 1996). Whether calmodulin and calmodulin- 



dependent protein kinase are involved in stimulus-transcription coupling or 

other signaüng pathways in goldfish gonadotrophs remains to be elucidated. 

Role of phospholipase A2 and arachidonic acid in goldfish gonadotrophs 

Arachidonic acid and several of its Lipoxygenase or epoxygenase products 

stimulate LH secretion in rats (Naor et al., 1985). The participation of 

arachidonic acid metabohm duMg GnRH-stimulated GTH-II secretion has also 

been demonstrated in goldosh (Chang ef al., 1989; Chang et al., 1993; Chang et al., 

1996). In goldfish, inhibitors of phospholipase A2 (PL&) and iipoxygenase 

reduce sGnRH-stimulated GTH-II secretion (Chang et al, 1994). In contrast, 

inhibitors of DAG lipase or cydooxygenase do not affect sGnRH-stimulated 

GTH-II seaetion (Chang et aL, 1994; Chang et al., 1996). These results indicate 

that sGnRH mobilizes arachidonic acid via activation of PL& and stimulates its 

subsequent metabokism by the lipoxygenase enzyme (Chang et al., 1991~). 

Additionally, arachidonic acid-stimuiated GTH-II secretion is independent of 

extracellular Ca2+ availability (Chang et al., 1991c), which is consistent with the 

incomplete inhibition of sGnRH-stimulated GTH-IT secretion by the removal of 

extracellular Ca2+ (Jobin and Chang, 1992a). In contrast, cGnRH-11 stimulated 

GTH-II secretion was not affected by inhibitors of PLA2, DAG lipase, 

iipoxygenase or cydooq~genase (Chang et al., 1994; Chang et al., 1996), indicatirtg 

that these pathways are not involved in mediating the action of cG~~REHL The 

participation of PLA2 and arachidonic acid in sGnRH-, but not cGnRH-II- 

stimulated GTH-II seaetion, provides further evidence that the mechanisms of 

action between the two native GnRHs are not the sarne. 



Possible role of Cyrlir AMP in goldfish gonadotrophs 

In goldfish, addition of the adenylate N a s e  acüvator, forskolin, or the 

phosphocliesterase inhibitor, IBMX, elevate CAMP production as well as GTH-II 

seaetion (Chang et al., 1992). However, CAMP does not appear to be directly 

involved in the GTH-II release response to sGnRH or cGnRH-II, as neither 

stimulates an increase in CAMP production (Chang et al., 1992). Additiondy, 

sGnRH- and cGnRH-II-stirndated GTH-II secretion is not affeded by inhibitors 

of CAMP-dependent protein kinase (Jobin et al., 1996). Moreover, the GTH-II 

release response to treatrnents which elevate CAMP are additive or synergistic to 

sGnRH- and cGnRH-II-stimulated GTH-II secretion (Chang et al., 1992), as well 

as arachidonic acid- and PKC-induced GTH-II responses (Jobin et al., 1996). 

Taken together, these results indicate that CAMP and CAMP-dependent pathways 

are not activated during GnRH action in goldfish gonadotrophs. 

Although CAMP may not be d i r d y  involved in the mediation of GnRH 

action in goldfish, it may act to positively modulate GnRH-stimulated GTH-II 

secretion. In some normal and clonal pituitary cell types, CAMP interacts with 

Ca2+- and PKC-dependent signal transduction pathways to mediate hormone 

secretion (Mollard ef al., 1992; Waring and Turgeon, 1992; Chuang et al., 1993; 

Rawlings et al., 1993; Gross et al., 1994). It has also been suggested that CAMP 

rnobilizes LH fiom a non-releasable to a releasable pool to maintain GnRH- 

stïmulated L H  seaetion (Janovick and Conn, 1993). In goldfish, stimulation of 

CAMP-dependent pathways sewitized the hormone response to PKC (Chang et 

al., 1996). Moreover, elevations in cytosolic CAMP levels enhanced sGnRH- and 

cGnRH-IZ-stirnulated GTH-II secretion (Chang et al., 1992). As Ca2+ influx 

Ihrough voltage-dependent Ca2+ channels is likely involved in the actions of 

PKC and GnRH, it is possible that the sensitizing action of CAMP on GTH-II 

secretion is due to positive modulation of voltage-dependent Ca2+ channels. 



Voltage-dependent Ca2+ channels contain CAMP-dependent phosphorylation 

sites and are modulated by CAMP in different cell  types (Hurwitz 1986; Tsien ef 

al., 1988; Mollard, et al, 1992) including pituitary c& lines (Gross et al., 1994). 

Whether CAMP altecs voltage-dependent Ca2+ Channel advity awaits studies on 

single identifiecl goldfkh gonadotrophs using patch-clamp recording techniques. 

M ECHANISMS OF D OPAMINE A CTION IN G O L D F I S H 

GONADOTROPHS 

Compared to GGnRH actions, the intracellular signal transduction pathways 

mediating the direct inhibitory actions of dopamine on goldfish gonadotrophs 

are not as well characterized (Fig 1.2). However, one way that dopamine inhibits 

GTH-II secretion is by acting on GnRH receptors. In in oiw studies, injection of 

dopamine D;! antagonists increased the capaaty, but did not change the affinity, 

of both the high and low affinity GnRFI binding sites (Habibi and Peter, 1991). 

Similar resuits were obsewed in in oifro studies on goldfish pihlltary fragments 

using the general dopamine agonist, apomorphine (Habibi and Peter, 1991). 

These studies suggest that dopamine causes a down-regdation of the high and 

low affinity GnRH binding sites in goldfish gonadotrophs. However, the cellular 

mechanisms underlying this response remain to be elucidated. Since GnRH 

receptors doned hom mice confirrn potential PKC- and CAMP-dependent 

phosphorylation sites (Stojilkovic et al., 1994), similar sites on goldfish GnRH 

receptors may be involved. This possibility can be tested once these receptors 

have been cloned. 

Given the importance of voltagedependent Ca2+ channels in the regdation 

of GnRH-stimulated GTH-II secretion in goldfish, they are an obvious target for 

the inhibitory actions of dopamine. However, there is little known about the 



interactions between dopamine and voltage-dependent C&+ channels in 

teleostean gonadotrophs. Preliminary studies suggest that dopamine 9 receptor 

agonists reduce cGnRH-II-induced increases in [Ca2+Ii f!rom mixed populations 

of dispersed goldfish pituitary cells (Chang et al., 1993). Also, dopamine D2 

receptor agonists reduce PKC-stimulated GTH-II seaetion (Jobin and Chang, 

1993). These results suggest that dopamine may inhibit GTH-II seaetion by 

altering the activïty of PKC or voltage-dependent Ca2+ channels in goldfish 

gonadotrophs. In rat lactotrophs (Uedo et al., 1990) and melanotrophs (Keja et al., 

1992), as weIl as frog melanohophs (Valentijn et al., 1993), dopamine reduces 

Ca2+ influx through voltage-dependent Ca2+ diannels to inhibit hormone 

secretion. Whether a similar pathway contributes to the inhibition of GTH-II 

secretion by dopamine in goldfish can best be determinecl in electrophysiological 

studies of identified goldfish gonadotrophs. 

G N R H  AND DOPAMINE M ECHANiSMS O F  ACTION IN 

GONADOTROPHS FROM OTHER FISH. 

As in goldfish, hypothalamic neurosecretory fibers deliver GnRH directly to 

the anterior pituitary of the African catfish (Peute et al., 1987), seabass (Moons et 

al., 1989), moly (Batten et al., 1990), dwarf gouramie (Oka and Ichikawa, 1990), 

steelhead trout (Parhar et al., 1994) and Atlantic salmon (Holmquist and Ekstrom, 

1995). Similar to the situation in goldfïsh, entry of extracellular Ca2+ through 

voltage-dependent Ca2+ channels plays an important role in mediating the 

actions of GnRH in tilapia (Levavi-Sivan and Yaron, 1989), African catfish (van 

Asselt et al., 1989; Rebers et al., 1995), trout (Flores, 1995), and common carp 

(Mikolajczyk et al., 1990). Moreover, in Afncan catfish and trout gonadotrophs, 

GnRH stimulates an increase in [Ca2+Ii (Flores, 1995; Rebers, et al., 1995). 



However, unlike the situation in goIdfish, CAMP is invoIved in mediating GnRH- 

stimulated GTH-II secretion in tilapia (Levavi-çivane and Yaron, 1992; Levavi- 

Sivan et al., 1995), African catfish (van Asselt 1989) and Indian murrel 

(Mukhopadhyay et al., 1995). Nevertheless, a rise in [Ca2+Ii due to Ca2+ entry 

through voltage-dependent Ca2+ ch=& appears to be a cornmon pathway in 

mediating GnRH-stimulateci GTH-II secretion in teleosts. 

Dopamine also a& as a GRZF in Afncan catfish (de k u w  et al, 1985; de 

Leeuw et al., 1986), tilapia (Gissis et al., 1988), common carp (Lin et al., 1988), 

Chinese loach (Lin et al., 1988), European eel (Ddour et al., 1988), rainbow trout 

and brown hout (Billard et al., 1984). However, dopamine-induced inhibition of 

GTH-II secretion is less prevalent in coho salmon (Van Der Kraak et al., 1986), 

and is absent in the Atlantic croaker (Copeland and Thomas, 1989). In recent 

studies from tilapia, it was suggested that the inhibitory actions of dopamine are 

in part due to a reducüon in PKC-stirnulated GTH-II secretion (Levavi-Sivan et 

al., 1995). It was also suggested that the inhibitory actions of dopamine occur 

distal to Ca2+ influx and may occur at the level of the intraceilular Ca2+ stores 

(Levavi-Sivan et al., 1995). However, the authors used Ca2+ ionophores to 

investigate the possible actions of dopamine on Ca2+ influx and possible 

influences of dopamine on Gaz+ entry through voltage-dependent Ca2+ channels 

might have been missed. In support of this view, both voltage-dependent Ca2+ 

dianne1 antagonists and dopamine reduced basal GTH-II secretion (Tkvavi-Sivan 

et al., 1995; Levavi-çivan and Yaron, 1993), suggesting that voltage-dependent 

Ca2+ charnels may be a target for dopamine inhibition in tilapia gonadotrophs. 



PLASMA MEMBRANE EVENTS AND [ C ~ z + ] i  RESPONSES IN 

UNSTIMULATED AND GNRH-STI~MULATED RAT GONADOTROPHS. 

Alterations in dectrical membrane activity and [Ca2+Ii are important events 

in the regdation of seaetory responses in endocrine ce&, including goldfish 

gonadotrophs. To understand the partiapation of the plasma membrane and 

intracdular Ca2+ stores duMg basal and GnRH-stimulated GTH-lI seaetion in 

teleosts, it is helpful to first understand theh activity in the wd-characterized rat 

gonadotroph c d  model. Therefore, the involvernent of the plasma membrane 

and intracellular Ca2+ stores in both unstimulated and GnRH-stimulated rat 

gonadotrophs will be briefly reviewed (see also Stojilkovic and Catt, 1992,1995; 

HiUe ef al., 1994,1995; Stojillcovic ef al., 1994). 

Unstimulated rat gonadotrophs. 

Rat gonadotrophs, like all pituitary cells, are electrically excitable as they 

exhibit voltage-dependent action potential activity (Stojilkovic and Catt, 1992). 

Multiple classes of voltage-dependent Ca2+ channels, tetrodotoxin-sensitive Na+ 

channels, multiple voltage-dependent K+ channek subtypes, apamin-sensitive 

Ca2+-activated K+ channels and Cl- channels have been identified in rat 

gonadotrophs (Stojilkovic and Catt, 1992; Tse and Hille, 1993). The two dasses of 

voltage-dependent Ca2+ channels present in fernale rat gonadotrophs are similai. 

to the L (long-1asting)- and T (trawient)-type Ca2+ channels charaderized in 

other cells (Tsien et al., 1988). In gonadotrophs from male rats, L-type Ca2+ 

channels and a type which is not N- or T-like are present (Tse and Hille, 1993). 

Spontaneous action potential adivity is observed in unstimulated female rat 

gonado trop hs (Stojilkovic and Catt, 1992). In these celis, action po tential sp ikes 

are fired when a slow spontaneous depolarization reaches a threshold; this is 



followed by a sharp hyperpolarization. These action potentials are not sensitive 

to the voltage-dependent Na+ channel blocker, tetrodotoxin, but are reduced by 

the addition of dihydropyridine voltage-dependent Ca2+ Channel antagonists 

(Stojilkovic et al., 1992). This indicates that spontaneous action potential activity 

in these cells is due to the intermittent opening of dihydropyridine-sensitive Ca2+ 

channe1s. The spike phase is initiated by the activation of T-type voltage- 

dependent Ca2+ channels but is predominantly due to Ca2+ influx through L- 

type Ca2+ chmels. Accordingly, spontaneous action potential adivity in these 

cells is accompanied by localized inaeases in [Ca2+Ii at the sites of Ca2+ entry 

through voltage-dependent Ca2+ channels (Iida et al., 1991, Li ef al., 1995). This 

increase in [Ca2+Ii activates Ca2+-activated K+-channels, which together with 

voltage-dependent K+ channels, are responsble for the termination of the action 

potential spike and for the after-hyperpolarization between two spikes. The slow 

deaease in [Ca2+Ii following the termination of the spike leads to the closhg of 

Gaz+-activated K+-diannels and the slow depolarization of the membrane. Thus, 

the coordinated actions of voltage-dependent Ca2+ and K+ channels, as well as 

Ca2+-activated Kfhannels, provide the basis for spontaneous action potential 

activity (Li et al., 1995). The frequency of spontaneous action potential firing is 

determined by the magnitude and duration of the Ca2+-aaivated K+-channel- 

dependent after-hyperpolarizatiom (Li et al., 1995). Unlike the spontaneous 

action potential activity obsemed in female rat gonadotrophs, none has been 

obsenred in male rat gonadotrophs (Tse and Hille, 1992, 1993). It has been 

suggested that this may be due to differences in the magnitude of voltage- 

dependent K+ currents or voltage-dependent Ca2+ currents between male and 

female rat gonadotrophs (Li et al., 1995). In addition, prior identification of ovine 

gonadotrophs by plaque assay results in electrically silent cells compared to 

those from enriched cell populations (Heyward et al., 1993). This suggests that 



extensive pretreatment can also alter electncal membrane activity in some 

gonadotroph c d  preparations. 

Unlüce rat somatotrophs and lactotrophs, the action-potential-driva inaease 

in in rat gonadotrophs appears to be insuffiCient to stimulate LH secretion 

(Stojikovic and Catt, 1992). Basal hormone secretion in rat gonadotrophs is 

relatively low and insensitive to manipulations of extracellular Ca2+ entry 

compared to lactotrophs and somatotrophs (Stojilkovic et al., 1988). This 

distinction between somatotrophs/lactotrophs and gonadotrophs in rats may 

reflect the differences in their newoendoaine regdation. For example, Like 

gonadotrophs in goldfish and other tdeosts (Peter et al., 1986; Peter et al., 1991), 

somatotrophs and lactotrophs in rats are under the influence of both stimulatory 

and inhibitory hypothalamic newoendocfine factors (de la Escalera and Weiner, 

1992; StojiIkovic and Catt, 1992; Chen et al., 1994b). In contrast, rat gonadotrophs 

are predominately regulated by the stimulatory hypothalamic neuroendocrine 

factor, GnRH (Stojilkovic and Catt, 1992, Stojillcovic et al., 1994). 

GnRH-stimulated rat gonadotrophs. 

In rat gonadotrophs, GnRH binding to its receptor activates pertussis toxin- 

insensitive Gproteins (Tse and Hille, 1992), spedficaily Gq and/or G i i  (Hsieh 

and Martin, 1992). This leads to the activation of PLC (Zheng et al., 1995), which 

in tum stimulates the rapid production of hsP3 and DAG (reviewed in 

Stojilkovic and Catt, 1992,1995; Stojilkovic et al., 1994). The production of h P 3  

stimulates several types of temporal responses, induding subthreshold, 

baseline spiking, biphasic nonosallatory and biphasic osdatory responses. 

Subthreshold responses occur in response to subphysiological concentrations of 

GnRH (< 10 PM) and are characterized by low amplitude, transient increases in 



[C azc] i- Large amplitude, base-line spiking is evoked b y physiological 

concentrations of GnRH (0.1 to 10 nM). In these responses, the frequency of Ca2+ 

spiking and the latency of the response, but not the amplitude, is dependent on 

the concentration of GnRH. In response to supraphysiologîcal concentrations of 

GnRH (2 100 nM), biphasic non-oscillatory or biphasic oscillatory [Ca2+Ii 

responses are o b s e ~ e d  (Iida et al., 1991; Stojilkovic et al., 1993). In addition to 

these temporal differences, two spatiai patterns of [Ca2+Ii responses to GnRH 

have been observed in rat gonadotrophs. The most common is a polarized wave. 

This is characterized by an initial inaease in at a locaiized point near the 

cell membrane fiom which a wave of [Ca2+Ii spreads throughout the cell. The 

second is characterized by a wave which originates from an evenly distributed 

increase in [Ca2+Ii arowid the cell border, t m e d  a radial wave (Rawlings et al., 

1991). 

h GnRH-stimulated rat gonadotrophs, oscillations in occur without 

fluctuations in elevated InsP3 levels (Stojillcovic et al., 1993). This is consistent 

with second-messager controlled models of Ca2+ signaling (Berridge, 1990). 

The [Ca2+]i response c m  be separated into two distinct phases, initiation and 

regeneration of [Ca2+Ii spiking (reviewed by Stojilkovic et al., 1994). During 

GnRH receptor activation, an inaease in InsP3 formation initiates spiking, 

the frequemy of which is deterrnined by die InsP3 concentration. The increase in 

Irish levels stimulates the release of Ca2+ from the endoplasmic reticulum. The 

initial rise in [Ca2+Ii potentiates InsP3-receptor activity, furthet facilitating the 

release of Ca2+. This results in a rapid release of [Ca2+Ii. As [Ca2+Ii continues to 

elevate, it exerts an inhibition on Ca?+ release from InsPj-sensitive stores, 

eventually terminahg the [Ca2+Ii spike. This inhibition is subsequently released 

by a reduction in [Ca2+Ii due to the activity of the endoplasmic reticulum Ca2+- 

ATPase, which pumps Ca2+ back into the agonist-sensitive Ca2+ stores. In the 



continual presence of Insl?~, another [Ca2+Ii spike can be initiateci and repeated 

spiking can o c m .  An important reqyhexnent of this mode1 is that the [Ca2+jr 

induced inhibition of InsP3 d i a . &  lasts long enough to allow Ca2+ to be 

pumped back to refill the agonist-sensitive stores. It has been suggested that 

Ca=+ passes through other intracellular compartments prior to returning to the 

InsP3-sensitive store (Hille et al., 1995). In response to sustained GnRH 

stimulation, this cyde will continue as long as the agonist-sensitive Ca2+ pool is 

no t depleted. 

To maintain the agonist-sensitive intracellular Ca2+ stores during prolonged 

GnRH stimulation, Ca2+ entry through voltagedependent and -independent 

Ca2+ chmels is essential. Extracellular Ca2+ entry is required to compensate for 

the small amount of Ca2+ lost from the agonist-sensitive pool due to its extrusion 

from the c d  durjng each o d a t o r y  rise in [Ca2+IL as well as the sequestration of 

Ca2+ into agonist-insensitive stores. Entry of Ca2+ during GnRH stimulation is a 

consequence of rhythmic membrane potential adivity mediated by the periodic 

opening and dosing of apamin-sensitive, C&+-activated K+ channels (Kukdjan 

et al., 1992; Tse and Hille, 1992). The periodic opening of these channek is due to 

the transient increases in [Ca2+Ii in response to GnRH-receptor activation 

(discussed above). This results in periodic membrane hyperpolarizations, whïch 

are believed to be important for the removal of voltage-dependent steady-state 

inactivation of Na+ and Ca2+ channels (Tse and Hille, 1993). In response to a 

decrease in [Ca2+Ii during the falling phase of a [Ca2+Ii spike, the apamin- 

sensitive, Ca?+-activated K+ Channel activity decreases. This leads to membrane 

depolarization and, once a threshold potential is reached, the firing of a few Na+- 

and Ca2+-dependent action potentials (Tse and Hille, 1992; Tse and Hille, 1993). 

As a result, Ca2+ enters the gonadotroph allowing, for the r e m g  of cytoplasmic 

Ca2+ stores. Thus, agonist induced oscillations and ionic channels within 



the plasma membrane act in a coordinated fashion to regulate intraceliular Ca2+ 

stores in rat gonadotrophs. 

As previously mentîoned, the p r i m q  functïon of GnRH-induced increases in 

intracddar is the stimulation of hormone secretion. To diredy evaluate 

the relationship between fhe acute [Ca2+Ii response to GnRH and hormone 

secretion in single gonadotrophs, high resolution recordings of cellular 

capaatance were used ('l'se et al., 1993). A sudden inaease in plasma membrane 

capaatance indicaies an inaease in plasma membrane area and is assumed to 

represent an exocytoic event. Resdts from these studies demonstrate that 

GnRH-induced transient haeases in result in exocytosis. This response 

was not affected by removal of extracellular Ca2+ but was suppressed by 

buffering intracelldar Ca2+, indicating exocytosis is Ca2+ dependent but 

extracellular Ca2+ infiux is not involved (Hille, et al., 1994,1995). 

The primary goal of this thesis is to investigate the actions of GnRH and 

dopamine on plasma membrane ionic m e n &  and [Ca2+Ii in single identified 

goldfish gonadotrophs. Specifically, the hypothesis that GnRH and dopamine 

modulate the activity of voltagedependent Ca2+ charnels to alter [Ca2+Ii will be 

tested using a combination of electrophysiological, single-cell Ca2+ imaging and 

hormone-release experiments. However, it was h s t  necessary to develop a 

method to identify goldfish gonadotrophs in mhed populations of dispersed 

goldfish pituitary cells. In experiments reported in Chapter 2, a method was 

developed to identify live goldfish gonadotrophs, as well as somatotrophs and 

lactotrophs, according to their unique cellular morphology when viewed under 

Nomarski differential interference-connhast rniaoscopy. This method allowed for 



çubsequent electrophysiological and single-cell Gaz+-imaging experiments on a 

subpopulation of goldfkh gonadotrophs 

FolIowing the devdopment of the c d  identification technique, the electrical 

membrane properties and ionic currents present in goldfish gonadotrophs were 

characterized using whole-cd, patdi-damp recording techniques (Chapter 3). 

These studies, the first of their kind in fish gonadotrophs, revealed voltage 

dependent Na+, Ca2+ and K+ currents in goldfish gonadotrophs. However, 

unlüce mammaüan gonadotrophs, Ca2+-activated K+ currents were not present in 

goldfish gonadotrophs. These studies provide the foundation for further 

investigation of the electrical membrane events involved in GnRH and dopamine 

regulation of GTH-II seaetion. 

The presence of voltage-dependent Na+ currents in goldfish gonadotrophs 

prompted the investigation of the involvement of extracellular Na+ in mediating 

GnRH action in goldfish gonadotrophs (Chapter 4). Although extracellular Na+ 

regulates a diverse array of cellular fwictions in many different cell types, its 

involvement in the regulation of GTH seaetion in vertebrates has received little 

attention and remains controversial at best. The physiological role of 

extracellular Na+ was investigated using a combination of hormone release 

studies under static incubation and perifusion conditions, and whole-cell patch- 

clamp recording experiments. The data in this chapter dearly demonstrate, for 

the first time in vertebrate gonadotrophs the involvement of Na+/H+ antiports in 

GnRH action under physiological conditions. 

Ln Chapter 5, the effects of dopamine on voltagedependent Na+, Ca2+ and K+ 

currents were investigated using a combination of hormone release and patdi- 

clamp techniques. The results from this study directly demonstrate the 

inhïbitory effects of dopamine Dz receptor activation on voltagedependent Ca2+ 

currents in goldfish gonadotrophs. 



The actions of GnRH and one of its known second messengers, PKC, in the 

regulation of GTH-II secretion were investigated using hormone release, patch- 

clamp and Ca2+ imaging techniques m Chapter 6 and 7. Chapter 6 desaibes the 

development of a single-cell fWa-II Ca2+-imagïng technicpe for the measurement 

of intracellular Ca2+ dynamics in identified goldfish gonadotrophs and describes 

the effects of GnRH on these parameters. The effecf~ of PKC activation were 

reported in Chapter 7. Results presented in these chapters provide preliminary 

data on agonist-induced increases in [Ca2+Ii in goldfish gonadotrophs. In 

addition, these data extend our knowledge on the spatial aspects of changes in 

[Ca2+]i following agonist stimulation in vertebrate gonadotrophs in general, an 

area which has received little attention compared to the temporal aspects of 

[Ca2+]i alteratiom. 

Findy, the last chapter integrates the findings in this thesis into the existing 

model of GnRH action in goldfish gonadotrophs. New insights of how GnRH 

and dopamine interact to stimulate the rapid increase in circulating GTH-II 

required to induce ovulation in goldfish are also discmsed. 
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GTË-II 
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Fig. 1.1. Neuoendocrine regulation of GTH-lI secretion in goldfish. Modified 
from Peter et al., 1991. 



GTH-II GTH-II GTH-II 

Fig. 1.2. Signal transduction pathways in goldfish gonadotrophs. See text for 
abbreviations. The goal of this thesis was to test the effects of the signal 
transduction pathways indicated by a (?) on the regdation of voltagedependent 
Ca2+ channels. 



Chapter 2 

M ORPHOLOGLCAL IDENTIFICATION O F  L 1 V E 

GONADOTROPHS, SOMATOTROPHS, AND LACTOTROPHS 
IN GOLDFISH P ~ ~ ~ ~ ~ A R Y - C E L L  CULTURES+ 

INTRODUCïION 

The neuroendoaine factors and intracellular signaling mechanisms 

mediating GTH-II and GH secretion in goldfish have been studied in vivo 

and in oifro using pituitary fragments and mixed populations of dispersed 

pituitary cells (Peter et al., 1986,1990a, 1990b; Chang ef al., 1993). However, to 

further understand the mechanisms underlying pituitary-hormone secretion, 

it will be necessary to study the physiology of identified single ce&. 

In goldfish, GW-II secretion is under the stimulatory influence of the two 

endogenous GnRHs, sGnRH and cGnRH-II (Peter et al., 1990b). It has been 

demonstrated that both GnRHs compete for the sarne dass of high-affinity, 

low-capaaty receptors on gonadotrophs to elicit GTH-II release (Habibi et al., 

1987; Cook et al., 1991). However, recent evidence suggests that the two 

endogenous GnRHs stimulate GTH-II secretion via partially different 

intracellular signahg pathways (Chang et al., 1993; Chang et al., 1996). These 

results raise the possibility that discrete subpopulations of gonadotrophs 

respond differently to the native GnRHs. The ability to iden* individual 

gonadotrophs is essential for testing this hypothesis. 

*A version of this chapter has been pubhhed: Van Goor F, Goldberg Ji, Wong AOL, Jobin RM, 
and Chang JP (1994) C d  Tissue Res 276253-261 



Ln addition to stimulating GTH-II release, s ahon  GnRH and chicken 

GnRH-II stimulate GH release in goldfish (Peter et al., 1990a). Initial reports 

indicate that the signal transduction pathways involved in GnRH-stimulated 

GTH-II and GH release are diffimnt (Chang et al., 1989; Chang and de k u w ,  

1990). Identification of gonadotrophs and somatotrophs will help to eluadate 

the differences between the signal-transduction pathways involved in GnRH- 

stimulated GTH-Ii and GH release. 

The pituitary gland in all vertebrates is made up of several different 

hormone-secreting c d  types. Consequently, to facilitate the study of distinct 

pituitary-cell types, several cell-enrichment methods have been developed. 

These include unit-gravity sedimentation, density-gradient centrifugation, 

centrifuga1 elutriation, and fluorescence-activated cell sorting (Childs et al., 

1983; Hymer and Hatfield, 1984). Although cell exuichment provides an 

opporhuuty to study individual hormone-seaeting ce11 types with a 

rela tively high degree of confidence, it partially negates the paracrine 

interactions between different cell types. The importance of paracrine 

interactions in the regdation of anterior pituitary-cell function has been 

previously demonstrated (Denef and Andries, 1983). Positive cel! 

identification in enriched and in mixed cell populations has also been 

achieved by reverse hernolytic plaque assay (Luque et al., 1986; Tse and Hille, 

1992). This method provides an opportunity to study distinct hormone- 

secreting ce11 types within heterogeneous populations of pituitary cells; 

however, unless the assay is performed subsequent to physiological studies, 

normal cell function may be compromised by the procedure. For example, 

sheep pars distalis gonadotrophs identified by plaque assay showed 

inconsistent bioelectrical activity and responses to GnRH compared to 

gonadotrophs from enriched populations (Heyward et al., 1993). Therefore, 



for the purpose of physiological studies of identified pituitary-ceil types 

within mixed cell cultures, the development of an alternative identification 

procedure îs warranted. 

In the present chapter, a method was developed to directly identify 

goldfish gonadotrophs, somatotrophs and ladotrophs in mixed, as well as in 

enriched pituitary-ceil populations, by their unique cellular morphologies. 

This method of cell identification was used for al l  subsequent single-cell 

electrophysiological and single-ceil Ca2+ imaging studies reported in this 

thesis. 

MATERIALS AND METHODS 

Fish maintenance and cell dispersion 

Common goldfish (8-13 cm in body length) were purchased from 

Grassyforks Fisheries (Martinsville, IN, USA) and Ozark Fisheries (Stoutland, 

MO, USA) and held in flow-through aquaria (1800 L). Fish were maintained 

at 17-20°C on a simulated natt.mil photoperiod (adjusted weekly according to 

the times of sunset and sunrise in Edmonton, AB, Canada) and fed to 

satiation with commercial fish food daily. Fish were acclimatized to the 

above conditions for at least seven days prior to use. Sexually matured 

(prespawning), recrudescent and regressed male and female fish were used. 

Fish were anesthetized in 0.05% tricaine methanesulfonate prior to 

decapitation. Pituitaries were removed and placed in dispersion medium 

(Medium 199 with Hanks' salts, 25 mM HEPES, 2.2 g/l sodium bicarbonate, 

0.3% bovine serum albumin (BSA), 100 000 U/L penicillin, and 100 mg/l 

streptomycin, p H  7.2; Gibco, Grand Island, NY, USA). Pituitary cells were 



dispersed ushg the trypsin/DNAse treatment procedure desaibed by Chang 

et al, (1990a). 

Ceil separation 

Dispersed pituitary cells suspended in CaZc-free medium (Ml99 with 

Hanks' salts, prepared without CaC12 and containing 2.2 g/l sodium 

bicarbonate, 25 mM HEPES, 100 000 U/1 penidlin, 100 mg/l streptomycin and 

0.3% BSA, pH 7.2; Gibco) were separated using a discontinuous Percoll 

density-gradient cell-separation method as described in Chang and Jobin 

(1994b). Briefly, a stock solution of Percoll (Pharmaaa, Piscataway, NJ, USA) 

was prepared in 10X Dulbeco's Ca2+-free phosphate-buffered saline (10 X D- 

PBS; 2g/l KC1,2 g/l JSH2POe 80 g/l NaCl, 21.6 g/l Na2EWO4*7H20) with 5% 

BSA (9:l; PercoU:lOX D-PBS) and diluted with 1X D-PBS with 0.5% BSA to 40, 

50,60,70, and 80% Percoll. A discontinuous gradient was built up using 8 ml 

of each density suspension in a 50-ml disposable centrifuge tube. Dispersed 

pituitary cells were gently loaded on top of the gradient and centrifuged at 

1400 x g for 25 min at 20°C using a horizontal rotor. After centrifugation, six 

cell bands were visible, one at each of the step-gradient interphases and one at 

the bottom of the tube. These fractions are referred to as fractions 1-6, 

respectively, with fraction 1 being at the 0%/40% Percoll junction. The cells 

from each band were carefully collected, washed with 10 ml Ca2+-free 

medium, and harvested by centrifugation at 900 x g for 10 min at 20°C. 

Harvested cells were resuspended in 2.5 ml Ca2+-free medium, and the ce11 

yield and viability in each fraction were calculated by counting in a 

hemocytometer in the presence of trypan blue. Aside from fraction 1, which 

had an average cell viability of 67.7 I 6.4% (mean i SEM; n = 6), al1 other 

fractions contained ceils that were 83-95% viable as deterrnined by the trypan 



blue-exdusion test (Chang et al., 1990a). The c d  fractions were also tested for 

their ability to release GTH-II and GH using perifusion studies (Chang et al., 

1990b)- 

Cellular honnone-content uialysis 

To measure hormone content, aliquots of cells from each fraction were 

placed in 1 ml distilled and deionized water, frozen, and then thawed to 

release cell contents. The samples were stored at -20°C until hormone 

content could be measured by radioimmunoassay (RIA). For GTH-II and GH, 

cellular contents (ng hormone/l06 cells) in each of the Percoll fractions were 

normalized as a percentage of the value obtained for fraction 1. The data 

hom a l l  experiments were pooled. Statistical analysis of c d  content for the 

pooled data was performed by analysis of variance (ANOVA) followed by 

Fisher's least significance ciifference test (LSD). Differences were considered 

significant when P < 0.05. 

Radioimmunoassay 

GH levels from both bioactivïty studies and cell-content analysis were 

measured using a RIA for carp GH, previously validated for use in the 

goldfish by Marchant et al., (1989). For GTH-II, an RIA specific for 

maturational GTH-II was used to measure GTH-II levels from perifusion 

studies and cell-content analysis (Peter et at., 1984; Van Der Kra* et al., 1992). 

Samples from each experiment were measured in duplicate in the same RIA. 

Cell-culture immunocytochemistry 

Dispersed pituitary cells were cultured overnight in poly-L-lysine-coated 

(0.01 mg/ml) glass-bottom petri dishes containing culture medium (Ml99 



with Earle's salts, 1% horse senun, 25 mM HEPES, 2.2 g/l sodium bicarbonate, 

100 000 U/1 penicillui, and 100 mg/l streptomycin, pH 7.2; Gibco). Dispersed 

cells were h e d  in Zamboni's 2X fixative (4% paraformaldehyde and 7.5% 

saturated picric aad in phosphate b u f k  [20 g/l NaH2POpH20, 32.5 g/l 

Na2HPO41; pH 7.3) for 90 min. After fixation, the cells were rinsed repeatedly 

with 1X D-PBS for 60 min. Cells were preincubated in 1X D-PBS containing 

0.1% Triton X-100 (Sigma Chernical Company, S t  Louis, MO. USA) and 10% 

horse serum (Gibco) for 30 min, prior to primary antibody treatment. Ceils 

for immunocytochemistry were processed with the same antibodies used in 

the RIA, but at different concentrations. Cells were incubated in primary 

antisera (rabbit anti-carp-GH at 1:3000, anti-carpCTH-II at 1:6000f and anti- 

cq-PRL at 1:3000) diluted in 1X PPBS with 0.2% horse senun for 12 hr. The 

specificity of these primary antiserum concentrations has been previously 

demonstrated (Cook et al., 1991; Van Der Kraak et al., 1992). Cells were 

washed repeatedly with D-PBS containing 0.01% Triton X-100 for a total of 30 

min and then incubated in goat anti-rabbit IgG conjugated to fluorescein 

(Sigma) diluted 1:200 in D-PBS with 0.01% Triton X-100 for 60 min. 

Following this incubation, cells were washed five times with D-PBS 

containing 0.01% Triton X-100 for a total of 30 min and then two times with 

D-PBS before mounüng in glycerol. AU treatrnents were performed at room 

temperature with the exception of the fixation and primary antiserum 

incubations, which were performed at 4OC. Cells were viewed and 

photographed using a Nikon Diaphot TMD inverted or a Nikon Microphot 

FXA upright microscope, both equipped with epifluorescence illumination 

and Nomarski differential interference-contrast PIC) optics. Differences in 

percentage of cells staining between fractions were analyzed by ANOVA 



followed by Fisher's least significance difference test. Differences were 

considered sigruficant when P c 0.05. 

Reliability of cell-type identification in MmunofIuorescently labeled ce11 

preparations 

For each ce11 type, an independent observer was s h o w  photomicrographs 

of a partidar ceU and given a list of the morphological characteristics 

describing the c d .  Using DIC microscopy, the observer was then asked to 

select individual cells, in either mixed cell populations or specifïc enriched 

cell fractions, which displayed the characteristic morphologies of the c d  type 

in question. A second independent observer was then asked to view the ceil 

under epifluorecence illumination and record if the selected cell stained 

positive for the c d  type in question. Due to the low GTH-II, GH, and PRL ceU 

content in fractions 1,2, and 6, only fractions 3-5 were used for this part of the 

stud y. 

Identification of gonadotrophs, somatotrophs, and lactotrophs in mixed 

populations of live pihiitarg cells 

The identities of live gonadotrophs, somatotrophs and lactotrophs were 

predicted in mixed populations of dispersed pituitary-cell preparations using 

their morphological characteristics as previously established for 

immunofluorescently-treated pituitary cell types. The locations of the 

selected cells were marked, and the identity of eadi cell was verified following 

processing for immunofluorescence microscopy using GTH-II, GH, and PRL 

antisera, as described above. A grid was drawn on the underside of a glass- 

bottom petri dish prior to c d  culture. Under DIC microscopy, the location of 

the field containing the selected cells was marked relative to the grid pattern, 



and the distribution of the cells in each individual field was carefully 

sketched. Following processing for imrnunocytochemistry, seleded cells were 

relocated using the grid and cd-map sketches. 

Cell s e p d o n  

To aid in the initial characterization of the individual ceIl types, a 

disconünuous Percoll gradient cell-separation technique was used to obtain 

fractions e ~ c h e d  with gonadotrophs, somatotrophs and lactotrophs. After 

cell separation, 83.1 + 4.4% (n = 6) of the total cells loaded were recovered in 

the six cell fractions. The average percentage of total viable tells recovered for 

each fraction is given in Table 2.1. Approximately 75% of the total cells 

recovered were in fractions 2 and 3. Fraction 6 contained negligible amounts 

of celis and, for this reason, was not used in the subsequent experiments. 

Immunofluorescent staining and cell-content analysis were used to 

detennine which fractions were enriched with gonadotrophs, somatotrophs 

and lactotrophs compared to unfractionated dispersed pituitary-ce11 

populations. The total number of gonadotrophs, somatotrophs and 

lactotrophs in unfractionated as well as fractionated populations of dispersed 

pituitary-cell preparations was determined by immunocytochemistry. In the 

present study, background staining was minimal compared to positively 

stained ce& (for example, see Fig. 2.1), allowing for the speofic identification 

of cell types. In unfractionated pituitary-cell culture, 15% of the cells stained 

for GTH-II, 20% stained for GH, and 15% stained for PRL. Compared to 

unfractionated dispersed pituitary-cell preparations, fraction 5 contained a 

significantly greater percentage of gonadotrophs (Fig. 2.2). These results were 



similar to those obtained in prelimuiary experiments in which GTH-CL- 

containing cells were immunolabelled using peroxidase-staining techniques 

0. P. Chang and 0. Kah, unpublished data). In contrast, fractions 3 and 4 

contained greater percentages of lactotrophs and somatotrophs, respectively 

(Fig. 2.2). Similarly, cellular hormonal contents for GTH-II and GH were 

greatest in fractions 5 and 4, respectively (Fig. 2.3). Therefore, based on 

immunocytochemistry and cell-content analysis, it was determined that 

enriched gonadotroph, somatotroph and lactotroph populations were found 

in fractions 5, 4, and 3, respectively. Furthermore, hormone-release studies 

using a cell column penfusion and a static incubation system (Chang et aL, 

1990a, 1990b) confirmed that these fractionated cell populations responded 

normally to neuroendocrine regulators of GTH-II and GH seaetion, such as 

GnRH and dopamine (Peter ef al., 1986,1990b; Wong et al., 1992). The GTH-II 

response to GnRH was markedly increased in enriched gonadotroph 

populations compared to that from mixed populations of dispersed pituitary 

cells (Jobin, 1993). Similarly, the GH response to dopamine was inaeased by 

sevenfold in enriched somatotroph populations (Chang and Wong, 

unpublished results). 

Morphology of gonadotrophs, somatotrophs and lactotrophs 

Gonado trophs. The morphology of immunofluorescently labelled 

gonadotrophs was charaderized by DIC microscopy (Fig. 2.4). These cells were 

usuaIly ovoid and were the largest of the three celi types examined (15.6 f 0.7 

p, n = 12; range = 12.0 to 19.0 p). Their most prominent feature was the 

presence of a small renifonn nucleus which occupied less than one-third of 

the cross-sectional area of the c d .  The nucleus was always located at the ceIl 

periphery, with its concave surface facing centrdy. Using the presence of this 



small reniform nucleus as a reliable indicator of gonadotroph type (see 

below), the morphology of Live gonadotrophs in mixed pihiitary-cell culture 

was also charaderized. Live gonadotrophs were of similar size (16.0 t O 4  ~ r m ,  

n = 20; range = 13.0 to 19.0 p) and shape as immunofluorescently labelled 

cells. The reniform nucleus was equally prominent in both live and labelled 

cells. Moreover, a single, large, irreguiarly shaped nudeolus could usudy be 

detected in these ce&. The cytoplasm of live gonadotrophs was characterized 

by the presence of numerous smali granules, large spherical globules, and a 

few larger spherical or irregularly shaped inclusions. Cells whkh exhibited 

aIl of these features were morphologically distinct from the other cell types 

and reliably stained with GTH-II anti-serum (see below). 

Soma t o trop hs. The morphology of immunofluorescently labelled 

somatotrophs was characterized by DIC microscopy (Fig. 2.5). 

Immunofluorescently labelled somatotrophs were spherical and measured 

10.4 + 0.2 Pm in diameter (n = 14; range = 9.0 to 11.0 p). The most 

distinctive feature of these cells was a large ovoid nucleus containing a 

central nudeolus. The nudeus occupied approximately half of the cross- 

sectional area of the c d  and was usually eccentric in position. The features of 

labelled cells were also characteristic of live cells. In addition, live 

somatotrophs had sever al smali cytoplasmic extensions. The cytoplasm of 

somatotrophs was characterized by numerous small granules, however 

unlike gonadotrophs, large globules were never observed. Cells exhibiting ail 

of these features were easily distinguishable hom other ceil types and reliably 

stained with GH anti-serum (see below). 

Lac t o  t rop hs .  The morphology of ' immunofluorescently labelled 

lactotrophs was characterized by DIC microscopy (Fig. 2.6). 

Immunofluorescently labelled lactotrophs were spherical cells, measuring 



10.5 + 0.2 p in diameter (n = 8; range = 10.0 to 11.0 v). Their cytoplasm 

had a rough granulated appearance and contained a large central nudeus. 

The nucleus was irregularly shaped, occupied more than half of the cross- 

sectional area of the cell, and had no apparent nucleolus. The same 

morphological characteristics were obsemed in iive lactotrophs and were a 

relïable indicaior of this c d  type (see below). 

Reliability of cell-type identification in immunofluorescently labelied and 

live cell prepazations 

To determine the reliabiiity of the identification protocol developed for 

immunofluorescently labelled gonadotrophs, somatotrophs, and lactotrophs, 

an independent observer was asked to view cells under DIC optics and 

identify each cell type according to the characteristics described in the 

previous section. A second observer, using fluorescence optics, then scored 

whether the cells contained the predicted immunoreactivity. Among the 

three c d  types, gonadodotrophs and lactotrophs could be easily distinguished 

from one another and hom other c d  types. Gonadotrophs and lactotrophs 

were corredly identified in more than 90% of the trials in fractions 3-5, as 

well as in unfractionated ceU populations (Table 2.2). The accuracy of 

somatotroph identification was slightly reduced in fraction 3 and in 

unfractionated ce11 populations. However, somatotrophs were correctly 

identified in 90% of the hiah in the GH-enriched hactîon 4 (Table 2.2). 

Since the primary objective of this study was to identify pituitary-cell types 

in live, dispersed cell cultures, the reliability of the identification protocols 

was also examhed using live cells. Cells were identified according to 

morphological characteristics, with subsequent confirmation of cell identities 

by immunofluorescence. Gonadotrophs were correctly identified in 92% (n = 



36) of the trials in live unfractionated pituitary-cell cultures. Sirnilarly, 

somatotrophs and lactotrophs were correctiy identified in 94% (n = 32) and 

100% (n = 8) of the trials, respectively (Table 2.2). 

Lack of colocalization of GTH-II, GH and PRL in identified c a s  

In fractions 4 and 5, the combined percentages of gonadotrophs, 

somatotrophs and lactotrophs present within the cell population were 105 

and 102%, respectively. This gave rise to the possibility that GTH-II, GH or 

PRL may be colocaiïzed within single ce&. To examine this possibility, we 

tested whether cells displaying a morphology characteristic of one cell type 

were positively stained for another cell type (Table 2.3). When gonadotrophs 

and lactotrophs were identified by their unique morphological characteristics 

as described above, no evidence for CO-localization was found. In contrast, 4% 

of the predided somatotrophs stained for GTH-II or PRL. Thus, colocalization 

of GTH-II, GH or PRL within single celk was not commonly obsewed in the 

partidar cell types that were morphologically characterized in this study. 

DISCUSSION 

This study presents a method for the identification of gonadotrophs, 

somatotrophs, and lactotrophs in unfractionated and enriched primary ce11 

cultures. Gonadotrophs, somatotrophs, and lactotrophs, when viewed by DIC 

microscopy, exhibit morphologies which are specific for the cell type. By 

combining DIC microscopy with immunofluorescence, we demonstrated that 

the characteristic rnorphology of gonadohophs, somatotrophs, and 

lactotrophs is a sufficient and reliable indicator of c d  identity. The ability to 

morp hologically identify gonadotrophs, somatotrophs, and Iactotrop hs in 



either unfractionated or enriched primary cell culture has several advantages 

over previous methods of pihiitary-ceU identification. Firstly, while ceil- 

separation techniques and immunological assays are effective methods of 

identification, al l  involve complex treatments which may alter cell function. 

In contrast, morphological identification of single cell types in culture allows 

the irnmediate and direct study of a known cell type without further 

modification of its surrounding environment or itself. Secondly, by 

combining the ability to direcfly identify cell types in culture with cell- 

enrichment techniques, it will be possible to study the paraauie interactions 

between cell types. Thirdly, preparation of enriched cell culhues often 

hvolves cell loss (average loss = 17%, range = 6 to 36%, in the present study). 

The ability to identify single cell types in primary cultures of unfractionated 

cell populations represents a potential saving on experimental animal and 

material costs. Therefore, morphological identification of pihiitary-cell types 

provides a simple and economical means to carry out single-cell analysis of 

pituitary cells under various physiological conditions. 

Using a discontinuous Percoll gradient cell-separation technique, we were 

able to ob tain fractions enriched with gonadotrophs, somatotrophs, and 

lacto trophs. Although fractions erviched with gonadotrophs, somatotrop hs, 

and lactotrophs were contaminated with other pituitary-cell types, these 

enriched fractions facilita ted the initial morphological characteriza tion of the 

three cell types. Gonadotrophs were the largest of the cell types examined. 

They were ovoid in shape and contained a small reniform nucleus, small 

granules, large spherical globules, and irregularly shaped cytoplasmic 

inclusions. In previous Light-microscope studies, the presence of large 

globular inclusions was shown to be a morphological characteristic of 

gonadotrophs in goldfish and other teleosts (Sage and Bem, 1971; Nagahama, 



1973; Kaul and Vollrath, 1974). Irregularly shaped cytoplasmic indusions may 

be the equivalent of the large vacuoles o b s e ~ e d  in gonadotrophs during 

certain stages of the reproductive cycle (Sage and Bern, 1971; Nagahama, 1973). 

The identity and function of the structures observed in the present study 

remain to be confirmed. Nevertheless, these cytoplasmic structures, together 

with the small reniform nucleus, gave gonadotrophs a dearly distinguishable 

and unique cellular morphology. 

In teleost fishes, somatotrophs are ovoid acidophilic cells, rneasuring 8 to 

13 in diameter, located in the proximal pars distalis (Sage and Bem, 1971; 

Kaul and Vollrath, 1974; Nagahama, 1974). The somatotrophs identified in 

the present study were siinilar in size and shape to those described earlier. 

Also consistent with previous üght-microscope studies (Sage and Bem, 1971; 

Kaul and Voilrath, 1974), these cells contained large ovoid nuclei which were 

usually located eccentrically. In addition, a granulated cytoplasm and 

cytoplasmic extensions were also easily discernible by DIC rnicroscopy. These 

features, taken together served as reliable markers of somatotrophs. 

Lactotrophs in freshwater teleosts have been reported to range from 7 to 15 

p in diameter and to contain a central, prominent nucleus (Nagahama, 

1973). In the present study, goldfish lactotrophs were of similar size and also 

possessed a large, irregularly shaped, central nucleus. 

Male and female goldfish from all stages of the seasonal gonadal cycle 

were used in the present study. Seasonal variations in GTH-II and GH release 

have been reported in the goldfish. The number of high-affinity GnRH 

receptors and the sensitivity of the GTH-II response to GnRH stimulation 

varies seasonaily (Sokolowska et al., 1985a; Habibi et al., 1989). The relative 

number of gonadotrophs and the amount of secretory granules within cells 

also increase with the onset of gonadal development (Nagahama, 1973). 



Senun-GH levels in goldfish have also been shown to Vary throughout the 

year; these seasonal changes in serum-GH levels may be partiaily related to 

the amounts of somatostatin present in the neuroendocrine regulatory 

centers (Marchant et al., 1989). Irrespective of these possible qualitative and 

quantitative seasonal dianges in goldfish anterior pituitary-cd function, 

gonadotrophs, somatotrophs, and ladotrophs exhibithg the characteristics 

described in the present study were always present in cell preparations 

obtained from fish at different stages of the gonadal cycle. However, it should 

be pointed out that ceUs identified b y the morphological characteristics 

represent only a subpopulation of th& respective c d  types. 

The results presented here demonstrate for the f is t  t h e  that distinct 

hormone-secreting pituitary-cell types c m  be dïredly identified in mked and 

enriched cell populations with minimal pretreatment. Cell identification by 

this method can be used to examine the physiological properties of single 

identified cells using electrophysiological, calcium imaging, and other 

diagnostic techniques. Also, in combination with cell-enrichment 

techniques, the present method for pituitary-cell identification allows for 

physiological studies of single identified cells in controlled (select) 

environments of paracrine or intercellular interactions. Results from these 

experiments wiil greatly enhance our current knowledge of the regdation of 

pituitary-hormone release. The technique desaibed here for the direct 

identification of discrete subpopulations of gonadotrophs, somatotrophs, and 

lactotrophs, based on the unique morphological ciifferences, has a wide range 

of potential uses and may be adapted for use with other cell-culture 

preparations. 



Table 21- Distribution of dispersed pituitary ceils following separation 
with a discontinuous Percoii density gradient. 

Fraction Percentage of total cells recovered 

mean f SEM (n = 6) 



Table 2.2 Positive identification of gonadotrophs, somatohophs, and 
Iactotrophs in unfractionated and fradionated cell populations. 

Percentaee of ceils correctiv identifiecl hl 

Fraction Gonadotrovhs Somatotrovhs Lactotro~ hs 

Immunofluorescently-Iabelied cells 

Unfractionated 100.0 (15) 80.0 (10) 97.0 (33) 

3 95.7 (23) 75.0 (28) 100.0 (44) 

4 90.0 (20) 90.2 (41) 100.0 (23) 

5 100.0 (19) ND 100.0 (10) 

Total 96.4 (77) 81.7 (79) 99.3 (110) 

Live p r i m q  c d  culture 

Unfractionated 92.0 (36) 94.0 (32) 100.0 (8) 

ND = not determined. 



Table 23 La& of evidence for GTH-II, GH or PRL CO-localization within 
identified c d  types. 

Percentage of identified cells stained with antwnun (as) 

m d c  for other hormone. 1 = n 

Predicted cell twe GTH-II-as GH-as PRL-as 

Gonadotrophs 0.00 (40) 0.00 (50) 

Somatotrophs 4.20 (70) 4.62 (65) 

Lactotrophs 0.00 (62) 0.00 (50) 



Fig. 2.1. Specifiaty of staining for gonadotrophs in mixed c d  culture. A DIC 
photornicrograph of three cells with gonadotroph-like (g), somatotroph-like 
(s), and unidentified morphologies. Note the characteristic reniform nudeus 
in the gonadotroph-like cell. B Fluorescent photomicrograph of the 
identical field as in A. Only the cell with gonadotroph-like morphology was 
labelled by the anti-GTH-II anthenim. x1470 Bar: 15 pxn 



Mixed 1 2 3 4 5 
Fraction 

Fig. 2.2. Distribution of gonadotrophs, somatotrophs, and lactotrophs in 
fractionated dispersed ce11 populations as demonstrated by 
immunofluorescent staining. Pooled results (mean f SEM) from four 
replicate experiments are presented. Asterisks indicate significant differences 
from unfractionated ceil populations. 



3 0  GTH-II Cell Content r 
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Fraction 

Fige W. GTH-II and GH cell content in hactionated and unfractionated ceil 
populations. Pooled results (mean t SEM) from six replicate experiments are 
presented. GTH-II and GH cell content (ng hormone/l06 ceils) were 
normalized as a percentage of the value obtained in fraction 1. Asterisks 
indicate significant ciifferences from unfractionated cell populations. 



Fig. 24. Morphology of gonado- 
trophs as reveded by DIC microscopy. 
The reniform nucleus (N) is readily 
apparent in immunofluorescent~y 
Labelled (A) and live (B. C) gonado- 
trophs. Large spherical globules 
(a  r r O w s ) and irregularly shaped 
inclusions ( a r r o w h e a d )  are also 
characteristic of this cell type. ~3600. 
Bar: 5 pm 



Fig. 2.5. Morphology of somato- 
trophs as revealed by DIC microscopy. 
The large ovoid nucleus is readily 
apparent in immuno fluorescently 
labelled (A) and live (B, C) 
somatotrophs. Cytoplasmic extensions 
(arrow heads) are also characteristic of 
live GH cells in culture. x 3800. Bar: 5 
Pm 



Fig. 2.6. Morphology 
of lactotrophs as 
revealed by DIC 
microscopy. The large 
irregularly shaped 
nucleus (N) is readily 
apparent in immuno- 
fluorescently labelled 
(A) and live (B) 
lactotrophs. x3200. 
Bar: 5 pn 



Chapter  3 

ELECTRICAL MEMBRANE PROPERTIES AND IONIC 

CLTRRENTS IN GOLDFISH GONADOTROPHS~ 

hITRODUCTION 

Alterations in pituitary cell plasma membrane electrical activity play an 

important role in the control of pituitary hormone-release responses to 

various hypothalamic releasing or inhibitory factors (Stojilkovic and Catt, 

1992; Tse and Hille, 1992,1993; Vaudry et al., 1994). In mammals, activation of 

voltage-dependent Ca2+ channels and the subsequent rise in [Ca2+Ii are 

important components in mediating pituitary hormone secretion, induduig 

the gonadotropin response to GnKH (Chang and Jobin, 1994a; Stojilkovic et 

al., 1994). Furthermore, in rat gonadotrophs, GnRH-induced cytosolic Ca2+ 

oscillations initiate transient plasma membrane hyperpolarizations due to 

the periodic activation of apamin-sensitive, Ca2+-activated K+ channels. The 

transient membrane hyperpolarizations are usuaily followed by a few Na+- 

and Ca2+-dependent action potentials (Tse and Hille, 1993; Stojilkovic et al., 

1994). Other K+ conductances have &O been shown to be involved in the 

neuroendocrine regulation of rat lactotrophs (Lledo et al., 1990), amphibian 

melanotrophs (Valentijn et al., 1991; Vaudry et al., 1994), and ovine 

somatohophs (Chen et al., 1994a); therefore, a variety of ionic channels are 

involved in the regulation of pituitary cell function. 

+A version of this chapter has been published: Van Goor F, Goldberg JI, and Chang JP (1996) 
Canadian J. Physiol. Pharmacol In press. 



Pharmacological studies indicate that GnRH-ïnduced Ca2+ influx through 

dihydropyridine-sensitive Ca2+ channels and the resulting increase in [Câ2+Ii 

concentration mediates GTH-II seaetion from the goldfish anterior pituitary 

(Chang et al., 1993; Jobin and Chang, 1992a, 1992b). In addition, preliminary 

studies suggest that dopamine D;? inhibition of GTH-II secretion involves an 

inhibition of Ca2+ influx (Chang et al., 1993). Although voltage-dependent 

Ca2+ charuiels are critical components involved in the regulation of GTH-II 

seaetion in goldfish, voltage-gated Ca2+ currents or any other ionic m e n t s  

have not been characterized in teleostean gonadotrophs. Consequently, in 

the present chapter, whole-ce11 voltage- and curent-clamp recording 

techniques were utilized to study the bioelectrical properties of identifïed 

goldfish gonadotrophs. The results presented here demonstrate that goldfish 

gonadotrophs possess single classes of voltagedependent Na+ and CaZf 

currents, multiple classes of K+ currents, and electrical exatability. This study 

is the first to describe the ion Channel properties in teleostean gonadotrophs. 

In addition, it provides the foundation for further investigation of the 

electrical membrane properties involved in GnRH and dopamine regulation 

of GTH-II secretion. 

MATERIALS AND METHODS 

Animals 

Common goldfish (Carassius auratus; 8-13 an in body length) were 

purchased fiom Grassyforks Fisheries (Martinsville, IN, USA) and held in 

flow-through aquaria (1800 1). Fish were maintained at 17-20 OC on a 

simulated natural photoperiod (adjusted weekly according to the times of 

sunset and sunrise in Edmonton, AB, Canada) and fed to satiation with 



commerad fish food daily. Fish were acdimated to the above conditions for 

at least seven days prior to use. Senun GTH-II concentrations and GnRH 

receptor content in the pituitary gland change throughout the seasonal 

reproductive cycle of the goldfish (Habibi et al., 1989). T h d o r e ,  to facilitate 

future comparisons, the tirne of year in whkh the currents were recorded are 

reported in the figure legends. In general, goldfish in the temperate zone 

become mature (prespawning) by late winter or early spring* After spawning 

(April and May), the gonads undergo regession and remain regressed 

throughout the summer and early fali. Gonadal recrudescence occurs over 

the winter months . 

Ce11 Culhue and Identification 

Male and female goldfish were anesthetized in 0 .Os% tricaine 

methanesulfonate prîor to decapitation. Phitaries were removed and placed 

in dispersion medium (Medium 199 wih Hank's salts, 25 mM HEPES, 2.2 g/l 

NaHC03, 0.3% bovine senun albumin, 100 000 U/1 peniciIlin, and 100 mg/l 

streptomycin, pH 7.2; Gibco, Grand Island, NY, USA). Pituitary cells were 

dispersed using the controlled trypsin/DNAse treatment procedure described 

by Chang et al., (1990a). Dispersed pituitary ceils were cultured for 16 to 48 hr 

in poly-L-lysine (0.01 mg/ml) coated glass-bottom Petri dishes containing 

culture medium (Medium 199 with Earle's salts, 1 % horse S e m ,  25 mM 

HEPES, 2.2 g/l NaHCm, 100 000 U/1 penicillin and 100 mg/l streptomycin, pH 

7.2; Gibco) under 5% CO2, saturated humidity, and at 28 OC. These culture 

conditions have been used routinely to provide cells that are responsive to 

neuroendocrine regdators in hormone-release studies (Chang et al., 1990a). 

Gonadotrophs were identified by their unique cellular morphologies when 

viewed under Nomarski DIC microscopy (Chapter 2). 



Electrophysiological Recordings 

Electrophysiological studies of identified goldfish gonadotrophs were 

performed at room temperature (18 - 20 OC) using whole-cell, gigaohm-seal 

(HamiIl et al., 1981) or nystatin-perforated patch (Korn and Hom, 1989) 

recording techniques. Current- and voltageclamp recordings were carried 

out using a Dagan 3900 (Minneapolis, MN) integrating patch-clamp amplifier 

and were low-pass filtered at 2 KHz using a four-pole Bessel filter. Patch 

electtodes, fabricated from borosilicate glass (1.5 mm OD; World Preasion 

Instruments, Sarasota, FL) using a Flaming Brown horizontal puller (P-87; 

Sutter Instruments, Novato, CA), were heat polished to a final tip resistance 

of 3 to 8 M n  and then coated with dental wax to reduce pipette capaatance. 

Prior to seal formation, liquid junctiond potentials were cancelled. 

Following the formation of a giga-seal (sed resistance = 6.8 I 1.0 Ga;  range 1.3 

- 20 GR, n = 56), pipette capacitance was neutralized and the patch membrane 

was ruptured using gentle suction. Series resistance (Rs) was caldated to be 

26.1 f 2.4 MX2 from the relation Rs = r/Cm, where r is the decay time constant 

of the capaciüve m e n t  transient following a 10 mV hyperpolarizing voltage 

pulse (T = 0.14 f 0.06 mec; mean I SEM; n = 15) and Cm is the cell capacitance. 

The celi capacitance was determined by integrating the capacity current 

transient during a 10 mV hyperpolarizing voltage pulse (V,) and applying 

the relation Cm = q/Vm. CeU capaatance was in the range of 4 - 7 pF (52 f 0.4 

pF; n = 15). Series resistance compensation was optimized and usually ranged 

between 10 and 18 MQ. Current records were corrected for linear leakage and 

capautance using a P/-4 procedure (Bezanilla and Armstrong, 1977). Pulse 

generation, and data acquisition were carried out using an AT 486 2DX 

compatible cornputer equipped with a digidata 1200 interface in conjunction 

with pCLAMP programs (Axon Instruments, Foster uty, CA). 



In some experiments, perforated-patch recordings were used to minimize 

current rundown and disniption of the cellular cytoplasm (Korn and Hom 

1989). A nystatin stock soIution (50 mg/ml) was prepared in dimethyl 

sulfoxide 0) and stored for up to 1 week at -20 OC. Just prior to use, the 

stock solution was diluted in pipette solution and sonicated for 30 sec to yield 

a final nystatin concentration of 160 pg/ml. Patch electrodes used for 

perforated-patch recordings were fabricated as described above and had a final 

tip resistance of 3 to 5 Mn. Pipette tips were briefly immersed in nystatin-hee 

solution and then backfilled with the nystatin-containing solution. After 

obtainuig a GR seal and neutralizing pipette capadance, the pipette potentiai 

was set to -70 mV and a 10 mV hyperpolafizing voltage step was given to 

monitor access resistance (Fig. 3.1). An average series resistance of 29.6 f 1.9 

MR (n = 41) was reached 10 min. following the formation of a giga-seal and 

remained stable for up to one hou. Series resistance and membrane 

capacitance were calculated as desmied above using .r = 0.18 f 0.01 msec and a 

cell capacitance of 6.4 f 0.5 pF (range = 4 - 15 pF; n = 41). 

Solutions 

The composition (in mM) of the external solutions for the different 

recording conditions are listed as follows: 

1. Total Curent: modified Hank's balanced salt solution (HBSS), 

consisting of 140 NaCI, 5 Ca@, 5.4 KC1,0.4 KH2P040.5 MgQ, 0.4 Mg- 0.3 

NaHP04 4.2 NaHC03,5.5 glucose, 15 HEPES (pH adjusted to 7.2 with NaOH). 

2. Na+ currents: CdC12 (50 CIM) with either Medium 199 (Hank's salts, 2.2 

g/l NaHCO3, 25 mM HEPES, 100 000 U/1 peniallin, 100 mg/l streptomycin, 

0.1% bovine serum albumin, pH adjusted to 7.2 with NaOH; Gibco) or HBSS. 



3. K+ currents: modified HBSS in which NaCl was replaced with 

equimolar choline chioride (pH adjusted to 7.2 with KOH). 

4. Ba2+ currents (Uirough voltagesensitive Ca2+ channels): 120 choline 

chloride, 1.26 CaQÛ 20 BaUz 1.0 MgQ, 5.5 glucose, 10 HEPES (pH adjusted to 

7.2 with tetraethylammonium [ïEA]-OH). 

The osmolarity of ail extemal solutions used in this study differed by less 

than 10% from that measured in goldfish plasma (= 300 mOsm; range 280 to 

320 mOsm; J.P. Chang and J.A. Wiggs, unpublished observations). The bath 

was continuously perifused at a rate of 2 ml/min using a gravity driven 

superfusion system and the outflow was placed near the ceil, resulting in 

complete solution exchange around the cell withui 10 sec. 

The composition (in mM) of the electrode solutions for the different 

recording conditions are listed as follows: 

1. Total m e n t  120 K-aspartate, 20 KC1,2 MgCl& 10 HEPES and 150 - 200 
pg/ml nystatin (pH adjusted to 7.2 with TrisCl). 

2. Na+ currents: 75 CsCl, 75 cesium-glutamate, 0.1 EGTA, 10 HEPES, 2.5 

Mg-ATP and 0.4 Na- (pH adjusted to 7.2 with CsOH). 

3. K+ currents: 120 K-aspartate, 20 Ka, 2 MgQ, 1 CaClz 11 EGTA, 10 

HEPES, 2.5 Mg-ATP and 0.4 Na-GTP (pH adjusted to 7.2 with TrisCl). For 

recordings of Ca2+-aaivated Kt currents the total curent electrode solution 

was used. 

4. ~ a 2 +  currents: 120 cesium-glutamate, 20 TEA-Cl, 2 MgC12, 1 CaClz 11 

EGTA, 10 HEPES, 2.5 Mg-ATP and 0.2 Na-GTP (pH adjusted to 7.2 with TEA- 

OH). With 11 mM EGTA and 1 mM Ca2+ in the electrode solution, the Ca2+ 

concentration was estimated to be < 2.0 x 10-8 M (MaxChelator, v 6.5; C. 

Patton, Pacific Grove, CA). 



Dmgs 

Tetrodotoxin (TTX), nifedipine and S(-)-Bay K 8644 (Research 

Biochemicals Incorporated, Natidc, MA) were dissolved in ethanol. Apamin 

(Research Biochernicals Incorporated) was dissolved in 0.05 M acetic acïd. 

Aliquots of stock solutions were stored at -20 OC until use, when they were 

diluted to final concentrations in saline; the highest concentrations of ethanol 

and acetic aud  were 0.01% and 0.05 mM, respectively. TEA and 4- 

aminopyridine (4-AP; Sigma, S t  Louis, MO) were prepared in saline 

immediately prior to use. 

Data Analysis 

Data analysis was performed using an AT 486 2DX compatible computer in 

conjunction with Clampfit (Axon Instruments, Foster city, CA). In some 

cases, the curent-voltage relationships were fitted with the Boltzmann 

relation; 

where I,,, = the maximal m e n t ,  E = test potential, El12 = the potential of 

50% maximal m e n t  and k = dope factor. Exponential fits were performed 

using Clampfit. AU values in the text are reported as mean f SEM. 

Differences between groups were considered to be significant when P < 0.05 

using Student's paired t test or ANOVA followed by Fisher's least significant 

difference test. 

All voltages have been corrected for liquid junctional potentials (EOL) as 

described in Barry and Lynch (1991). Briefly, the EOL for total m e n t ,  isolated 

Na+ current, isolated K+ current and isolated Ba2+ current were measured 



according to Neher (1992) and were determined to be; 10.4 f 0.6 mV, 8.8 f 0.2 

mV, 11.7 + 0.7 m V  and 12.3 f 0.3 mV (n= 7). respectively. These values were 

similar to those estimated from the JPCalc program (Barry, 1994). 

Accordingly, all reported membrane potentials in the text and figures were 

corrested for E t  mors using the relation; 

where Vm = corrected membrane potential, VP = pipette potential (Barry and 

Lynch, 1991). The zero curent level in al l  voltage-clamp figures and the 

unstimdated membrane potential in all ment-clamp figures are indicated 

by dotted Lines. 

General Electrophysiological Properties 

The general electrophysiological characteristics of goldfish gonadotrop hs 

were studied under perforated-patch whole-ce11 recording conditions. 

Gonadotrophs had a resthg membrane potential of -61.3 I 2.1 mV (range = 

-42 mV to -80 mV; n = 19). At their resthg membrane potential, 70% of 

gonadotrophs exhibited small, non-overshooting action potentials in 

response to depolarizing m e n t  pulses from 1 to 5 pA (Fig. 3.2 A; lower 

panel). In these cells, action potentials were triggered at membrane potentials 

between -43 and -25 mV and had an amplitude of 44.9 + 4.2 mV with a 

duration of 10.0 + 2.1 msec (n = 5) at one-half amplitude. In al l  gonadotrophs 

with a membrane potential of -80 mV, one or more action potentials were 

evoked by injection of depolarizing current pulses from 1 to 5 pA (Fig. 3.2 A; 



upper panel and Fig. 3.2 8). From this membrane potential, action potentials 

were triggered at potentials between -50 and -36 mV and had an amplitude of 

80.5 f 5.8 mV with a duration of 3.2 I 0.4 msec (n = 7) at one-half amplitude. 

In gonadotrophs which exhihiteci multiple action potentids in response to a 

depolarizing m e n t  pulses, there was a subsequent decrease in action 

potentïal amplitude and an inaease in their duration compared to the first 

action potential (Fig. 3.2 B). The induced action potentials were sensitive to 

TTX. In four cells tested, application of 1 @A m( reduced the mean action 

potential amplitude from 53.6 f 3.2 mV to 38.5 + 1.7 mV (paired f-test, P < 

0.05) and increased the action potential duration at one-half amplitude from 

4.3 I 0 . 8  msec to 8.3 + 0.6 msec (P < 0.05; Fig. 3.3 A). In these same ceils, 1 @f 

TTX abolished the inward Na+ current under voltage-clamp recording 

conditions (Fig. 3.3 B). In 43% of the gonadotrophs examined (6 out of 14), 

spontaneous action potential activity was observed (Fig. 3.2 C). The 

remaining gonadotrophs exhibited spontaneous voltage fluctuations which 

did not give rise to action potentiak. The membrane potential change in 

response to hyperpolariPng m e n t  injections from 5 to O pA was linear and 

the dope of the voltage-current relation indïcated a mean input resistance of 

8.2 f 1.6 GQ (range 4 - 1 4 5  GR; n = 7: Figure 3.2 D). Under voltage-clamp 

recording conditions, depolarizing voltage steps from a holding potential of 

-80 mV eliated a fast-activaüng inward current followed by an outward 

current (Fig. 3.2 E). To characterize the individual inward and outward 

currents, they were isolated using ionic substitutions and pharmacological 

techniques. 



Characterization of Outward Currents 

Using standard whole-ceil recording techniques, voltagesensitive K+ 

currents in goldfish gonadotrophs were isolated by replacing extracellular Na+ 

with equimolar choline chloride. In addition, to eliminate any possible Ca2+- 

activated K+ currents, extracellular Ca2+ entry was b l d e d  by the addition of 

0.05 rnM CdCl2. The ionic selectivity of the outward m e n t  was established 

from the reversa1 potential of tail currents. In the presence of 5.8 mM 

external K+ and 140 mM K+ in the pipette, the current reversed at -84.3 k 0.2 

mV (Fig. 3.4; n = 3). This value is dose to the K+ equilibrium potential 

calculated from the Nemst equation (-80.2 mV; 18 OC) at an intracellular K+ 

concentration of 140 mM. The ionic selectivity of the m e n t  was further 

demonstrated by the abolition of the outward currents when K+ in the pipette 

was replaced by the K+ current blocker Cs+. 

To examine the voltage-dependent outward K+ curent, c e k  were given a 

conditioning pre-pulse to -132 mV for 500 msec prior to giving a d e s  of 1-sec 

depolarizing voltage steps from -82 mV to +78 mV (Fig. 3.5 A). The threshold 

of activation for the total outward K+ m e n t  was -54.9 f 3.3 mV (n = 7), 

which is slightly more depolarized than the resting membrane potential of 

these cells. Voltage steps to potentials between -52 and +8 mV elicited a 

relatively slowly activating (tirne to peak > 20 msec) and inactivating m e n t .  

Voltage steps to potentials more positive than -20 mV eliated a fast-activating 

transient component followed by a sustained lower amplitude K+ current. At 

command potentials of +38 mV, peak outward currents reached an amplitude 

of 495.4 t 56.1 pA (range: 332 to 767 PA; n = 7) within 12.0 I 1.5 msec (range; 7 

to 19 msec; n = 7). At the same command potential, the second component of 

the outward current inactivated slowiy during a 1-sec depolarizing pulse and 

reached an average amplitude of 245.4 f 16.5 pA (range: 194 to 306 pA; n = 7). 



To determine the voltage-dependence of activation and inactivation of the 

K+ current, a two-pulse protocol was used (Bezanilla and Armstrong, 1977). 

Steady-state inactivation was determined by measurùig the remaining 

m e n t  eliated by a test pulse to +38 mV following a series of 1-sec prepulçe 

potentials from -132 to +8 mV (Fig. 3.5 8). The voltage-dependence of 

activation was determined by the maximal outward curent elicited during 

the 1-sec pre-pulse potentials from -132 to +8 mV. The resdting currents 

were normalized to the maximal outward m e n t  and plotted against pre- 

pulse potentials. The threshold for activation of the K+ m e n t  was around 

-52 mV. Following a 1-sec depolarMg pre-pulse to membrane potentials 

more depolarized than -32 mV, only half of the maximal m e n t  could be 

ellicited by a subsequent command potential to +38 mV (Fig. 3.5B). The 

inactivation curve could not be fitted with a single Boltzmann relation. The 

activation and inactivation kinetics of the K+ current indicate that multiple 

voltage-dependent K+ curent subtypes are present in identified goldfish 

gonadotrophs. To characterize the various voltage-dependent K+ currents 

present, their activation and inactivation kinetics, as well as their sensitivity 

to membrane potential, 4-AP and TEA were exadneci. 

Transienf potassium current. Cells were given a conditioning prepulse to 

-52 mV for 500 msec (holding potential = -82 mV) in order to inactivate the 

hansient outward K+ m e n t  (Rudy, 1988). Under these conditions, the peak 

K+ m e n t  elicited by a command potential to +38 m V  was reduced by 29.2 + 
0.5% (P < 0.05, paired t-test, n = 4) compared to that following a conditioning 

prepulse to -132 mV in the same cell (Fig. 3.6). In contrast, the late 

component of the outward K+ current was not significantly reduced. The 

remaining K+ current activated at command potentials more positive than 

-52 mV and inactivated slowly during the 1-sec depolarizing steps. 



Subtraction of the K+ m e n t  eliàted during the various voltage steps in ce& 

given a conditionhg prepulse to -52 rnV from cells conditioned at -132 mV 

reveded a fast-activating and inactivating K+ ment.  To M e r  characterize 

this transient K+ current, 1 tested the effects of CAP, which has been 

demonstrated to block these transient currents in various mammalian 

pituitary c d  types (Liedo et al., 1990; Bosma and m e ,  1992) and in teleost cell 

preparations (Glassmeier et al., 1992; Price et al., 1993). Application of 2 rnM 4 

AP reversibly blodced the transient component of the K+ m e n t  eIiated at a 

command potential of +38 mV by 48.0 f 4.3% (n = 6; P < 0.05, paired t-test Fig. 

3.7 A). In contrast, the sustained component was not significantiy affected by 

4-AP. Subtrading the current elicited in the presence of 4AP from the total 

K+ m e n t  tevealed a fast-activating and inactivating current (Fig. 3.7 C). A 

voltage activation m e  for this transient m e n t  (Fig. 3.7 D) was determined 

by measuring the peak m e n t  (I) activated by a given voltage (E). From these 

values the conductance (g) was calculated, using the relationship 

For EK, 1 used the K+ equilibrîum potentiai (-80.2 mV; 18 OC) calculated from 

the Nernst equation, assuming that the intracellular K+ concentration was 

the same as that in the pipette solution (140 mM). The transient current 

activated at command potentials more positive than -62 mV, with full 

activation amund +38 mV. The resulting N v e  could be fitted with a single 

Boltzmann relation, where El12 = -13.2 mV and k = -22. Therefore, half of the 

transient potassium current was activated at a membrane potential of -13.2 

mV. The combination of the voltage-sensitivity, fast activation and 

inactivation kinetics, and the specific blockade of the transient K+ m e n t  by 



4-AP, dearly demonstrates that identified goldfish gonadotrophs contain 

ments similar to the IA K+ current first identified in molluscan neurons 

(Connor and Stevens, 1971). 

Susfained potassium current. Elimination of the LA-type current by 

depolarizing prepulses to -52 mV or the addition of 2 mM 4-AP uncovered a 

slowly inactivating m e n t  elicited by command potentials more positive 

than -52 mV (Fig. 3.6 and 3.7). This sustained outward current was 

insensitive to 2 mM 4 A P  but was reduced by 49.0 + 2.8% (P < 0.05; n = 4) at a 

command potential of +38 mV by extemally applied 5 mM TEA (Fig. 3.8). 

Likewise, extemally applied 5 m M  TEA reduced the transient outward 

m e n t  by 53.0 t 0.3% (P < 0.05; n = 4). The effect of 5 mM TEA on both the 

transient and sustained m e n t  was reversible. On the basis that the 

sustained current is relatively resistant to inactivation during the 1-sec 

depolarizing pulses and its insensitivity to depolarizing pre-pulses, as well as 

4-AP, we have determined that at least part of the sustained m e n t  is similar 

to the delayed rectifier (IK) w e n t  charaderized in other cell types (Rudy, 

1988). In addition, as in other c d  types (Rudy, 1988), the delayed rectifier 

m e n t  in goldfish gonadotrophs is sensitive to extemally applied TEA. 

Calcium-nctivated potassium curren fs. Ca?+-activated K+ currents have 

been dexnonstrated to play an important role in rnediating GnRH-stimulated 

current oscillations in rat (Kukuljan et al., 1992; Tse and Hille 1992, 1993) and 

ovine pars distalis gonadotrophs (Heyward et al., 1993). These currents have 

been shown to be sensitive to the bee venom apamin (Kukuljan et al., 1992; 

Tse and Hüle 1992), whidi blocks the small conductance type of Ca2+-activated 

Kt currents (Castle et al., 1989). In order to determine the presence of Ca2+- 

activated K+ diannels, 5 m M  Ca2+ was added to the bath and Na+ was 

replaced by choline. In the presence of extemally applied 1 pM apamin, a 



slight reduction of peak outward current was observed at command 

potentials from +8 to +72 mV and were maximal at a command potential of 

+38 mV (Fig. 3.9 A). However, no significant differences occurred when test 

currents were compared to control (pre-apamin) currents or to currents 

observed after washout of apamin (maximal reduction of 8.6 f 3.5%; n = 5; P > 

0.05 vs. zero change). Similarly, no consistent effects of 1 @l apamin on 

induced action potential activity were obsemed (n = 4; data not shown). 

Furthemore, when Ca2+ infiux was blocked by the addition of 50 pM CdC12, 

neither the amplitude nor cutrent-voltage relationship of the outward 

current recorded under perforated-patch recording conditions were altered (n 

= 4; Fig. 3.9 B). Under the conditions outlined here, we could not dearly 

demonstrate the presence of a Ca2+-activated, apamin-sensitive K+ channels 

in identified goldfish gonadotrophs. 

Characterization of Sodium Cments 

For the characterization of voltage-dependent Na+ currents, outward 

currents were blocked by substituting K+ with Cs+ in the electrode solution 

and inward Ca2+ currents were blocked by the addition of 50 pM CdC12 to the 

bath solution. Inward Na+ m e n t s  were activated at command potentials 

more positive than -49 mV and reached a maximum amplitude near -9 mV 

(Fig. 3.10 A). Under these recording conditions, the maximal inward Na+ 

current eliuted by a 100 msec depolarizing voltage step to -9 m V  from a 

holding potential of -79 mV averaged 347 f 39 pA (range: 112 - 505 PA; n 29). 

The currents elicited by voltage steps displayed both fast activation and 

inactivation kinetics, typical of voltage-dependent Na+ currents. In the 

exarnple shown (Fig. 3-10), the current activated rapidly between command 

potentials of -29 and +11 mV (time to peak was 1.6 msec to 0.5 msec). The 



inactivation thne constant was determined by fitting a single exponential 

m e  to the falluig phase of the Na+ current. In the example shown, the 

current inactivated rapidly, having a time constant of decay from 2.7 rnsec at 

-29 mV to 0.5 msec at +11 mV (Fig. 3.10 A). The maximal Na+ m e n t  was 

reduced by 97.2 I 1.0% by 250 n M  TIX (P < 0.05, ANOVA followed by Fishers' 

LSD test, n = 4) and recovered to 55.6 I 1.1% of control levels (Fig. 3.1 1). 

As indicated earlier, larger action potentials were observed in 

gonadotrophs held at -80 mV rather than at the resting membrane potential 

prior to the application of 1 to 5 pA depolarizing m e n t  pulses. These results 

suggest that, at rest, a proportion of the Na+ channels are not available for 

activation. To determine the proportion of the total Na+ current available for 

activation at the resting membrane potentials of identified gonadotrophs, 1 

examined the voltagedependence of steady-state inactivation of the Na+ 

m e n t  using a two-pulse protocol (Bezanilla and Armstrong, 1977). CeUs 

held at -79 mV were subjected to pre-pulse potentials ranging from -99 to -9 

mV for 100 rnsec after which a test pulse to -9 mV was given (Fig. 3.10 B). The 

normalized test m e n t  from 6 diffrent cells was plotted against prepulse 

potentials and the resulting curve was fit with a Boltzmann relation 

(equation 1; El12 = -50.8 mV and k = 8.8). The estimated membrane potential 

for half-maximal steady-state inactivation (-50.8 mV) is slightly more 

depolarized than the resting membrane potential of these cells, indicating 

that greater than 50% of the Na+ channels are available for activation at rest. 

Characterization of Bariwn Caurents 

Results from pharmacological studies have implicated the involvement 

of dihydrop yridine-sensi tive Ca2+ channels in the mediation of GnRH- 

stirnulated GTH-II secretion from dispersed goldfish pituitary cells (Chang e t  



al., 1993, 1996). Therefore, the voltagedependent Ca2+ currents in goldfish 

gonadotrophs were characterized using whole-cell voltage-damp recording 

techniques. In the present study, Ba2+ was used as the charge carrier instead 

of Ca2+ for four reasons: 1. to minimize m e n t  nutdown commonly 

assoaated with Ca2+ currents; 2. Ba2+ normaily permeates more readily than 

Ca2+ through Ca2+ channels; 3. ~ a 2 +  is relatively irnpermeant through Naf 

charnels; and 4. Ba2+ blocks certain types of outwatd K+ currents (Bean, 1992). 

However, to ensure that the behavior of Ba2+ as the charge carrier through 

voltage-sensitive Ca2+ charnels is similar to that of Ca2+, comparisonç 

between cunents carried by either Ba2+ or Ca2+ were made. 

In identified goldfish gonadotrophs, a larger current amplitude was 

obsewed in the presence of 10 mM external Ba2+ than in the presence of 10 

mM external Ca2+ (Figure 3.12 A). For example, during a 40 msec voltage step 

to -12 mV (holding potential = -92 mV), the current amplitude in the 

presence of 10 mM Ca2+ and Ba2+ was 32.1 f 6.1 pA and -73.4 k 8.1 PA, 

respectively (n = 5). Mthough a larger m e n t  amplitude was observed in the 

presence of extemal Ba2+, the activation and inactivation properties of the 

currents camed by either Ba2+ or Ca2+ were similar (Fig. 3.12 B; n = 5). In 

particular, the time course of inactivation for both the Ca2+ and Ba2+ m e n t  

elicited by a 200 msec voltage-step to -12 rnV (holding potential = -92 mV) 

could be fitted with a single exponentiai with similar time constants of 106.6 t 

13.1 msec and 95.2 f 16.9 mec, respectively (P > 0.05; n = 5). As the activation 

and inactivation properties of the Ba2+ and Ca2+ currents were simiiar, Ba2+ 

was used as  the charge carrier Uistead of Ca2+ for the remainder of the study. 

To ensure that the currents carried by Ba?+ were dependent on the extemal 

Ba2+ concentration, the maximal Ba2+ ment  amplitude in either 10 mM or 

20 mM Ba2+ were compared (Fig. 3.12 A). During a 40 msec voltage step to -12 



mV (holding potential = -92 mV) the current amplitude in the presence of 10 

and 20 mM Bazf were -73.4 18.1 pA and -99.6 f 12.5 pAf respecüvely (n = 5). 

In the presence of 20 mM extemal Ba2+, command potentials more 

depolarized than -52 mV eliated an inward Ba2+ cturent which was resistant 

to inactivation during the 200 msec command pulse (Fig. 3.13 A). Under 

these recording conditions, maximal inward Ba2+ currents eliated by a 

depolarizing voltage step to -12 mV from a holding potential of -92 mV were 

-129.9 t 12.1 pA (range: -64 to -172 PA; n = 9) for peak (O to 20 msec) and -129.4 

+ 12.1 pA (range: 81 to 181 PA; n = 9) for sustained (190 to 200 msec) currents. 

The activation time course could be fitted with a single exponential curve 

having a time constant of 2 9  f 0.3 msec at -32 mV, 2.6 t 0.4 msec at -22 mV 

and 1.5 f 0.04 msec at -12 mV. To determine the proportion of the Ca2+ 

channels available for activation at the resting membrane potential of these 

cells, 1 examined the steady-state inactivation properties of the Ba2+ current 

using a two-pulse protocol. The nonnalized currents from 6 diffrent cells 

eliated during test pulses to -12 mV were plotted against prepulse potentials 

and were fitted with a Boltzmann relation (equation l), where E1/2 = -16.7 mV 

and k = 20 (Fig. 3.13 B). The membrane potential at which ha& maximal 

inactivation occurs is more depolarized than the restuig membrane potential 

(= -60 mV) of these cells. Therefore, at rest, a large proportion (> 80%) of the 

Ca2+ channels are available for activation. The relatively high activation 

range and inactivation resistant properties of the Ba2+ m e n t  suggest that the 

Ca2+ channels present in these ceUs resemble the L-type channels found in 

other cell types (Tsien et al., 1988). In addition, the similarity in the current- 

voltage relationship of the peak and sustained current indicate that T-type 

voltagesensitive Ca2+ channels are not present in these cells (Fig. 3.13 A). 



To further investigate the properties of the voltage-dependent Ba2+ 

currents, the efects of CdC12, and the lf4-dihydropyridine Ca2+ Channel 

activator, SEC(-)-Bay K 8644, and antagonîst, nifedipine, were investigated. In 

the presence of 50 phi CdUû the m e n t  elicited by a 40 rnsec depolarizing 

voltage step hom -92 mV to -12 mV was reduced by 83.8 + 1.9% (P < 0.05; n = 

3) and returned to control levels following washout (Fig. 3.14 A). Application 

of 10 pM nifedipine reversibly reduced the inward Ba2+ cu~.lcent elitited by a 

40 msec voltage step to -12 mV from a holding potential of -92 mV by 39.2 f 

12.7% (Fig. 3.14 B; n = 3). In contrast, in the presence of 1 S(-)-Bay K 8644, 

the inward BaZ+ m e n t  was inaeased by 15.8 f 2.4% (P < 0.05; n = 4) and 

returned to control levels following washout (Fig. 3.14 C). This increase in 

Ba2+ current only occlurred between voltage steps from -52 to -2 mV; curent 

resposnes to voltage steps more depolarized than -2 m V  were not 

significantly affected by Bay K 8644. The sensitivity of these currents to 1,4 

dihydrop yridine Ca2+ channe1 agonists and antagonists confhn that they 

resemble the L-type Ca2+ channels found in other c d  types (Tsien et al., 1988). 

DISCUSSION 

Electrical Membrane Properties of Identified Goldfish Gonadotrophs 

Ln this chapter, the electrical membrane properties and ionic currents in 

identified goldfish gonadotrophs were characterized using whole-cell current- 

and voltage-darnp recordings. Identified goldfish gonadotrophs in primary 

ceil cultures of mixed populations of dispersed goldfish pituitary cells have a 

resting membrane potential near -60 mV. This value is slightly more 

hyperpolarized than those reported for gonadotrophs from both male (-46 

mV; Tse and Hille, 1993) and ovariectomized (around -50 mV; Stojilkovic et 



RL, 1992) female rats. In addition, the resting membrane potential reported 

here is more hyperpolarued than those values reported for general 

populations of goldfish pituitary cells (-35 mV; Price et al., 1993) and for 

identified gonadotrophs under standard whole-ceU recording conditions 

(-48.4 f 1.7 mV; n = 14; F. Van Goor, unpublished observations). This may be 

due in part to the present use of perforated-patch recordings rather than 

standard whole-cell recordings (Price et al., 1993). Perforated-patch recordings 

prevent the disruption of cytoplasmic conditions and second messenger 

activities which may contribute to the resting membrane potential. For 

example, Nac-Ca2+ exchange has been demonstrated to be affkcted by standard 

whole-cell recording conditions (Kom and Hom, 1989). Further disaepancies 

in the resting membrane potentials reported in this study from those in other 

studies, such as Price et al (1993), may resuit from uncompensated liquid 

junction potentials (Barry, 1994). It is important to note that resting 

membrane potential may be different from cells in oim, as it may be altered 

by extrinsic factors not accounted for in culture. Nevertheless, the resting 

membrane potential reported here is similar to those reported for 

gonadotrophs in other species recorded under similar conditions. 

Similar to gonadotrophs from ovariectomized female rats (Stojillcovic et 

al., 1992), rat somatotrophs (Chen et al., 1990) and melanotrophs (Stack and 

Surprenant, 1991), as well as frog melanotrophs (Valentijn et al., 1991), but 

unlike bovine somatotrophs (Mason and Rawlings, 1988) and ovine 

gonadotrophs (Mason and Waring, 1985), goldfish gonadotrophs exhibited 

spontaneous action potential firing. In addition, in response to depolarizing 

m e n t  injections, one or more action potentials could be elicited in goldfish 

gonadotrophs. In these ceus, TTX reduced the amplitude of the action 

potentials and increased their duration, indicating that the action potentials 



are partially dependent on Na+ influx through voltage-dependent, TTX- 

sensitive Na+ channeis. However, action potential acüvity persists even after 

Na+ currents have been eliminated by m(, suggesting that Ca2+ ments  also 

contribute to action potential activity in identîfied goldfish gonadotrophs. 

Two other observations are consistent with the involvement of both Na+ 

and Ca2+ channels during action potential activity in these cells. Firstly, 

although action potentials could be elicited in most gonadotrophs held at rest, 

they were lower in amplitude than those elicited from more hyperpolarized 

membrane potentials. This is likely due to the voltage-dependent properties 

of the Na+ channels present in the goldfish gonadotrophs, as about half of the 

Na+ channels are inactivated at rest (see discussion of Na+ channeis below). 

Secondly, greater than 80% of the Ca2+ channels are available for activation at 

the resting membrane potential of identified goldfish gonadotrophs. 

Moreover, in preliminary studies, the inorganic Ca2+ diannel blodcer CdC12 

attenuated action potential activity in these cells (Van Goor, unpublished 

observations). These results strongly irnplicate the involvement of both Na+ 

and Ca2+ i d u x  during adion potential activity in goldfish gonadotrophs. 

Ionic Cumnts in Idenüfied Goldfish Gonadotrophs 

Goldfish gonadotrophs contain m(-sensitive Na+ currents. Similarly, 

voltage-dependent Na+ currents were observed in general populations of 

goldfish pituitary c e k  (Price ef al., 1993), rat somatotrophs ( C h  et al., 1990) 

and a cell line of gonadotroph lineage (Bosma and Hille, 1992), as well as rat 

(Tse and Hille, 1993) and ovine (Mason and Rawlings, 1988) gonadotrophs. 

Compared to other vertebrate gonadotrophs, Na+ currents in goldfish 

gonadotrophs activated at similar potentials to that of male rats (Tse and 

Hille, 1993) but at more depolarized potentials than ovine gonadotrophs 



(Mason and Sikdar, 1988) or gonadotroph cell iines (Bosma and Hille, 1992). 

The mid-point of voltagedependent inactivation in goldfish gonadotrophs 

(-50.8 mV) is similar to the value reported for general populations of goldfish 

pituitary cells (-41 mV; Price et al., 1993). This value is slightly more 

depolarized than the resting membrane potential of these ceb, suggesting 

that, at rest, more than half of the Na+ channels are available for activation. 

Compared to other vertebrate gonadotrophs, more Na+ channels are available 

for activation at rest in cultured goldfish gonadotrophs. The mid-point of 

inactivation for goldfish gonadotrophs occurs at relatively more depolarized 

potentials than that of male rat gonadotrophs (-64 mV; Tse and HiUe, 1993), 

ovine gonadotrophs (-70 mV; Mason and Rawlings, 1988) and the 

gonadotroph celI line (-92 mV; Bosma and Hille, 1992). Therefore, at normal 

resting membrane potentials, up to 93% of the Na+ diannels may be 

inactivated in mammalian gonadotrophs (Tse and Hille, 1993) as compared to 

less than 50% in the goldfkh. This may reflect fundamental differences in 

plasma membrane events underlying GnRH action between these groups. 

Similar to other pituitary cell types (Stojilkovic et al., 1992), voltage- 

dependent Ca2+ cumnts were obsenred in identified goldfish gonadotrophs. 

In the present study, the voltagesensitive Ca?+ currents were characterized by 

their kinetics, voltage-dependence, and pharmacological properties. To 

facilitate the study of voltage-dependent Ca2+ channels in goldfish 

gonadotrophs, ~ a 2 +  was used as the charge carrier instead of Ca2+. Calcium 

and Ba2+ currents through voltage-dependent Ca2+ channels have similar 

activation and inactivation characteristics. although larger current 

amplitudes were observed in the presence of external Ba?+. Therefore, it is 

reasonable to extrapolate the findings shown here using Ba2+ as the charge 

carrier through voltage-dependent Ca2+ channels to the characteristics of 



Ca2+-flow through these channels. The ~ a 2 +  ments in identified goldfish 

gonadotrophs activated rapidly at command potentials more positive than -40 

mV, were resistant to inactivation during a 200 msec voltage-step, and were 

partidy sensitive to the l,4-dihydropyridine dass of Ca2+ Channel activator 

(Bay K 8644) and antagonist (nifedipine). In goldfish gonadotrophs, the = 39% 

reduction in the maximal Bat+ m e n t  amplitude induced by nifedipine was 

similar to that of rat melanotrophs (= 31% reduction, Stack and Surprenant, 

1991) and male rat gonadotrophs (= 41% reduction, Tse and Hille, 1993). 

However, the partial dihydropyridine-sensitivity of the Ca2+ channels in 

goldfish gonadotrophs may indicate that other voltage-dependent Ca2+ 

Channel subtypes are present. Whereas many of the properties of the voltage- 

dependent Ca2+ channels seen here are similar to those in other 

gonadotrophs (Mason and Sikdar, 1989; Bosrna and Hille, 1992; Tse and Hille 

1993), important differences were revealed. For example, the steady-state 

inactivation properties of the Ba2+ currents indicate that greater than 80% of 

the Ca2+ channels are available for activation at rest. In contrast, only 50% of 

the Ca2+ channels are available for activation at rest in rat gonadotrophs (Tse 

and Hille 1993). In addition, unlike ovariectomized rat gonadohophs 

(Stojilkovic et al., 1994), gonadotroph cePlines (Bosma and Hille, 1992), and 

ovine pars hiberalis gonadotrophs (Mason and Waring, 1985), low-voltage 

activated transient inward currents were not observed in goldfish 

gonadotrophs when either Ca2+ or gaz+ was used as the charge carrier 

through voltage-dependent Ca2+ channels. 

Ln the present shidy, at Ieast two voltagedependent K+ curwit subtypes 

were identified in goldfish gonadotrophs, induding IA-currents and delayed 

rectifier currents. The IA-type currents found in these cells had similar 

kinetics and sensitivity to 4AP and TEA as those reported in neurons (Rudy, 



1988), other anterior pituitary cells (Lledo et al., 1990; Bosma and Hille, 1992; 

Chen et al., 1994a) and trout oligodendrocytes (Glassmeier et al., 1992). 

Delayed redifier currents similar to those reported here have also been 

identified in other pituitary c d  types (Lledo et al., 1990; Chen et al., 1994a), as 

well as in general populations of dispersed goiàfish pituitary cells (Price et al., 

1993). In contrast, unlike gonadotrophs from maie (Tse and Hille 1992, 1993) 

and ovariectomized femaie rats (Kukuljan et al., 1992), apamin-sensitive K+ 

currents were not observed under our curent recording conditions. Ln rat 

gonadotrophs, apamin-sensitive K+ channels mediate GnRH-induced 

oscillations in membrane potential (Kukuljan et al., 1992. 1994; Tse and Hille 

1992, 1993) and are important in bringing voltage-sensitive Na+ and Ca2+ 

channels out of steady-state inactivation (Tse and Hille, 1993). As mentioned 

above. in goldfish, a large proportion of voltage-sensitive Na+ and Ca2+ 

charnels are available for activation at rest and therefore transient 

hyperpolarizations due to the activation of apamin-sensitive K+ channels 

may not be required to bring them out of steady-state inactivation. 

In conclusion, goldfish gonadotrophs are electrically excitable and exhibit 

spontaneous action potential activity in some cases. Several different ionic 

currents were identified, induding voltagedependent Ca2+ and Na+ currents, 

as well as multiple K+ current subtypes. Apamin-sensitive K+ currents, 

which mediate GnRH-induced osdations of membrane potential in rat 

gonadotrophs, were not obsemed in goldfish gonadotrophs. This study is the 

e s t  to confirm the presence of dihydropyridine-sensitive Ca2+ channels in 

goldfish gonadotrophs as first irnplicated b y hormone-release studies. The 

role that each of these ionic currents plays in mediating the electrical 

membrane events underlying the neuroendocrine regdation of GTH-II 

release in goldfish gonadotrophs remains to be elucidated. 
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Fig. 3.1. Formation of electrical access to the ceU interior uçing nystatin 
perforated-patch recordings in a representative gonadotroph. A. 
Superimposed membrane current responses to a 10-msec, 10 m V  
hyperpolarizing voltage pulse (holding potential = -70 mV), given every 30 
sec irnmediately following the formation of a GR seal (tirne = O). Pipette 
capacitance was neutralïzed prior to monitoring Rs. B. Time course of 
decrease in Rs foilowing the formation of a G a  seal. In this example, the 
steady-state Rs was calculated to be 15.7 MR using the relation R, = ?/Cm, 
where Cm = 6.9 pF and .r = 0.108 msec. 



Fig. 3.2. Perforated-patdi whole-cell m e n t -  and voltageclamp recordings 
from an identified goldfish gonadotroph. A. Upper trace; current-clamp 
recording showing the membrane potential change in response to current 
injections between -5 and O pA, as well as a depolarizing current injection to 
+4 pA (membrane potentid = -80 rnV). Lower trace; currentclamp recording 
from the same cell as in A, showing the membrane potential change in 
response to current injections of -5, O and +4 pA (membrane potential = -50 
mV). B. A current-damp recording showing the membrane potential change 
in response to a depolarizing curent injection to +4 pA (membrane potential 
= -80 mV) from a gonadotroph which exhibited multiple action potentials. C. 
Spontaneous action potential activity in a gonadotroph with a resting 
membrane potential of -45 mV. D. The voltage response to current 
injections between -5 and +1 pA (membrane potential = -80 mV) in the same 
cell as shown in A. The slope of the Line gave an input resiçtance of 6.3 GQ. 
E. Whde-ce11 voltage-clamp recordings of current responses under total 
current recording conditions (holding potential= -80 mV; voltage steps to -80, 
-30, -10, cl0 and +40 m V  are shown). AU recordings were camed out frorn 
October to December. 



Fig. 3.3. TTX-sensitivity of induced action potential activity in an identified 
goldfish gonadotroph. A. Representative current-clamp recording 
illustrating the effects of 1 'iTX (asterisk) on action potential amplitude 
and duration. Action potentials were induced by a depolarizing current 
injection to +1 pA from a membrane potential of -80 mV. B. Whole-ce11 
voltage-clamp recordings of the effects of 1 p.M m( (asterisk) on the same cell 
as in A under total current recording conditions. Currents were elicited by a 
40-msec voltage-step to O m V  from a holding potential of -80 mV. Al1 
recordings were carrïed out from October to December. 



Fig. 3.4. Reversa1 potential of voltage-dependent outward currents in 
identified goldfish gonadotrophs. A. Superimposed current traces eücited by 
a 20-msec pre-pulse to +38 mV, followed by a series of 40-msec voltage steps 
from -132 mV to -42 mV in 10 m V  inaements. B. Current-voltage 
relationship of the peak tail curent amplitude (mean f SEM, = 3). The 
intersection of the curve with the x-axis indicates a reversal potential of -84 
mV. 



Fig. 35. Total outward voltage-dependent K+ current in identified goldfish 
gonadotrophs. A. Lefi panel: example currents eliüted by 1-sec depolarizing 
voltage steps from -82 mV to +78 mV following a 500 msec conditioning pre- 
pulse to -132 mV. Kight panel-. ment-voltage relation of the peak (O - 20 
msec; filled circles) and sustained (980 - 1000 msec; open circles) K+ current 
(mean f SEM, n = 7). B. Steady-state activation and inactivation of total 
outward K+ m e n t .  For the determination of steady-state inactivation, lsec- 
long conditioning pre-pulses from -132 to +8 rnV were given prior to a 20 
msec command potential to +38 mV. Representative current traces are 
shown in the left panel. Right panel: the remaining peak current elicited 
during the command potential was piotted against the conditioning pre-pulse 
membrane potential (mean + SEM, n = 10;filled circles). Activation m e s  
were generated from the same celk (open circles). Al1 currents in A and B 
were normalized to the maximal outward current. Al1 recordings were 
camed out from September to January. ' -  
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Fig.3.6. Isolation of a transient outward current based on voltage- 
dependence of inactivation. A. Total outward currents elicited by 1-sec 
command potentials from -72 to +38 mV in 10 mV inaements following a 
500-msec conditioning pre-pulse to -132 mV (upper panel) and -52 mV 
(middle panel) from a holding potential of -82 mV. Lower panel: is a point- 
by-point subtraction of upper and middle traces, revealing a transient 
outward current. B. Curent-voltage relationship of the peak outward 
currents eiicited by the command potentials indicated following conditioning 
pre-pulses to -132 mV (Flled circles) or -52 mV (open circles) and the derived 
outward current (Flled diamonds; mean f SEM, n = 4). AU currents were 
normalized to the maximum outward current elicited during the various 
command potentials following a conditioning pre-pulse to -132 mV. Al1 
recordings were camed out from September to January. 
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Fig. 3.7. Effects of 4-AP on voltage-dependent K+ currents in identified 
goldfish gonadotrophs Currents were elioted by 1-sec depolarizing; voltage 
steps from -82 mV to +78 mV following a 500-msec conditioning pre-pulse to 
-132 mV (holding potential = -82 mV). A. Representative current traces 
More (C, control), during (&AI?) and after (R: recovery) the application of 2 
mM 4 A P  are shown. B. Current-voltage relation of average peak (asterisk; O 
- 20 msec) and sustained (open diarnond; 980 - 1000 msec) outward currents 
before (open circles) and during (Flled circles) the application of 2 mM 4-AP 
(mean + SEM,n = 6). Currents were nomalized to the maximal outward 
current. C. The 4-AP-sensitive current was obtained by point-by-point 
subtraction of the currents in A (C - &Al?). D. Activation curve for the 4-AP- 
sensitive m e n t .  The solid line is a fitted Boltzmann reiation of the form 
g/g,,=g,,/ (l+exp[(E-El/2) /k]). Conductances in D were normalized to the 
maximum conductance. AU recordings were camed out from September to 
January. 
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Fig. 3.8. Effects of TEA on voltage-dependent K+ currents in identified 
goldfish gonadotrophs. A. Currents were elicited by 1-sec depolarizing 
voltage steps from -82 mV to +78 m V  following a 500-msec conditionhg pre- 
pulse to -132 m V  (holding potential = -82 mV). Representative current traces 
of control (C), 5 mM TEA-treated (TEA) and recovered (R) K+ currents from 
the same c d  are shown. B. The current-voltage relation of the average peak 
(asterisk) K+ currents in the absence Flled circles) and presence (open circles) 
of 5 mM TEA (mean + SEM, n = 6) .  C .  The current-voltage relationship of 
the average sustained (open diamond) K+ current in the absence (filIed 
circles) and presence of 5 mM TEA (open cirdes; mean t SEM, n = 6). Al1 
recordings were camed out from September to January. 
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gckadotrophs. Ail ments were elicited by 1-sec depolarizing voltage steps 
from -82 mV to +78 mV following a 500 msec conditionhg pre-pulse ro -132 
m V  (holding potential = -82 mV). A. Left panel: supperimposed current 
traces eliated by a 1-sec voltage-step from -132 mV to +38 rnV before (CTR), 
during (Apamui) and after (R) the application of 1 @f apamin. Right panel: 
the current-voltage relation of the average peak K+ currents before (Jilled 
circles), durring (open circles) and after (open squares) the application of 1 @l 
apamin (mean f SEM, n = 5). B. Ceft panel: supperhposed ment  traces 
elicited by a 1-sec voltage-step from -132 mV to +38 mV before (CTR), during 
(Cd2+) and after (R) the application of 50 @d CdQ. Right panel: the ment-  
voltage relation of peak K+ currents before (filled circles), durring (open 
circles) and after (open squares) the application of 50 CdC12 (mean I SEM, 
n = 4). AU recordings were perfomed with 5 mM extracellular Ca2+ in the 
external medium and were carried out from October to December. 
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Fig. 3-10. Transient voltage-dependent Na+ current in identified goldfish 
gonadotrophs. A. The current-voltage relationship of the Na+ cment was 
obtained by holding the c d s  at -79 mV and then stepping for 100 msec to 
comrnand potentials between -69 and +21 mV, in 10 mV increxnents (rnean t 
SEM, n = 9). Shown at left are representative current traces eliùted during 
command potentials to -69, -29, -9 and +11 mV. B. Steady-state inactivation 
and activation curves for the voltagedependent Na+ current (mean f SEM n 
= 6). Inactivation curves (open circles) were generated from prepuke 
experïments where the membrane potential was stepped to between -99 and 
-9 mV for 100 msec prior to stepping to a test potential of -9 rnV. Activation 
m e s  @lied circks) were generated from the same cells. Shown at left are 
representative traces of the remaining currents elicited by a test pulse to -9 
mV foiiowing prepulse potentials between -99 4 -9 mV. The solid line for 
the steady state inactivation curve is a fitted Boltzmann relation (equation l), 
where El 12 = -50.8 m V  a d  k = 8.8. AU currents were normalized to the 
maximal inward current. Al1 recordhgs were camed out from July to 
August. 



Fig. 3-11. Tetrodotoxin sensitivity of Na+ currents in identified goldfish 
gonadotrophs. A. Representative Na+ curent trace under voltage-clamp 
recording conditions in the presence or absence of 250 n M  m. B. The 
voltage-dependent Na+ curent nomalized to the percentage of the peak Na+ 
current before, during and after the application of TD< (mean f SEM). 
Asterisk denotes significant difference form control values; double asterisks 
denotes signihcant difference irom control and m( (P < 0.05, ANOVA, 
followed by Fisher's LSD test, n = 4) 



Fig. 3.12 Whole-cell perforatedpatch recordings of Ca2+ and Ba2+ currents 
through voltage-dependent Ca2+ channels in identified goldfish 
gonadotrophs. A. Representative current traces eliuted during a 40 msec 
voltage-step to -12 rnV (ho1ding potential = -92 mV) in the presence of 10 mM 
Ca2+ (open cirde), 10 mM Ba2+ (filled M e )  or 20 m M  Ba2+ (filled square). B. 
In order to compare the activation kinetics between Ca2+ and Ba2+ currents 
through voltage-dependent Ca2+ channels, m e n &  carried by either 10 mM 
Ca2+ or 10 mM Ba2+ were normalized to th& respective maximal inward 
current and superimposed. Currents were elicïted during a 40-msec voltage- 
step to -12 mV from a holding potential of -92 mV. All current recordings 
were carried out from October to November. 
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Fig. 3.13. Whole-ceIl recordings of voltage-dependent Ba2+ currents through 
Ca2+ charnels in identified goldfish gonadotrophs. A. Upper panel: 
representative current traces elicited by a 200 msec command potential to -72, 
-52, -42, -12, +8, +28, +48 and +68 mV from a holding potential of -92 mV. 
Lower panel: current-voltage relation of the peak (open circles; O - 20 msec) 
and sustained (Flled circles; 180 - 200 msec) Ba2+ currents (mean i SEM,r2 = 9)- 
B. Activation and steady-state inactivation properties of Ba2+ currents. Upper 
panel: representative current traces elicïted by a 20 msec command potential 
of -12 mV following a 5-sec conditionhg pre-pulse from -102 to -12 mV. 
Lower panel: activation (open circles) and steady-s tate inactivation (Fl led 
circles) curves of Ba2+ current (xnean f SEM,n = 6).  The solid line for the 
steady state inactivation curve is a fitted Boltzmann relation (equation l), 
where El12 = -16.7 mV and k = 20. Currents were normalized to the maximal 
inward ment .  All recordings were carrieci out from October to Uecember. 
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Fig. 3.14. Effeck of CdC12, nifedipine and S(-)-Bay K 8644 on Ba2+ currents 
through Ca2+ channels in identified goldfish gonadotrophs. A. Currents 
elicited during a 40 msec step to -12 mV before (C), during (CdC12) and after 
(R) the application of 50 pM CdU2 (holding potential = -92 mV). B. Currents 
elicited during a 40 msec step to -12 mV before (C), during (Nifedipine) and 
after (R) the application of 10 nifedipine (holding potential = -80 mV). C. 
Left panel: currents eliated duMg a 40 msec step to -12 mV before (C), during 
(Bay K 8644) and after (R) the application of 1 pM S(-)-Bay K 8644 (holding 
potentid = -92 mV). Right panel: ment-voltage relation of the Ba2+ current 
before (open circles) and after (Filled circles) the application of S(-)-Bay K 8644. 
(mean t SEM, n = 4). Cments were normalized to maximal inward current. 
Al1 recordings were camed out between Odober and December. 



Fig. 3.15. Electrical membrane properties and voltage-dependent currents 
obsemed in identified goldfish gonadotrophs. 



INVOLVEMENT OF E XTRACELLULAR S ODIUM IN 

AGONIST~NDUCED GONADOTROPIN RELEASE FROM 

GOLDFISH GONADOTROPHS~ 

blTRODUCTION 

IONC flux aaoss the plasma membrane through voltage-dependent and 

-independent ionic channels is important in the regulation of many cellular 

functions, including hormone release. In mammals, LH release is stimulated 

by the hypothalamic decapeptide. mGnRH (Chang and Jobin, 1994a). 

Activation of mGnRH-receptors in the plasma membrane results in the 

oscillatory release of intracelIu1a.r Ca2+ fkom InsP3-sensitive stores, which 

leads to the generation of periodic membrane hyperpolarizatiow followed by 

one or more regenerative action potentials (Hille et al., 1994, 1995; Stojilkovic 

et al., 1994), as well as exocytosis (Tse et al., 1993; Hille et al., 1994). These 

rnGnRH-induced membrane potential changes are mediated by multiple 

ionic channels, induding voltagedependent Na+ and Ca2+ channels, as well 

as Ca2+-activated, apamin-sensitive K+ channels (Stojilkovic et al., 1994; Hille 

et al., 1995). In addition, GnRH action has also been linked to the activation 

of transport proteins such as Na+/H+ exchangers (McArdle et al., 1991; Bouali- 

Benazzouz et al., 1993). 

As in mammals, application of GnRH results in a rise in [Ca2+Ii in 

teleostean pituitary cells (Jobin and Chang, 1992b; Kah et al., 1992; Chang et al., 

+A version of this chapter has been published: Van Goor, F., Goldberg, J. I., and îhang, J. P. 
(1996). Endocrinology. 137,2859-2871. 



1993, 1996; Rebers et al., 1995). In goldfish, the two endogenous GnRHs, 

sGnRH and cGnRH-II, are released directly into the pituitary and bind to the 

same dass of high-affinity, low-capaaty receptors to stimulate mahirational 

gonadotropin (GTH-II, the hctional equivalent of LH; Van Der Kraak et al., 

1992) release (Peter et al., 1991; Chang et al., 1993). The GTH-II-releasing action 

of the two native GnRHs is mediated by a Ca2+/PKC-dependent signaling 

pathwa y (Chang ef al., 1993). Extracellular Ca2+ influx through 

dihydropyridine-sensitive Ca2+ channels and the resulting increase in [Ca2+Ii 

is believed to play a central role in GTH-II exocytosk (Jobin and Chang, 1992a; 

Chang et aL, 1993, 1996). Pharmacological studies have implicated PKC in 

mediating the GnRH-induced activation of dihydropyridine-sensitive Ca2+ 

diannels that leads to Ca2+ entry and the subsequent release of GTH-II (Chang 

et al., 1991a; Jobin and Chang, 1992b; Jobin et al., 1996). Recently, the voltage- 

dependent and pharmacological properties of the Gaz+ charnels in identified 

goldfish gonadotrophs were characterized using whole-cell, voltage-clamp 

recordings (Chapter 3). These Ca2+ channels were similar to the high-voltage 

activated and inactivation-resistant channels, or "L-type" channels, identified 

in other vertebrate gonadotrophs (Tse and Hille, 1993). Aithough the 

participation of extracellular Ca2+ in the regulation of GTH-11 release is well 

understood, the role of other extracellular ions, such as Na+, is not well 

defined in teleosts or 0th- lower vertebrates. 

Actions of extracellular Na+ at the plasma membrane mediate a diverse 

array of cellular functions, including the regulation of membrane excitability 

(Hodgkin and Huxley, 1952) and cytosolic pH (Noël and Pouysségur, 1995). 

For example, in male rat gonadotrophs, voltage-dependent Na+ charnels 

contribute to the up-stroke of the action potential generated by GnRH (Tse 

and Hue, 1993). Also, the Na+/H+ exchanger may play an important role in 



regulating cellular pH during GnRH-stimulated LH release from the rat 

pituitary (McArdle et al., 1991; Bouali-Benazzouz et al., 1993). In these and 

other cells, the inaease in Na+/H+ exchanger activity is a consequence of 

agonist-induced mobilization of intracellular Ca2+ and PKC activation 

(Bouali-Benazzouz et al., 1993; Noël and Pouysségur, 1995). Sodium has &O 

been demonstrated to indirectly modulate stimulus-secretion coupling by 

regulating Ca2+ dynamics (Zudcet, 1993). Furthmore, it may even exert a 

direct, Ca2+-independent effect on stimulus-secretion couphg in some cells 

(Nordmann et al., 1992). Therefore, understanding the role of extracellular 

Na+ in mediating GnRH action is important in eluadating the cellular events 

underlying hormone seaetion. 

In this study, we investigated the involvement of extracellular Na+ in the 

regdation of GTH-II release from goldfish gonadotrophs. In perifusion 

studies with dispersed goldfish pituitary cells, we examined the effects of Na+- 

depleted medium and a Na+ Channel inhibitor on GnRHstimdated GTH-II 

seaetion. The effects of increased Na* influx on GTH-II release was similarly 

investigated using a Na+ channel modulator, veratndine. In addition, the 

direct action of GnRH on voltagedependent Na+ channels was investigated 

in electrophysiological studies of identified goldfish gonadotrophs. To 

investigate the possible involvement of Na+/H+ exchangers, the actions of 

the Na+/H+ exchanger inhibitors, amiloride and 5-(N,N-dimethy1)-amilonde 

(DMA), on GnRH- and PKC-stimulated GTH-II release were monitored in 

s tatic incubation experiments. The effects of Na+-depletion on PKC- 

stimulated GTH-II release were similarly confirmed in static incubation 

studies. In general, GnRH-stimulated GTH-II release is dependent on 

extracellular Na+ and involves the activity of amiloride-sensitive Na+/ Hf 

exdiangers, but not voltage-dependent Na+ channels. 



MATERIALS AND METHODS 

Animals 

Common goldfish (8-13 c m  in body length) were purchased from 

Grassyforks Fisheries (Martjnsville, IN) or Ozark Fisheries (Stoutland, MO) 

and held in flow-through aquaria (1800 1) under the conditions desaibed 

previously in Chapter 3. In the present shidy, experiments were repeated 

using fish of both sexes from different stages of the seasonal gonadal cycle. 

Athough basal GTH-II release fluctuated throughout the year, the results were 

similar regardess of the gonadal status of the pituitary donor fish. Therefore, 

results from replicate experiments performed throughout the year were 

pooled. Nevertheless, in order to faalitate future comparisons, the gonadal 

stages for each set of experiments are reported in the figure legends. 

Cell culture and static incubation shidies of GTH-II responses 

Fish were anesthetized in 0.05% tricaine methanesulfonate prior to 

decapitation. Pituitaries from both male and female goldfish were removed 

and pituitary cells dispersed using a controlled trypsin/DNAse treahnent 

procedure (Chang et al., 1990a). The cells were resuspended in plating 

medium (Medium 199 with Earles' salts, 1% horse serum, 25 mM HEPES, 2.2 

g/l NaHC03,lOO 000 U/1 penicillin and 100 mg/l streptomycin, pH adjusted to 

7.2 with NaOH; Gibco) and d t u r e d  overnight in 24well culture plates (0.25 x 

106 cells/ml/well) under 5% COz, saturated h d d i t y ,  and at 28 OC. Prior to 

each experiment, celIs were washed with testing medium (Medium 199 with 

Hanks salts (Gibco), 2.2 g/l NaHC03, 25 mM HEPES, 100 000 U/1 penicillin, 

100 mg/l streptomycin, 0.1% BSA; pH adjusted to 7.2 with NaOH) and 

allowed to rest for 1 hr under the conditions described above. The cells were 



subsequently incubated under similar conditions in testing medium 

supplemented with various secretagogues and inhiiitors for 2 hr, after which 

the medium was removed and stored at -20 OC. Gonadotropin content was 

measured using a RIA speofic for GTH-II (maturational GTH), as previously 

described (Peter et al., 1984; Van Der Kraak ef al., 1992). AU treatments were 

tested in triplkate or quahplicate and each experiment was repeated a 

minimum of three times. Results from replicate experiments were expressed 

as a percentage of basal release (unstirnulated control) and pooled data (rnean 

f SEM) are presented. Statistical analyses were performed using analysis of 

variance (ANOVA) followed by Fisher's least si@cant difference (LSD) test 

or unpaired t test. Dïfferences between groups were considered significant 

when P < 0.05. 

Cell column perifusion studies of GTH-II responses 

For the measurement of acute hormone release responses b various 

stimulators and inhibitors, cell column perifusion studies were performed as 

previously desaibed (Chang ef al., 1990b). Briefly, dispersed goldfish pituitary 

c e h  were cultured for 16 to 48 hr on preswollen Cytodex-I beads under the 

conditions desaibed above. Prior to each experirnent, the c e b  were loaded 

ont0 perifusion columns (2 x 106 ceUs/column) and perifused with testing 

medium for 4 hr at a rate of 15 ml/hr, after which a relatively stable basal 

secretion rate was established. Experiments began with the collection of 5- 

min fractions of perifusate. Perihisates were kept frozen at -20 OC until their 

GTH-II contents could be measured ushg a GTH-II specific RIA (Peter et al., 

1984; Van Der Kraak et al., 1992). GTH-II content in individual columns was 

norrnalized as a percentage of the average pretreatment values obtained in 

the first four fractions collected (% Pretreatment). This data transformation 



was done to account for fluctuations in basal hormone release obsenred 

throughout the year and to allow pooling of the data from separate columns 

of the same experiment, without distorting the profile of hormone release 

during the course of perifusion. The hormone responses were quantified by 

detennining the net change in GTH-II levels ( i s .  area under the curve) and 

expressed as a percentage of pretreatment values as previously described 

(Wong et al., 1992). All values in the text and figures are reported as mean t 

SEM. Differences between groups were considered to be significant when P c 

0.05 using ANOVA, followed by LSD difference test or paired t test. 

For experiments in which extracellular ion concentrations were modified, 

the extemal bath solution contained either modified testing medium (M-199 

with Hank's salts prepared without the addition of NaCl or CaC12; courtesy of 

Dr. S.S. Stojikovic, ERRB, MCHD, National Institutes of Health, Bethesda, 

MD; Na+ and Ca2+ levels were adjusted as required, see below) or modified 

Hank's balanced salt solution, consisting of (in mM): 5.4 KCl, 0.4 KH2PO4,0.5 

MgCla 0.4 MgSOe 0.3 NaHPOe 4.2 NaHC@, 5.5 glucose, 15 HEPES. Hormone 

release responses in modified testing medium and Hank's balanced salt 

solution were similar and therefore pooled. Under control conditions, the 

external medium contained 136 mM NaCl and 1.26 rnM CaC12. For 

experiments using Na+-depleted medium, NaCl was replaced with equirnolar 

choline-chloride. In experiments using Ca2+-free media, CaC12 was omitted 

and 0.1 mM EGTA was added to remove any residual Ca2+. All solutions 

were supplemented with 2.2 g/l NaHCO3, 25 mM HEPES, 100 000 U/1 

penicillin, 100 mg/l streptomycin, 0.1% BSA and p H  was adjusted to 7.2 with 

TrisCl. 



Electrophysiological Recotdings 

For electrop hysiological studies, dispersed goldfish pituïtary cells (0 .Z x 

106 cells/d) were plated for 16 hr on poly-l-lysine-coated (0.01 mg/ml) glass- 

bottom petri dishes under the conditions described above. Gonadotrophs 

were identified on the basis of their unique morphological characteristics as 

previously described (Chap ter 2). Whole-ceUf voltage-clamp recordings 

(Hamill et al., 1981) were performed at room temperature (18 OC to 20 OC) 

using nystatin-perforated patch recordhg tediniques (Korn and Hom, 1989). 

Voltageclamp recordings were carried out using a Dagan 3900 (Minneapolis, 

MN) integrating patch-clamp amplifier and were low-pass filtered at 2 KHz 

using a four-pole bessel filter. Patch electrodes, fabricated fkom borosilicate 

glass (1.5 mm OD; World Precision Instruments, Sarasota, FL) using a 

Flaming Brown horizontal puller (P-87; Sutter Instruments, Novato, CA), 

were heat polished to a h a 1  tip resistance of 3 to 5 MR and then coated with 

dental wax to reduce pipette capacitance. A nystatin stock solution (50 

mg/ml) was prepared in dimethyl sulfoxide (DMSO) and stored for up to 1 

week at -20 OC. Just prior to use, the nystatin stock solution was diluted in 

pipette solution, containing (in mM): 70 Cs-glutamate, 70 CsCl, 2 MgC12, 10 

HEPES (pH adjusted to 7.2 with Trisa) and sonicated for 30 sec to yield a final 

nystatin concentration of 160 pg/ml. Pipette tips were briefly immersed in 

nystatin-free solution, and then baddilled with the same solution containing 

nystatin. After obtaining a Gn-seal and neutralizing pipette capacitance, the 

pipette potential was set to -70 mV and a 10 mV hyperpolarizing voltage step 

was given to monitor access resistance. An average series resistance of 26.3 I. 

1.8 M n  (n = 10) was reached 10 min following the formation of a Gn-seal and 

remained stable for up to one hou. Series resistance (&) was calculated from 

the relation R, = 7/Cm, where .r is the decay tirne constant of the capacitive 



m e n t  transient following a 10 mV hyperpolarizing voltage pulse (r = 0.14 + 
0.01 msec; mean I SEM; n = 10) and Cm is the cell capaatance. The cell 

capaatance was determined by integrating the capacity m e n t  transient 

during a 10 mV hyperpolarizing voltage pulse (Vm) and applying the relation 

Cm = q/Vm. Cell capacitance was in the range of 4 - 7 pF (5.2 * 0.4 pF; n = 10). 

Series resistance compensation was optimized and usually ranged between 10 

and 18 m. Current records were corrected for linear leakage and capacitance 

using a P/-4 procedure ( B e z d a  and Armstrong, 1977). Pulse generation, 

and data acquisition were carried out using an AT 486 2DX compatible 

cornputer equipped with a digidata 1200 interface in conjunction with 

pCLAMP programs (Axon Instruments, Foster City, CA). The effects of ail 

dmg applications on Na+ or Ca2+ currents were continuously monitored by 

giving a 40 msec voltage-step to O mV from a holding potential of -70 mV, 

every 5-sec. Curent-voltage relationships and steady-s tate inactivation 

curves were generated only after the effect of the drug application had 

stabilized. 

For recordings of isolated Na+ currents, the extemal solution contained (in 

mM): 136 NaCI, 1.26 CaCla 2.5 KC1.1 MgCl% 0.5 CdCl2,lO TEA-CI, 8 glucose, 

and 10 HEPES (pH adjusted to 7.2 with NaOH). In experiments on isolated 

Ca2+ currents, Ba2+ was used as the charge carrier through Ca2+ channels. For 

Ba2+ curent recordings, the external solution contained (in mM) 120 N- 

methyl-D-glucamine-Cl, 30 BaC1~1.0 MgCl% 2.5 KC1,8 glucose, 10 HEPES (pH 

adjusted to 7.2 with HCl). Barium was used as the charge carrier instead of 

Ca2+ because it permeates more readily than Ca2+ through Ca2+ channels, it is 

relatively impermeant through Na+ channels and it blocks outward K+ 

currents (Bean, 1992). A solid Ag/AgCl reference electrode was connected to 

the bath via a 3 M KCl agar bridge. The bath contained < 200 fl of saline and 



was continuously perifused at a rate of 2 rnl/min using a gravity driven 

superfusion system. The outfiow was placed near the ceil, resulting in 

complete solution exchange around the c d  within 2 sec. 

Data analysis was perfomed using an AT 486 2DX compatible cornputer in 

conjundion with Clampfit (Axon Instruments, Foster City, CA). For steady- 

state inactivation curves, the data were fit  with the Boltzmann relation; 

~ & a ~  = ~max/{l+exp[(E-E1/2)/kI} (equation 1) 

where Lm= = the maximal ment ,  E = test potential, El12 = the potential of 50 

% maximal curent and k = slope factor. Exponential fits for the 

determination of r were performed using Clampfit. AU reported membrane 

potentials for Na+ ments were corrected for a liquid junction potentiai 

between the pipette and bath solutions of 10 mV. The junction potential for 

Ba2+ m e n t  recordings was 2 5  mV and was not corrected for. AU liquid 

junctiofi potentials were calculated using the JPCdc software program (Barry, 

1994). AU values Ki the text are reported as mean t SEM. Differences between 

groups were considered to be significant when P < 0.05 using paired t test. 

-gs 

To make stock solutions, sGnRH and cGnRH-II (Penuisula Laboratories, 

Belmont, CA), as well as amiloride and DMA (Sigma, St Louis, MO), were 

dissolved in distilled de-ionized water. Tetrodotoxin (TTX), veratridine and 

phorbol 12-myristate 13-acetate (TPA; Research Biochemicals Incorporated, 

Natick, MA) were dissolved in ethanol. Aliquots of stock solutions were 

stored at -20 C until use, when they were diluted to final concentrations in 

saline. The highest concentration of ethanol or DMÇO was < 0.1%, whkh had 

no effect on either basal hormone release or ionic currents. TEA (Sigma, St 

Louis, MO) was prepared in saline immediately prior to use. 



RESULTS 

Extracellulu Na+ dependence of agonist-inducd GTH-II reiease 

The involvement of extracelluiar Na+ in GnRH-stimulated GTH-II release 

was examined in perifusion experiments on dispersed goldfish pituitary ceus. 

As in previous perifusion studies (Chang et al., 1990b), the GTH-II release 

responses to three sequential pulses of either sGnRH or cGnRH-II, applied at 

65 min intervals, were similar over the duration of the experiment in control 

(Naf -containhg medium) columns. Net GTH-II responses in three 

sequential pulses of 100 n M  sGnRH were: 53.6 f 6.8, 57.1 f 14.7 and 52.8 + 
14.8%; the net GTH-11 responses in three sequential pulses of 100 nM cGnRH- 

II were: 87.9 f 10.9, 77.15 t 32.1 and 48.4 I 8.6% (P > 0.05, ANOVA followed by 

LSD test). Depletion of extracellular Na+ by replacing NaCl with equimolar 

choline-chloride reduced the GTH-II-release response to 100 n M  sGnRH; 

replacement of Na+ to the medium completely restored the GTH-II response 

(Fig. 4.1A). Similady, treatment with Na+-depleted medium reversibly 

reduced 100 n M  cGnRH-II-stimulated GTH-II release (Fig. 4-18). These results 

indicate that extracellular Na+ is involved in GnRH-stimulated GTH-II 

release. 

In goldfish, activation of PKC has been implicated in mediating sGnRH- 

and cGnRH-II-stimulated GTH-II release (Chang et al., 1993, 1996). Therefore, 

the involvement of extracellular Na+ in PKC-stimulated GTH-II release was 

also monitored in static incubation studies. The PKC activator, TPA, 

stimulated GTH-II release in a dose-dependent manner (Table 4.1). 

Incubation with extracellular Na+-depleted medium significantly reduced 

b o t .  1 and 10 n M  TPA-stimulated GTH-II release (Table 4.1). These results 

indicate that extracellular Na+ is involved in PKC-stimulated GTH-II release- 



In addition, these results are consistent with the hypothesis that PKC is 

involved in GnRH-stimulated GTH-II release from the goldfish pituitary. 

Voltagedependent Na+ channels are not involved in GnRH action 

In Chapter 3, voltage-dependent Na+ w e n t s  were diaracterized in 

identified goldfish gonadotrophs. To test the possible involvement of 

voltage-dependent Na+ currents during GnRH-stimulated GTH-II release, we 

used both eledrophysiological techniques and perifusion studies. The effects 

of sGnRH and cGnRH-II on voltage-dependent Na+ currents were monitored 

with nystatin-perforated-patch voltage-clamp recordings. The use of 

perforated-patch recordings prevents the diffusion of cytoplasmic 

constituents, which may participate in the mediation of GnRH action, into 

the patch pipette (Kom and Hom, 1989). In identified goldfish gonadotrophs, 

fast-adivating and fast-inactivahg Na+ currents were detected at command 

potentials more depolarized than -60 mV and reached a maximum amplitude 

between -20 and O mV (Fig. 4.2A). Application of sGnRH (100 nM; n = 3) and 

cGnRH-II (100 nM; n = 4) did not affect the current-voltage relationship of the 

voltage-dependent Na+ current. In addition, neither sGnRH nor cGnRH-II 

affected the Na+ m e n t  amplitude in response to a 40-msec voltage-pulse to 

-10 mV from a holding potential of -80 mV. The peak Na+ currents measured 

before, during and after the application of 100 n M  sGnRH were 551.8 f 79.4 

PA, 562.3 f 82.4 pA and 578.1 f 93.1 PA, respectively (P > 0.05; n = 10). The 

peak Na+ currents measured before, during and after the application of 100 

n M  cGnRH-II were 478.2 f 61.2 PA, CG--11: 483.8 i 87.6 pA 505.5 f 87.6 pA, 

respectively (P > 0.05; n = 13). 

To determine if GnRH affects the steady-state inactivation properties of 

the voltage-dependent Na+ current, a two-pulse protocol was used (Bezanilla 



and Armstrong, 19ï7). Cells held at -80 mV were subjected to pre-pulse 

potentials ranging from - 100 to +10 mV for 100 msec, after which a 40 msec 

test pulse to -10 mV was applied (Fig 4.2B)). The normalized test m e n t  was 

plotted against prepulse potentials and the resulting curve was fit with a 

Boltzmann relation (equation 1). Neither sGnRH nor cGnRH-II altered the 

mid-point (E1/2) or the slope factor (k) of the Na+ current steady-state 

inactivation curve (Table 2; Fig 2B). These results indicate that GnRH does 

not affect the steady-state inactivation propeiües of the voltage-dependent 

Na+ m e n t .  

The voltage-dependent Na+ channd blocker, TIX, has been demonstrated 

to block Na+ currents in identified goldfïsh gonadotrophs (Chapter 3), as well 

as in other vertebrate gonadotrophs (Mason and Sikdar, 1988; Tse and Hue, 

1993). Therefore, we used TTX to m e r  investigate the involvement of 

voltage-dependent Na+ channels during GnRH-stimulated GTH-II release. In 

perifused dispersed pituitary ce&, addition of 1 TTX did not affect basal 

release of GTH-II (control 11.2 f 1.9 ng/ml/2 x 106 ce& as. TTX 10.8 f 1.9 

ng/m1/2x106 cells; P > 0.05, paired t test; n = 12), nor the GTH-II-release 

responses to either 100 n M  sGnRH or 100 n M  cGnRH-II (Fig. 4.3; P > 0.05, 

paired t test, control vs. TTX-treated, TTX-treated os. washout). Taken 

together, the results from both hormone release and electrophysiological 

studies suggest that voltage-dependent, TTX-sensitive Na+ channels are not 

involved in mediating either basal or GnRH-stimulated GTH-II release. 

Na+ i d u x  and GTH-II release 

Veratridine promotes Na+ flux through voltage-dependent Na+ channels, 

resulting in an increase in cytosolic Na+ concentration and membrane 

depolatization (Catterall and Nirenberg, 1973). To test the possible 



involvement of extracellular Na+ influx in GTH-II release, the hormone 

release response to veratridine was monitored in perifusion studies. In all 

columns, control pulses of cGnRH-II (100 nM) in normal medium were given 

70 min before and 70 min after the application of veratridine. Twenty min 

before the application of veratridine (at tirne = 90 min), the medium was 

switched to one of three media: 1) normal; 2) Ca2+-hee (M-199 without Ca2+ 

salts but with the addition of 0.1 mM EGTA); or 3) Na+-depleted, Ca2+ free 

medium. When measured in normal test medium, GTH-II release was 

stimulated by 183.6 & 32.2% (n = 8) over basai levels after addition of 100 p M  

veratridine (Fig. 4.4). As the depolarizing action of veratridine would induce 

the opening of voltage-dependent Ca2+ channels, we tested whether 

veratridine-stimulated GTH-II release was dependent on extraceilular Ca2+. 

In Ca2+-free medium, 100 p M  veratridine was st ï l l  able to significantly 

stimulate GTH-II release by 71.1 f 14.8% (n = 8) over basal levels. Thus, 

veratridine c m  stimulate release in the absence of extracellular Ca2+ influx 

through voltage-dependent ion channels. However, the GTH-II release 

response to veratridine in Na+-depleted, Ca2+-free medium was greatly 

reduced compared to nomal and Ca2+-free conditions (17.3 f 5.5% above 

basal; n = 8). In a l I  columns, GTH-II release responses to control pulses of 100 

n M  cGnRH-II in normal medium given prior to and after the application of 

veratridine were similar (data not shown). Therefore, prior treatment with 

Ca2+-free or Na+-depleted, Ca2+-free medium did not affect subsequent GTH-II 

release responses to cGnRH-II. 

Involvement of Na+/H+ exchange in GnRH action 

Removal of extracellular Na+ may influence the activity of plasma 

membrane proteins such as Na+/H+ exchangers. To investigate the possible 



involvement of Na+/H+ ewdiangers during GnRH-sümulated GTH-II release, 

the effects of amiloride and DMA, which have been reported to selectively 

blodc the Na+/H* exchanger (Nd and Pouysségur, 1995), were monitored in 

static-incubation studies. Both d o r i d e  (10 and 100 IiM) and DMA (0.1 to 

100 pM) reduced 100 nM sGnRH-samulated GTH-II release (Fig. 45A). 

Similarly, amiloride (10 p.M and 100 j&i) and DMA (10 pM and 100 phi) 

decreased 100 n M  cGnRH-II-stimulated GTH-II release (Fig. 4.58). In general, 

basal GTH-II release was not affected by 2-hr treatments with amiloride or 

D M .  

The above results suggest that the Na+/H+ exchanger plays a role in 

mediating GnRH-stimulated GTH-II release. One possible pathway in whkh 

GnRH may activate the Na+/H+ exchanger is through the activation of PKC. 

PKC has been dernonstrated to be involved in both sGnRl3- and cGnRH-II- 

stimulated GTH-II release (Chang et aL, 1993,1996). In addition, PKC has been 

linked to Na+/H+ exchanger activity in some c d  types (Noël and Pouysségur, 

1995), including mammalian gonadotrophs (Bouali-Benazzouz, 1993). 

Therefore, to test the possible involvement of the Na+/H+ exdianger during 

PKC action, the GTH-II-release response to the PKC activator, TPA, in the 

presence or absence of amiloride or DMA was monitored under static- 

incubation conditions. Although 10 - 100 pM amiloride did not signiCicantly 

alter 10 n M  TPA-induced GTH-II release, the GTH-II response to 10 n M  TPA 

was significantly reduced by 100  LM DMA (Fig. 4.6). In addition, both 0.1 and 

1.0 n M  TPA-stimulated GTH-II release were reduced by 100 ph4 DMA. Net 

GTH-II response to 0.1 n M  TPA in the absence or presence of 100 pM DMA 

was 17.9 I 6.5 and 

in the absence or 

respectively (P < 

0.0 * 4.9 %, respectively; net GTH-II response to 1.0 n M  TPA 

presence of 100 p M  DMA was 45.6 f 8.0 and 24.1 f 6.3 %, 

0.05, unpaired t test, n = 10). Taken together, these results 



suggest that Na+/H+ exchange is involved in mediating sGnRH-, cGnRH-Il- 

and PKC-stimdated GTH-II release. 

Selectivity of amilonde and DMA action 

It has been reported that amiloride and DMA reduce Ca2+ currents 

through voltage-sensitive Ca2+ channels in some ceil types (Garaa et al., 

1990). Therefore, to determine if amiloride or DMA act on other signahg 

processes which may affect GTH-II release in the goldfish, 1 tested their effects 

on Ca2+-induced GTH-II release, as well as voltagedependent Ca2+ and Na+ 

Channel activity. The Ca2+ ionophore, ionomycin (10 PM), signihcantly 

stimulated GTH-II release in 2-hr static-incubation experiments (Fig. 4.7; n = 

16). However, neither amiloride nor DMA altered ionomycin-stimulated 

GTH-II release, suggesting that they do not affect Ca2+-dependent exocytotic 

events. As dihydropyridine-sensitive CaZ+ chan.& have been demonstrated 

to be involved in GnRH-stimdated GTH-II. release, we also tested the possible 

effects of amiloride and DMA on dihydropyridine-sensitive Ca2+ channels in 

both hormone release and electrophysiological experiments. Incubation of 

dispersed pituitary ceUs with Bay K 8644 (10 m), a dihydropyridine Ca2+ 

Channel activator, significantly elevated GTH-II. In this experiment, 10 

DMA elevated basal GTH-II levels. However, neither 10 nor 100 pM DMA 

altered the GTH-II response to Bay K 8644 (Fig. 4.8; net increase in GTH-II 

levels above basal in response to Bay K 8644: control, 70 f 5%; 10 pM DM& 57 

f 10%; 100 pM DM& 66 f 4%; P > 0.05 os. each other, ANOVA; n = 12). 

Moreover, neither 100 p M  amiloride nor 100 ph4 DMA altered the amplitude 

of Ba2+ currents recorded in identified gonadotrophs (Table 4.3 and Fig. 4.9A; 

n = 5). Similady, the peak Na+ current amplitude was not affected by either 

100 PM amiloride or 100 DMA (Table 4.3 and Fig. 4.9B; n = 9). These 



results Uidicate that amiloride and DMA do not act on ~az+-dependent 

exocytotic events or voltage-dependent Ca2+ or Na+ channels to inhibit 

GnRJ3-stimulated GTH-II rdease. 

Discussion 

The role of extracellular Ca2+ influx in regulating hormone release from 

the pituitary has been well established in many vertebrate species (Stojilkovic 

and Catt, 1992; Chang and Jobin, 1994a). In contrast, the function of 

extracellular Na+ during pituitary hormone release has received mu& less 

attention, despite ib involvement in cellular homeostasis (Grinstein and 

Rothsten, 1986), exatability (Hodgkin and Huxley, 1952), and modulation of 

exocytosis (Nordmann et al., 1992). The role of extracellular Na+ during 

pituitary LH release in mammals is still unclear. Ln ovine gonadotrophs, 

removal of extracellular Na+ did not affect GnRH-stimulated LH release 

(Mason and Sikdar, 1988). In contrast, rernovd of extracellular Na+ reduced 

GnRH-sümulated LH release from dispersed female rat pituitary cells; 

however, thïs effect was only observed in bicarbonate-free medium and 

therefore may not occur in vivo (McArdle et al., 1991). In the present study 

on goldfish pituitary cells, GnRH-stimulated GTH-II release was attenuated in 

Na+-depleted, bicarbonate-contauiing medium. It is unlikely that this 

reduction in GTH-II release results from an inhibition in GnRH-receptor 

binding, as preliminary results indicate that GnRH-receptor binding is 

normal in Na+-free conditions (H. Habibi, persona1 communication). On the 

other hand, the reduction in GnRH-stimulated GTH-II release following the 

removal of extracellular Na+ may indicate the involvement of voltage- 

sensitive Na+ channels and/or Na+/H+ exdimgers during GnRH action in 



goldfish. These possibilities were M e r  investigated in electrophysiological 

and hormone release experïments. 

Although the presence of m(-sensitive Na+ channels has been confirrned 

in al l  anterior pituitiry cells studied (Stojilkovic and Catt, 1992), their relative 

role in regulating hormone release varies depending on the c d  type, sex and 

species examined (Qiilds et al., 1987; Cobbett et al., 1987; Chen et al., 1990; 

Chang and Jobin, 1994a). With respect to GnRH regdation of gonadotropin 

release, the action of m( on agonist-induced LH release is st i l l  undear. 

GnRH-stimulated LH release from the ovine (Mason and Sikdar, 1988) and 

frog (Porter and Licht, 1986) pituitary is unaffected by m(, whereas ï"ïX has 

been found to have eithet no effect (Corn and Rogers, 1980) or to augment 

GnRH-induced LH release frorn rat gonadotrophs (Waring and Turgeon, 

1991). On the other hand, TTX has been reported to inhibit GnRH action on 

bovine gonadotrophs (Kile and Amoss, 1988). In addition, GnRH-induced 

action potentials in male rat gonadotrophs have been reported to be reduced 

by TTX (Tse and Hille, 1993). In the present shidy, GnRH-stimulated GTH-Ii 

release was unaffected by TTX and GnRH had no effect on the voltage- 

dependent properües of the Na+ m e n t .  k e f o r e ,  there is no evidence to 

suggest that TTX-sensitive, voltage-dependent Na+ channels play a role 

during GnRH-stimulated GTH-II release from goldfish gonadotrophs. 

Although the effects of removal of extracellular Na+ on GTH-II responses 

to the two GnRHs cannot be explained by the involvement of TTX-sensitive 

Na+ channels, other mechanisms of Na+ entry, such as the amiloride- 

sensitive Na+/H+ exdiange system, may be affected. The Na+/H+ exchanger 

has been demonstrated to participate in the cellular responses to various 

hormones, partidarly those which involve a rise in [Ca2+Ii (Grinstein and 

Rothsten, 1986; Noël and Pouysségur, 1995). For example, in rat adrenal 



glomedosa cells (Conlin et al., 1993) and gonadotrophs kom female rats 

(Bouali-Benazzouz et al., 1993), activation of the Na+/H+ exchanger is 

important in cornteracting the cytosolic aadification produced by enhanced 

CaZ+ entry which occurs during agonist-induced hormone release. In 

addition, activation of PKC has been demonstrated to play a role in the 

regdation of the Na+/H+ exchanger activity in rat adrenal glomedosa 

(Co& et al., 1993), gonadotropin (Bouali-Benazzouz et al., 1993) and pineal 

(Ho et al., 1989) cells. In goldfish gonadotrophs, both sGnRH and cGnRH-II 

stimulation of GTH-II release involves the activation of PKC and entry of 

Ca2+ through voltage-dependent Ca2+ channels (Chang et al., 1993,1996). The 

resulting increase in [Câ2+Ii would likely lead to aadification of the cytosoi, as 

demonstrated in other ceIl types (Grinstein and Rothsten, 1986; Bouali- 

Benazzouz et al., 1993; Noël and Pouysségur, 1995). Therefore, activation of 

the Na+/H+ exchanger, possibly by PKC, may be important in maintainhg 

intracellular pH during GnRH action in goldfish gonadotrophs (Fig. 4.10). 

Although Our results from experiments with inhibitors of Na+ / H + 

exchangers suggest that this antiport participates in the GTH-II-release 

response to both GnRHs and TPA, it is not yet known if alterations in 

cytosolic pH occur during these actions. In addition, other regulators of 

cellular pH, such as Na+-dependent and /or Na+-independent Cl-/ HC0 3- 

exchangers may also be involved. As in other studies (McArdle et al., 1991; 

Bouali-Benazzouz et al., 1993), Na+/H+ exchangers do not appear to be 

involved during basal GTH-II release h.om goldfïsh gonadotrophs. 

Both male and female goldfish from a l l  stages of the seasonal gonadal 

cycle were used in the present study. Previous studies have demonstrated 

that the greatest increases in serum GTH-II to GnRH were found in 

prespawning goldfish, while fish that were sexually regressed were the least 



responsive (Habibi et al., 1989). In addition, basal GTH-II release and the 

number of high affinity GnRH receptors has been demonstrated to Vary 

seasonally (Peter et al., 1991). Irrespective of these possible qualitative and 

quantitative changes in gonadotroph c d  function, GnRH-shulated GTH-II 

release was reduced in the presence of Na+-depleted medium, amiloride or 

DMA during a l l  stages of the gonadal reproductive cycle. This suggests that 

the extracellular Na+-dependence and the involvement of Na+/H+ 

exchangers in GnRH action are important events at ail stages of the 

reproductive cyde in goldfish. However, whether or not gonadal steroids and 

gonadal status alter the activity of the Na+/H+ exchanger in goldfish 

gonadotrophs, as they do in female rat gonadotrophs (Bouali-Benazzouz et 

ai., 1993), requires further study. 

Amiloride and DMA at the concentrations used are known to be effective 

inhibitors of the Na+/H+ exchanger (Hamill et al., 1992). However, it has 

been reported that they also can block Z-type" Ca2+ channels in some (Garcia 

et al., 1990), but not ui other studies (Thompson and Wong, 1991; Man et al., 

1993). As "L-type" Ca2+ channels and increases in [Ca2+Ii play a pivotal role in 

GnRH-stirnulated GTH-II release from goldfish gonadotrophs, we examined 

the actions of amiloride and DMA on voltage-sensitive Ca2+ currents and on 

Ca2+-stimulated exocytosis. Neither amiloride nor DMA had any effect on 

voltage-sensitive Ca2+ mentS. Moreover, in static-incubation experiments, 

DMA did not affect the ability of the "L-type" Ca2+ Channel agonist, Bay K 

8644, to stimulate GTH-II release. Similady, neither amiloride nor DMA 

affected the GTH-11 release response to the Ca2+ ionophore, ionomycin. Ln 

addition to their inability to alter Ca2+ currents or Ca2+-dependent exocytotic 

events, neither amiloride nor DMA affected the voltage-dependent Naf 

currents in goldfish gonadotrophs. These results strongly indicate that the 



inhibitory action of d o r i d e  and DMA on GnRHstimulated GTH-II release 

is not mediated tlirough an inhibition of "L-type" Ca2+ channels, voltage- 

dependent Na+ channels, or Ca2+-dependent exocytosis. 

Findy, to investigate the role of Na+ influx on GTH-II release, we used 

the Na+ Channel modulator veratridine, whidi allows Na+ to move passively 

through voltage-dependent Na+ charnels, resulting in increased cytosolic 

Na+ concentrations and membrane depolarkation (Catterail and Nirenberg, 

1973). Addition of veratridine in Na+- and Ca2+-containhg medium resulted 

in an inaease in GTH-II release. Under these conditions, the resulting GTH- 

II release is likely due in part to the activation of '2-type" Ca2+ channels 

caused by the veratridine-induced membrane depolarization. As expeded, 

removal of extracellular Ca2+ resdted in a decrease in the GTH-II response to 

veratridine. These results are consistent with the view that Ca2+ influx 

through voltage-sensitive Ca2+ channels is  involved in GTH-II release from 

the goldfish pituitary (Jobin and Chang, 1992a). However, veratridine still 

retained approximately 40% of its GTH-II-releasing activity under 

extracellular Ca2+ free conditions. These data indicate that Na+ entry, 

independent of extracellular Ca2+ entry, can increase GTH-Il release. Several 

explanations could account for this result: 1. Na+- or depolarization-induced 

Ca2+ release fiom inhacddar stores (Nordmann et al., 1992; Berridge, 1993; 

Zucker, 1993); 2. direct effects of membrane depolarization on exocytosis in 

the absence of extracellular Ca2+ idlux (Hochner et al., 1989); 3. altered 

Na+/Ca2+ exchanger activity (Zudier, 1993); and iv. a direct effect of Na+ on 

release (Nordmann et al., 1992). It remains to be determined whidi of these 

factors are involved in veratridine-induced GTH-II release from goldfish 

gonadotrophs. 



In s u m m a r y ,  extracellular Na+ is involved in GnRH-evoked GTH-II 

release. The extracellular Na+-dependence in GnRH-stirnulated GTH-II 

release does not involve voltage-sensitive Na+ channel activity, but is 

partially a result of the participation of amiloride-sensitive Na+/H+ 

exchangers. Activation of Na+/H* exchanger activity by GnRH is Likely 

mediated by PKC. U m e  the situation in mammalian gonadotrophs 

(McArdle et al., 1991), the effects of NaC-depleted media, amiloride and DMA 

on GTH-II release were observed in bicarbonate-containing media. Thus, it is 

likely that activity of a Na+/H+ exchanger is an important comportent in 

GnRH action in goldfish, even in conditions where the pH buffering capacity 

has not been compromised. To our knowledge, these studies are the first to 

implicate the involvement of extracellular Na+ and Na+ / H+ exchangers 

during GnRH-stimulated GTH-II release in lower vertebrates. In addition, 

this is the first study to indicate that Na+ influx may stimulate the release of 

gonadotropin in the absence of extracellular Ca2+. 



Table 4.1. Extracellular Na+ dependence of PKC-stimulated GTH-II 

release from dispersed goldfish pituitary cells in static culture. 

Net GTH-III response compared to unstimulated controls 

(%)a 

TPA (nM) 1 Normal medium 1 Na+-depleted medium 1 

. - 

a Average basal values = 99.1 f 7.2 ng/ml/.25 X 1106 ce&. AU experiments 
were perfomed with fish at gonadal recrudescence. 

b Within the same medium group, GTH-II values (mean i SEM, n = 16) 
which are similas (P > 0.05; ANOVA, foLlowed by TSD test) are identified by 
the same superscript. 
Significantly different from responses in normal medium (P < 0.05; 
unpaired t-test) . 



Table 4.2- GnRH effeds on the steady-state inactivation properties of the 
Na+ ment .  
A. 

Inactivation I Control ( 100nMrG[  Warhout 

properties 

(equation 1) 

AU experiments were performed with gonadotrophs prepared from sexuaily 

regressed and rmdescent fish. 

n = 4  

, 

B. 

I 

Inactivation 

properties 

(eyation 1) 

E1/2 (mV) -60.4 + 1.0 -62.4 k 1.6 -64.2 + 1 .O 

k 7.5 I 0.4 7.9 f 0.6 8.2 f 0.4 

Control IO0 n M  cGnRH-II 

n = 3  

Washout 



Table 4.3. Amiloride (A) and DMA (B) effects on inward Na+ and Ba2+ 
cumnts eliated by a 40 msec voltage step to -10 mV (for Na+ current) or O mV 
(for Ba2+ currmt) from a holding potential of -80 mV. 
A. 

Control 

Amiloride 1 

Current (PA) Control 100 pM DMA Washout 

Na+ (n = 9) -319.7 f 44.3 -310.1 t 42.7 -308.2 t 59.2 

- - -- - . - - - - - - - - - - - - - - . - - - . - - 

All experiments were performed with gonadotrophs prepared from 
prespawning and regressed fish. 
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Fig. 4.1. Extracellular Na+ dependence of GnRH-stimulated GTH-II release 
from perifused goldfish pihiita cells. A. Left panel: hormone-release 
response to a 5 min pulse of 10 7 n M  sGnRH (arrow) in normal and Na+- 
de leted conditions (bar; n = 12). Right panel: net GTH-II r onse to 100 n M  2 "K s nRH before (control), during (Na+-depleted) and after (was out) perifusion 
with Na+-depleted media. B. Left panel: hormone-release response to a 5 
min pulse of 100 n M  cGnRH-II (arrow) in normal and Na+-de leted 
conditions (bac n = 8). Ri ht panel: net GTH-II release response to b 0  n M  
cGnRH-II before (controlf during (Na+-depleted) and after (washout) 
perifusion with Na+-depleted media. Results from experiments usin 
pituitary cells prepared from sexually regressed, recrudescent an Ci 

res awnin fish were normalized as a percentage of pretreatment values 
97.A + 0 . d  ng/ml/2 x 106 ceb) and presented as mean + SEM. Asterisks 
denote significant differences from the control and washout responses to 
GnRH (P < 0.05, by ANOVA and Fisher's LSD test). 



Fig. 4.2. Effects of GnRH on the voltage-dependent Na+ current in 
identified goldfish gonadotrophs. A. The ment-voltage relationship of the 
Naf current was obtained by holding the c& at -80 mV and then stepping for 
50 msec to command potentials between -80 and +80 mV, in 10 m V  
increments. Upper panel: representative current traces elicited during 
command potentiais to -80, -30, -10 and +IO mV. Middle panel: current- 
voltage relationship of the Na+ m e n t  before (open circles), during W l e d  
circles) and after (Flled diamonds) application of 100 n M  sGnRH (n  = 3). 
Lower panel: ment-voltage relationship of the Na+ current before (open 
circles), during (filled circles) and after (Flled diamonds) application of 100 
n M  cGnRH-II (n  = 4). All currents were normalized to the maximal inward 
current before the application of GnRH and are presented as mean f SEM. B. 
Steady-state inactivation curves for the voltage-dependent Na* m e n t  were 
generated by stepping the membrane potential to between -100 and +10 mV 
for 100 msec prior to stepping to a 20 msec test potential of +O mV. Upper 
panel: representative m e n t  traces of the remaining m e n t  eliated by a test 
pulse to +8 mV foLIowing prepulse potentiais between -100 and +10 mV. 
Middle panel: inactivation curve for the voltage-dependent Na+ current 
before (open circles), during (fïlled circles) and after (fïiled diamonds) 
application of 100 n M  S G M  (n  = 3). Lower panel: inactivation cuve for the 
vo i tage-de pendent Na+ m e n t  before (open circles), during (FZled circles) and 
after (Filled diamonds) application of 100 n M  cGnRH-II (n = 4). The solid h e  
for each of the steady-state inactivation curves is a fitted Boltzman relation 
(equation 1).  AU currents were normalized to the maximal inward cment 
and are presented as mean + SEM. Ail cunrent recordings were carried out in 
identified gonadotrophs prepared from sexually regressed and recrudescent 
fish. 
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Fig. 4.3. La& of TTX-sensitivity during GnRHstimulated GTH-II release 
from penfused goldfish pituitary cells. A. Left panel: hormone-release 
response to a 5 min pulse of 100 n M  sGnRH (arrow) in normal and 1 pM 
m(-containing medium (bar; n = 4). Right panel: net GTH-II response to 100 
n M  sGnRH before (control), during (TïX) and after (washout) perifusion with 
1 pkï TTX. B. Left panel: hormone-release response to a 5 min pulse of 100 
n M  cGnRH-II (arrow) in normal and 1 TTX-containing medium (bar; n = 
7). Right panel: net GTH-II response to 100 n M  cGnRH-II before (control), 
during (TTX) and d e r  (washout) perifusion with 1 p.M TTX. Results from 
experiments using pituitary c e k  prepared from sexually recrudescent and 
prespawning fish were nonnalized as a percentage of pretreatment values 
(16.12 f 0.51 ng/ml/2 x 106 ce&) and presented as mean f SEM. 
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Fig. 4.4. Veratridine-sümulated GTH-II release from perifused goldfish 
pituitary cells. A. Hormone release response to a 5 min pulse of 100 p M  
ver ahidine (a rro w ) in normal plled circles), Ca2+-free medium (open circles) 
and Na+-depleted/Ca2+ free medium ÿilled diamonds; n = 8). B. Net GTH-II 
response to 100 @A veratridine in normal (control), Ca2+-free medium (Ca- 
Free) and Na+-depleted /Ca2+ free medium (Na/Ca-free). Results from 
experiments using pituitary cells prepared from sexually regressed, 
recrudescent and prespawning fish were nomalued as a percentage of 
pretreatment values (20.17 f 038 ng/ml/2 x 106 cells) and presented as mean f 
SEM. Asterisks denotes significant differences from control; double asterisks 
denotes sigificant difference fkm control and Ca2+ free (P < 0.05, by ANOVA 
and Fisher's LSD test). Treatment with Ca-free and Na+-depleted/CaZc-free 
medium began at üme = 90 min and continued for 55 min. 
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Amiloride- and DMA-induced inhibition of GnRH-stimulated 
GTH-II release hom dispersed pituitary cells in static culture. A. Effects of 
amiloride (upper panel: n = 24) and DMA (lower panel: n = 16) on 100 n M  
sGnRH-stimulated GTH-II release. B. Effects of amilonde (upper panel: n = 
12) and DMA (lower panel: n = 20) on 100 n M  cGnRH-II-stimulated GTH-II 
release. Results from experiments using pituitary cells prepared from 
sermally regressed, recrudescent and prespawning fish were normalized as a 
percentage of basal GTH-II release (255.2 f 13.6 ng/ml/0.25 x 110 ceb) and are 
presented as mean i: SEM. Treatment groups having similar GTH-II 
responses (ANOVA and Fisher's LSD, P > 0.05) are identïfied by the same 
underscore. 



Fig. 4.6. Effects of amiloride (A) and DMA (B) on 10 nM TPA-stimulated 
GTH-II release from dispersed pituitary cells in static culture. Results from 
experiments using pituitary cells prepared from prespawning and regressed 
goldfish were normalized as a percentage of basal GTH-II release (178.0 i: 11.6 
ng/d/0.25 x 106 cells) and presented as mean i SEM (n = 12 for each group). 
Treatment groups having similar GTH-II responses (ANOVA and Fisher's 
LSD, P > 0.05) are identified by the same underscore. 
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Fig. 4.7. La& of effect of amiloride (A) and DMA (B) on 10 p M  ionomycin- 
stimulated GTH-II release from dispersed pituitary cells in static-culture. 
Results from experiments using pituitary cells prepared from prespawning 
and regressed goldfish were normalized as a percentage of basal GTH-II 
release (420.0 + 30.0 ng/d/0.25 x 106 cells) and presented as mean f SEM (n = 
12). Treatment groups having sirnilar GTH-II responses (ANOVA and 
Fisher's LSD, P > 0.05) are identified by the same underscore. 
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Fig. 4.8. La& of effect of DMA on 10 p M  Bay K 8644-stimulated GTH-II 
release from dispersed pituitary cells in static-culture (n = 12). Results kom 
experiments using pituitary cells prepared from prespawning and regressed 
goldfish were norrnalized as a percentage of basal GTH-II release (165.4 f 10.5 
ng/ml/0.25 x 106 cells) and are presented as mean f SEM. Treatment groups 
having simila. GTH-II responses (ANOVA and Fisher's LSD, P z 0.05) are 
identïfïed by the same underscore. 



Fig. 4.9. Effects of amiloride or DMA on voltage-dependent Na+ and Ba2+ 
currents in identified goldfish gonadotrophs. A. Superimposed Ba2+ m e n t  
traces elicited during a 40 msec voltage step to +O mV holding potentid = - 80 
mV) before, during and after the application of 100  LM amiloride (left panel) 
or 100 pM DMA (right panel). B. Superimposed Na+ current traces eiiüted 
during a 40 mec voltage step to - 10 mV (holding potential = - 70 mV) before, 
during and after the application of 100 p M  amiloride (Mt panel) or 100 pM 
DMA (right panel). All current recordings were camed out using identified 
gonadotrophs prepared from prespawning and regressed goldfish. 
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Fig. 4.10. Proposed mode1 for pH regulation during GnRH-receptor 
activation in goldfish gonadotrophs. An increase or decrease in [Ca2+Ii or pH 
is indicated by upwards or downward facing arrows, respectively. A 
stimulatory or inhibitory response is indicated by a + or - sign, respectively. 



Chapter 5 

DOPAMINE-D2 ACTIONS ON VOLTAGE-DEPENDENT 

IONIC CURRENTS IN IDENTIFIED GOLDFISH 

GONADOTROPHS 

INTRODUCITON 

In goldfish, secretion of gonadotropin-II (GTH-II), the functional 

equivalent of luteinizing hormone, is under stimulatory and inhibitory 

control by GnRH and dopamine, respectively (for review, see Peter ef al., 1986; 

Peter et al., 1991; Chang et  al., 1993). GnRH is delivered directly to 

gonadotrophs in the proximal pars distalis by hypothalamic inne~at ion of 

neurosecretory fibers (Peter et al., 1990b; Kah et al., 1993). The GnRH nerve 

termïnals are dose to gonadotrophs (Kah et al. 1993), where they release two 

endogenous GnRH forms, sGnRH and cGnRH-II. Both GnRHs, bind to the 

same class of high affinity, low capacity receptors to stimulate GTH-II 

seaetion (Peter et al., 1991; Chang et al., 1996). Hypothalamic dopaminergic 

neurons also innervate the proximal pars distalis (Peter et al., 1991). 

Dopamine release from these nerve terminals directly inhibits GnRH- 

stimulated GTH-II secretion by the activation of dopamine D2-like receptors 

(Peter et al., 1986; Chang et al., 1993). The direct regulation of GTH-II secretion 

in goldfish by GnRH and dopamine provides an excellent mode1 system to 

study interactions at the pituitary Ievel between stimulatory and inhibitory 

neuroendocrine factors. 



Whereas the intracellular signaling mechanisms mediating GnRH action 

in goldfish are partially understood (reviewed in Chang et al., 1993; Chang 

and Jobin 1994a; Chang ef al., 1996), less is known about the mechanism of 

dopmine action. The two native GnRH fonns stimulate GTH-II secretion via 

a PKC/Ca2+-dependent signaling pathway (Chang and Jobin, 1994a; Jobin et 

d., 1996; Chang et al., 1996). Salmon GnRH and cGnRH-II activate PKC, 

which in tuni inaeases Ca2+ influx through dihydropycidine-sensitive Ca2+ 

channels (Jobin and Chang, 1992a, 1992b). The resulting elevation in cytosolic 

free Ca2* concentration [Ca2*Ii is believed to play a central role in GTH-II 

seaetion. In contrast to GnRH, dopamine acts directly at the level of the 

pituitary to inhibit GTH-II secretion through undefined mechanisms (Peter et 

al., 1986; Peter et al., 1991; Chang et al,  1993). Given the importance of 

extracellular Ca2+ influx in the mediation of GnRH-induced GTH-II seaetion, 

a distinct possibility is that dopamine reduces voltage-dependent Ca2+ 

Channel activity to inhibit GTH-II secretioa In preliminary studies using 

mixed populations of dispersed goldfish pituitary ceiis, dopamine agonists 

reduced GnRH-stimulated increases in [Ca2+Ii (Chang et al., 1993). There is 

also evidence from other pituitary cell models demonstrating that dopamine 

alters plasma membrane electrical activity to regulate pîtuitary cell function. 

In lactotrophs from the teleost fish alewife (Alosa pseudoharengus),  

dopamine inhibits Na+/Ca2+-dependent action potential activity (Taraskevich 

and Douglas, 1978). Additionally, in rat lactotrophs, rat melanotrophs and 

frog melanotrophs, dopamine modulates a variety of ionic channels to arrest 

plasma membrane electrical activity, resulting in a reduction in Ca2+ influx 

and hormone secretion (Malgaroli et aL, 1987; Stack and Surprenant, 1991; 

Keja et al., 1992; Vaudry et al., 1994). 



In Chapter 3, tetrodotoxin-sensitive Naf men&,  L-type Ca2+ currents, and 

multiple K+ current subtypes were obsenred in identified goldfish 

gonadotrophs, and th& voltage-dependent and pharmacological properties 

were characterized using whole-cell voltage-clamp recordings. To begin to 

test the hypothesis that dopamine inhibits GTH-II seaetion by modulating 

voltage-dependent Ca2+ charnels, the effects of dopamine on voltage- 

dependent ionic currents were characterized in identified goldfish 

gonadotrophs. The receptor sub-type mediating dopamine action on ionic 

currents was also examined using dopamine Dl-like and D2-like receptor 

agonists and antagonists. Using both hormone release and 

electrophysiological techniques, it was demonstrated in the present study that 

dopamine D2 receptor activation reduces Ca2+ influx through voltage- 

dependent Ca2+ channels, resulting in an inhibition of GTH-II secretion. 

Unlike voltage-dependent Ca2+ currents, voltage-dependent Na+ and K+ 

currents were not affected by dopamine or dopamine receptor agonists. It is 

proposed that inhibition of voltage-dependent Ca2+ channels mediates the 

inhibitory neuroendocrine action of dopamine on GTH-II secretion from 

goldfish gonadotrophs. Moreover, these studies identify an important 

signahg pathway whereby inhibitory neuroendocrine factors can regulate 

GTH secretion in general. 

MATERIALS AND METHODS 

Animals 

Common goldfish (Carassius auratus; 8-13 an in body length) were 

purchased from Grassyforks Fisheries (Martinsville, IN, USA) or Ozark 

Fisheries (Stoutland, MO, USA) and held in flow-through aquaria (1800 1). 



Fish were maintained at 17-20 OC on a simulated natural photoperiod 

(adjusted weekly according to the ümes of sunset and sunrise in Edmonton, 

AB, Canada) and fed to satiation with commercial fish food daily. Fish were 

acclimated to the above conditions for at least seven days prior to use. 

Sexually regressed, recrudescent and mature (pre-spawning) male and female 

goldfish were used in the present study. The effects of dopamine and 

dopamine agonists were similar in replicate experiments performed at 

different times of the seasonal reproductive cycle and therefore, pooled 

results are presented. 

Dispemion of pituitary cells 

Fish were anesthetized in 0.05% tncaine methanesulfonate prior to 

decapitation. Pituitaries from both male and female goldfish were removed 

and placed in dispersion medium (Medium 199 with Hanks' salts, 25 mM 

HEPES, 2.2 g/l NaHC03, 0.3% BSA, 100 000 U/1 penicillin, and 100 mg/l 

streptomycin, pH adjusted to 7.2 with NaOH; Gibco, Grand Island, NY, USA). 

Pituïtary cells were dispersed usùig a controlled trypsin/DNAse treatment 

procedure modified from Chang ef al (1990a). The specific modification was 

that 0.15% trypsin was used in the c d  preparation instead of 0.25% tsrpsin. 

Static culture 

For measurements of prolonged hormone release responses to various 

stimulators and inhibitors, dispersed goldfish pihiitary cells were 

resuspended in plating medium (Medium 199 with Earle's salts, 25 mM 

HEPES, 2.2 g/l NaHCa, 100 000 U/1 penim'llin and la0 mg/l streptomycin, pH 

adjusted to 7.2 with NaOH; Gibco), supplemented with 1 % horse serum. 

Static culture studies were perfonned as previously described (Chang et al., 



1990a). AU treatments were tested in quadruplicate and each experiment was 

repeated a minimum of three times. Results fiom replicate expetunents were 

expressed as a percentage of basal rdease (unstimulated control) and pooled 

data (mean f SEM) are presented. Statistical analyses were performed using 

analysis of variance (ANOVA) foUowed by Fisher's least significant ciifference 

(LSD) test or unpaired t test. Diffmmces behveen groups were considered 

significant when P < 0.05. 

Cell column penfusion shidies of GTH-II responses 

For the measurement of shoa-term hormone release responses to various 

stimulators and inhibitors, c d  column perifusion studies were performed as 

previousiy described (Chapter 4; Chang et al., 1990b). Experiments began with 

the collection of 5-min. fractions of perifusate for 40 min. At 40 min a 5-min 

pulse of 30 mM K+ was given and the duration of each perifusate fraction was 

shortened to 30 sec to increase the resolution of the GTH-II response. Taking 

the dead volume and the flow rate into account, an immediate GTH-II 

response to K+ stimulation would occur = 7 min following the 

commencement of the K+ pulse. Treatment with inhibitors commenced at 20 

min and continued for a total duration of 40 min. Perifusates were kept 

frozen ai -20 OC until their GTH-II contents could be measured using a 

radioimrnunoassay speafic for GTH-II (Peter et al., 1984; Van Der Kraak et al., 

1992). 

GTH-II content in individual colurnns was normalized as a percentage of 

the average pretreatment values obtained in the first four fractions coilected 

(% Pretreatment). This data transformation was done to account for 

fluctuations in basal hormone release observed throughout the year and to 

allow pooling of the data from separate columns of the same experiment, 



without distorting the profile of hormone release during the course of 

perihision. The hormone responses were quantified by determining the net 

increase in GTH-II levels (i.e. area under the c u v e )  and expressed as a 

percentage of pretreatment values as previously descrïbed (Wong et al., 1992). 

All values in the text and figures are reported as mean f SEM. Differences 

between groups were considered to be sipifîcant when P < 0.05 using paired 

or unpaired t test. 

For the present perifusion experiments, a modified testing medium was 

used (M-199 with Hanks salts prepared without the addition of NaCl or 

CaC12; courtesy of Dr. S.S. Stojikovic, ERRB, NICHD, National Institutes of 

Health, Bethesda, MD; Na+, Ca2+ and K+ levels were adjusted as required, see 

below). Under control conditions, the extracellular medium contauied 136 

mM NaCl, 5.4 mM KCl and 1.26 mM CaC12. For experiments using high 

extracellular K+ concentrations, 25 m .  NaCl was replaced with equimolar 

KC1, resulting in an extracellular KC1 concentration of 30.4 mM. For 

experiments in which Ca2+-free medium was required, CaChfree medium 

with the addition of 0.1 mM EGTA was used. Al1 solutions were 

supplemented with 2.2 g/l NaHC03, 25 mM HEPES, 100 000 U/1 penicillin, 

100 mg/l streptomycin, 0.1% BSA and pH was adjusted to 7.2 with TrisCl. 

Electrophysiological Recordings 

For electrophysiological studies, dispersed goldfish pituitary cells (0.25 x 

106 cells/ml) were plated for 16 hr on poly-L-lysine-coated (0.01 mg/ml) glass- 

bottom petri dishes in plating medium supplemented with 10% horse senun 

and under the conditions described above. The use of 10% horse serum in 

overnight culture enhances cell responsiveness, but because of problems of 

ce11 detachment (Chang et al., 1990a; Chang and Jobin, 1994b), this higher 



concentration of horse serum was not used for ce11 culture in hormone 

release experiments. Gonadotrophs and somatotrophs were identified on the 

basis of their unique morphological characteristics as previously described 

(Chapter 2). AdditionaUy, CO-localization of prolactin or GH does not occur in 

identified gonadotrophs (Chapter 2), indicating that the effects of dopamine 

on gonadotroph c d  function observed in this study can only be attrïïuted to 

the control of GTH-secretion. 

Whole-cd, voltage-clamp recordings ( H d  et aL, 1981) were performed 

at room temperature (18 OC to 20 OC) using nystatin-perforated patch recording 

techniques (Kom and Hom, 1989) as described in chapter 3. BreifIy, after 

obtaining electrical access to the c d  (R, = 24.6 + 0.6 MR; n = 48), currents were 

recorded in voltage-clamp mode using a Dagan 3900 integrating patdi-clamp 

amplifier. Series resistance compensation was optimized and usually ranged 

between 10 and 18 mR. Current records were corrected for Linear leakage and 

capautance using a P/-4 procedure (Bezanilla and Armstrong, 1977). Pulse 

generation, and data acquisition were carried out using an AT 486 2DX 

compatible compter equipped with a digidata 1200 interface in conjunction 

with pCLAMP programs (Axon Instruments, Foster City, CA). The effects of 

al1 drug applications on ionic currents were continuously monitored by 

giving a 40 msec voltage-step to +10 mV from a holding potential of -80 mV, 

every 10 sec. Current-voltage relationships and steady-state inactivation 

curves were generated only after the effect of the drug application had 

stabilized. 

The composition (in mM) of the external solutions for the different 

recording conditions are listed as follows: 



1. Na+ currents: 136 NaCl, 1.26 CaC12, 2.5 KC1, 1 MgC12, 0.05 CdC12, 10 

tetraethylammonium (TEA)-Cl, 8 glucose and 10 HEPES (pH adjusted to 7.2 

with NaOH). 

2. Ba2+ currents (through voltage-dependent Ca2+ channels): 130 N- 

methyl-DglucaJnineCl, 20 B a a s  1.0 MgCl% 2.5 KU, 8 glucose, 10 HESES (pH 

adjusted to 7.2 with HCl). 

3. K+ cufzents: 142 NaCl, 6.0 CaQÛ 2.0 KC1,3.0 M g Q ,  0.05 CdQ,  0.001 

tetrodotoxïn, 10 glucose and 10 HEPES (pH adjusted to 7.2 with TrisCl). 

The composition (in mM) of the electrode solutions for the different 

recording conditions are listed as follows: 

1. Na+ and Ba2+ currents: 70 CsC1,70 Cs-glutamate, 2 MgQ, 10 HEPES 

(pH adjusted to 7.2 with Trisa). 

2. K+ currents: 120 K-aspartate, 20 KCl, 2 MgCl% 1 CaClû 10 HEPES (pH 

adjusted to 7.2 with TrisCl). 

All reported membrane potentials for Na+ currents were corrected for a 

liquid junction potential between the pipette and bath solution of +10 mV 

(Barry, 1994). The jundion potentials for K+ and Ba2+ m e n t  recordings were 

less than 3 mV and were not correded for. Exponential fits were performed 

with the Clampfit program. All values in the text are reported as mean f 

SEM. Differences between groups were considered to be sisnificant when P < 

0.05 using paired t test or ANOVA, followed by Fisher's LSD test. The 

potencies of inhibitors were estimated by determining the ED5o values of the 

dose-response curves using a four-parameter logistic cwe-fitting program 

(ALLFLT; DeLean et a l ,  1978). 



-8s 

To prevent oxidation, dopamine, quinpirole (dopamine D2 agonist) and 

SKF 38393 (dopamine Di agonist) were prepared immediately prior to each 

expetiment in 0.05 M acetic acid and stored under argon throughout the 

duration of the experiment. Stock solutions of spiperone (dopamine D2 

antagonist), SKF-83566 (dopamine Di antagonist) and (&)-Bay K 8644 (Ca2+ 

channel activator) and nifedipine (Gaz* channel antagonist) were prepared in 

ethanol. Apomorphine (general dopamine receptor agonist) was dissolved in 

DMSO. Tetrodotoxin citrate was dissolved in saline. Aliquots of stock 

solutions were stored at -20 OC until use, when they were diluted to f i a l  

concentrations in saline. The highest concentration of ethanol, DMSO or 

acetic aad was 5 0.1%. which had no effect on either basal hormone release or 

ionic currents. Ail dmgs were purchased from Research Biochemicals 

Incorporated (Natidc, MA, USA). 

Effects of dopamine-D2 receptor activation on voltagedependent Ca2+ 

channel-mediated GTH-II seaetion 

To activate voltage-dependent Ca2+ channels, high concentrations of 

extracellular K+ or the Ca2+ channel activator, Bay K 8644, were used. 

Application of 30 mM K+ stimulated GTH-II secretion from goldfish pituitary 

cells in perifusion experiments (Fig. 5.1). To determine whether K+- 

stimulated GTH-II secretion is dependent on extracellular Gaz+-influx 

through voltage-dependent Ca2+ channels, the effects of extracellular Ca2+ 

removal and the voltage-dependent Ca2+ channel blocker, nifedipine, were 

examined. Removal of extraceilular Ca2+ reduced the net GTH-II response to 



a 5-min pulse of 30 mM K+ from 285.7 + 69.7% to 92.3% (P < 0.05, paired t-test, 

n = 4). Similarly, application of 10 @d nifedipine reduced the net GTH-II 

response to K+ from 141.0 f 16.6% to 37.5 i 1.7% (P < 0.05, paired t-test, n = 4). 

Furthermore, 10 jM Bay K 8644, stimulated GTH-II seaetion in 2-hr static 

incubation experiments (Fig. 5.2). Riese data îndicate that activation of Ca2+ 

influx through voltage-dependent Ca2+ channels c m  stimulate short-term 

and long-term GTH-II seaetion. 

To examine the actions of dopamine on voltage-dependent Ca2+ Channel- 

mediated GTH-II secretion, dopamine receptor agonists and antagonists were 

w d .  Addition of 100 n M  dopamine reduced K+-stimulated GTH-II seaetion 

in perifusion experiments (Fig. 5.1A). Similarly, 100 n M  dopamine reduced 

10 pM Bay K 8644-stimdated GTH-II secretion in static culture experiments 

(Fig. 5.2A). Application of 100 n M  quinpirole, a dopamine D2 receptor 

agonist, mïmicked the actions of dopamine, reducing both 30 mM KC1- and 10 

pM Bay K 864estimulated GTH-II secretion in perihision (Fig. 5.18) and static 

culture (Fig. 5.2B) experiments, respectively. AdditionaIly, the inhibitory 

actions of dopamine on Bay-K 864estimulated GTH-II seaetion were blocked 

by the application of spiperone, a dopamine &-receptor antagonist (Fig. 5.2C). 

Spiperone alone did not affect either basal (P > 0.05, paired t-test, n = 10) or Bay 

K 864estimuiated (P > 0.05, paired t-test, n = 10) GTH-II secretion. These data 

indicate that dopamine D2-receptor activation reduces the seaetion of GTH-II 

mediated by Ca2+ entry through voltage-dependent Ca2+ channels. 

Dopamine receptor activation does not affect Ca2+-induced GTH-II secretion 

Dopamine may act on Ca2+-dependent signaling events down-stream of 

CaZ+ entry through voltage-dependent Ca2+ channels to inhibit GTH-II 

secretion. To test this hypothesis, the effeds of the general dopamine agonist, 



apomorphine, on Ca2+-ionophore-stimulated GTH-II secretion were 

examined. The Ca2+ ionophore, A23187, stimulates GTH-II secretion by 

inducing extracellular Ca2+ entry independent of voltage-dependent Ca2+ 

channels. Application of 1 apomorphine did not affect GTH-II secretion 

induced by 10 p M  A23187 (Fig. 5.3). Thus, it is unlikely that dopamine 

receptor activation affects GTH-II secretion down-stream of Ca2+ mtry 

Dopamine-induced reduction in Ba2+ current amplitude through voltage- 

dependent Ca2+ channels 

To directly elucidate the effects of dopamine on voltage-dependent Ca2+ 

charnels in goldfish gonadotrophs, perforated-patch voltage-clamp 

recordings were performed. In the present study, Ba2+ was used as the charge 

camer instead of Ca2+ for four reasons: 1. to minimize current nuidown 

cornmonly associated with Ca2+ aments; 2. Ba2+ normally permeates more 

readily than Ca2+ through Ca2+ channels; 3. Ba2+ is relatively impermeant 

through Na+ channels; and 4. Ba2+ blocks outward K+ currenh man, 1992). 

In previous studies, the activation and inactivation properties of the currents 

camed by Ca2+ and Ba2+ were demonstrated to be similar in identified 

goldfish gonadotrophs (Chapter 3). In the present study, command potentials 

more depolarized than -30 mV eliated an inward Ba2+ m e n t  that reached a 

maximum amplitude between 10 and 20 mV and ïnactivated slowly during 

the 200 msec command pulse (Fig. 5.4 and 5.6). The maximal Ba2+ current 

amplitude under control conditions was 112 + 8 pA (mean f SEM; range 36 to 

368 PA, n = 48). The voltage-dependent Ba2+ currents recorded in the present 

study were similar to the high-voltage activated, dihydropyridine-sensitive 

Ca2+ currents previously characterized in goldfish (Chapter 3) and 

mamrnalian gonadotrophs (Stojilkovic and Catt, 1992; Tse and Hille, 1993). 



Dopamine caused a dose-dependent reduction in the Ba2+ current 

amplitude with an EDH) of 0.97 I 0.34 nM (Fig. 5.44. A maximal deaease in 

Ba2+ m e n t  amplitude of 45.2 f 2.7 % was obsemed with 1 pM dopamine. 

Maximal inhibition was observeci within 30 sec of dopamine application and 

the response to dopamine was reversible in al l  gonadotrophs studied (Fig. 

5.48). Dopamine (100 nM.) reduced both initial and prolonged Ba2+ current 

amplitudes (Fig. 5.4C), but did not shift the activation threshold, curent- 

voltage relationship or the apparent reversal potential of the current (Fig. 

5.4D). The reduction in maximal Ba2+ current amplitude by 100 n M  

dopamine was more pronounced during the initial (O to 25 msec) inward 

m e n t  than during the prolonged (175 to 200 msec) inward current (46.4 + 4.3 

% reduction in initial current vs. 37.7 f 5.9 % reduction in prolonged current; 

P < 0.05, paired t test, n = 4). 

The inhibitory effects of dopamine on Ba2+ currents in goldfish 

gonadotrophs appeared to be speafic. Serotonul, another biogenic amuie 

which has also been shown to directly regulate GTH-II secretion from goldfish 

gonadotrophs (Wong et al., 1996). did not affect the Ba2+ m e n t  amplitude (n 

= 3; data not shown). Furthemore, in identified goldfish somatotrophs, 100 

n M  dopamine increased the Ba2+ current amplitude to 149 f 16% of control 

values (n = 3). These results indicate that dopamine does not cause a non- 

specific inhibition of ~ a 2 +  currents in goldfish pituitary cells. 

Apomorphine effects on voltage-dependent Ba2+ currents 

Apomorphine, a general dopamine receptor agonist, mimicked the actions 

of dopamine on voltage-dependent Ca2+ channels in identified goldfi sh 

gonadotrophs. Application of 1 p M  apomorphine reduced the Ba2+ current 

amplitude by 54.5 f 12.4% compared to vehide controls (Fig. 5.5A; P < 0.05 us. 



zero change, one-group t-test, n = 3). Following washout, the Ba2+ m e n t  

amplitude retumed to 81.5 f 2.5% of control levels. Apomorphuie did not 

appear to shift the activation threshold or consistently shift the current- 

voltage relationship of the voltage-dependent Ba2+ m e n t  (Fig. 5.58). These 

results are consistent with the inhibitory actions of dopamine receptor 

activation on voltage-dependent Ba2+ currents in goldfish gonadotrophs. 

Activation of dopamine Dz receptors reduces Ba?+ curent amplitude 

The effects of dopamine-Dl and 432 receptor agonists on voltage-dependent 

Ba2+ currents were monitored to determine the dopamine receptor subtype 

mediating the actions of dopamine. Quinpirole, a dopamine D2 agonist, 

mimicked the action of dopamine. Quinpirole caused a dose-dependent 

reduction in the Ba2+ current amplitude with an ED50 of 2.73 t 1.38 n M  (Fig. 

5.6A). A maximal decrease in Ba2+ m e n t  amplitude of 43.2 + 9.8 % was 

obsemed with 1 p M  quinpirole (n = 4). The magnitude of the maximal 

suppression of Ba2+ m e n t  amplitude induced by dopamine and quinpirole 

were not significantly different from one another (P > 0.05, unpaired t-test). 

Quinpirole (100 nM) reduced both initial and prolonged Ba2+ current 

amplitudes, but did not shift the activation threshold, current-voltage 

relationship or the apparent reversal potential of the current (n = 12; Fig 5.68, 

C). Additionally, when the Ba2+ currents in the absence or presence of 100 

n M  quinpirole were normalized to their maximal amplitudes and plotted 

against membrane potential, their was no change in the membrane potential 

corresponding to half-maximal activation (E1/2) of the currents (Table 5.1). 

Thus, quinpirole did not modify the voltage-dependence of activation. 

Following the removal of 100 n M  quinpirole, the maximal Ba2+ current 

amplitude retumed to 92.7 I 3.2% of the control values (n = 12). Unlike 



quinpirole, 100 n M  SKF 38393, a dopamine-Di receptor agonist, did not affect 

the amplitude or shift the ment-voltage relationship of the Ba2+ curent 

pia. 5.7). 

The receptor subtype mediating the inhibitory actions of dopamine on 

voltage-dependent Ba2+ currents was M e r  examined with dopamine Di- 

and D2-receptor antagonists. Application of 1 @l SKF 83566, a dopamine-Dl 

receptor antagonist, did not affect the inhibitory action of 10 n M  dopamine 

on Ba2+ m e n t  amplitude (Fig. 5.8A). Conversely, the dopamine-D2 receptor 

antago~st, spiperone (1 w), blocked the inhibitory action of 10 n M  

dopamine (Fig. 5.8B). Neither spiperone nor SKF-83566 alone affected 

voltage-dependent Ba2+ currents. Taken together, these results indicate that 

dopamine inhibition of Ba2+ currents is mediated by D2-like receptors. 

Quinpirole affects the activation and inactivation kinetics, as well as the 

s tead y-s tate inactivation properties of Ba?+ cotrenk 

To monitor the effects of quinpirole on the activation kinetics of Ba2+ 

currents in identified goldfish gonadotrophs, the time to peak current was 

determined during a 40 msec voltage step to +10 mV (holding potential = -80 

mV) in the presence or absence of quinpirole (Fig. 5.9A). Quinpirole (100 nM) 

increased the time to peak current, indicating that quinpirole slowed the 

activation time course of Ba2+ ments. In addition to affecting the activation 

kinetics, 100 n M  quinpirole also slowed the inactivation kinetics of the 

voltage-dependent Ba2+ curent (Fig. 5-98). In seven representative cells, the 

inactivating phase of the Ba2+ currwt was best approximated using a single 

exponential fit In the wample shown (Fig. 5.98; left panel), the time constant 

(T) of inactivation was increased from 107.9 msec to 165.8 msec in the presence 

of 100 nM quinpirole. The effect of quinpirole on the inactivation kinetics 



was also demonstrated by comparing the initial and steady-state (490 - 500 

msec) Ba?+ current amplitude eliated by a 500 msec voltage-step to +10 m V  or 

+20 mV from a holding potential of -80 mV (Table 5.2). Under control 

conditions, the initial Ba2+ m e n t  amplitude was significantly greater than 

the steady-state m e n t  amplitude. Conversely, in the presence of 100 n M  

quinpirole, the initial and steady-state Ba2+ m e n t  amplitudes were similar. 

These results indicate that quinpirole either slows or removes the 

inactivating component of the voltage-dependent Ba2+ current in goldfish 

gonado trophs. 

To determine if dopamine- receptor activation affects the steady-state 

inactivation p roperties of the voltagedependent Ba2+ m e n t ,  a two-pulse 

protocol was used (Bezanilla and Armstrong, 1977). Gonadotrophs held at -80 

mV were subjeded to pre-pulse potentials ranging from -90 to +20 mV for 500 

msec, after which a 40 msec test pulse to +10 mV was applied (Fig 5.10). 

Whereas steady-state inactivation was observed under control conditions, no 

steady-state inactivation of the voltage-dependent Ba2+ m e n t  was obsemed 

in the presence of 100 n M  quinpirole (Fig. 5.10). 

Voltagedependent K+ and Na+ ctirrents were not affected by dopamine 

ui frog melanotrophs (Valentijn et al., 1991). dopamine alters voltage- 

dependent K+ and Na+ current amplitude to deaease membrane excitability 

and thereby indirectly impair Ca2+ Channel gating. To examine this 

possibiiity in identified goldfish gonadohophs, the actions of dopamine on 

voltage-dependent K+ and Na+ currents were monitored in perforated patch- 

clamp experiments. Dopamine did not affect current-amplitude or shift the 

current-voltage relationship of either K+ or Na+ currents (Fig. 5.11). 

Similarly, quinpirole did not affect voltage-dependent K+ current amplitude 



(K+ current amplitude elicited by a 50 msec voltage-step to +20 mV from a 

holding potential of -80 mV: control, 4783 f 52.7 PA; 1 p.M quinpirole, 471. 7 t 

50.5 PA; washout, 521.5 k 12.5 PA; P > 0.05; n = 3). Therefore, in contrast to 

voltage-dependent Ba2+ currents, neither voltage-dependent K+ nor Na+ 

mrrents were affected by dopamine-& receptor activation. 

DISCUSSION 

Results of the present study dearly demonstrate that dopamine reduces 

Ba2+ current influx through high-voltage-activated Ca2+ charnels in 

identified goldfish gonadotrophs. The reduction in Ba2+ m e n t  amplitude 

was dose-dependent and reversible. Moreover, the dopamine-induced 

reduction in Ba2+ current amplitude was not caused by a non-specific 

inhibition of voltage-dependent Ba2+ currents, as dopamine increased Ba2+ 

current amplitude in identified goldfish somatotrophs. This latter response is 

consistent with the involvement of voltage-dependent Ca2+ channels in 

mediating dopamine-stimulated growth hormone secretion in goldfish 

(Chang and de Leeuw, 1990; Wong et al., 1994a). 

Three lines of evidence suggest that the inhibitory action of dopamine on 

voltage-dependent Ba2+ curents in goldfish gonadotrophs is mediated by 

dopamine D2-Lüce receptors. Firstly, the D2 agonist quinpirole mimidced the 

inhibitory action of dopamine on voltage-dependent Ba2+ currents with a 

similar potency and efficacy. Secondly, the dopamine Di-receptor agonist, 

SKF 38393, did not mimic the adions of dopamine on voltage-dependent Ba2+ 

currents. Thirdly, the inhibitory actions of dopamine on voltage-dependent 

Ba2+ currents were blocked by the dopamine D2-receptor antagonist, 

spiperone, whereas the dopamine Dl-receptor antagonist, SIG-83566, had no 



effect. Activation of dopamine D2-Like receptors has also been linked to the 

inhibition of voltage-dependent Ca2+ m e n t s  in rat lactotrophs (Lledo et al., 

1990), rat melanotrophs (Keja et al., 1992) and frog melanotrophs (Valentijn et 

al., 1991). 

Agonist-ùiduced suppression of Ca2+ surent through voltage-dependent 

Ca2+ channels can occur by a decrease in Channel density or conductance, as 

well as by a shift in the voltage-dependence of ch& gating (Marchetti et al., 

1986; Bean, 1989; Elrnslie et al., 1990; Boland and Bean, 1993). In this regard, 

the present study provides some dues as to the possible mechanisms 

mediating the dopamine-induced reduction in Ba2+ current amplitude in 

goldfish gonadotrophs. Quinpirole reversibly slowed down Ca2+ Channel 

activation, an effect that may be attributed to the removai of a fast-adivating 

subtype of high-voltage activated channels. In support of this possibüity, 

dihydropyridine Ca2+ channel antagonists reduced the Ba2+ current in 

goldfish gonadotrophs by only 39% (Chapter 3), suggesting that multiple high- 

voltage activated channel subtypes may be present. Altematively, dopamine 

may induce a fraction of the diannels to shift from a "willing" to a 

"reluctant" gating mode, in which channel opening requires stronger 

membrane depolarization (Bean, 1989). The persistent reduction in BaZf 

current amplitude in response to quinpirole during prolonged (200 to 500 

msec) membrane depolarization suggests that other inhibitory mechanisms 

rnay reduced Ca2+ channel conductance independent of voltage changes. 

Further studies are required to elucidate the mechanisms involved in 

dopamine-induced reduction in current amplitude through voltage- 

dependent Ca2+ chamtek. 

In addition to altering the kinetics of channel activation, quinpirole altered 

the inactivation properties of the voltage-dependent Ba2+ current in goldfish 



gonadotrophs. In the presence of quinpirole, the time course of Ba2+ current 

inactivation was slowed. In addition, application of quinpirole removed the 

steady-state inactivation property of the Bat+ current. These results suggest 

that a component of the total Ba2+ current is abolished by the activation of 

dopamine D2-like receptors. Whether this reflects the inhibition of one or 

several Ca2+ channel subtypes, or a change in the kinetic properties of a single 

channel type is not dear. However, as previously mentioned, the high- 

voltage aaivated Ca2+ channels observed in goldfish gonadotrophs exhibited 

only a partial sensitivity to dihy&op@dine-blockade (Chapter 3)) which 

suggests the presence of multiple chamel subtypes. Also, in rat 

melanotrophs and rat lactotrophs, dopamine differentially affected multiple 

voltage-dependent Ca2+ Channel subtypes (Keja et al., 1992; Uedo et al, 1992). 

Consistent with the inhibitory adion of dopamine on voltage dependent 

~ a 2 +  amen&, dopamine and its D2 agonist, quinpirole, attenuated the GTH-II 

release response to activators of voltage-dependent ~ a 2 +  channels. Dopamine 

and quinpirole attenuated acute GTH-II secretion stimulated by high 

concentrations of extracellular K+ in perifusion experiments. High 

concenhations of extracehlar K+ induce membrane depolarization, resultuig 

in the subsequent activation of voltage-dependent Ca2+ channels. The 

involvement of voltage-dependent Ca2+ channels during K+-stimulated 

GTH-II secretion and increases in [CG+]i in goldfish was confirmed in this 

and other studies (Jobin and Chang, 1992b). Dopamine and quinpirole 

inhibited prolonged GTH-II seaetion stimulated by the dihydropyridine- 

sensitive Ca2+ channel activator, Bay K 8644. Additiondy, the inhibitory 

actions of dopamine on Bay K 864estimulated GTH-II secretion were blocked 

by the dopamine D;-receptor antagonist, spiperone. Activation of dopamine 

Dz receptors, however, did not affect Ca2+ ionophore-induced GTH-II 



secretion £!rom goldfish pituitary cells in this or previous studies (Chang et al., 

1993). Taken together, these resuits indicate that dopamine D2 receptor- 

mediated inhiiition of GTH-II seaetion is due to the inhibition of voltage- 

dependent Ca2+ channels, rather than inhibition of Ca2+ dependent signaling 

events downstrearn of Ca2+ entry. 

Dopamine D2-receptor activation in frog melanotrophs augments voltage- 

dependent K+ currents and attenuates voltage-dependent Na+ currents to 

reduce plasma membrane electrical activity, resulting in a reduction in CaZ+ 

influx through voltage-dependent Ca2+ channels (Valentijn et al., 1993). 

Dopamine also augments voltage-dependent K+ currents in rat lactotrophs 

(Lledo et al., 1990). In the present study, dopamine D;! receptor activation did 

not modulate voltage-dependent K+ or Na+ currents in goldfish 

gonadotrophs. The lack of effect of dopamine on voltage-dependent Na+ 

currents was not unexpected, as voltage-dependent Na+ channels are not 

involved in basal or GnRH-stimulated GTH-II secretion (Chap ter 4). 

Somewhat surprising was the lack of effect of dopamine on voltage- 

dependent K+ currents in goldfish gonadohophs, although in rat 

melanotrophs dopamine &O has no affect on voltage-dependent K+ currents 

(Keja et al., 1992). However, the present study does not eliminate the possible 

activation of non-voltage-dependent K+ currents, as demonstrated in rat 

lactotrophs (Einhorn and Oxford, 1993), rat melanotrophs (Stack and 

Surprenant, 1991) and frog melanotrophs (Valentijn et al., 1993). 

Dopamine inhibition of GnRH-induced GTH-II secretion in vivo and in 

vitro are mediated by D2 receptors (Peter et al., 1986; Chang et al., 1993). The 

EDso for quinpirole-induced inhibition of sGnRH and cGnRH-II stimulated 

GTH-II secretion is 1.0 + 0.7 nM and 0.2 f 0.1 nM, respectively (calculated from 

Chang et al., 1990b). These values are similar to those observed for 



quinpirole-induced inhibition of Ba2+ currents in this study. The similar 

potencies of quinpirole actions on GnRH-stimulated G T . 4  secretion and 

Ba2+ currents further suggest that similar receptors are hvolved. Thus, the 

finding that dopamine &-receptor activation inhibits voltagedependent Ca2+ 

channels likely has important implications conceming the neuroendocrine 

regdation of gonadotroph celI function in goldfish. Extraceldar Ca2+ influx 

through voltage-dependent Ca2+ channels is a dtical event in mediating 

GnRH-induced GTH-II secretion from goldfish gonadotrophs. Removal of 

extracellular Ca2+ or the addition of inorganic and organic voltage-dependent 

CaZ+ channel blodcers reduces GnRH-stimulated GTH-II secretion (Chang et 

al., 1993, 1996). Consequently, a reduction in Ca2+ channel activity by 

dopamine D~receptor activation would impair GnRH-stimulated GTH-II 

seaetion. As dopamine does not affect Ca2+ signaling events down Stream of 

Ca2+ entry, the present data suggest that dopamine inhibits GnRH-stimulated 

GTH-II secretion primarily by reducing Ca2+ influx through voltage- 

dependent Ca2+ channels. 

It is not yet known if dopamine D2-receptors in goldfish are coupled to 

voltage-dependent Ca2+ channels via Gproteins, as in other pituitary cells 

(Stadc and Surprenant, 1991; Lledo et al., 1992; Valentijn et al., 1993), or if they 

are indirectiy coupled through other second messenger pathways. It will be of 

interest to investigate whether the short term actions of dopamine on the 

activation kinetics of Ca2+ channels are mediated b y G-protein coupling 

be tween dopamine D;? recep tors and channel proteins as demonstrated to 

occur in frog melanotrophs (Valentijn et al., 1993). Altematively, the 

prolonged inhibition of Ba2+ m e n t s  observed in the present study may be 

due to other second messenger systems coupled to Ca2+ channels. One 

possibility is that dopamine may interact with PKC to reduce Ca2+ dianne1 



activity. In previous studies, dopamine has been demonstrated to reduce 

PKC-stimulated increases in [Ca2+Ii and GTH-seaetion (Tobin and Chang, 

1992b; Jobin and Chang, 1993; Chang et al., 1993). 

In summary, dopamine acts via dopamine D&ke receptors to reduce Ca2+ 

influx through voltage-dependent Ca2+ dianneis, resulting in a reduction in 

GTH-II-secretion (Fig. 5.12). Unlike other pituitary cell types, voltage- 

dependent Na+ and K+ channels do not appear to be affected by dopamine 

receptor activation. These studies suggest that dopamine-induced inhibition 

of voltagedependent Ca2+ channels is a aitical event in modulating GnRH- 

stimulated GTH-II secretion. The speafic transduction pathways mediating 

the actions of dopamine, as well as the interactions between dopamine and 

GnRH on membrane excitability, remain to elucidated. 



Table 5.1. Effects of quinpirole on the voltagedependent activation cuve 
of Ba2+ currents in identified goldfish gonadotrophs. 

Activation propertiesa Control 100 n M  Quinpirole 

a The activation curve of the voltage-dependent Ba2+ m e n t  was fit with a 
single Boltzmann relation, I/Imax = lmax/ (1 + exp[(E-Ei/2) /k]) 

b W i t h  the same group, values whïch are simüar to controls (P > 0.05, 
païred t-test, n = 12) are identified by the same superscript. 



Table 5.2. Effects of 100 nM quinpirole on peak (10 - 20 msec) and steady- 
state (480 - 500 mec) voltagedependent Ba2+ currents in identified goldfish 
gonadotrophs-a 

- - - - - - - - - 

Command Control (PA) 100 n M  Quinpirole (PA) 

PO tential Peak Steady-state Peak Steady-s tate 

(mV) 

+10 -127.7 I 15.2 -110.1 I 16-4b -66.4 f 6.1 -72.6 I 3.9 

a The membrane potential was stepped from -80 mV 
potential indicated for 500 mec. 

b Significantly ditferent from peak current amplitude 
< 0.05, paired t -test; n = 7). 

to the command 

within each group (P 



Time (min) 

45 5s 
Time (min) 

Fig. 5.1. Effects of dopamine and quinpirole on K+-stimulated GTH-II 
secretion from dispersed goldfish pituitary cells in perifusion experiments. 
Left panel: hormone release response to a Smin pulse of 30 mM K+ (bar) in 
the presence (Flled cirdes) or absence (open circles) of 100 n M  dopamine (A) 
or its D2 agonist quinpirole (B). Right panel: net GTH-II response to 30 mM 
Kt in the presence or absence of 100 n M  dopamine (A) or quinpirole (B). 
GTH-II release responses (mean f SEM; n = 4 in control groups and 6 in 
heatment groups) were normalized as a percentage of the pretreatment 
values (17.1 f 1.0 ng/ml/2 x 106 cells and 22.0 13.5 ng/ml/2 x 106 cells, in A 
and B, respectively). Asterisk denotes significant difference from control (P < 
0.05, unpaired t -test). 
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Fig. 5.2. Effects of dopamine D2-receptor activation on Bay K 8644-stimdated 
GTH-II seaetion lrom dispersed goldnsh pituitary cells in static incubation 
experiments. A and B. Effects of 100 n M  dopamine (A; n = 8 to 16) and 100 
n M  quinpirole (B; n = 14) on 10 Bay K 8644-stimulated GTH-II seaetion. 
C Effects of 10 @I spiperone on 1 dopamine @A)-induced inhibition of 
10 pM Bay K 8644 (Bay KJ-stimulated GTH-II seaetion (n = 10). Results were 
normaüzed to % basal GTH-II secretion (247 i 27.7 ng/m1/0.25 x 106 cells) and 
are presented as mean f SEM. Treatment groups havïng similar GTH-II 
responses (ANOVA followed by Fisher's LSD test P > 0.05) are identified by 
the same underscore. 



Fig. 5.3. Effects of apomorphine on A23187-stimulated GTH-II secretion 
from dispersed goldfish pituitary cells in static incubation experiments. 
Results were normalized to % basal GTH-II secretion (225.7rt 30.7 ng/d/0.25 x 
106 ce&; mean f SEM, n = 16). Treatment groups having sirnilar GTH-II 
responses (ANOVA followed by Fisher's LSD test P > 0.05) are identified by 
the same letter. 



Fig. 5.4. Effects of dopamine on voltage-dependent Ba2f currents in 
identïfied goldfish gonadotrophs AU currents in A - C were elicited by a 40- 
msec voltagepulse to +10 mV from a holding potential of -80 mV. A. 
Dopamine induced a dosedependent inhibition of Ba2+ currents; n = 3 to 12 
( 6  rackets). Underscores denote values which are sirnilar (ANOVA and 
Fisher's LSD test, P > 0.05). B. Time course of 100 n M  dopamine-induced 
inhibition of voltage-dependent Ba2+ currents. Duration of dopamine 
application is indicated by the open horizontal bar. Result is representative of 
12 similar experiments. C. ~uperimposed Ba2+ m e n t  traces from a 
representative gonadotroph in the presence (filled circle) or absence (open 
circle) of 100 n M  dopamine. D. Current-voltage reiationship of the initial (O 
to 25 msec) and prolonged (175 to 200 msec) voltage-dependent Ba2+ currents 
evoked by 200-msec voltage-steps to the potentials indicated (holding 
potential = -80 mV) in the presence (Flled circles) or absence (open circles) of 
100 n M  dopamine (n = 4). AU currents were normalized to the maximal 
inward cment and are presented as mean f SEM. 
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Fig. 5.5. Effects of apomorphine on voltage-dependent Ba2+ currents in 
identified goldfish gonadotrophs. A. Tight-seal whole-cell, voltage-clamp 
recorduigs of Ba2+ currents elicited during a 40 msec voltage-step to +O mV 
before (open circles), during (closed circles), and after (dia rn O n d ) the 
application of 1 ph4 apomorphine (holding potential = -80 mV). B. Current- 
voltage relationship of the voltage-dependent Ba2+ currents evoked by 200- 
msec voltage-steps to the potentials indicated (holding potential = -80 mV) in 
the preçence (Flled circles) or absence (open circles) of 1 pM apomorphine (n 
= 3). Tight-seal whole-cell, patch-clamp recordings were performed as 
previously described in Chapter 3. The pipette solution was composed of (in 
mM); 120 Cs-glutamate, 20 TEA, 2 MgClû 11 EGTA, 1 CaC12, 2.5 Mg-ATP, 0.2 
Na-GTP (pH; 7.2). The extemal solution was the same as that used in 
perforated-patch, whole-ce11 recordings. AU voltages have been corrected for 
a liquid junction potential of 12 m V  as previously described (Chapter 3). 
Currents were nomalized to maximal inward current (mean + SEM). 
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Fig.5.6. Effects of quinpirole on voltage-dependent Ba2+ currents in 
identified goldfish gonadotrophs. Ali currents in A and B were elicited by a 
40-msec voltage-step to +10 mV from a holding potential of -80 mV. A. 
Quhpirole induced a dodependent inhibition of Ba2+ currents; n = 3 to 21 
(brackets). Underscores denote values which are similar (ANOVA and 
Fisher's LSD test, P z 0.05). B. Superimposed Ba2+ current traces from a 
representative gonadotroph in the presence filled circle) or absence (open 
circle) of 100 nM quinpirole. C. Current-voltage relationship of the peak (10 
to 20 msec) and steady-state (180 to 200 msec) voltage-dependent Ba2+ current 
evoked by 200-msec voltage-steps to the potentiais indicated (holding 
potential = -80 mV), in the presence (Flled circles) or absence (open circles) of 
100 nM quinpirole (n = 12). Al1 currents were normalized to the maximal 
inward current and are presented as mean f SEM. 
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Fig.5.7. Effects of the dopamine Dl-agonist, SKF 38393, on voltage- 
dependent Ba2+ currents in identified goldfish gonadotrophs. A. 
Superimposed Ba2+ current traces from a representative gonadotroph in the 
presence (Flled circle) or absence (open circle) of 100 nM SKF 38393. Currents 
were elicited by a 40-msec voltagestep to +10 mV from a holding potential of 
-80 mV. B. Curent-voltage relationship of the Ba2+ current (n = 7) evoked by 
200-msec voltage-steps to the potentials indicated (holding potential = -80 
mV) i n  the presence (Flled circles) or absence (open circles) of 100 n M  SKF 
38393. All m e n &  were norrnalized to the maximal inward current and are 
presented as mean f SEM. 



Fig. 5.8. Effects of dopamine Dl and D2 receptor antagonists on 
dopamine-induced inhibition of voltage-dependent Ba2+ currents in 
identified goldfish gonadotrophs. A. The Di antagonist SKF 83566 failed to 
block the inhibitory dopamine effed. Left panel: superimposed Ba2+ m e n t  
traces from a representative gonadotroph evoked by a 40-msec voltage step to 
+10 mV (holding potential = -80 mV) in presence of 1 ph4 SKF 83566 (open 
square), 10 n M  dopamine (Flled circle), 1 @id SKF 83466 and 10 n M  dopamine 
(Flled square) or vehicle control (open circle). Right panel: Ba2+ currents 
were normalized to the maximal Ba2+ m e n t  amplitude obsemed under 
control conditions and are presented as mean f SEM (n = 5). B. The 9 
antagonist spiperone blocked the inhiiitory dopamine effect. Left panel: 
Superimposed Ba2+ current traces evoked by a 40-msec voltage step to +10 
mV (holding potential = -80 mV) in presence of 1 p.M spiperone (open 
square), 10 & dopamine (filled circle), 1 
(med square) or vehicle control (open 
were normalized to the maximal Ba2+ 
control conditions and are presented 
indicates significant difference compared 
followed by Fisher's LSD test. 

 LM spiperone and 10 & dopamine 
cirde). Right panel: Ba2+ currents 
current amplitude observed under 
as mean + SEM (n = 5). Asterisk 
to control values; P < 0.05, ANOVA, 
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Fig. 5.9. Effects of quinpirole on the activation and inactivation kinetics of 
Ba2+ currents in identified goldfish gonadotrophs. A. Left panel: 
superimposed Ba2* current traces normalized to their maximal current 
amplitude. Currents were elicited by a 40-msec voltage step to +10 mV 
(holding potential = -80 mV) in presence (Flled circle) or absence (open circle) 
of 100 n M  quinpirole. Right panel: pooled results from 12 gonadotrophs 
showing the tirne to peak current in the absence or presence of 100 n M  
quinpirole. B. Left panel: superirnposed gaz+ current traces from a 
representative gonadotroph eliated by a 500-msec voltage step to +10 mV 
(holding potential = -80 mV) in the presence mled  circles) or absence (open 
circles) of 100 nM quinpirole. Solid-lines represents a single exponential fit of 
the inactivaihg phase of the voltage-dependent Ba2+ m e n t  Right panel: 
pooled results from 8 gonadotrophs showing the time constant (tau) of 
inactivation in the presence or absence of 100 n M  quinpirole. Asterisk 
indicates significant difference compared to control values; P < 0.05, unpaired 
l-test. 
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Fig. 5.10. Effects of quinpirole on steady-state inactivation of voltage- 
dependent Ba2+ currents in identified goldfish gonadotrophs. In the absence 
(open circles) or presence of 100 n M  quinpirole (Flled circles), steady-state 
inactivation C u m e s  were generated by stepping the membrane potential to 
between -90 and +20 mV for 500 msec before stepping to a 20 msec test 
potential of +10 mV. All CUtZents were normalized to the maximal inward 
current and are presented as mean f SEM. 



Fig. 5.11. Effects of dopamine on voltagedependent K+ and Na+ currents 
in identified goldfish gonadotrophs. A. Perforated patch-clamp recordings of 
voltage-dependent K+ currents in the presence of dopamine. Left panel: 
superimposed K+ current traces fiom a representative gonadotroph evoked by 
a 1-sec voltage-step to +20 mV from a holding potentiai of -80 mV before 
(open circle) and during plled circle) the application of 100 n M  dopamine. 
Right panel: ment-voltage relationship of the voltagedependent K+ current 
in the presence (Flled circles) or absence (open circles) of 100 nM dopamine (n 
= 3). B. Perforated patch-clamp recordings of voltage-dependent Na+ currents 
in the presence of dopamine. Left panel: superimposed Na+ current traces 
from a representative gonadotroph evoked by a 40-msec voltage-step to O mV 
from a holding potentid of -90 mV before and during the application of 100 
n M  dopamine. Right panel: ment-voltage relationship of the voltage- 
dependent Na+ current in the presence (f3led circles) or absence (open circles) 
of 100 n M  dopamine (n = 5). Ali currents in A and B were nomalized to the 
maximal inward m e n t  under control conditions and are presented as mean 
+ SEM- 
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Fig. 5.12. Dopamine actions on voltagedependent ionic channels in goldfish 
gonadotrophs. Abbreviations indude; dopamine, DA; dopamine D2 receptor, 
D2; IA, fast transient K+ currents; IK, delayecl rectifier K+ currents. 



Chapter 6 

LNTRODUCTION 

Agonist-induced increases in cytosolic free Ca2+ concentration ([Ca2+Ii) 

trigger hormone secretion in many endocrine ce11 types, including 

gonadotrophs (reviewed in Stojilkovic and Catt, 1992; Hille et al., 1994; 

Stojikovic et al., 1994). In the well characterized rat gonadotroph model, both 

intracellular and extracellular Ca2+ stores contribute to GnRH-induced 

increases in [Ca2+Ii (Shangold et al., 1988; Stojilkovic and Catt, 1992; 

Stojilkovic et al., 1994; Hiiie et al., 1994) and honnone secretion (Stojilkovic e t  

al., 1990, 1992). The intracellular Ca2+ response to GnRH is characterized by 

repetitive transient increases in [Ca2+JL the frequency of which is modulated 

by GnRH concentration. These Ca2+ oscillations are initiated by the rapid 

release of intraceklar Ca2+ from InsP3-sensitive Ca2+ stores (Hille et al., 1994; 

Stojilkovic et al., 1994). The ensuing rise in [Ca2+Ii stimulates exocytosis, as 

detennined by measuring alterations in membrane capadtance as an index of 

changes in membrane surface area (Tse et al., 1993), and has been linked to the 

early phase of LH secretion (Stojilkovic et al., 1990). On the other hand, the 

maintenance of GnRH-induced Ca2+ oscillations and LH secretion during 

prolonged exposure to GnRH is dependent on extracellular Ca2+ influx 

through voltage-dependent Ca2+ channels (Stojilkovic and Catt, 1992; 



Stojilkovic et al., 1994; H u e  et al., 1994). Therefore, intracellular and 

extracellular Ca2+ stores work in a cooperative fashion to tightly regdate 

[Ca2+Ii and LH secretion in GnRH-stimulated rat gonadotrophs. 

Indirect studies have indicated that stimulus-secretion coupling in 

goldfish gonadotrophs is also mediated by an inaease in [Ca2+Ii. In partidar, 

the evidence for a role of Ca? in mediating the actions of the two native 

GnRHs, sGnRH and cGnRH-II, has been primarily attained by monitoring 

GTH-II secretion in static incubation and perifusion experiments on dispersed 

goldfish pituitary cds .  Static incubation experiments have been used to 

monitor the GTH-II response during prolonged (2 hr) exposure to GnRH, 

while perifusion studies have been used to monitor short-tenn responses to 

brief stimuli (5 - 10 min). huing both short-term and prolonged exposure to 

sGnRH, GTH-II secretion is partially reduced by removal of extracekdar Ca2+ 

or inhibition of Ca2+ influx by inorganic or organic Ca2+ Channel blockers. In 

contrast, the GTH-II release response to prolonged exposue to cGnRH-II is 

abolished by rernoval of Ca2+ influx (Jobin and Chang, 1992a). However, 

during short-term exposure to cGnRH-II, GTH-II secretion is reduced by 

inhibition of Ca2+ entry (Jobin et al., 1996). In Ca2+-imaging studies on mixed 

populations of dispersed goldfish pituitary ce&, cGnRH-II-, but not sGnRH 

stimulated increases in [Câ2+Ii were abolished by the removal of extracellular 

Ca2+ (Jobin and Chang, 1992b). These findings indicated that extracellular 

Ca2+ idlux participates in the actions of both native GnRHs, whereas 

mobilization of intracellular Ca2+ may only be involved during sGnRH 

action. In support of this view, only sGnRH stimulates the production of 

hsP3 (Chang et al., 1995), which plays a prominent role in the mobiüzation of 

intracellular Ca2+ in many cell types, including rat, avian and bovine 

gonadotrophs (Davidson et al., 1990; Stojilkovic et al., 1994; Hille et al., 1994). 



In this chapter, 1 tested the hypothesis that GnRH-stimulates an increase 

in [Ca2*Ji in goldfish gonadotrophs and examined the involvement of 

intracellular Ca2+ release and Cazf influx in mediating the response to 

sGnRH and cGnRH-II. To monitor more directly dianges in [Ca2+Ii during 

GnRH-receptor activation, single-cell Gaz+-irnaging experiments were 

conducted on morphologically identified goldfish gonadotrophs. The 

membrane pemeant intracellular Ca2+ indicator, hua-II/acetoxymethyl ester 

(AM; Grynkiewich et al., 1985; Tsien et al., 1985), was used in combination 

with dual excitation wavelength epïfiuorecent microscopy to monitor 

temporal and spatial changes in [Ca2+Ii. To adùeve high spatial resolution, 

changes in [Ca2+Ji were monitored using a XlOO oil-immersion objective. 

Perforated-patdislamp recording techniques were also used to investigate the 

actions of the two native GnRHs on voltage-dependent Ca2+ channels. In 

general, acute application (5 2-min) of sGnRH or cGnRH-II stimulated an 

increase in [Ca2+Ii, which was partially independent of extracellular Ca2+ 

influx. Consistent with these observations, neither GnRHs affected the 

amplitude of voltage-dependent Ca2+ men ts .  

MATERIALS AND METHODS 

General 

Cornmon goldfish (8-13 cm in body length) were purchased from 

Grassyforks Fisheries (Martinsville, IN) or Ozark Fisheries (Stoutland, MO) 

and maintained as previously described (Chapter 2). Sexually regressed and 

pre-spawning male and female goldfish were used, unless otherwise 

indicated. Fish were anesthetized in 0.05% tricaine methanesulfonate prior to 

decapitation. Pituitary cells were dispersed using a controlled trypsin/DNAse 



treatment procedure modified from Chang et al (1990a; Chapter 5). The cells 

were subsequentiy resuspended in plating medium supplemented with 10% 

horse çenim and cultured ovemight under 5% C a  saturated humidityf and 

at 28 OC. For electrophysiological and single-cell Ca2+-imaging studies, 

dispersed pituitary cells were dtuted for 16 hr in poly-l-lysine (0.01 mg/ml) 

coated glass-bottom pehi dishes. Goldfish gonadotrophs were identified on 

the basis of their unique morphological characteristics as previously described 

(Chapter 2). 

Measurement of [Ca2+Ji 

Fura-II/AM loading.  The [Ca2+] in single identified goldfish 

gonadotrophs was detemüned using the fluorescent Ca2+ indicator, fura-II 

(Tsien et al., 1985). Dispersed goldfish pituitary celis were rinsed once with 

testing medium and then incubated for 60 min at 28 OC with 10 of the 

membrane penneant form of fura-II, fura-II/acetoxymethy1 ester (AM) and 25 

pg/ml pluronic F-127 (Molecular Probes, Eugene, OR). Fura-II/AM was 

dissolved in DMSO with 25 mg/rnl pluronic F-127 to obtain a 10 rnM stock 

solution, which was subsequently diluted to its final concentration in testing 

media immediately prior to use. The addition of the non-ionic dispersing 

agent, pluronic F-127, helped to solubilize the fura-WAM, resuiting in a more 

uniform dye distribution (Poenie et al., 1986). The final DMSO concentration 

was 0.1%, which does not affect ionic currents or GTH-II seaetion in goldfish. 

The concentration of fura-II/AM, DMSO, pluronic F-127, as well as incubation 

time and temperature, were manipulated to result in optimal loading of 

identified goldfish gonadotrophs with ha-II/AM (Fig. 6.1). Similar h a -  

II/AM loading conditions have been used with African catfish gonadotrophs 

(Rebers et ai., 1995). FoIlowing fura-II/AM loading, the dispersed pituitary 



cells were rinsed, twice, with modified testing medium (Fura-II medium: 

modified M-199 with Hank's salts, 0.385 g/l NaHC03,25 mM HEPES, 100 000 

U/1 penicillin, 100 mg/l streptomycin, 0.1% BSA, prepared with the addition 

of 136 mM NaCl, 5 m M  CaQ and 54 mM KCl, but without the addition of 

phenol red; pH adjusted to 7.2 with NaOH; courtesy of Dr. S.S. Stojilkovic, 

ERRB, NICHD, NIH, Bethesda, MD) to remove excess fura-II/AM. 

Intracellulm Ca2+ imaging was performed widùn 5 to 60 min of fura-D/AM 

loading at 18 OC to 20 OC. The bath contained < 200 J of fura-II testing 

medium and was continuously petfused at a rate of 2 ml/min using a gravity- 

driven superfusion system. The outflow was placed near the cell, resulting in 

complete solution exchange around the cell within 2 sec. For experiments 

using high extracellular K+ concentrations, 25 mM NaCl was replaced with 

equimolar K I ,  resulting in an extraceilular K U  concentration of =30 mM. 

Delennination of relative changes in [Cd+l i .  Changes in [Ca2+Ii were 

made by determining the ratio of the emission intensity of fura-II 

fluorescence subsequent to excitation at two different wave lengths as 

previously described (Tsien et al., 1985). Single fura-II/ AM-loaded 

gonadotrophs were imaged under epifluorescence rniaoscopy using a Ziess 

Axiovert 135 inverted microscope with a Plan-Neofluar 100 X/1.3 NA oil- 

immersion objective (Ziess, Ontario, Canada). Fura-II fluorescence was 

exated by UV light from a 100 watt Hg/Xe-arc lamp, which was alternately 

passed through 340 n m  and 380 n m  excitation filters using a computer 

controlled rotating filter wheel. To reduce photobleadiing and photodamage 

during recording, exposure times were rninimized and the excitation light 

intensity was regulated by placing neutral density filters in the excitation light 

path. The excitation light was reflected toward the image field by a 430 n m  

dichroic mirror. Emitted light was coilected at 510 nrn and detected by an 



intensified charged coupled device (CCD) camera (Paultek Imaging, Nevada 

City, CA). Ratio images (340/380) were digitized and stored using a Macintosh 

Quadra 950 cornputer equipped with a Quickcapture frame grabber board 

(Data Translation, Ontario, Canada). Ratiued images were acquired every 5 

sec to 10 sec using the image capture program Ratio 1.3 (kindly provided by 

Dr. S. B. Kater, University of Utah School of Medicine). 

Estimation of [Ca2+li and Data Analyses. Changes in are presented 

as estimated or as a ratio of the fluorescent emission intensity 

following altemate excitation at 340 n m  and 380 n m  (340/380 ratio). The 

[Ca2+Ii was estimated using the foUowing relation developed by Grynkiewich 

et al (1985): 

where: R represents the fluorescence emission intensity ratio F340/F380 at the 

point of interest; l Q  is the apparent Ca2+ dissoaation constant for ha-II and 

Q is the ratio of fluorescence emission intensities, Fmin/FmW measured at 380 

n m  excitation in the absence of Ca2+ (F-) and in the presence of saturating 

Ca2+ concentrations (Fm,,). Ratios corresponding to the minimum (Rmh) 

and maximum (RmaX) fluorescence were obtained in zero and saturating Ca2+ 

concentrations, respectively. The Q of ha-II  and the relation, Fmin/Fmax, 

were determined at 18 OC to 20 O C  by measuring the fluorescence signals 

following alternate excitation at 340 n m  and 380 nm of ha- I I  pentapotassium 

salt (100 IrM) in ceU-bee solutions of known Ca2+ concentration entrapped in 

glass capillary tubes with a path length of 20 p (Vitro Dynamics, Rockaway, 

NJ). Calibration solutions of known Ca2+ concentrations (zero to 39.8 pM free 

Ca2+) were prepared using a Ca2+ Calibration Buffer Kit with magnesium II 

(Molecular Probes, Eugene, OR). The ionic composition of the calibration 



solutions induded: zero to 10 mM CaEGTA, 1 mM free Mg2+, 100 mM KC1 

and 10 rnM MOPS (pH = 7-21). To measure [Ca2+Ii, images acquïred at 340 n m  

and 380 n m  were ratioed on a pixel-by-pixel basis and was estixnated 

according to equation 1 using the values determined as descrieci above: Kd = 

265.00 nM, Q = 1.95, &in = 0.78 and R- = 3.72. 

For the determination of relative changes in [Ca2+Ii, mean numerical 

values of intensities (scale of O to 256) obtained at 340 nm and 380 n m  

excitation were determined from a rectangular region that occupied the 

majority of the c d  area and did not extend beyond the c d  margin. The raw 

data recorded in response to excitation at 340 n m  and 380 n m  were corrected 

for the background signal recorded in the absence of fluorescent dye as 

described in Silver et al (1992). Briefly, the background intensity recorded at 

340 nm and 380 n m  from regions of the dish which did not contain any cells 

were subtracted from the fluorescent intensities before obtainhg the ratio 

value. This background correction accounted for incomplete block of 

excitation light, the fluorescence of optical components, including the 

coverslip and extracellular medium and the weak halo of reflected 

fluorescence around the cells. In unloaded goldfish gonadotrophs, ce11 

autofluorescence was negligible. Due to variation in basal 340/380 ratio 

values ([Ca2+Ii) between experiments, the data were normaiized to the mean 

value obtained in the first three ratio images and were expressed as % 

pretreatment. AU values in the text and figures are reported as mean It SEM. 

Differences between groups were considered to be signhcant when P c 0.05. 

Electraphysiologicd Recordings 

Whole-cell, voltage-damp recordings (Harnill et al., 1981) were performed 

at room temperature (18 OC to 20 OC) using nystatin-perforated patch recording 



techniques (Kom and Hom, 1989) as described in chapter 3. Briefly, after 

obtaining electrical access to the c d  (& = 26.3 f 1.8 UR; n = IO), ments were 

recorded in voltageclamp mode using a Dagan 3900 integrating patdi-clamp 

amplifier. Series resistance compensation was optimized and usually ranged 

between 10 and 18 mR. Current records were corrected for linear leakage and 

capacitance using a P/-4 procedure (l3ezanilla and Armstrong, 1977). Pulse 

generation, and data acquisition were carried out using an AT 486 2DX 

compatible cornputer equipped with a digidata 1200 interface in conjunction 

with pCLAMP programs (Axon Instruments, Foster City, CA). The pipette 

solution contained (in mM): 70 Cs-glutamate, 70 CSCI, 2 M e ,  10 HEPES and 

160 pg/ml Nystatin (pH adjusted to 7.2 with TrisCl). The composition (in 

rnM) of the extemal solution for recordings of voltage-dependent Ba2+ 

currents (through voltagedependent Ca2+ channels) was (in mM): 130 N- 

methyl-D-glucarnine-CI, 20 BaClz 1.0 MgCïz 2.5 KU, 8 glucose, 10 HEPES (pH 

adjusted to 7.2 with HU). The effects of ail d m g  applications on Ca2+ currents 

were continuously monitored by giving a 40 msec voltage-step to O mV from 

a holding potential of -70 mV, every 5 sec. Alternatively, current-voltage 

relationships were generated using 200 msec voltage-ramps from -80 mV to 

+BO mV, every 5 sec. Data analysis was performed using an AT 486 2DX 

compatible cornputer in conjunction with Clampfit (Axon Instruments, 

Foster City, CA). The junction potential for Ba2+ current recordings was 

determined to be less than 3.0 mV using the JPCalc program (Barry, 1994) and 

were not corrected for. AU values in the text are reported as mean f SEM. 

Differences between groups were considered to be significant when P < 0.05 

using pUwd 1 test. 



D ~ g s  

To make stock solutions, sGnRH and cGnRH-II (Peninsula Laboratories, 

Belmont, CA) were dissolved in distilled de-ionized water. GnRH antagonist 

E ([AC-A~-P~O', 4F-~-Phe2, ~-Trfl6]mGnRH; analog E of Murthy et al., 1993), 

kindly provided by Dr. R. E. Peter at the University of Alberta (Edmonton, 

Alberta), was dissolved in a prirnary solvent containing propylene glycol and 

fura-II testing medium at a ratio of 60:M (v:v) and subsequently diluted to the 

final concentration in ka-II  testing medium. Nifedipine and S(-)-Bay K 8644 

(Research Biochemicals Incorporated, Natidc, MA), as well as ionomycin 

(Calbiochem, San Diego, CA) were dissolved in ethanol. Aliquots of stock 

solutions were stored at -20 OC until use, when they were diluted to final 

concentrations in fura-II testing medium for fura-II studies or saline for 

electrophysiological studies. The highest concentration of ethanol or DMSO 

was 0.1%, which had no effect on either basal hormone release or ionic 

currents. 

RESULTS 

Measurement of [CÎZiIi in goldfish gonadotrophs 

Morphologically identified goldfish gonadotrophs, bathed in Fura-II 

medium with 5 mM extracellular Ca2+, maintainecl a wide range of estirnated 

resting [Ca2+Ii with a mean value of 70.3 f 4.6 nM (mean f SEM, n = 76; Fig. 

6.2). Resting [Câ2+Ii was stable during 5-min recording periods in which 

gonadotrophs were altemately exated at 340 n m  and 380 n m  every 10 sec 

(data not shown). The ability of golclfïsh gonadotrophs to maintain low 

levels of restuig [Câ2+li agauist the electrochernical gradient for Ca2+ indicates 

that their plasma membranes are intact. 



In the present study, the Ca2f ionophore, ionornycin, was used to 

detennuie if increases in c m  be observed under the present fura- 

II/AM loading conditions. The fluorescent excitation spectra of fura4I shifts 

to shorter wavelengths as Ca2+ concentration increases (GIynkiewiu et al., 

1985). Therefore, ionomycin should increase the fluorescent intensity 

measured following excitation at 340 nm, while the fluorescent intensity 

measured following excitation at 380 nm shouid decrease. Thus, a rise in 

[Ca2+Ii in response to ionomycin should increase the 340/380 ratio. 

Application of 1 @l ionomych produced these expected changes in 

fluorescence (Fig. 63), with an estimated net increase in peak [Ca2+Ii of 1125.0 

2 197.8 n M  (mean I SEM; range 742 to 1402 nM, n = 3). These results are 

consistent with known dianges in the ha-II excitation spectra in response to 

an inaease in Ca2* concentration (Grynkiewicz et al., 1985), suggesting that 

the ha-II/AM loading and measutement procedures used in this study 

result in accurate estimations of [Câ2+Ji. 

voltage-dependent Ca?+ chamel-stimulated inmeases in [Ca2+Ii 

Dihydropyridine-sensitive, voltage-dependent Ca2+ (Ba2+) currents have 

been obsewed in identified goldfish gonadotrophs (Chapter 3) and are 

believed to participate in GnRH-stimulated GTH-II seaetion from &ed 

populations of dispersed goldfïsh pituitary cells (Chang et al., 1996). In the 

present shidy, the effects of voltage-dependent Ca2+ channel activation on 

[Ca2+Ii were examined using the dihydropyridine-sensitive Ca2+ channel 

activator, Bay K 8644, and high concentrations of extracellular KCl. 

Application of 10 p.M Bay K 8644, which increases voltage-dependent Ba2+ 

currents in identified goldfish gonadotrophs (Chapter 3), elicited a rapid and 

persistent inaease in [Ca2+Ii (Fig. 6.4; n = 4). The estimated net increase in 



peak [Cazcli was 316.3 i 89.0 n M  (range = 67 n M  to 653 nM, n = 4). Similarly, 

application of 30 m M  K U  increased [Ca2+Ii by 62.5 + 32.2 n M  (ange = 14 n M  to 

152 nM, n = 4; Fig. 6.5). 

Ca2+ release from inkacellular Ca2+ stores 

Release of Ca2+ into the cytosol from endoplasmic retidum stores may 

also contribute to agonist-induced GTH-II secretion. To demonstrate the 

presence of hctional  intracellular Ca2+ stores in goldfish gonadotrophs, 

reuptake of cytosolic ftee Ca2+ by the endoplasmic reticulum was blocked by 

the addition of thapsigargin, an inhibitor of endoplasmic reticulum Ca2+- 

adenosine 5'-triphosphatase (Ca2+-ATPase). Thapsigargin (1 jM) induced a 

relatively prompt (within 20 sec) rise in which slowly inaeased until 

reaching a stable level after approximately 2 min of incubation (Fig. 6.6). The 

average maximal inaease in estimated [Ca2+Ii in response to thapsigargin was 

47.0 + 19.3 n M  (range = 21 n M  to 103 nM, n = 4). 

GnRH-induced inaeases in [Ca2+Ji 

In response to a 1 or 2 min application of either 100 n M  sGnRH or 100 nM 

cGnRH-II, an increase in was observed in 94% (n = 36) of the cells 

identïfied as gonadotrophs by their distinct cellular morphologies (Fig. 6.7). A 

2 min application of 100 n M  sGnRH stimulated a peak increase in estimated 

[Ca2+Ii of 281.0 f 44.7 n M  (range = 146 nM to 532 nM, n = 8), whereas cGnRH-II 

stimulated a peak inaease in estimated [Ca2+Ii of 288.6 I 42.7 n M  (range = 62 

nM to 648 nM, n = 15). An increase in [Câ2+Ii in response to GnRH was also 

observed in morphologically identified somatotrophs (data not shown) . In 

dispersed goldfish pituitary cells which do not exhibit gonadotroph- or 

somatotroph-like cellular morphologies (Chapter 2), neither sGnRH nor 



cGnRH-II stimuiated an increase in (Fig. 6.8). niese results suggest 

that GnRH-induced increases in [Ca2+]i act specifically on gonadotrophs and 

somatotrophs. 

The temporal pattern of the [Ca2+li response profile after the application of 

sGnRH and cGnRH-11 were dose dependent and reversible (Fig. 6.9). In al l  

gonadotrophs tested, a 2-min application of 100 n M  cGnRH-II (n = 15) induced 

a biphasic inaease in [Ca2+Ii, consisting of an initial spike phase followed by a 

sustained, lower amplitude plateau phase (Fig. 6.7 and 6.9). In 6 gonadotrophs 

tested, application of 10 n M  cGnRH-II elicited a biphasic inaease in [Ca2+Ii in 

5 cells, while 1 cell exhibited a slow-monophasic increase (Fig. 6.9 A). 

Application of 1 n M  cGnRH-11 induced slow-monophasic increases in [Ca2+li 

in all cells tested (n = 3; Fig. 6.9 A). Simi1a.r response profiles were observed 

after application of 100 n M  (n = 8), 10 n M  (n = 4), and 1 nM (n = 4) sGnRH 

(Fig. 6.7 and 6.9). The onset of both sGnRH- and cGnRH-II-induced increases 

in [Ca2+Ii became progressively shorter with higher concentrations of GnRH 

(Fig. 6.9 A and B). Under the current recording conditions and temporal 

resolution, possible evidence for GnRH-induced oscillatory Ca2+ responses 

were obsemed in only two ce& (Fig. 6.13). Better tempord resolution will be 

required to more dearly elucidate the temporal patterns of Ca2+ signaling in 

these ce&. 

Several studies have suggested that both sGnRH and cGnRH-II b h d  to the 

same class of GnRH-receptors to stimulate GTH-II secretion. In initial 

experiments, sequential application of 10 n M  sGnRH and 10 n M  cGnRH-II 

increased the estimated [Câ2+Ii by 39 n M  and 51 nM, respecfively, in the same 

gonadotroph. In addition, only gonadotrophs which exhibited the same 

rnorphological characteristics were used in the present study. These results 

indicated that, within the same subpopdation of gonadotrophs used in this 



study, both native GnRHs act on the same cell to stimulate an increase in 

[Ca2+Ii. 

Due to the heterogeneity of the response pro- and differences in 

the latency of the response to various concentrations of sGnRH or cGnRH-II. 

a dose-response relationship was determined from the net change in peak (or 

maximal) during a 2-min application of GnRH. To avoid the possible 

desensitization of the intraceiiular Ca2+ response due to successive 

applications of GnRH (hfcA.de et al, 1995), GnRH wa. generally applied only 

once per culture dish. Appücation of 0.001 nM to 100 n M  sGnRH or cGnRH-II 

induced a dosedependent inaease in peak [Ca2+Ii (Fig. 6.10). With the 

exception of 0.001 nM sGnRH os. 0.001 nM cGnRH-II, no significant 

differences were observed between sGnRH and cGnRH-II. with respect to the 

net change in peak [Ca2+Ii (P > 0.05, unpaired f-test, n = 3 to 15). 

Suppression of GnRH-induced Ca2+ responses by a GnRH-receptor antagonist 

Hormone release studies have demonstrated that the GnRH analog [Ac- 

~3-Pr01, 4F-D-Phe2, ~-Trp3~~]rnGnRH (analog E) acts as a 'hue' GnRH 

antagonist in goldfish, as it competitively inhibits GnRH receptor binding 

without stimulating GTH-II seaetion (Murthy et al., 1993). To investigate the 

effects of analog E (antagonist E) on GnRH-induced increases in [Câ2+Ii, 2 

antagonist E was applied 90 sec before and during the application of a 60-sec 

pulse of 10 n M  sGnRH. The antagonist was then removed and after a 5-min 

wash period, sGnRH was re-applied in the absence of antagonist E. 

Application of 2 PM antagonist E abolished the [Ca2+li response to 10 n M  

sGnRH (Fig. 6.11 A. B). There was no difference in the Ca2+ response between 

the antagonist alone or sGnRH in the presence of the antagonist (P > 0.05, n = 

6; Figure 6.11 B). Additionally, the vehicle solution did not alter [Câ2+Ii (net 



change in peak 340/380 ratio above basal values was 3.0 t 1.3 %, which is not 

significantly different than O change. P > 0.05; one group t-test; n = 6). 

However, antagonist E alone did induce a relatively smalI increase in [Ca2+Ii 

at the dose used in the present study (P < 0.05, n = 6; Figure 6.11 A, 8). 

Evidence for 10-d increases in [Ca2+Ji 

In many cell types, activation of Ca2+ mobiiizing receptors stimulates 

spatially localued increases in [Ca2+Ii. In the present study, GnRH induced 

both localized and non-localized increases in [Ca2+Ii. A localized increase was 

obsewed in 76.5% (n = 17) of the c d s  in response to a 2-min application of 

100 n M  cGnRH-11 (Fig. 6.12). In these cells, localized increases in [Ca2+Ii 

appeared near to the plasma membrane and progressively decreased towards 

the center of the cell. In addition, the localized increase in [Ca2+Ii was 

obsemed toward one pole of the c d .  To be consistent with previous reports 

(Rawlings et al., 1991), the localized inaeases in [&cli observed in these ceils 

will be referred to as polarized Ca2+ responses. Polarized Ca2+ responses were 

also observed in 62.5 % (n = 8) of the gonadotrophs following a 2-min 

application of 100 n M  sGnRH. Non-polarized [Câ2+li responses were also 

observed in response to 100 n M  sGnRH (Figure 6.13) or 100 nM cGnRH-II. 

These non-polarized Ca2+ responses are characterized by an increase in 

throughout the cytoplasm with numerous smaii Ca2+ "hot spots" dispersed 

throughout. 

Release of intracellular Ca2+ from thapsigargin-sensitive endoplasmic 

reticulum stores also occurs in a localized region of the cell and appears to be 

greatest nearer to the plasma membrane (Fig. 6.14). These results suggest that 

release of Ca2+ from intracellular stores is also localized and has a similar 



spatial pattern as that induced by GnRH. However, whether thapsigargin- 

and GnRH-sensitive pools are similar remains to be determined. 

Involvement of extracellulu Ca?+ during GnRH action 

The possible involvement of extracellular Ca2+ influx in mediating GnRH 

action was investigated by removing extracellular Ca2+ from the medium or 

by the addition of inorganic voltage-dependent Ca2+ channel blockers. 

Addition of 50 p M  CdCh deaeased the peak [Ca2+Ii response to 100 n M  

cGnRH-II compared to control values (Fig. 6.15; P < 0.05, ANOVA-repeated 

measures foilowed by paired t-test, n = 6). However, the cGnRH-Il-stimdated 

increase in peak [Ca2+Ii obswed in the presence of Cd2+ was not significantly 

different from responses obtaùied following removal of Cd2+ (washout; P > 

0.05, ANOVA-repeated measures followed by paired t-test). In light of the fact 

that the inhibitory effects of Cd2f on voltagedependent Ca2+ currents are 

completely reversible (Chapter 3), it is unclear if blockade of Ca2+ entry 

affected the [Ca2+Ii response to cGnRH-II. In addition, it is possible that 

multiple exposure to GnRH desensitized the intracellular Ca2+ response to 

subsequent applications. To minimize potential desensitization of sequential 

responses caused by repeated GnRH application, the initial control GnRH 

pulse was eliminated in subsequent experiments designed to investigate the 

involvement of Ca2+. In addition, the wash period between the termination 

of treatments altering extracellular Ca2+ availability and application of the 

washout control pulse was extended from 4.5 to 7 min. Exposure to Ca2+-free 

medium for 2 min prior to the application of a 2-min pulse of 100 n M  

cGnRH-iI did not affect the peak response or the temporal profile of the 

Ca2+ response compared to washout controls (Fig. 6.16; P > 0.05, paired t-test, n 

= 3). Similarly, the [Ca2+Ii response to 100 n M  sGnRH was not affected by the 



addition of 2 mM CoC12 (Fig. 6.17; P > 0.05, paired t-test, n = 6). Since the 

potential of desensitization cannot be entïrely elirninated even in these Latter 

experiments, it rernains unciear whether extracellular Ca2+ entry plays a role 

in the acute response to the two native GnRHs. Nevertheless, the 

persistence of an [Ca2+Ii response in the presence of CdCla CoC12 and Ca2+ 

solutions strongly suggests that mobiüzation of Ca2+ from întracellular stores 

participates in the acute actions of sGnRH and cGnRH-II on goldfish 

gonadotrop hs. 

Although the involvement of extracellular Cd+ infiux in acute (c 2-min) 

actions of GnRH cannot be M y  established in single-cell hua-II imaging 

experiments, there is evidence that the intracellular Ca2+ stores and 

extracellular Ca2+ enhy through voltage-dependent Ca2+ channels are dosely 

linked and may be interrelated. Like GnRH, activation of voltagedependent 

Ca2+ channels by either Bay K 8644 or 30 mM KC1 stimulates localized 

increases in [Ca2+Ii (Fig. 6.18). During successive application of 2-min pulses 

of 100 n M  cGnRH-II foUowed by 10 Bay K 8644, polarized Ca2+ responses 

were observed in the same discreet area of the ce11 (Fig. 6.18 A, B). 

Interestingly, application of 10 pM nifedipine, which reduces voltage- 

dependent Ba2+ currents in these cells (Chapter 3), stimulated a polarized 

increase in however, the magnitude of nifedipine-induced increases 

in [Ca2+Ii varied widely from cell to c d  (Fig. 6.19). These results suggest that a 

decrease in Ca2+ entry stimulates a rapid release of Ca2+ from intracellular 

Ca2+ stores. As with Bay K 8644, successive application of nifedipine and 

cGnRH-II induced polarized Ca2+ responses in the same distinct region of the 

cell (Fig. 6.19). Taken together, it is likely that both GnRH and nifedipine 

treatment activate the same intracellular Ca2+ pools. 



Possible actions of GnRH on voltage-dependent Ba2+ currénts 

To M e r  investigate the possible link between GnRH receptor activation 

and voltage-dependent Ca2+ channels, petforated-patch voltage-clamp 

recordings of isolated Ba2+ currents were performed. As in previous 

experiments, Ba2+ was used as the charge carrier through voltage-dependent 

Ca2+ charineh for the reasons outlined in Chapter 3. Application of 100 nM 

cGnRH-II or 100 nM sGnRH did not alter the amplitude or activation thne 

course of voltage-dependent Ba2+ currents in identified goldfish 

gonadotrophs (Table 6.1; Fig. 6.20 A and B). As GnRH induced a rapid 

biphasic inaease in [Ca2+Ik which may involve Ca2+ entry ihrough voltage- 

dependent Ca2+ channels, ment-voltage rdationships were generated using 

voltage-ramps rather than a series of successive voltage-steps. This allows for 

the determination of the current-voltage relationship of the voltage- 

dependent Ba=+ current within 200 msec compared to several seconds. A 200 

msec voltage-ramp from -80 mV to +80 mV, eliated an inward Ba2+ m e n t  

at membrane potentials more depolarized than -30 mV, which reached a 

maximum amplitude near +16 mV (Fig. 6.20). These values are similar to 

those obtained using a series of successive voltage-steps to generate a current- 

voltage curve under similar recording conditions (Chapter 5). Application of 

either sGnRH or cGnRH-II did not alter the activation threshold, current- 

voltage relationship or apparent reversa1 potential of the Ba2+ currents in 

identified goldfish gonadotrophs (Fig. 6.20 A and B). These results indicate 

that acute activation of GnRH receptors does not affect voltage-dependent 

Ca2+ channels in goldfish gonadotrophs. 



DISCUSSION 

Regdation of [Ca2+li in unstimulated goldfbh gonadotrophs 

The [Ca2+]i in unstirnulated seaetory cells is tightly regulated due to its 

stimulatory role in excitation-secretion coupling. Accordingly, in 

unstimulated goldfish gonadotrophs, low resting [Ca2+Ii are maintained in 

the presence of high concentrations of extracelluliv Ca=+, îndicating that Ca2+ 

homeostatic mechanisms are operathg in these cells. This is further 

demonstrated by the rapid return of to base-line levels following the 

termination of ionomych treatment. Although some of the Ca2+ may be 

extmded from the cell by plasma membrane Ca2+ pumps, cytosolic Ca2+ is 

likely re-sequestered due to the activity of a thapsigargin-sensitive 

endoplasmic reticulum CaZ+-~TPase. The presence of this Ca2+-~TPase in 

goldfish gonadotrophs is demonstrated in this study. However, unlike the 

situation in rat gonadotrophs (Stojilkovic et al., 1993), there is no evidence of 

thapsigargin-induced Ca2+ oscillations in goldfish gonadotrophs under the 

current experimental conditions. In many cells types, thapsigargin-sensitive, 

intracellular Ca2+ stores contribute to InsP3-induced Ca2+ release during the 

activation of Ca2+-mobilizing receptors (Bemdge 1993), induding GnRH- 

receptors in rat gonadotrophs (Stojilkovic et al., 1994). Whether the 

thapsigargin-sensitive stores in goldfish gonadotrophs are sensitive to InsP3 

and/or other second messengers remains to be detennined. 

In many pituitary ce11 types, spontaneous action potential activity 

promotes Ca?+ entry through voltage-dependent Ca2+ channels. In the 

present study, Bay K 8644 and high concentrations of extracellular KC1 

stimulate an increase in [Ca2+Ii in goldfish gonadotrophs. These hdings are 

consistent with the presence of L-type Ca2+ channels in goldfish 



gonadotrophs, as previously observed using whole-cell, patch-clamp 

recording tediniques (Chapter 3). In addition, as Bay K 8644 increases Ca2+ 

current by maintaùiing Ca2+ channels in the open state rather than opening 

dosed channels (Kokubin and Reuter, 1984), these data suggest that in 

unstimdated goldfish gonadotrophs, at least some of the Ca2+ channels are in 

the open state. In this regardf spontaneous Na+- and Ca2+- dependent action- 

potential activity has been obsemed in these cells (Chapter 3). Thus, it 

appears that there is a continuous influx of Ca2+ through voltage-dependent 

Ca2+ channels. 

The entry of Ca2+ d u ~ g  spontaneous action potential activity in 

unstimulated gonadotrophs may be important for maintaining intracellular 

Ca2+ stores. In the present study, nifedipine, which reduces voltage- 

dependent Ca2+ currents in these cells (Chapter 3), samulates an increase in 

[Ca2+Ii. Additionally, in other studies (Jobin, 1993), inhibition of Ca2+ entry by 

the application of nifedipine or inorganïc Ca2+ Channel blockers, as well as the 

removd of extracellular Ca2+, ekits a transient increase in GTH-II secretion 

followed by a sustained deaease in basal secretion (Jobin, 1993). These results 

suggest that a decrease in Ca2+ entry or the correspondhg decrease in [Ca2+Ii 

either stimulates the release of Ca2+ from, or inhibits Ca2+ sequestration by, 

intracellular Ca2+ stores. On the other hand, if celis are pre-exposed to 

medium containing high concentrations of Ca2+, the GTH-II release response 

to subsequent removal of extracellular Ca2+ was augmented compared to the 

response following treatment with normal Ca2+ concentrations (Jobin, 1993). 

These results suggest that an elevated Ca2+ entry increases the concentration 

of Ca2f within the intracellular Ca2+ stores (Jobin 1993). Taken together, these 

results suggest that the activity of the voltage-dependent Ca2+ channels and 

the resulting changes in [Ca2+Ii influence the concentration of Ca2+ within the 



intracellular Ca2+ stores. Whether the intraceilular Ca2+ release sites are 

directly linked to voltage-dependent Ca2+ chmels  or indirectly Mced to 

hem through second messengers remains to be determined. However, 

prelimùiary studies indicate that the intracellular Ca=+ release sites and 

voltage-dependent Ca2+ channels are located in the same region of the cell. 

GnRH receptor activation stimulates an inmase in [Ca?+]i 

An increase in [Ca2+Ii is believed to be important in regulating excitation- 

secretion coupling in goldfish gonadotrophs (Jobin and Chang, 1992a; Jobin et 

al., 1996). Consistent with this view, sGnRH and cGnRH-II stimulate an 

increase in [Ca2+Ii in identified goldfish gonadotrophs. As only gonadotrophs 

exhibiting a single set of morphological characteristics were used in the 

present study, it is iikely that the two native GnRHs stimulate an increase in 

[Ca2+Ii from the same subpopulation of gonadotrophs. Ln further support of 

this view, both sGnRH and cGnRH-II stimulate an inaease in in the 

same cell when applied sequentially at a low dose. The GnRH-induced 

increases in observed in thk subpopulation of gonadotrophs appear to 

be receptor-mediated. Both GnRHs stimulate a dose dependent increase in 

[Ca2+Ii. In addition, the GnRH-antagonist, analog E, reversibly blocks sGnRH- 

induced Ca?+ responses. Although GnRH receptors have been located in 

histochernically identified goldfish gonadotrophs (Cook et al., 1991), direct 

evidence for the presence of GnRH receptors in this subpopulation of 

morphoiogically identified goldfish gonadotrophs awaits hirther study. 

Spatiotemporal aspects of GnRH-induced Ca?+ response 

A varïety of temporal patterns in the [Ca2+]i response to 

obsewed in different cells expressing GnRH-receptors, 

GnRH have been 

including slow- 



monophasic, transient-spike, osdatory, biphasic oscillatory and biphasic 

non-osdatory (Fig. 6.21A). In goldfish, slow-monophasic, transient-spike 

and biphasic, non-osdatory Ca2+ responses were obsewed at varying 

concentrations of GnRH. Non-oscillatory changes in [Ca2+Ii were also 

o b s e ~ e d  in African catfish gonadotrophs (Rebers ef al., 1995), aT3-1 (McArdle 

et al., 1995) and CPT2 (Thomas et al., 1996) clonal gonadotrophs, as well as 

immortalized GnRH neurons (Krsmanovic, et al., 1993). In these cells, as in 

goldfish gonadotrophs, GnRH often induced biphasic changes in [Ca2+Ii, 

consisting of an early spike phase foUowed by a lower amplitude plateau 

phase. Also, in response to high concentrations of GnRH (2 10 nM), normal 

and ovariectomized rat gonadotrophs exhibited biphasic oscillatory or non- 

osdatory changes in [Ca2+Ii (Stojilkovic et al., 1994). Under the experimental 

conditions used in this study, goldfish gonadotrophs did not exhibit the 

characteristic, large amplitude [Câ2+Ii oscillations which are observed in rat 

gonadotrophs in response to lower concentrations (S 10 nM) of GnRH. In this 

regard, the temporal resolution employed in this study may not have been 

sufficient to resolve Ca2f oscillations in goldfish gonadotrophs. 

In different cells expressing GnRH ceceptors, an increase in GnRH 

concentration may elicit either an all-or-none increase in [Ca2+IL a diange in 

the amplitude of [Ca2+lior a change in frequency of the cytosolic Ca2+ 

oscillations (Fig. 6.218; Stojilkovic et ai., 1994). The present data demonstrate 

that increasing concentrations of sGnRH or cGnRH-II induce a correspondhg 

increase in the net change in peak [Ca2+Ii in goldfish gonadotrophs. These 

data are consistent with an amplitude modulated Ca2+ response to GnRH in 

these cells. A similar response to GnRH has also been obsemed in aT3-1 

(McArdle et al., 1995) and CPT2 (Thomas et al., 1996) donal gonadotrophs, as 

well as immortalized GnRH neurons (Krsmanovic, et al., 1993). In contrasi, 



in rat gonadotrophs, irrespective of their developmental stage, physiological 

condition or sex, increasing concentrations of GnRH does not affect the 

amplitude of the Ca2+ response (Stojïlkovic et al., 1993). Instead, the 

frequency of GnRH-induced Ca2+ oscillations are modulated by GnRH 

concentration. In rat Leydig tells, which also contai.. GnRH-receptors, ail-or- 

none Ca2+ responses were reported in response to increasïng concentrations 

of GnRH (Tomic et a l ,  1995). 

In many different neuronal and endocrine cells, changes in occur in 

localized regions of the cytoplasm. In the present shidy, both sGnRH and 

cGnRH-II evoked a localized inaease in [Ca2+Ii in a large proportion of the 

gonadotrophs tested. Similar responses to GnRH occur in rat gonadotrophs 

(Rawlings et al., 1991). Several different factors may contribute to the 

localized Ca2+ responses in rat and goldfish gonadotrophs: the diffusion rate 

of Ca2+ through the cytoplasm, the concentration and distribution of mobile 

~ a 2 +  buffering proteinç, as well as the distribution of plasma membrane Ca2+ 

channeis, intracellular Ca2+ release sites and GnRH receptors. In this respect, 

activation of voltage-dependent Ca2+ channels or inhibition of the 

endoplasmic ret idum Caz+-~TPase stimulates a localized increase in [Ca2+Ii 

in identified goldfish gonadotrophs. This indicates that voltage-dependent 

Ca2+ channels and intracelluiar Ca2+ release sites are clustered in specific 

regions of the plasma membrane and cytoplasm, respectively. Intracellular 

Ca2+ release sites and voltage-dependent Ca2+ channels also appear to be 

spatially localized in rat gonadotrophs (Rawlings et al., 1991). 

Non-polarized increases in [Ca2+Ii were also observed in a smali wrtion of 

the cells responding to GnRH. These 

there is a more uniform distribution 

stores or Ca2+ diannels in the plasma 

L 

resdts may indicate that in some cells, 

of GnRH-receptors, intracellular Ca2+ 

membrane. The numerous small Ca2+ 



'hot spots' obsemed in these cells indicate that there is some degree of 

dustering of intracellular Ca2+ rdease or entry sites in these cells; however, 

they rnay be more dispersed compared to those cells which exhibit polarized 

Ca2+ responses. Alternatively, multiple pools of intracellulaz Ca2+ may be 

present in these cells, remlting in Ca2+-induced Ca2+ release, which may lead 

to the rapid spread of Ca2+ throughout the cytoplasm. To more dearly 

elucidate the mechanisms underlying the two different spatial patterns of 

Ca2+ signals, it will be necessary to use higher resolution techniques, such as 

confocal microscopy, in combination with greater temporal resolution. 

Mobfiation of intrace11uia.r Ca2+ mediates the acute actions of GnRH 

In general, agonist-induced increases in [Câ2+li can occur through a diange 

in the release or sequestration rate of Ca2+ by cytoplasmic Ca2+ stores or by a 

change in the rate of i o ~ c  flux across the plasma membrane. The present 

data show that acute activation of sGnRH and cGnRH-II receptors mobilize 

intracellular Ca2+ stores to increase [Ca2+Ii. At least three lines of evidence 

support this view. First, inhibition of Ca2+ influx by removal of extracellular 

Ca2f or by addition of inorganic Ca2+ Channel blockers does not affect GnRH- 

induced increase in [Ca2+ji. Second, neither sGnRH nor cGnRH-II affect 

inward currents through voltage-dependent Ca2+ channels. Third, 

thapsigargin-sensitive intracellular Ca2+ stores are present in identified 

goldfish gonadotrophs. Additionally, sGnRH stimulates the production of 

InsP3 isofoms in dispersed goldfish gonadotrophs (Chang et al., 1995). 

Production of InsP3 is known to M a t e  the release of intracellular Ca2+ in 

many cell types, induding rat and chicken gonadotrophs (Davidson et al., 

1990; Stojillcovic and Catt, 1992; Stojilkovic ef al., 1994). Although the present 

study demonstrates the involvement of intracellular Ca2+ stores in the acute 



actions of sGnRH and cGnRH-II, it does not predude the involvement of 

extracellular Ca2+ in the maintenance of prolonged GnRH stimulation. For 

example, prolonged stimulation of GTH-II secretion in goldfish requires Ca2+ 

entry through dihydropyridine-smitive Ca2+ channels (Jobin and Chang, 

1992a; Jobin et al., 1996). In rat gonadotrophs, extracellular Ca2+ entry is also 

necessary for sustaining [Câ2+Ii oscillations duMg prolonged GnRN: receptor 

activation (Stojilkovic et al., 1992). 

The apparent lack of extracellular Ca2+ involvement in mediating acute 

GnRH-induced increases in [Ca2+] is inconsistent with the proposed 

involvement of extracellular Ca2+ entry in mediating short-term GTH-EI 

release secretion (Jobin et aL, 1996). One possible reason for the apparent 

inconsistemies is that in these hormone release studies, extracellular Ca2+ 

entry was impeded for longer periods of time (60 to 90 min) before GnRH 

addition, as compared to the 2-min pre-exposure in the present study. This 

may have depleted uitracellular Ca2+ stores, which would severely impede 

GnRH-induced mobilization of stored Ca2+, and hence GTH-II secretion. 

Results from the present study indicate that Ca2+ entry and the activity of the 

intracellular Ca2+ stores are dosely related, as discussed earlier. Therefore, it 

is likely that the dependence on extracellular Ca2+ obsemed during short- 

term GnRH stimulation of GTH-II secretion reflects the depletion of GnRH 

releasable pools of intracellular Ca2+ following prolonged periods of 

attenuated Ca2+ influx. 

Physiological implications and summarg 

The present results demonstrate that sGnRH and cGnRH-II inaease [Ca2+Ii 

by the rnobilization of intracellular Ca2+ (Fig. 6.22). Whether GnRH 

stimulates the mobilization of intracellular Ca2+ by the generation of lnsP3 or 



other signahg pathways such as PKC is not known. However, GnRH has 

been demonstrated to stimulate the production of InsP3, InsP2 and higher 

W s  (Chang et al., 1995). Altematively, PKC has been demonstrated to play a 

critical role in the regdation of GnRH-stimulated GTH-II seaetion and may 

also participate in the mobilization of intracellular Ca2+ (see Chapter 7). 

Nevertheless, the resulthg inaease in [C&+li likely mediates secretion, as 

similar concentrations of GnRH stimulate GTH-II seaetion from dispersed 

goldfiçh pituitary cells (Chang et al., 1993; Chang et al., 1996). Although the 

present study does not implicate the involvement of extracellular Ca2* entry 

in mediating the acute actions of either sGnRH or cGnRH-II, Ca2+ entry may 

be important in maintaining the intraceUular Ca2+ stores during prolonged 

GnRH receptor activation. Extracellular Ca2+ entry may also be important for 

the maintenance of intracellular Ca2+ stores in unstimulated gonadotrophs. 

Modulation of the Ca2+ channek by various neuroendocrine factors, such as 

dopamine (Chapter 5), may regulate the hormone release response by 

affeding the availability of intracellular Ca2* during stimulation by GnRH. 

The funciional significance of localized changes in goldfish gonadotrophs 

is not as dear as that for other c d  types. For example, localized changes in 

[Ca2+Ii rather than uniform increases, have been demonstrated to be 

important in mediaiing fast synaptic transmission in neurons (Llinas et al., 

1981; Augustine et al., 1987; Zudcer, 1993) and are important in restncting the 

actions of Ca2+ to specific regions of the cytoplasm in neuronal growth cones 

(Silver et al., 1990; Davenport and Kater, 1992). In gonadotrophs, it is possible 

that local changes in [Ca2+Ii may be necessary to restrid hormone seaetion to 

a partidar region of the cell. In Uiis respect, it has been demonstrated that 

rat gonadotrophs contact blood capiilaries at only one point along their ce11 

surface (Keefer and Smith, 1981). Unlike the situation in mamrnals (Garner 



and Blake, 1981), aggregation of secretory grandes towards any one particuiar 

region of the cell have not been reported in goldfish gonadotrophs. It 

remains to be detennined if localized changes in [Ca2+Ii plays a role in 

iimiting the hormone response to a speafic pool or region of the cd. As 

discussed in Chapter 1, CAMP and potential neuroendocrjne regdators using 

the CAMP-dependent signal transduction pathways rnay utilize GTH-II pools 

which are distinct from those mobilized during GnRH- and PKC/Ca2+- 

dependent hormone release (Jobin ef al., 1993). 

In summary, renilts reported in this chapter established a single-cell fura- 

Il Ca2+-imaging techinique for studying [Ca2+Ii changes in a teleost 

gonadotroph. Results also confirmed the involvement of [Ca2+Ii changes in 

mediating GnRH stimulation of GTH-II release as predicted by earlier 

pharmacological studies. In addition, the roles of intracehlar Ca2+ release 

and extracellular Ca2+ influx, as well as temporal and spatial dianges in 

[Ca2+Ii in regulating cell responses will be an important area to pursue in 

future studies. 



Table 6.1. GnRH actions on voltagedependent Ba2+ currents elicited by a 

40 msec voltage-step to +10 mV fiom a holding potentid of -80 mV. 

Peak Ba2+ curent amplitude (PA) 

Treatment Control GnRH 

- - - - - - - - 

a Denotes similar values compared to controIs (paired t -test, P > 0.05). AU 
experiments were perfonned with gonadotrophs prepared form sexudy 

mature goldfish. 



Fig. 6.1. Typical example of an identified goldfish gonadotroph loaded 
with Fura-II/ AM. A. DIC p ho tomicrograph of an identified go ld fish 
gonadotroph. B and C.  Epifiuorescent images of fluorescent intensities 
emitted at 510 nm following alternate excitation at 340 nm (B) and 380 nm (C) 
from the ceil shown in (A). It was loaded with 10 p M  hua-II/AM and 25 
pg/ml pluronic F-127 for 1 hr at 27 OC. The position of the nucleus is 
indicated (as terisks). Gray-scale bar represents the fluorescent intensity scale 
€rom 1 - 256. Bar: 10 pm. 
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Fig. 6.2. Distribution of resting [Câ2+Ii in identified goldfish gonadotrophs. 
Gonadotrophs were bathed in fura-II: medium containhg 5 mM Ca2+ (n = 76). 



2 0 J , ,  , 
O 30 60 90 120 150 180 210 240270 

Time (sec) 

~ s J , ~ , ~ ~ , , ~ ~ ,  
O 30 60 90 120 150 180 2 10 240 270 

T i e  (sec) 

O 3i1 60 9i1 IZO I ~ O  1ào2io 2io 2+0 
Time (sec) 

Fig.6.3. Effects of ionomycin on in identified goldfish 
gonadotrophs. Gonadotrophs were exposed to a 2-min application of 1 
ionomycin (bar).  A. Dual wavelength measurements of fluorescence 
intensity measured 510 n m  following excitation at 340 and 380 m. 
Measurements were taken in 10-sec intervals. htensity of fluorescence was 
measured on a digital scale of 256 levels. B. The fluorescence response 
expressed as 340/380 ratio of the same ceil as in (A). C. Cumulative results 
were normalized as a percentage of pretreatment 340/380 ratio values (1.48 I 
0.07) and presented as mean f SEM (n = 3). 
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Fig. 6.4. Effects of S(-)-Bay K 8644 on in identified goldfish 
gonadotrophs. Gonadotrophs were exposed to a Zmin application of 10 p M  
S(-)-Bay K 8644 (bar). A. The fluorescence response expressed as a 340/380 
ratio from a single gonadohoph. Measurements were taken in 10-sec 
intervals. B. Cumulative results hom separate experiments were normalized 
as a percentage of pretreatment 
presented as mean f SEM (n = 4). 
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Fig.6.6. Effects of thapsigargin on [Ca'+Ii in identified goldfish 
gonadotrophs. Gonadotrophs were exposed to a 2-min application of 1 @M 
thapsigargin (bar). A. The fluorescence response expressed as a 340/380 ratio 
from a single gonadotroph. Measurements were taken in IO-sec intervals. B. 
Cumulative results from separate experiments using gonadotrophs prepared 
from sexually regressed goldfish were normalized as a percentage of 
pretreatment 340nm/380 n m  ratio values (1.13 f 0.04) and presented as mean 
t SEM (n = 4). 
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Fig. 6*7. Effects of sGnRH and cGnRH-II on [Câ2+li in identified goldfish 
gonadotrophs. Gonadotrophs were exposed to either 100 n M  cGnRH-II (lefi 
panel: n = 15) or 100 nM sGnRH (right panel: n = 8) for 2 min (bar). A. The 
fluorescence response expressed as a 340/380 ratio from a suigle gonadotroph. 
Measurements were taken in 10-sec intervals. B. Cumulative results from 
separate experiments were normalized as a percentage of pretreatment 
340nm/380nm ratio values prior to the application of cG~RH-iï (1.33 f 0.05) 
or sGnRH (1.28 I 0.04) and presented as mean i SEM. 



Fig. 6.8. Specificity of GnRH action on [Câ2+li in identified goldfish 
gonadotrophs. Pseudo-color image of the 340/380 ratio of a gonadotroph (G) 
and a Mdentified ceii (U) loaded with fura-D/AM before (A) and during (B) 
the application of 100 nM cGnRH-II. Bar: 10 Pm. 
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Fig. 6.9. Temporal patterns in [Ca2+Ii elicited by application of different 
concentrations of sGnRH and cGnRH-II. Typical examples of the temporal 
patterns in the cytosolic Ca2+ responses to a 2-min application (Bar) of 0.1,1,10 
and 100 n M  cGnRH-II (A) or sGnRH (8). Data from separate gonadotrophs 
are presented as the 340/380 ratio collected every 10 sec. 



Fig. 6.10. cGnRH-II and sGnRH induced dosedependent increases in [Ca2+li 
in identified goldfish gonadotrophs. Cumulative results from separate 
experiments were norrnalized by calculating the maximal rise in [Ca2+Ji as a 
percentage of pretreatment 340/380 ratio values prior to the application of 
cGnRH-II (1.12 + 0.06) or sGnRH (1.14 I 0.05), and are presented as mean i 
SEM (n = 3 - 15). Treatment groups having simüa. responses (P > 0.05; 
hskal-Wall is  test followed by MannoWhitney U test) are identified by the 
same underscore. 
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Fig. 6.11. Effects of GnRH antagonist E on sGnRH-induced increases in 
[Ca2+Ii in identified goldfish gonadotrophs. A. Superimposed traces from 
gonadotrophs exposed to sequential pulses of 100 n M  sGnRH (arrow) in the 
presence and absence of 2 antagonist E (Bar). A 5-min wash perïod was 
given between sequentid treatments on the same cells. Results from separate 
experiments were normalized as a percentage of pretreatment 340/380 ratio 
values prior to the application of antagonist E (1.10 f 0.04). Values in (A) and 
(B) are presented as mean f SEM (n = 6). Asterisk denote significant 
differences between each group (P < 0.05; ANOVA followed by Fisher's LSD 
test). AU experiments were performed with gonadotrophs prepared from 
sexually regressed goldfish. 
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Fig. 6.12. Pseudo-color images of cGnRH-II-induced changes in [Ca2+li in a 
single identified gonadotroph. A. Temporal pattern of 100 n M  cGnRH-II- 
induced (bar) changes in 340/380 ratio. Ratio values were collected every 5 
sec. B. A sequential series of pseudo-color ratio images illustrating a polarïzed 
increase in [Ca2+li in response to 100 n M  cGnRH-II. Corresponding ratio 
values and images in A and B, respectively, are ïndicated by a - c. Bar: 10 p. 
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Fig. 6.13. Pseudo-color images of sGnRH-induced changes in in a 
single identified gonadotroph. A. Temporal pattern of 100 nM sGnRH- 
induced (bar) changes in 340/380 ratio. Ratio values were collected every 5 
sec B. Sequential series of pseudo-color ratio images illustrating a non- 
polarized increase in in response to sGnRH. Corresponding ratio 
values and images in A and B, respectively, are indicated by a - c. Bar: 10 W. 



Fig. 6.14. Pseudo-color images of thapsigargùi-induced increases in [Caz*Ii 
in a single identified gonadotroph. Ratio images of a gonadotroph before (A) 
and during (B) the application of lpM thapsigargin. ALI experiments were 
performed with gonadotrophs prepared hom prespawning goldfish. Bar: 10 
Pm- 
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Fig. 6.15. Effects of CdC12 on cGnRH-II-induced increases in [Ca2+Ii in 
identified goldfish gonadotrophs. A. [Ca2+Ii response to a 2-min application 
of 100 n M  cGnRH-II (open bar) in normal and 50 pM CdCl2-containing 
medium (solid bar). Results h m  separate experiments were normalized as a 
percentage of pretreatment 340/380 ratio values prior to the application of the 
first cGnRH-II pulse (1.03 I 0.01). B. Net change in peak [Caz+Ii in response to 
100 n M  cGnRH-IL before, during and after the application of 50 @M CdC12. 
Results were normalized as a percentage of pretreahnent 340 nm/380 nm 
ratio values prior to the application of each pulse of cGnRH-II. Treatment 
groups having similar Ca2+ responses (P > 0.05, by ANOVA-repeated 
measures followed by paired t-test) are identified by the sarne underscore. 
Values in (A) and (8) are presented as mean f SEM (n = 6). AU experiments 
were perfonned with gonadotrophs prepared from prespawning goldfish. 
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Fig. 6.16. Effects of removal of extracellular Ca2+ on cGnRH-II-induced 
increases in [Ca2+Ii in identified goldfish gonadotrophs. A. Superimposed 
traces from gonadotrophs exposed to sequential applications of 100 nM 
cGnRH-II (bar) in the presence of Ca2+ free medium plled bar) and following 
the re-addition of 5 mM Ca=+ containing medium (Washout). A 7-min wash 
period was given foIlowing the re-addition of Ca2+ to the medium before the 
second application of cGnRH-II. Results from separate experiments were 
normalized as a percentage of pretreatrnent 340/380 ratio values prior to the 
removal of extracellular Ca24 (1.35 f 0.04). B. Net change in peak [Ca2+Ii as a 
percentage of 340/380 ratio values prior to the addition of 100 n M  cGnRH-II. 
Values in (A) and (B) are presented as mean f SEM (n = 3). 
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Fig.6.17. Effects of CoC12 on sGnRH-induced increases in [Câ2+Ii in 
identified goldfish gonadotrophs. A. Superimposed traces from 
gonadotrophs exposed to sequential applications of 10 n M  sGnRH (bar) in the 
presence of 2 mM CoC12 (Flled bar) and 7 min following the removal of CoC12 
(washout) .  Results from separate experiments were normalized as a 
percentage of pretreatment 340/380 ratio values prior to the addition of CoC12 
(1.18 f 0.02; mean f SEM; n = 5). B. Net change in peak [Ca2+Ii as a percentage 
of 340/380 ratio values prior to the addition of 10 n M  sGnRH. Gonadotrophs 
were prepared from sexually regressed goldfish. 



Fig. 6.18. Pçeudo-color images of Bay K 8644- and KCI-induced increases i n 
[Ca'+]i in a single identified gonadotroph. A series of pseudo-color ratio 
images taken every 10 sec illustrating the local changes in [Câzcli in response 
to sequential application of 100 n M  cGnRH-II (A) and 10 PM Bay K 8644 (B) in 
the same ceil. B. Pseudo-color ratio images of a gonadotroph (G) and an 
unidentified celi (U) before (C) and during (D) the application of 30 mM KC1. 
Ail experiments were performed with gonadotrophs prepared f rom 
prespawning goldfish. Bar: 10 Pm. 
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Fig. 6.19. Nifedipine-induced increase in in identified goldfish 
gonadotrophs. Gonadotrophs were exposed to 10 nifedipine for 2 min 
(bar). A. Cumulative results were nomalized as a percentage of 
pretreatment 340/380 ratio values (1.18 f 0.06) and presented as mean t SEM 
(n = 4). B and C. A series of pseudo-color ratio images taken every 10 sec 
illustrating the local changes in [CScli in response to sequential application of 
10 nM cGnRH-II (8) and 10 pM nifedipine (C) in the same cell. Asterisk 
indicate the time of GnRH or nifedipine application. Bar: 10 Fm. Al1 
experiments were performed with gonadotrophs prepared from prespawning 
goldfish. 
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Fig. 6.20. Effects of sGnRH and cGnRH-II on voltage-dependent ~ a 2 +  
currents in identifieci goldfish gonadotrophs. A. Upper panel: superimposed 
Ba2+ current traces in the presence or absence of 100 n M  sGnRH. Currents 
were elicited during a 40-msec voltage step to +10 m V  (holding poteniid= -80 
mV). Lower panel: ment-voltage relationship of the B&+ current evoked 
during a 200-msec voltage-ramp from -80 mV to +80 mV in the presence or 
absence of 100 n M  sGnRH-II. B. Upper panel: superimposed Ba2+ current 
traces in the presence or absence of 100 nM cGnRH-11. Currents were elicited 
during a 40-msec voltage step to +10 mV (holding potential = -80 mV). Lower 
panel: current-voltage relationship of the Ba2+ current evoked during a 200- 
msec voltage-ramp from -80 mV to +80 mV in the presence or absence of 100 
n M  cGnRH-II. 
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Fig. 6.21. Cornparison of the Ca2+ signaling patterns (A) and concentration 
dependence (8) obsemed in different c d  types expressing GnRH receptors. 
Adapted from Stojikovic and Catt, 1992; Stojilkovic et al., 1994 and Tomic et 
al., 1995. 
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Fig. 6-22. Summary of GnRH-induced increases in [Ca2+]i. Abbreviations: 
TG = thapsigargi., R = receptor, G = Gprotein, PLC = Phospholipase C, PIP = 
phosphatidyhositol-bisphosphate (PI[4, 5]q), Inositol (1, 4, 5)-trisphosphate, 
- = Ca2+ pump. 



Chapter 7 

INTERACTIONS BETWEEN PROTEIN KINASE C AND  CA^+ 
IN GOLDFISH GONADOTROPHS. 

INTRODUCHON 

The involvement of PKC in mediating the actions of GnRH in 

mammalian gonadotrophs has been the subject of much debate (Stojillcovic et 

al., 1994). Some have suggested that PKC is not involved in the stimulation 

of LH seaetion (McArdle et al., 1987), whiie others have shown that PKC 

modulates GnRH action (Davidson et al., 1990; Stojilkovic et al., 1991; 

Stojilkovic and Ca#, 1992; Tse et al., 1995). In contrast, it is dear that PKC 

plays a prominent role in sGnRH and cGnRH-II stimulated GTH-II secretion 

from goldfish gonadotrophs (reviewed in Chapter 1). In goldfish, hormone 

release studies have suggested that PKC-stimdated GTH-II secretion is 

dependent on Ca2+ entry through voltage-dependent Ca2+ channels (Jobin 

and Chang, 1992b; Chang et al., 1996). Activation of PKC stimulates an 

increase in [Ca2+Ii in mixed populations of dispersed goldfish pituitary cells in 

both an extracellular and intracelldar Ca2+ dependent manner (Jobin and 

Chang., 1992b). These observations indirectly indicate that PKC-dependent 

GTH-II secretion is in part due to the activation of voltage-dependent Ca2+ 

diannels and the subsequent increase in [Ca2+Ii. 

To more diredy test the hypothesis that PKC alters single-cell Ca2+ 

imaging experiments were conducted on morphologically identified goldfish 

gonadotrophs. In addition, perforated-patch-clamp recording techniques were 



used to investigate the effects of PKC activation on voltage-dependent Ca2+ 

channels. In an atternpt to relate the results hom single-cell Ca2+ imaging 

and electrophysiological experiments to secretion, the effects of PKC on 

voltage-dependent Ca2+ channd-mediated GTH-II secretion were monitored 

in rapid-fraction perifusion studies. The tumor-promoting phorbol ester, 

tetradecanoyl phorbol-lbacetate (TPA), and the synthetic diacylglycerol, 

dioctanoyl glycerol @iC8), were used to activate PKC. The inactive analog of 

TPA, 4a-phorbol 12, 13 didecanoate (4a-PDD), was used as a negative control 

for the actions of TPA. In general, the prelirninary findings of this study 

indicate that acute (2 min) activation of PKC stimulates a localized increase in 

[Ca2+Ii in identified goldnsh gonadotrophs. This response does not appear to 

result directly from an increase in Ca2+ entry through voltage-dependent Ca2+ 

channels; however, prolonged activation of PKC may enhance voltage- 

dependent Ca2+ Channel activity and/or Ca2+ dependent exocytosis. 

Generd 

Common goldfish (Carassius auratus; 8-13 cm in body length) were 

purchased from Grassyforks Fisheries (Martinsville, IN, USA) or Ozark 

Fisheries (Stoutland, MO, USA) and maintained as previously described 

(Chapter 5). Pituitaries from sexually regressed and prespawning male and 

Çemate goldfish were excised and their pituitary cells were dispersed and 

cultured as previously described (Chang et al., 1990a; Chapter 5). For single- 

cell Ca2+ imaging and patdi-damp experiments, goldfish gonadotrophs were 

identified on the basis of their unique morphological characteristics as 

previously desaibed (Chapter 2). 



Cell column petifusion shidies of GTH-11 responses 

For the measurement of acute hormone release responses to TPA and 

DiC8, c d  column perifusion studies were performed as previously described 

(Chang et al., 1990b; Chapter 4). Prîor to each experiment, cells were perifused 

for 4 hr with testing medium at a rate of 15 ml/hr, after which a relatively 

stable basal seaetion rate was established. Experiments began with the 

collection of I m i n  fiactions of perifusate for 40 min. This was followed by 

the collection of 30-sec fractions of perihisate for 20 min, after which the 

perifusate was collected as 5-min fractions for the remainder of the 

experiment. Treatrnent with TPA, DiCS, 4a-PDD or DMSO (vehicle control) 

began 20 min after the beginning of an experiment and continued for the 

remainder of the experiment. A 5 min pulse of 30 m M  K+ was given 40 min 

into the experiment. There was a tirne delay of 6 to 7 min between the 

beginning of the drug application and the appearance of the GTH-II response. 

This delay can be entirely accounted for by the time required for the perifwate 

to pass through the dead-space (~1.7 ml) inherent in the perifusion system. 

Perifusates were kept frozen at -20 OC until their GTH-II contents could be 

measwd using a RIA-spedic GTH-11 (Peter et al., 1984; Van Der Kraak et al., 

1992). 

GTH-11: content in individual columns was normalized as a percentage of 

the average pretreatment values obtained in the first four fractions (% 

Pretreatment). The hormone responses were quantified by determining the 

net change in GTH-II levels (i.e., area under the curve) and expressed as a 

percentage of pretreatment values as previously described (Wong et al., 1992; 

Chapter 4). All values in the text and figures are reported as mean f SEM. 

Differences between groups were cowidered to be significant when P < 0.05 

using unpaired t -test or ANOVA, foilowed by LSD difference test. 



For experiments in which extracellular ion concentrations were modified, 

a M-199 with Hank's salts prepared without the addition of NaCl or CaCl2 was 

used as a testhg medium (courtesy of Dr. S.S. Stojilkovic, ERRB, MCHD, 

National Institutes of Health, Bethesda, MD). Na+ and Ca2+ levels were 

adjusted as required (see below). Under control conditions, the extemal 

medium contained (in mM), 136 NaCl, 5.4 KCl and 1.26 CaC12. For 

experiments using high concentrations of extracellular K+, 25 m M  NaCl was 

replaced with equimolar KC1, giving a final extracellular K+ concentration of 

30 mM. AU solutions were supplemented with 2.2 g/l NaHC03, 25 mM 

HEPES, 100 000 U/1 penicilh, 100 mg/l streptomycin, 0.1% BSA; pH was 

adjusted to 7.2 with TrisCl. 

Measurement of 

Alterations in [Câ2+Ii were determined using the Ca2+ indicator, fura-II 

(Tsien et al., 1985), as previously described for goldfish gonadotrophs (Chapter 

6). Briefly, dispersed pituitary cells were incubated for 60 min at 28 OC with 10 

pM hua-II/AM and 25 pg/ml pluronic F-127. Following fura-Hf AM loading, 

the cells were ruised 2X with modified testing medium. Intracellular Ca2+ 

imaging was performed within 5 to 60 min of hua-II/AM loading at 18 OC to 

20 OC. Changes in [Câ2+Ii were determined by the ratio of the emission 

intensity of fura-II fluorescence subsequent to exatation at 340 n m  and 380 

nm (340/380 ratio). Data were expressed as the 340/380 ratio, or as [Ca2+Ii (see 

chapter 6). Due to variation in basal 340/380 ratio values ([Câ2+Ii) between 

experiments, the data were normalized to the mean value obtained in the 

first three ratio images and were expressed as % pretreatment. All values in 

the text and figures are reported as mean f SEM. 



Electrop hysiological Recordings 

Whole-ceIl, voltage-damp recordings (Hamill et al., 1981) were performed 

at room temperature (18 OC to 20 OC) usïng nystatin-perforated-patch 

recording techniques (Korn and Hom, 1989), previously desmied in Chapter 

3. Voltagedependent Ca2+ and K+ currents were continuously monitored 

during 40 msec voltage-steps to O mV from a holding potential of -70 mV, 

delivered every 5 sec. Curent-voltage relationships were generated only after 

the response to the h g  application had stabiüzed. 

The composition (in mM) of the extemal solutions for the different 

recording conditions were as follows: 

1. Ba2+ currents (through voltage-dependent Ca2+ channels): 130 N- 

methyl-D-gIucamine-Cl, 20 Bac15 1.0 M g Q ,  2.5 KU, 8 glucose, 10 HEPES (pH 

adjusted to 72 with HU). 

2. K+ currents: 142 NaCl, 6.0 CaCb 2.0 KCI, 3.0 MgC12, 0.001 TIX, 10 

glucose and 10 HEPES (pH adjusted to 72 with TrisCi). 

The composition (in mM) of the electrode solutions for the different 

recording conditions were as follows: 

1. Ba2+ currents: 70 CsCl, 70 cesium-glutamate, 2 MgCLû 10 HEPES (pH 

adjusted to 7.2 with TrisCl). 

2. K+ currents: 120 K-aspartate, 20 KC1,2 MgQ, 1 CaC1~10 HEPES (pH 

adjusted to 7.2 with TrisCl). 

Data analysis was performed using an AT 4% 2DX compatible cornputer in 

conjunction with Clampfit (Axon Instruments, Foster City, CA). The 

junction potentials for K+ and Ba2+ current recordings were calculated with 

the malt prograrn (Barry 1994) to be less than 3.0 mV and were not corrected. 

Al1 values in the text are reported as mean f SEM. Differences 

groups were considered to be sipficant when P < 0.05 using paired t 

between 

test. 
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Phorbol 12-myristate 13-acetate V A ) ,  4a-phorbol 12, 13 didecanoate (4a- 

PDD), and dioctanoyl glycerol @iC8) were purchased from Research 

Biochemicals Incorporated (Natick, MA) and dissolveci in DMSO. Aiiquots of 

concentrated stock solutions were stored at -20 OC and diluted to final 

concentrations in saline. The final concentration of DMÇO was $0.1%, which 

has no effect on basal GTH-II secretion or ionic currents. 

Effects of TPA and DiC8 on KCl-stimulated GTH-II secretion. 

Previous studies have suggested that PKC interacts with voltage- 

dependent Ca2+ channels to mediate sustained GTH-II seaetion (Jobin and 

Chang, 1992b; Chang et al., 1993; Chang et al., 1996). One possibility is that 

prolonged activation of PKC enhances voltage-dependent Ca2+ channel 

activity, resulting in increased Ca2+ entry. To test t .  hypothesis, the effects 

of prior treatment with low doses of PKC activators on voltage-dependent 

Ca2+ channel activity were monitored in perifusion studies. To activate 

voltage-dependent Ca2+ channels, a high concentration of KC1 was applied to 

the extracellular medium. As shown in chapters 5 and 6, 30 mM KCl 

effectively activated voltage-dependent Ca2+ channels and increased [Ca2+IL 

Ieading to hormone seaetion. In the present experiments, pretreatment with 

1 p M  DiC8 or 1 n M  TPA for 20 min augmented KC1-stimulated GTH-II 

seaetion (Fig. 7.1 and 7.2) However, 1 n M  4a-PDD, an inactive phorbol 

analog, did not alter KC1-stimulated GTH-II secretion (Fig. 7.2). Application of 

these relatively low doses of DiCS or TPA alone caused a relatively small 

increase in GTH-II secretion compared to the response in the presence of KCl 



(Fig. 7.1 and 7.2). These data indicate that prolonged exposure to PKC can 

d a n c e  GTH-II seaetion that is eliated by activation of voltage-dependent 

Ca2+ channels. 

EffecfS of TPA uid ~CZ-PDD on [Ca2+Ii. 

To further investigate the effects of PKC activation on Ca2+ mobiiization 

in goldfish gonadotrophs, single-ce11 Ca2+ imaging experiments were 

performed. Application of 100 n M  TPA increased by 35.7 f 12.1% 

(mean + SEM; range = 12.3 to 71.4%; P < 0.05 os. O change; one-group t-test; n = 

5; Fig. 7.3). This corresponds to a net increase in estimated [Ca2+Ii of 134 f 49 

n M  (mean i SEM; range 38 to 168; n = 5). Unlike TPA, 100 n M  4a-PDD did 

not significantly inaease [Ca2+Ii (P > 0.05; n = 3; Fig. 7.3). These results suggest 

that activation of PKC can stimulate an ïncrease in [Ca2+Ii in goldfish 

gonadotrophs. 

In identified goldfish gonadotrophs, GnRH stimulates a localized increase 

in near one pole of the cell (Chapter 6). A sirnilar localized increase 

was observed in response to a 2 min application of 100 n M  TPA (Figure 7.4). 

In these ce&, the increase in [Ca2+Ii appeared to be greatest near the plasma 

membrane and progressively smaller towards the center of the cell. 

Effects of PKC on voltage-dependent Ba2+ and K+ currents. 

The above results demonstrate that activation of PKC stimulates a 

localized increase in [Câ2+Ii. It is possible that PKC inaeased [Ca2+Ii by 

d a n c i n g  Ca2+ influx through voltagedependent Ca2+ channels. To test this 

hypothesis, the effects of TPA on isolated Ba2+ currents were examined using 

perforated patch-clamp recordings. Barium was used as the charge carrier 

through voltagedependent Ca2+ channels for the reasons outlined in Chapter 



3. Application of 100 (n = 4) and 1000 n M  (n = 4) TPA did not significantly 

altm the amplitude of voltagedependent Ba2* currents in identified goldfish 

gonadotrophs (Table 7.1; Fig. 7.5 A and 8). 

Activation of PKC may indiredy alter voltage-dependent Ca2+ Channel 

activity by altering other ionic currents that influence plasma membrane 

excitability. To begin to test this hypothesis, the actions of TPA on total 

outward K+ currents were exiunined using perforated-patch-clamp recordings. 

Outward Kt currents were eüated by a series of 1 sec voltage-steps fkom -70 to 

+80 mV, delivered in 10 mV inaernents from a holding potential of -80 mV. 

As in earlier experiments (Chapter 3), the total outward curent consisied of a 

fast-activating transient and sustained lower amplitude component. 

Application of 100 n M  TPA did not alter the peak (O - 20 msec) or sustained 

(980 to 1000 msec) outward K+ cuft'ent amplitude at any of the test potentials 

(Fig. 7.6A; n = 3). In addition, 100 n M  TPA did not alter the ment-voltage 

relation of the outward K+ current (Fig. 7.68). These data indicate that 

activation of PKC does not alter K+ currents in goldfish gonadotrophs. 

DISCUSSION 

Based on results from hormone release studies and Ca2+ imaging 

experiments using mixed populations of dispersed pituitary cells, it has been 

predicted that activation of PKC stimulates an increase in [Ca2+Ii to stimulate 

GTH-II secretion (Jobin and Chang, 1992b). Using morphologically identified 

goldfish gonadotrophs, it is now possible to directly monitor the effects of 

PKC activation on changes in [Ca2+Ii. As a result, this study provides the first 

direct evidence that activation of PKC stimulated an increase in [Ca2+Ii in 

goldfish gonadotrophs. Ln addition, activation of PKC stimulates a localized 



increase in [Ca2*li, similar to that obsewed in response to sGnRH and 

cGnRH-II (Chapter 6). These correlative observations are consistent with the 

involvement of PKC in mediating GnRH-stimulated GTH-II secretion. 

However, M e r  studies using inhibitors of PKC are required to more dearly 

implicate PKC in mediating the GnRH-induced increase in [CS+]i. 

Activation of PKC may stimulate an increase in [Ca2+Ii by directly 

activating voltage-dependent Ca2+ channels, modulating plasma membrane 

excitability to indirectly enhance Ca2+ entry, or by stimulating and/or 

modulating Ca2+ release from intracellular stores. For example, activation of 

PKC has been dernonstrated to enhance Ca2+ currents by the removal of tonic 

G protein-mediated inhi'bition in a variety of central and peripheral neurow 

(Swartz, 1993). Additionally, activation of PKC has been demonstrated to 

increase Ba2+ current amplitude in aT3 gonadotroph cell lines (Bosma and 

Hille, 1992). In the present study, however, acute activation of PKC did not 

alter current influx through voltage-dependent Ca2+ channels. Additionally, 

activation of PKC did not alter the amplitude or ment-voltage relationship 

of voltage-dependent K+ currents. These negative results cadt be attributed to 

an inability to observe agonist-induced changes in curent under the present 

recording conditions. Dopamine D2 agonists inhibit voltage-dependent Ca2+ 

currents in these cells (Chapter 5), whereas CAMP analogs enhance Ca2+ 

currents (Appendix 3). Together, these data indicate that PKC does not 

directly activate voltage-dependent Ca2+ channels or modulate K+ diannel 

activity to stimulate an increase in [Ca2+Ii. Therefore, it is likely that acute 

PKC activation mobilizes Ca2+ fiom intracellular stores to inuease [CS+]i. In 

support of this view, activation of PKC by DiCS increases [Ca2+Ii in mixed 

populations of dispersed goldfish gonadotrophs in part by the mobiluation of 

intracellular Ca2+ (Jobin and Chang, 1992b). PKC may act directly on InsP3- 



gated chan.& to modulate the release of Ca2+ or it may act on PLC enzymes 

to increase InsP3 produdion. Nternatively, PKC may reduce thapsigargin- 

sensitive Ca2f pump actîvity that normaily counteracts the constant leak of 

Ca2+ from InsP3-gated Ca2+ channels. Further studies are required to 

eluadate the site or sites of action of PKC in the mediation of intracellular 

Ca2+ mobikation. 

Although results from the present investigation indicate that acute 

activation of PKC dws not regulate voltage-dependent Ca2+ Channel activity, 

they do not negate the possibility that long-term PKC action requires CaZf 

entry. In static incubation studies, PKC-stimulated GTH-II secretion is 

reduced by the removal of extracellular Ca2+ or by the addition of voltage- 

dependent Ca2+ channel blockers (Chang et al, 1991a; Jobin and Chang, 1992b). 

Conversely, Bay K 8644 and membrane depolarization by high concentrations 

of extracellular K+ augment PKC-stimulated GTH-II secretion (Jobin and 

Chang, 1992b; Jobin et al., 1996). These studies indicate that the long-term 

action of PKC requires Ca2+ entry through voltage-dependent Ca2+ channels. 

It is likely that Ca2+ entry through voltage-dependent Ca2+ channels is 

required for maintaining intracelhlar Ca2+ stores during prolonged 

stimulation by PKC (see Chapter 8). 

Despite the lack of evidence for direct action of PKC on voltage-dependent 

Ca2+ channels, results from the present study indicate that prolonged 

exposure to PKC augments the GTH-II response to voltage-dependent Ca2+ 

channel activation. Similarly, activation of PKC enhanced the GTH-II 

response to KC1 in static incubation experirnents (Jobin et al., 1996). There are 

at least two possible explanations for these results. Firstly, PKC may enhance 

the activity of voltage-dependent Ca2+ channels. However, this seems 

unlikely as PKC does not appear to directly alter voltage-dependent Ca2+ 



channel activïty in these cells. Secondly, PKC may sensitize the exocytotic 

machinery resulting in enhanced GTH-II seaetion. In support of this view, 

the Ca2+ ionophore ionomycin was unable to stimulate GTH-II secretion in 

dispersed goldfish pihUtary cells depleted of PKC (Jobin et al., 1993). This 

suggests that at least a basal levd of PKC is required for exocytosis in goldfish 

gonadotrophs. Similarly, it has been proposed that PKC sensitizes Ca2+ 

dependent exocytotic mechanisms to support secretion at physiological 

concentrations of [Ca2*Ii in rat gonadotrophs (Jobin et al., 1995). Moreover, 

PKC has been demonstrated to stimulate exocytosis in the virtual absence of 

Ca2+ in permeabilized sheep gonadotrophs (Van Der Merwe et al., 1989). 

In summary (Fig. 7.7), results from the preliminary studies reported in this 

chapter ùidicate that the acute activation of PKC stimulates a local increase in 

[Ca2+Ii, whidi does not appear to be mediated by direct actions on voltage- 

dependent Ca2+ dianne1 activity. However, these studies support the 

hypothesis that PKC sensitizes the exocytotic machinery to faulitate CaZi- 

dependent GTH-II secretion. 



Table 7.1 Effects of TPA on voltagedependent Ba2f current in identified 

goldfish gonadotrophs. 

Peak Ba2+ current amplitude (pA)a 

Treatrnent Control TPA 

100 nM TPA (n = 4) 81-1 + 26.4 88-1 + 29.7 
1000 n M  TPA (n = 4) 176.6 I 76.2 186.5 + 68.2 
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Fig. 7.1. Effects of DiC8 on K+-stimdated GTH-II seaetion from dispersed 
pituïtary cells under perifusion conditions. A. Left panel: GTH-II release 
response to a 5 min pulse of 30 mM KU (open bar) in the presence (filled bar) 
of DMSO (open circles) or 1 @A DiC8 (Flled circles). Right panel: expanded 
view of the boxed area in the left panel. B. Net GTH-II release response to 30 
mM K+ in the presence of DMSO or 1 DiCS (n = 4 and 6, respectively). 
Responses (mean f SEM) were normalized as a percentage of the 
pretreatment values (9.31 f 1.85 ng/ml/2 x 106 ce&). Asterisk denotes 
sigruficant difference h m  control (unpaired t-test, P c 0.05). 
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Fig. 7.2. Effects of TPA and 4a-PDD on K+-stimulated GTH-II secretion 
from dispersed pituitary cells under perifusion conditions. A. Left panel: 
GTH-II release response to a 5-min pulse of 30 mM K I  (open bar) in the 
presence (filled bar) of DMSO (open circles), 1 nM TPA (FIIed circles) or 1 n M  
4u-PDD (open squares). Right panel: expanded view of the boxed area in the 
left panel. B. Net GTH-II release response to 30 rnM K+ in the presence of 
DMSO, 1 n M  TPA or 1 nM 4a-PDD (n = 6 to 8). Responses (mean f SEM) were 
nonnalized as a percentage of the pretreatrnent values (9.66 f 0.48 ng/ml/2 x 
106 cells). Treatrnent groups having similar GTH-II responses (ANOVA 
followed by Fisher's LSD test, P > 0.05) are identified by the same underscore. 
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Fig. 7.3. Effects of TPA and 4a-PDD on [Ca2+Ii in identified goldfish 
gonadotrophs. [Ca2+Ii responses (mean f SEM) to a 2 min application (bar) of 
100 n M  TPA (n = 5; open circles) or 100 n M  4a-PDD (n = 3;filled circles) are 
shown. Results from separate experiments using gonadotrophs prepared 
from prespawning and regressed goldfish were normalized as a percentage of 
pretreatment 340/380 ratio values ( P A :  1.10 + 0.04; 4a-PDD: 1.38 f 0.09). 
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Fig. 7.4. PA-induced changes in [Ca2+Ii in identified goldfish 
gonadotrophs. A. Temporal pattern of 100 n M  TPA-induced (bar) changes in 
340/380 ratio. Ratio values were coiiected once every 10 sec. B. A series of 
pseudo-color ratio images at the times indicated in (A) showing the localized 
response to TPA. Bar: 10 p. 



Fig. 75. Effects of TPA on voltagedependent Ba2+ currents in identïfied 
goldfish gonadotrophs. Representative superimposed Ba2+ m e n t  traces in 
the presence @led circfe) and absence (open c i d e )  of 100 n M  (A) or 1000 n M  
(B) TPA are show: Al1 m e n &  were elicited during a 40 msec voltage step 
to +IO mV fiom a holding potential of -80 mV. Experiments were performed 
with gonadotrophs prepared from sexualiy recrudescent and prespawning 
goldfish. 
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Fig. 7.6. Effect of TPA on voltagedependent K+ current in identified 
goldfïsh gonadotrophs. A. Superimposed K+ currents in the presence (open 
sympok) or absence (Flled symbols) of 100 n M  TPA. Curtents were eliated by 
a 1000-msec voltage-step to +10 mV from a holding potential of -80 mV. B. 
Cment-voltage relationship of the peak (circles) and steady-state (squares) K+ 
current eliated by 1000 mec voltage-steps to the potentials indicated (holding 
potential = -80 mV) in the presence @Ued symbols) or absence (open symbols) 
of 100 nM TPA. All currents were nonnalized to the maximal inward m e n t  
observed in the absence of TPA, and are presented as mean I SEM (n = 3). 
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Fig. 7.7. Actions of PKC on intracellular and extracellular Ca2+ mobilization 
in goldfish gonadotrophs. Abbreviations indude: TG = thapsigargin, R = 
receptor, G = Gprotein, PLC = phospholipase C, PIP = phosphatidylinositol- 
bisphosphate (PI[4, 5]P2), InsP3 = Inositol (1, 4, 5)-trisphosphate, - = Ca2+ 

PumP- 



Chapter  8 

Previously, the involvement of intracellular Ca2+ stores and voltage- 

dependent ionic channels in the regulation of GnRH and dopamine adion in 

fish gonadotrophs has been based prirnarily on indirect studies using pituitary 

fragments or mixed populations of dispersed pituitary cells. The 

development of the cell identification protocol in Chapter 2 allowed the 

electrical membrane activity and response to GnRH and dopamine to 

be directly monitored in single, identified goldfish gonadotrophs. 

These studies led to several significant developments in our 

understanding of gonadotroph cell function in goldfish: (1) the electrical 

membrane properties and voltage-dependent ionic currents of identified 

goldfish gonadotrophs were characterized with standard- and perforated- 

patch whole-cd patch-damp recordings; (2) the importance of extracellular 

Na+ and Na+ / H+ exchange in the regulation of GnRH action under 

physiological conditions was demonstrated; (3) inhibition of voltage- 

dependent Ca2+ channels by dopamine D2 receptor activation was 

demonstrated to be an important mechaniSm mediating dopamine action; (4) 

a single-cell Ca2+ imaging protocol using ha-II/AM was set up and verified 

for identified goldfish gonadotrophs; (5) preliminary ha-I I  Ca2+ imaging 

experiments demonstrated that GnRH and PKC stimulate a localized increase 

in [Ca2+]i, which is in part due to the mobilization of [Ca2+Ii from inhacehlar 

stores; (6) fura-II studies indicated that both sGnRH and cGnRH-II can act on 

the sarne cell to stimulate an inaease in [Ca2+Ii. These single-cell studies are 



important for understanding how individual gonadotrophs contribute to the 

GnRH- and dopamine-induced responses observed in studies of rnixed-ceLl 

populations. 

The ability to directly identify individual goldfish gonadotrophs, 

somatotrophs and lactotrophs represents a signincant advancement in the 

study of neuroendocrine action in teleosts (Chapter 2). The cells identified in 

the present study by their morphological characteristics represent a 

subpopulation of their respective c d  types. In future studies, it should be 

possible to identify other subpopulations of these cells or other hormone 

seaeting ceIl types in dispersed goldfish pituitary cell cultures. There are at 

least two other c d  types which exhibit easily recognizable and unique cellular 

morphologies (F. Van Goor, unpublished obsemations). It has yet to be 

determined if they represent other subpopulations of a cell-type already 

identified, or if they represent other hormone seaeting cell-types, such as 

thyrotrophs, corticotrophs, melanotrophs, somatolactotrophs or GTH-1 

containing cek. The use of cell-type specific morphologies may be applicable 

to the identification of pituitary cells in other vertebrate species. For example, 

although the technique to identify cells based on their unique cellular 

morphologies has not been formally described or validated, at least one other 

group uses cell type specific morphology to identify gonadotrophs from 

normal and ovariectomized rats (Tomic et al., 1994). 

Earlier studies have suggested that sGnRH and cGnRH-II activate PKC, 

which in turn stimulates Ca2+ entry through dihydropyridine-sensitive Ca2+ 

channels, resulting in GTH-II secretion. Preiiminary studies suggest that 

dopamine inhibits GnRH-induced Ca2+ entry to inhibit GTH-II seaetion 

(reviewed in Chapter 1). These studies lead to the hypothesis that GnRH and 

dopamine act on voltage-dependent Ca2+ channels to regulate [Ca2+Ii and 



GTH-II secretion. This was dllectly tested in the present study using patch- 

clamp recordhg and sing1e-ce.U Ca2+ imaging techniques performed on single 

identified goldfish gonadotrophs. Results from these experiments were often 

accompanied by parallel hormone release experiments using cell-column 

perifusion with the collection of 30 sec and 5 min fractions, as well as static 

incubation. This allowed the activity of single, identified ceh to be related to 

the short-term and prolonged GTH-II-rdease response observed in pituitary 

celI populations. 

Severai steps were taken to dernonstrate the presence of dihydropyridine- 

sensitive Ca2+ channels in identified goldfish gonadotrophs. High 

concentrations of extracellular KCI stimulated GTH-II secretion in an 

extracellular Ca2+- and nifedipine-dependent rna.n.neT (Chapter 5). Bay K 8644 

stimulated GTH-II secretion (Chapter 4 and 5). High concentrations of 

extracellular KC1 and Bay K 8644 stimulated an inaease in [Ca2+Ii in identified 

goldfish gonadotrophs (Chapter 6). Tight-seal- and perforated-patdi-clamp 

recordings directly demonstrated the presence of high-voltage activated, 

dihydropyridine-sensitive Ca2+ channels in identified goldfish gonadotrophs 

(Chapter 3). Together, these data confirm the presence of dihydropyridine- 

sensitive Ca2+ channels in identified goldfish gonadotrophs, indicating that 

they may be a possible target for the regdation of GTH-II secretion by GnRH 

and dopamine. 

Further studies identified voltagedependent Ca2+ channels as a target for 

dopamine action in identified goldfish gonadotrophs. Activation of 

dopamine D2 receptors reduced KC1- and Bay K 8644-stimulated GTH-II 

secretion. Dopamine D2 receptor activation reduced voltage-dependent Ba2+ 

current amplitude in identified goldfish gonadotrophs (Chapter 5). 

Dopamine may alter the activation and inactivation kinetics of the current to 



inhibit Ca2+ channels (Chapter 5). Dopamine may also remove a fast- 

activating, slowly inabivating curent subtype, which is insensitive to 

dihydropyridines. To detennine whether dopamine acts only on the 

dihydropyidine-sensitive component of this m e n t  or inhibits the activity 

of additional Ca2+ charnel subtypes which may be present, requires further 

testing. Nevertheless, the inhibitory action of dopamine on voltage- 

dependent Ca2+ channels is consistent with the hypothesis that these 

channels are involved in the neuroendocrùie regdation of GTH-II secretion. 

The hypothesis that sGnRH and cGnRH-II: activate PKC to stimulate Ca2+ 

entry through voltage-dependent Gaz* channels was tested in single-cell Ca2+ 

imaging and electrophysiological experiments. These experiments indicated 

that sGnRH, cGnRH4I and activation of PKC stimulated an inaease in [Ca2+Ii 

(Chapter 6). Although GnRH and Bay K 8644 stimulated increases in [Ca2+Ii 

in the same region of the cell, there was no dear evidence that Ca2+ entry 

through voltage-dependent Ca2+ diannels partiapated in the response to 

GnRH. Moreover, sGnRH, cGnRH-II or PKC activators did not affect voltage- 

dependent Ba2+ currents in identified goldfish gonadotrophs (Chapter 6 and 

7). These data do not support previous studies (reviewed in Chapter 1) which 

suggest that activation of PKC by GnRH directly stimulates Ca2+ entry 

through voltage-dependent Ca2+ channels. 

Several explanations may account for the apparent inconsistencies 

observed between this study and other studies. It is possible that the 

morphologically identified gonadotrophs used in this shidy represent a 

subpopulation of cells which do not activate voltage-dependent Ca2+ 

channels to stimulate GTH-II secretion. As well, the subpopulation of 

gonadotrophs may not seaete GTH-II. In hormone release studies, prolonged 

inhibition of extracellular Ca2+ was suggested to be responsible for inhibiting 



GnRH-stimulated GTH-II seaetion (Jobin et al., 1996); however, UUs have 

also lead to the depletion of intracellular Ca2+ stores. An alternative 

explanation for these results rnay be that sustained Ca2+ entry is required to 

maintain GnRH-sensitive intraceilular Cazf stores. Future testing is required 

to resolve these inconsistencies. 

PROPOSED MODEL OF GNRH AND DOPAMINE ACTION IN GOLDFISH 

GONADOTROPHS. 

UnstimuIated goldfish gonadotrophs. 

In many excitable neuronal and endocrine ce&, basal [Ca2+Ii is tightly 

regulated due to its important role in stimulus-secretion coupling (Bemdge, 

1993; Hille et al., 1994, 1995; Stojillcovic and Catt, 1992, 1995; Stojilkovic et al., 

1994). The maintenance of low, non-fluctuating levels of [Ca2+Ii and the rapid 

return to basal following ionomycin treatment, demonstrate that 

goldfish gonadotrophs can effectively regulate their [Ca2+Ii (Chapter 6). In 

general, basal [Ca2+Ii can be Muenced by Ca2+ influx or effiux across the 

plasma membrane and Ca2+ release or sequestration by the iniracellular Ca2+ 

stores. In this study, it was demonstrated that both Ca2+ entry and 

sequestration are involved in the regdation of basal [Ca2+Ii. Several Lines of 

evidence indicate that Ca2+ entry through voltage-dependent Ca2+ channels 

may occur during the spontaneous action potentials which were obsewed in 

some gonadotrophs (Chapter 3). The action potentials are only partially 

sensitive to concentrations of TTX which abolished voltage-dependent Na+ 

currents, suggesting that voltage-dependent Ca2+ channels also contribute to 

the action potential (Chapter 3). At resting membrane potential, > 80% of the 

voltage-dependent Ca2+ diannels are available for activation (Chapter 3). 



Application of Bay K 8644, which maintains voltage-dependent Ca2+ channeis 

in the open state, increased [Ca2fIi in identified goldfish gonadotrophs 

(Chapter 6) and stimulated GTH-II secretion under static incubation 

conditions (Chapter 4 and 5). Recent studies have also demonstrated that 

inhibition of the h-type K+ current stimulated an increase in basal GTH-II 

seaetion (J. P. Chang, unpubliçhed observations). This is likely due to action 

potential spike-broadening and the resulting increase in Ca2+ entry. It thus 

appears that in unstimulated goldfish gonadotrophs is regulated, at 

least in part, by the activity of both voltage-dependent Ca2+ channeIs and 

endoplasmic retidum Ca2+-ATPase. 

In addition to Ca2+ entry during spontaneous action potentials, Ca2+ 

sequestration by intracellular Ca2+ stores also appears to regulate [Ca2+li. 

Treatment with thapsigargin, an inhibitor of the endoplasmic reticulum 

Ca2+-~TPase, stimulated a rapid increase in [Ca2+Ii in identified goldfish 

gonadotrophs (Chapter 6). Thapsigargin also stimulated GTH-II seaetion in 

s tatic incubation experiments (J. P. Chang and R. Garofalo, unpubliçhed 

observations). This indicates that intracehdar Ca2+ stores spontaneously 

release Ca2+, which is continuously re-sequestered by a thapsigargin-sensitive 

Ca2+-~TPase. Alternatively, thapsigargin-sensitive stores may be located 

close to the plasma membrane, where they sequester Ca2+ which enters 

during spontaneous action potential activity. The appearance of Ca2+ 'hot 

spots' near to the plasma membrane during thapsigargin treatment is 

consistent with this hypothesis. 

In addition to regulating [Ca2+IL the activity of the plasma membrane also 

appears to be important in determîning the concentration of Ca2+ in the 

intracellular Ca2+ stores. In the presence of thapsigargin, a decrease in Ca2+ 

entry through voltage-dependent Ca2+ channels can, in some cases, stimulate 



an increase in (Chapter 6). These results are consistent with previous 

studies which demonstrated that removal of extracellular Ca2+, as well as the 

addition of inorganic and organic Ca2+ charnel antagonists, stimulated a 

transient increase in GTH-II seuetion (Jobin, 1993). As these treatments 

impeded Ca2* entry through voltagedependent Ca2+ channels to varying 

degrees (Chapter 3), it is likely that the increase in [Ca2+li is due to a 

stimulation of Ca2+ release, or an inhibition of Ca2+ sequestration by the 

intracellular stores. This suggests that a decrease in Ca2+ MUX directly or 

indirectly alters the activity of the intracellular Ca2+ stores. It can also be 

hypothesized that during prolonged inhibition of Ca2+ entry the 

concentration of Ca2+ w i t h  the intracellular Ca2+ stores would be reduced. 

Conversely, it has been suggested that enhanced Ca2+ entry can increase the 

concentration of Ca2+ in the intracellular Ca2+ store (Tobin, 1993). This is 

suggested by perifusion studies in which dispersed goldfish pituitary cells 

were exposed to normal or high concentrations of extracellular Ca2+ prior to 

the removal of extracellular Ca2f. In the presence of high concentrations of 

extracellular Ca2+, which would inaease the concentration gradient aaoss the 

plasma membrane resulting in inaeased Ca2+ entry, GTH-IL secretion was 

reduced; however, the GTH-II release response to the removal of extracellular 

Ca2+ was enhanced (Jobin, 1993). If this response is due to intracellular Ca2+ 

release, then these observations suggest that enhanced Ca2+ entry increases 

the concentration of Ca2+ in the intracellular Ca2+ stores. Taken together, 

these data are consistent with the hypothesis that the degree of Ca2+ entry 

through voltage dependent Ca2+ channels can determine the concentration of 

Ca2+ in the intracellular Ca2+ stores. 



GnRH action in goldnsh gonadotrophs. 

In goldfish, it has been suggested that sGnRH and cGnRH-II bind to the 

same population of GnRH receptors to stimulate an increase in [Ca2*Ib which 

in hun leads to GTH-II secretion (Jobin and Chang, 1992a, 1992b). Consistent 

with this hypothesis, acute activation of GnRH receptors stimulated an 

increase in in a subpopulation of goldfkh gonadotrophs (Chapter 6). 

This increase in [Ca2+Ii is primarily due to the mobilization of intracdular 

Ca2+, as inhibition of Ca2+ entry did not significantly reduce the response to 

GnRH (Chapter 6). An increase in InsP3 levels, via a G-protein/PLC- 

dependent second messenger pathway, may stimulate the release of 

intracellular Ca2+; however, there rnay be a difference in the metabolic 

pathway of InsP3 following GnRH-receptor activation by sGnRH as compared 

to cGnRH-II. Salmon-GnRH inaeased InsP3 and higher InsPs levels by 10 

min, but no such increase was observed following cGnRH-II treatment. In 

contrast, an inaease in h P 2  was obsemed following 10 min of stimulation 

by both sGnRH and cGnRH-II (Chang et al., 1995). It is possible that while 

GnRH receptor activation by sGnRH may lead to a sustained increase in h P 3 ,  

cGnRH-II may stimulate transient or low level increases. The sustained 

production of higher InsPs may also lead to hirther differences in the 

postreceptor second messenger pathways between the two GnRHs. Further 

studies will be required to determine more accurately the tirne course of TnsP3 

production to elucidate its role in mediating the actions of both native 

GnRHs. 

Activation of PLC by sGnRH and cGnRH-II also has been linked to the 

production of DAG and the subsequent activation of PKC in goldfish 

gonadotrophs (Chang et al., 1993; Chang and Jobin, 1994; Chang et al., 1996). 

In the present study, activation of PKC stimulated a localized increase in 



[Ca2+Ii within the same region(s) of the cell as GnRH (Chapter 7). This 

suggests that the activation of PKC by GnRH may stimulate Ca2+ release hom 

intraceliular Ca2+ stores; however, PKC may also act at other points dong the 

cellular signaling cascade to mediate the actions of sGnRH and cGnRH-II. For 

example, activation of PKC rnay be required to maintain dihydropyridine- 

sensitive Ca2* channel activity during long-term exposure to GnRH 

(reviewed in Chapter 1). In addition, PKC may activate amiloride-sensitive 

NaC/ H+ antiports to offset acidification resulting from GnRH-induced 

increases in (Chapter 4), thus maintaining optimal conditions for 

secretion. Activation of PKC may also have direct actions on the exocytotic 

machinery to enhance Ca?+-activated GTH-II seaetion. In support of this 

view, the Ca2+ ionophore, ionomycin, was unable to stimulate GTH-II 

secretion in PKC-depleted ceIls (Jobin et al., 1993). Activation of PKC 

augments K+-stimulated GTH-II secretion (Chapter 7), further suggesting that 

PKC enhances Ca2+-dependent exocytosis in goldfish gonadotrophs. 

Dopamine action in goldfish gonadotrophs. 

In goldfish, dopamine exerts tonic inhibitory control over GTH-II 

secretion throughout the reproductive gonadal cycle, allowing for the 

maintenance of relatively low circulating GTH-II levels (Peter et al., 1986; 

Omeljaniuk et al., 1989; Peter et al., 1991). Dopamine or its agonists also 

inhibit basal GTH-II seaetion hrom goldnsh pituitary fragments and dispersed 

pituitary cells (Chang et al., 1990; Peter et al., 1991). In the pituitary, dopamine 

acts through dopamine D2 receptors on GnRH nenre terminais and 

gonadotrophs to inhibit GTH-II secretion (Peter et al., 1986; Chang et al., 

1990b). In the present study, activation of dopamine D2 receptors reduced 

voltage-dependent Ba2+ current amplitude and voltage-dependent Ca2+ 



chamel-mediated GTH-Ii secretion (Chapter 5). As discussed above, 

continuous Ca2+ entry during spontaneous action potential activity is 

believed to be important in maintaining intracdular Ca2+ stores; therefore, 

prolonged inhibition of Ca2+ entry due to dopamine-induced inhibition of 

voltagedependent Ca2* c h a ~ e l s  may reduce intracellular Ca2+ stores. As a 

result, the [Ca2+Ii responses to subsequent activation of GnRH receptors 

would be reduced or inhibited, thus preventing GTH-II seaetion. 

Removal of dopamine inhibition may also play an important role in 

priming the intracellular Ca2+ stores in preparation for the GRRH-induced 

GTH-II surge in prespawning goldfish. In in vivo studies, injections of 

pirnozide, a dopamine agonist, potentiated the GTH-II release response to 

subsequent injections of GnRH in prespawrüng fernale goldfish (Chang et al., 

1984; Peter et al., 1986, 1992). Treatment with pirnozide pior  to GnRH 

injection was more effective in inducing ovulation than the simultaneous 

application of GnRH and pirnozide. These resdts suggest that prior removd 

of inhibitory dopamine tone potentiates the response to GnRH. One possible 

explanation for these observations is that removaI of dopamine-induced 

inhibition of Ca2+ channels allows for the optimal filling of intracellular Ca2+ 

stores. As discussed in an earlier section, prior filling of intracellular Ca2+ 

stores increased the subsequent GTH-II release-response (Jobin, 1993); 

therefore, removal of dopamine-induced inhibition of voltage-dependent 

Ca2+ channels would inaease Ca2+ entry, resulting in an increase in Ca2+ 

concentration within the intracellular store(s). This prirning effed may allow 

for maximal stimulation of GTH-JI seaetion by GnRH. 



Summuy 

The development of the cell identification technique outlined in this 

thesis provided an excellent opportunity to study the physiology of goldfish 

gonadotrophs with Car greater resolution than has been previously possible. 

In addition, the ability to idente single somatotrophs as well as Lactotrophs 

will surely enhance our knowledge of GH and PRL secretion in the near 

future. Results from electrophysiological experiments perforrned on 

identified goldfish gonadotrophs demonstrated for the first time that these 

cells are electrically excitable and contain multiple voltagedependent ionic 

channels. The combination of hormone release studies and 

electrophysiological techniques illustrated the importance of extracellular 

N a + in mediating GnRH-stimulated GTH-II secretion. Moreover, the 

involvement of amiloride-sensitive Na+/ H+ exchangers in the regulation of 

cellular pH in goldfish gonadotrophs was demonstrated. It was also 

demonstrated that dopamine reduced Ca2+ Channel activity through D2-type 

receptors. Results from electrophysiological studies and single-cell Ca2f- 

imaging studies suggest that continued Ca2+ influx is important in 

determining the availability of intracellular Ca2+ in response to GnRH 

receptor activation by either sGnRH or cGnRH-II. These results, in 

combination with the inhibitory actions of dopamine on Ca2+ e n t q  lead to 

the hypothesiç that removal of inhibitory dopamine tone d o w s  for increased 

Ca2+ entry through voltage-dependent Ca2+ channels, which primes the 

intracellular Ca2+ stores for subsequent stimulation by GnRH. The prllning 

of intracellular Ca2+ stores may play an important role in allowing the GTH-II 

surge to occur, which is a prerequisite for final oocyte maturation in female 

goldfish. 
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Fig. 8.1. Updated mode1 of GnRH and dopamine signalhg in goldfish 
gonadotrophs. 
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Append ix  1 

VOLTAGE-DEPENDENT SODIUM AND CALCIUM 
CURRENTS IN IDENTIFIED GOLDHSH SOMATOTROPHS~ 

blTRODUCHON 

In goldnsh, GH secretion is under the stimulatory control of both GnRH and 

dopamine (Peter et al., 1991; Wong et al., 1993, Chang et al., 1993). The two 

native GnRHs, sGnRH and cGnRH-II, stimulate GH seaetion by activating 

GnRH receptors located on the membrane of goldfish somatotrophs (Cook et 

al., 1991). On the other hand, dopamine stimulates GH secretion by the 

activation of dopamine D1-recep tors. Pharmacological studies have 

demonstrated that voltage-dependent Ca2+ channels participate in both 

GnRH- and dopamine- stimdated GH secretion kom the goldfish pituitary. 

The GH responses to GnRH and dopamine are reduced by the removal of 

extracellular Ca2+, or the addition of inorganic and organic voltage-dependent 

Ca2+ Channel inhibitors (Wong et al., 1994a; Chang et al., 1996). In contrast, 

the responses are potentiated by the voltage-dependent Ca2+ Channel agonist, 

Bay K 8644 (Wong et al., 1994b; Chang et al., 1996). Although these studies 

indirectly demonstrate the presence of voltage-dependent Ca2+ channels in 

goldfish somatotrophs, these channels and other i o ~ c  channels have not 

been characterized in any teleostean somatotrophs. In this preliminary study, 

tPortions of this chapter have been incorporated in Chang et al., 1994. Chin. J. PhysioL37,lll- 
127 or Van Goor et al., J. Neuroendocrinol. (submitted July 23,1996). 



perforated-patdi-clamp recording techniques were used to characterize the 

voltage-dependent Ca2+ and Na+ currents present in morpholo@cally 

identified goldhh somatotrophs. 

Male and female goldfish pituitaries were excised and their pituitary cells 

were dispersed and cultured as previously described (Chapter 5). For 

electrophysiological stuclies, somatotrophs were identified according to their 

unique cellular morphology (Chapter 2). Nystatin-perforated patch (Kom and 

Hom, 1989) recording techniques were used as previously described (Chapter 

3). For recordings of inward currents, the pipette was med  with (in mM) 70 

Cs-glutamate, 70 CsCl, 2 MgCb 10 HEPES and 160 pg/ml nystatin (pH 7.2)- For 

recordings of isolated Na+ currents, the external bath solution contained (in 

mM): 136 NaCl, 5 CaC12 2.5 KU, 1 MgCl& 0.5 CdQ, 10 TEA-Cl, 8 glucose, and 

10 HEPES (pH adjusted to 7.2 with NaOH). For recordings of Ba2+ currents 

through voltage-dependent Ca2+ channels, the external bath solution 

contained (in mM): 120 N-methyl-D-glucarnineCl, 20 BaCIL 1.0 MgCl% 2.5 

K I ,  8 glucose and 10 HEPES (pH adjusted to 7.2 with HCI). AU reported 

membrane potentials for Na+ currents were correded for a liquid junction 

potential of 10 mV. The membrane potential for Ba2+ currents were not 

corrected for the liquid-junction potential of 3 mV. ED5o values were 

estimated using a four-parameter logistic curve-fitting program (ALLFlT; 

DeLean et al., 1978). 



Voltage-dependent Na+ cumnts 

In identXed goldfïsh somatotrophs, a fast-activating and fast-inactivatuig 

Na+ current was detected at command potentials more depolarized than -50 

m V  (Fig. A.1.1A). The peak inward Na+ current averaged -82 I 15 pA (mean 

t SEM; range, -139 to -47 PA; n = 6) and occurred between -10 and O mV. The 

voltage-dependence of steady-state inactivation of the Na+ m e n t  was 

examined using a two-pulse protocol (J3ezanilla and Armstrong, 1977). Cells 

held at -80 mV were subjected to prepulse potentials ranging from -100 rnV to 

O mV for 500 msec, after which a 25-msec test putse to O mV was applied (Fig. 

A.1.1B). The normalized test ment  was plotted against prepulse potentials 

and the resulting curve was fit with a Boltzmann relation (Fig. A.1.B). Half- 

maximal steady-state inactivation (Ei/Z) of the Na+ curent occurred at -58 f 2 

rnV (n = 6). Application of TTX, a voltage-dependent Na+ Channel blocker, 

induced a dose-dependent and reversible reduction in peak Na+ m e n t  

amplitude with an estimated ED50 of 15 I 6 n M  (n = 5; Fig. A.1.2). 

Concentrations of 100 to 10C3 n M  m( completely 

current. These results demonstrate the presence 

dependent Na+ currents in goldfish somatotrophs. 

abolished the inward Na+ 

of TTX-sensitive voltage- 

In the present study, Ba2+ was used as the charge carrier instead of Ca2+ for 

the reasons outlined in Chapter 3. Command potentials more depolarized 

than -30 mV elicited an inward Ba2+ current which was resistant to 

inactivation during the 200 msec command pulse (Fig. A.1.3). The peak 

inward current reached 33 I 7 pA (range = -18.1 to -83.7 PA; n = 9) around +10 



mV. These data directly dernonstrate the presence of high-voltage activated 

Ca2+ amen& in identified goldfish somatotrophs. 

DISCUSSION 

These data dernonstrate the presence of voltage-dependent Na+ currents in 

identified goldfish somatotrophs. The voltage-dependent activation and 

inactivation characteristics of the voltage-dependent Na+ currents in 

identified goldfish somatotrophs are similar to those observed in identified 

goldfish gonadotrophs (Chapters 3 and 4). Additionally, Na+ currents in both 

identified goldfish gonadotrophs and somatotrophs are sensitive to TTX 

(Chapter 3 and 4). Although voltage-dependent Na+ currents have been 

observed in both goldfish gonadotrophs and somatotrophs, they do not 

appear to be involved in the regulation of GnRH action. Application of TTX, 

does not alter basal or GnRH-induced GTH-II or GH secretion (Chapter 4; Van 

Goor, 1996). The possible involvement of voltage-dependent Naf m e n &  in 

mediating dopamine Dl-stimulated GH secretion remains to be eluadated. 

In addition to voltage-dependent Na+ currents, voltage-dependent BaZf 

currents were also observed in goldfish somatotrophs. Based on the 

activation and inactivation properties, the Ba2+ currents observed in these 

cells are s M a r  to L-type currents obsewed in other pituitary ce11 types, 

including goldfish gonadotrophs (Chapter 3 and 5). However, their 

sensitivity to dihydropyridine Ca2+ Channel antagonists and agonists remains 

to be determined. Neverthdess, these results confirm the presence of high- 

voltage activated, inactivation resistant Ca2+ channels in goldfish 

somatotrophs, first implicated by hormone release studies (Wong et al ., 

1994a). Preliminary studies indicate that dopamine stimulates an increase in 



voltage-dependent Ba2+ current amplitude (Chapter 5) and [ca2+li in 

identified goldfish somatotrophs (Van Goor, unpublished observations) . 
However, whether GnRH stimulates an inaease in Ba2+ current amplitude 

or [Ca2+Ii in these cells is not known. 
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Fig. A.1.1 Transient, voltage-dependent Na+ current in identified 
goldfish somatotrophs. A. The current-voltage relationship of Na+ current 
was obtained by holding the c e h  at -90 mV and then stepping for 50 msec to 
comrnand potentials between -80 and +50 mV, in 10 mV inaements (mean f 
SEM, n = 6). Shown at left are representative current traces elicited during 
command potentials to -80 -40, -20, O and +20 mV. B. Steady-state 
inactivation of the voltage-dependent Na+ m e n t  (mean i SEM, n = 6). 
Inactivation cuves were generated from experiments where the membrane 
potential was stepped to between -100 and O mV for 500 msec prior to stepping 
to a test potential of O mV for 25 msec. Shown at left are representative 
current traces of the remaining ments  elicited by a test pulse to O mV after 
prepuLe potentials between -100 and O mV. The solid line for the steady state 
inactivation curve is a fitted Boltzmann relation (equation l), where El12 = 
-57.9 mV and k = 9.7. Al1 currents were normalized to the maximal inward 
current. 
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Fig. A. 1.2. TTX inhibits voltage-dependent Na+ currents in identified 
goldfish somatotrophs. Currents were elicited by a 25 mec voltage step h m  
-90 to -10 mV. A. Cment traces h m  a single somatotroph before, during (*) 
and after the application of 100 n M  TTX. B. Dodependent inhibition of 
Na+ m e n t  by 0.01 n M  to 1 pM 'ITX (mean k SEM; n = 5). All currents were 
normalized to the maximal inward current. Current responses that are not 
significantly different from one another are identified by the sarne underscore 
(ANOVA followed by Fisher's LSD test, P > 0.05) 
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Fig. A. 1.3. Voltage-dependent Ba2+ currents in identified goldfish 
somatotrophs. ~ a 2 +  currents were elicited b y 200-msec voltage-steps to 
potentialç between -70 and 60 mV from a holding potential of -80 mV. A. 
Current-voltage relationship of isolated Ba2+ currents (mean + SEM; n = 9). 
Al1 currents were normalized to the maximal inward current. B. 
Representative Ba2+ current traces from a single somatotroph elicited by 
voltage steps to -70, -10, +10 and +30 mV. 



A p p e n d i x  2 

EFFECTS OF APAMIN ON cGNRH-II-STIMULATED 
GTH-II SECRETION 

moDumoN 

In rat gonadotrophs, GnRH receptor activation mobilizes intracellular 

Ca2+ resulting in the generation of oscillatory changes in [Ca2+Ii. The 

resulting transient increases in [Ca2+Ii stimulate apamin-sensitive, Ca2+- 

activated K channels ( I K [ ~ ~ ~ + ] ) -  This causes a rhythmïc hyperpolarization of 

the plasma membrane, resulting in the removal of Na+ and Ca2+ Channel 

inactivation. In response to a deaease in and the subsequent removal 

of I K [ ~ ~ ~ + ]  activation, a slow depolarkation of the membrane occurs. This 

leads to the firing of a few Na+/Ca2+-dependent action potentials once a 

threshold potential is reached. However, in identified goldfish gonadotrophs, 

no I ~ [ ~ ~ 2 + 1  was obsemed in voltage-darnp experiments (Chapter 3). These 

results suggest that I K [ ~ = ~ + ]  are not involved in GnRH action. To test this 

hypothesis, the effects of apamin on cGnRH-II-stimulated GTH-II secretion 

were examined in penfusion experiments. 

MATERIALS AND METHODS 

Pituitaries from male and fernale goldfish were ewcised and their pituitary 

cells were dispersed and cultured as previously described (Chapter 5). 

Perifusion studies were performed as described in Chapter 5. Apamin (RBI, 



Natick, MA) was dissolved in 0.05 M acetic aad. cGnRH-II (Peninsuia Lab, La 

Joua, CA) was dissolved in double-distilled deionized water. 

RESUtTS AND DISCUSSION 

Application of 1 @î apamin did not alter 100 n M  cGnRH-II induced 

inaeases in GTH-II secretion (Fig. A.2.1). This preliminary study indicates 

that cGnRH-II-sümulated GTH-II seaetion is not altered by inhibition of 

I K [ ~ . ~ + ~ .  It has also been demonstrated that apamin does not affect basal or 

sGnRH-stimulated GTH-II secretion in goldfish (J. P. Chang, persona1 

communication). These results axe consistent with the absence of I K [ ~ ~ ~ + ]  in 

goldfish gonadotrophs (Chapter 3). 
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Fig. A.2.1. Effects of apamin on cGnRH-II-stimulated GTH-II secretion from 
dispersed goldfish pituitary cells in a perihision expefiment. Left panel: GTH- 
II release response to a 5-min pulse of cGnRH-II (Flled bar) in the presence 
(Jilled circles) or absence (open circles) of 1 p M  apamin (open bar). GTH-II 
release responses (mean f SEM; n = 2 for control and 4 for apamin) were 
normalized as a percentage of the pretreatment values (9.31 f 1.85 ng/ml/2 x 
106 cells). 



A p p e n d i x  3 

INTRODUCTION 

Activation of CAMP transduction pathways inaease Ca2+ influx through 

voltage-dependent Ca2+ channels in cardiac cells, AtT-20 cell line and 

somatotrophs (Luini et al., 1985; Trautwein and Hesdieler, 1990; Chen et al., 

1994). In goldfish gonadotrophs, CAMP transduction pathways increases 

GTH-lI seaetion from goldfish pituitary cells (Chang et al., 1996). To test the 

hypothesis that CAMP directly activates voltagedependent Ca2+ channels in 

goldfish gonadotrophs, the action of the membrane permeant CAMP analog, 

8-Bromo-CAMP (8-Br-CAMP), was examined in perforated-patch clamp 

recordings. 

MATERIALS AND METHODS 

Male and female goldfish pituitaries were excised and their pituitary cells 

were dispersed and cultured as previously described (Chap ter 5). 

Gonadotrophs were identified according to their unique cellular morphology 

(Chapter 2). Nystatin-perforated patch (Korn and Hom, 1989) recording 

techniques were used as previously described (Chapter 3). The pipette was 

filled with (in rnM) 70 Cs-glutamate, 70 CsC1, 2 MgC12, 10 HEPES and 160 

pg/rnl nystatin (pH 7.2). For recordings of Ba2+ currents through voltage- 



dependent Ca2+ channels, the extemal bath solution contained (in mM): 120 

N-methyl-D-glucaniine-Cl, 20 BaC12, 1.0 MgCl% 2.5 KC1, 8 glucose and 10 

HEPES (pH adjusted to 7.2 with HC1). The membrane potential for Ba2+ 

currents were not corrected for the iiquid-junction potential of 3 mV. 8-Br- 

CAMP (Research Biochemicals, Natick, MA) was dissolved in saline. 

RESULTS AND DISCUSSION 

Application of 1 mM 8-Br-CAMP increased the maximal Ba2+ current 

amplitude elicited by a 40-msec voltage step to +10 mV (holding potential = 

-80 mV) from 125. O I 8.45 PA to 163.8 f 19.01 pA (Fig. A.3.1A; P c 0.05, paired 

f-test, n = 4). The current-voltage relationship demonstrated that the 

stimulatory actions of &Br-CAMP occurred between voltage steps from O mV 

to +40 mV; current responses to voltage steps more hyperpolarked that -10 

m V  were not altered by 8-Br-CAMP (Fig. A.3.1B). These data indicate that 

CAMP can stimulate an inaease in Ca2+ entry through voltage-dependent 

Ca2+ channels. This may positively modulate voltage-dependent CaZ+ 

channels to enhance GnRH-stimulated GTH-II secretion. In rat lactotrophs, 

for example, CAMP has been demonstrated to enhance the plateau phase of 

TRH-induced increases in [Ca2+]i (Akerman et al., 1991), suggesting that the 

activation of two biochemical pathways is important for sustaining [CS+]i. 

Whether a yet unidentified neuroendocrine regulator stimulates CAMP 

production to positively modulate GnRH-induced increases in [CScIi or 

independently inaeases [Ca2+Ii to stimulated GTH-secretion remains to be 

de termined. 



Fig. A.3.1 Effects of 8-Br-CAMP on voltage-dependent Ba2+ current in 
identified goldfish gonadotrophs. A. Superimposed Ba2+ cunents in the 
presence or absence of 1 m M  8-BrcAMP. Currents were eliuted by a 40 msec 
voltage-step to +10 mV from a holding potential of -80 mV. B. Current- 
voltage relationship of the Ba24 current elicited by 200-msec voltage-steps to 
the potentials indicated (holding potential = -80 mV) in the presence V l e d  
circles) or absence (open circles) of 1 mM 8-Br-CAMP. AU currents were 
nonnalized to the maximal inward current in the absence of 8-bromo-CAMP 
and are presented as mean f SEM (n = 4). 




