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EfTects of Hyperpolari zation-activated Cation Channels on Gonadotropin -releasing Horm one 

Secretion 

ABSTRACT 
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The hypothalamus contains neurons that secrete gonadotropin-releasing hormone (GnRH) 

into the hypophysial portal system. This system transports GnRH to the anterior pituitary where it 

triggers the release of luteinizing hormone (LH) and follicle-stimulating hormone (FSH), two 

important gonadotropins. These hormones are key to ovulation, steroid production, and 

gametogenesis. GnRH is secreted in a pulsatile, or rhythmic manner, at 30 - 50 minute intervals, 

in vitro. While the mechanism of the intrinsic pacemakers remains unknown, its significance is 

made evident by the observation that sustained, continuous GnRH release reduces both LH and 

FSH secretion. Also, the frequency of GnRH release determines the relative proportions of LH 

and FSH secreted by the anterior pituitary. Alteration to either the-amplitude or frequency of GnRH 

secretion affects the ability to reproduce or to maintain balance of gonadotropins. Two studies 

show that hyperpolarization-activated cation channels (HCN) alter the electrical activity of GnRH 

neurons. The hypothesis that HCN channels play a role in the control of GnRH secretion was tested 

by examining GnRH secretion from immortalized GnRH cells (GTl-7) before and during the 

blockade of HCN channels by ZD7288. ZD7288 reduced GnRH pulse frequency from 3.32 

pulses/hr to 2.2 pulses/hr and from 3 .2 pulses/hr to 0.833 pulses/hr in the control versus 

experimental and the sequential control versus experimental, respectively (n= l2; n=l5. p <0.05). 

The average interpeak interval (IPI) changed from 18.2 minutes to 23.1 minutes and from 17.5 

minutes to 19.6 minutes in the control versus experimental and the sequential control versus 
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experimental, respectively (n=l2. p<0.05). The total number of pulse peaks examined decreased 

after exposure to ZD7288 from an average of 8.9 peaks in the control to 6.6 peaks within the 

experimental , this was also reflected within the sequential control and experimental groups, where 

the average pulse peaks dropped from 6.3 to 1. 7 (p <0. 05) . The results of this experiment 

demonstrate that HCN channels alter GnRH secretion. 
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CHAPTER I: Introduction 

Gonadotropin-releas ing hormone (GnRH) neurons are located in the hypothalamu and 

are responsible for the synthesis and pulsatile secretion of GnRH. They control fertility in 

vertebrates by regulating synthesis and discharge of the pituitary hormones, luteinizing hormone 

(LH) and follicle-stimulating hormone (FSH), which, in turn, drive gonadal steroidogenesis and 

gametogenesis. Thus, the secretion of GnRH fulfills a crucial role in reproduction. The objective 

of this study was to examine the impact of hyperpolarization-activated cation channels on the 

episodic secretion of GnRH. 

The mechanisms that comprise the GnRH pacemaker have yet to be established. The 

episodic release of GnRH may be associated with the electrical bursting activity, or 

hyperpolarization events (Arroyo et al., 2006). The diffuse and sparse nature of GnRH neurons 

throughout the hypothalamus, make in vivo studies problematic (Mellon et al., 1990; Okubo, 

2006; Wen et al., 2008). Therefore, GT 1-7 cells, a line of immortalized cells derived from 

transgenic mice carrying a GnRH promoter-driven oncogene (Mellon et al., 1990), were used in 

this study to examine the role of hyperpolarization-activated cation channels in episodic GnRH 

secretion. 

The purpose of this study was to determine the effects of hyperpolarization-activated cation 

channels (HCN) on the control of GnRH secretion from GTl -7 cells. This will provide further 

insight into the connections between cellular electrical activities and their role in effecting major 

cellular functions, such as hormonal secretions. This is important and necessary in understanding 

the integral components which effect the neuroendocrine axes, and thus, control main 

physiological functions such as growth, development, and reproduction. 



9 

CHAPTER II: Literature Review 

Introduction 

GnRH neurons directly impact reproduction and fertility in diverse type of 

animals (Arrow et al., 2006, Biel et al., 1999; McCormick, & Pape, 1990, Marshall et al., 1992). 

The frequency of GnRH pulses is the key to successful regulation of reproduction. However, the 

mechanisms which drive the GnRH pacemaker are poorly understood. 

This literature review will first frame the overarching impact of GnRH by describing the 

hypothalamic-pituitary-gonadal axis (HPG axis), and the role of GnRH. This topic will be 

followed by a description of the GnRH regulation in neurons and GTl-7 cells. Then, the 

mechanisms comprising the pacemaker will be described as well as the case for the role of 

hyperpolarization-activated cation channels. 

Hypothalamic-Pituitary-Gonadal Axis 

Mammalian reproduction is controlled by integrated interactions between the 

hypothalamus, pituitary, and gonads. Each component is regulated by feedback mechanisms to 

coordinate stero idogenes is and gametogenesis (Lacau-Mengido et al., 1998). 

GnRH plays a critical role in the HPG axis, in fact, it is often described as being the final 

common pathway for the control of reproduction (Marshall et al. , 1992; Jayes et al. , 1997; 

Sliwowska et al. , 2014). GnRH soma are located in the preoptic area and basal hypothalamus 
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and episodicall y release GnRH into the hypophyseal portal blood at the median eminence 

(Moenter et al. , 1992). The portal blood carries GnRH to the anterior pituitary gland where it 

induces the release of follicle-stimulating hormone (FSH) and luteinizing hormone (LH). The 

frequency of GnRH secretion is responsible for the differential secretion of LH and FSH (Schally 

et al. , 1971 ). These hormones, in tum, regulate the production of gonadal steroids, such as 

estradiol and testosterone, and are also involved in gamete maturation (Lacau-Mengido et al., 

1998; Schally et al., 1971 ). Thus, GnRH is responsible for the adequate production of sex 

hormones and the proper functioning of the reproductive system. 

While GnRH regulates FSH and LH in both males and females, the frequency of GnRH 

pulses remains continuous in males following puberty (Lacau-Medgido et al., 1998). However, 

the frequency of GnRH pulses fluctuates throughout the female reproductive cycle (Schauer et 

al., 2015). At the start of both the estrous and menstrual cycle, GnRH pulse frequency and 

amplitude are both low (Schally et al. , 1971; Lacau-Medgido et al. , 1998). Low frequency 

GnRH pulses increase FSH secretion from the anterior pituitary which then stimulates ovarian 

follicle recruitment and maturation (Schally et al. , 1971; Lacau-Medgido e. al. , 1998). As 

ovarian follicles develop, they secrete more estradiol (Schally et al. , 1971; Lacau-Medgido et al., 

1998). As ovulation approaches, GnRH pulse frequency and amplitude increase (Schally et al., 

1971; Lacau-Medgido et al., 1998). When estradiol levels reach a certain threshold it starts to 

exert positive feedback on GnRH (Lacau-Medgido et al. , 1998). The increase in GnRH 

frequency, coupled with the positive feedback effects of estrogen lead to a surge in LH that 

initiates ovulation. At this time the luteal phase begins, and the corpus luteum produces 

progesterone, which provides a negative feedback, reducing the production of GnRH (Schally et 

al., 1971). 
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Several studies have shown the relationship between GnRH pulse frequency and the ratio 

of LH to FSH secretion. High frequency GnRH pulses ( 1/hr) result in high plasma LH baselines 

and low pulse amplitudes, while low frequency GnRH pulses (0.25/ hr) result in low LH 

base! ines and high LH pulse amp! itudes (Jayes et al. , 1997; Jacob et al. , 2001; Clarke and 

Cummins, 1985). Jayes et al. , (1997), used gilts to show that the pituitary gland was sensitive to 

changes in GnRH pulse stimulation. Where low GnRH pulse frequency induced FSH secretion, 

high pulse frequency induced LH secretion; estrogen (E) can influence LH pulse frequency by 

altering the release of the gonadotrophs by GnRH (Jayes et al. , 1997; Clarke and Cummins, 

1985). 

FSH, LH , and E are components of feedback loops that regulate reproduction. The 

release of GnRH is inhibited by estrogen (E) negati ve feedback before the onset of puberty and 

during most of the femal e reproducti ve cycle. On the·other hand , the release of GnRH, which is a 

major requirement for ovulation, is stimulated by E- medi ated pos iti ve feedback (Schall y et al. , 

1971 , Ordog et al .. 1995). 

As ovari an follicl es are recruited fo r matura tion, estradiol level slowly ri se. During 

proestrus, a pos iti ve feedback mechanism on GnRH is applied as estradiol levels increase 

(Lacau-Medgido et al. . 1998). This prompts an increase in the frequency and amplitude of GnRH 

pulses, which prompts the LH surge and ornlation. After \\h ich, the lutea l stage is started, and 

the corpus luteum creates progesterone.\\ hi ch instigates a negati ve feedback mechanism on 

GnRH generation (Schall y er al .. 197 1 ). 

In the ov ine lurea l phase, GnRH is emitted as lo\\'-frequency pulses, which change to 

high-frequency, low-amplitude pulses in the mid- fo llicular stage. Later, E-mediated positive 
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feedback induces a high-amplitude GnRH secretion which causes the LH surge during the late

follicular stage (proestrus)(Chappell et al., 2000). Curiously, in the sheep but not in the macaque 

or rodent, the GnRH surge proceeds long after the LH surge has ended, showing that the 

gonadotrophs desensitize to the GnRH surge contribution in sheep, ending the LH discharge 

before negative feedback restraint of GnRH emission. In ovariectomized ewes, the GnRH and 

LH pulse amplitudes increase and episodic frequency diminishes (Chappell et al., 2000). 17~

estradiol (E2) treatment fundamentally decreases the GnRH and LH pulse amplitude, yet 

increases episodic pulse frequency, prompting a general diminishment in GnRH and LH 

secretion before the GnRH and LH surge (Chappell et al. , 2000; Clarke et al., 1984). These 

discoveries would show there are essential changes in GnRH pulse frequency and amplitude 

amid the distinctive phases of the ovulatory cycle (Clarke et al. , 1984). In ovariectomized ewes 

and rhesus monkeys with arcuate nucleus lesions treated with episodic exogenous GnRH to alter 

the pulse frequency and amplitudes of GnRH, both frequency and amplitude of LH correlates 

with changes in GnRH (Clarke et al. , 1984). 

Pulsatile LH has been utili zed as a surrogate marker of GnRH pulses. LH emission is 

pulsatile, while FSH is not (Hall et al. , 2000). LH levels can be effectively measured in jugular 

blood and used to estimate GnRH levels (Ha ll et al., 2000). The relationship between GnRH and 

LH pulses can be used to examine the input of gonadal hormones in various physio logical 

circumstances (Vidal et al. , 20 12). Vidal et al., (2012), worked to develop an algorithm 

(dynpeak) to detect experimental honnonal pulse peaks and interpeak intervals (IPI) of the 

neuroendocrine axis. The dynpeak software was tested using synthetic and experimental LH 

secretions, in order to standardi ze and test the accuracy of the algorithm. The experimental tests 

were performed on two experimental groups, IO estrous-synchronized ewes and 9 
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ovariectomized ewes. Jugular blood was collected every 10 minutes for 24-hr periods. Blood 

plasma was then assayed for LH levels (ng/mL/min.). This allowed for the introduction of 

uncertainty on both the measured LH level, to assess the effects of assay variability, and the time 

of measurement, to account for hidden variability in sampling chronology, to ensure the ability 

of event detection was not an effect of noise (Vidal et al., 2012). The validity of the pulse 

detection has already been validated in investigations of the midcycle surge in women (Hall et 

al., 2000). In this study, researchers tested the effect of age on GnRH secretions, using two 

groups of healthy post-menopausal women (45-50; 70-80yrs) (Hall et al., 2000). To establish 

changes in Gn.RH pulse frequency, two hormonal markers for GnRH were used, LH and 

gonadotropin free a-subunit (FAS). Blood plasma was collected at varying time intervals to test 

the efficacy of surrogate markers, at 5, 10, and 15 minute intervals for 12hr periods (Hall et al., 

2000). Although, testing recurrence of each LH at 5 minute intervals was required for significant 

identification of GnRH pulse frequenci es (Hall et al. , 2000). 

The GnRH Pacemaker 

GnRH neurons have an intrinsic pacemaker that produces GnRH pulses at a frequency of 

0.5 pulses/h to I pul se/h (M oenter er al .. 1992; Nunemaker et al. , 2003). Schauer et al. , 2015 

showed that GnRHR (neurons with acti ve GnRH receptors) neurons synchronized their action 

potential producing activity with the female estrous cycle (F igure I). With the use of in-vivo 

treatment with a well-established GnRH R antagonist, cetrorel ix , Schauer et al., 2015 showed 

cetrorelix is capable of affecting the acti vity of GnRHR neurons in the brain. GnRH induces 

burst firing in hypothalamic GnRHR neurons, modulating the female reproductive cycle (Figure 
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1) (Schauer et al. , 2015). Through GnRH stimulation, the activity of GnRHR neurons change 

from tonic to burst firing, an effect that is reversed by cetrorelix (Figure 1) (Schauer et al. , 2015). 
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Figure 1: In-Vivo subcutaneous injections of GnRHR antagonist, 10-50 µg cetrorelix 
modulates female mouse reproductive cycle (A/B). Sham vs cetrorelix effects the 
development of tertiary follicles and corpora lutea within female mice (C/D/E). 
Cetrorelix effects neuronal firing of GnRHR neurons throughout the female 
reproductive cycle of mice (F/G) (Schauer et al. , 2015). 

This implies that electrical acti vity may dri ve GnRH release. The resting membrane 

potential and the triggering of the action potential are regulated through a complex system of ion 

channels in GnRH neurons (De La Escalera et al. , 1992, Moenter et al., 1992; Nunemaker et al. , 

2003). 

There are two main mechanisms by which the neuronal membrane potential can 

depolarize past the threshold for an action potential, synaptic conductance and intrinsic changes 

in ion conductance (Moenter et al., 1992; Nunemaker et al., 2003). Since isolated cultures of 
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GnRH neurons continue to produce spontaneous bursts of action potentials, this suggests that 

synaptic conductance is not necessary for GnRH neuron action potential production (Kuehl

Kovarik et al. , 2002). Interestingly, mammalian On.RH neurons also exhibit a high input 

resistance (Rin), around one gigaohm (Kuehl-Kovarik et al., 2002). Because GnRH Rin is high, 

small changes in ion or cation conductance have greater effects on the membrane potential, 

which can contribute to the intrinsic firing potentials (Kuehl-Kovarik et al., 2002). There are 

several currents that could have an effect on the intrinsic ion conductance, T-type calcium 

currents, calcium-activated potassium currents, sodium currents, and hyperpolarization-activated 

cation currents (h). Hyperpolarization-activated cation channels are the focus of this study. 

Hyperpolarization-Activated Cation Channels 

Hyperpolarization-activated cation channels (HCN) are one of many types of ion 

channels that have been identified in On.RH neurons (Arroyo et al., 2006). These channels effect 

membrane permeability to both Na+ and K+ ions, with a Na+/K+ permeability ratio of about 0.27 

(Biel et al., 2009). In other cell types, HCN channels have been associated with a determination 

of the resting membrane potential , integration of postsynaptic potentials, and the generation of 

biological rhythms (Biel et al. , 2009; Difrancesco et al. , 198 l). Therefore, it is entirely possible 

that these channels may play a role in generating the rhythmicity of GnRH secretion. 

The standard structure among HCN channels is depicted in Figure 2. There are four HCN 

channel types, all of which exhibit the same properties, in varying degrees of efficacy (Emery et 

al. , 2012). HCN channels have both voltage and ligand gates. Where, when cAMP is bound to 

the cyclic nucleotide binding domain (CNBD), voltage sensitivity increases, allowing increase in 



the Na+ influx at the resting potential (Emery et al. , 2012). Blocking of the HCN channel by 

ZD7288 significantly suppresses episodic firing of the neuron (Emery et al. , 2012). 
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Figure 2: The structure of HCN channels (HCN2). Binding of cAMP 
shifts voltage dependence, increasing the inward ionic current (top 
left), increasing the neuronal activity (Emery et al., 2012). 

HCN channels are more permeable to K+ than to a+, with permeability ratios of about 

4: I. Fu1thermore, the membrane current increases with extracellular K+ concentration and 

decreases with a reduction in extracellular Na·• concentrati on (Chu et al. , 20 IO; DiFrancesco et. 

al. , 1981). A gradual hyperpolari za ti on of the membrane vo ltage causes opening of the HCN 

channel around -75mV to -I 30mY (Chu et al .. 20 I 0). Opening of hyperpolari zation-activated 

cation channels leads to an inward Ca2+_current and outward K ... current, termed lh (Chu et al. , 

2010; Yu et. al .. 2004). Although HCN channels di splay a very low permeability to Ca2+, 

compared to other Ca2+ permeable channels, it is thi s in ward current that helps reset the resting 

membrane potential, creating the poss ibility of oscillating hyperpolarization events (Yu et al., 

16 



2004) by increasing the rate ofrepolarization of the cell membrane, after an action potential, 

resetting the neuron for another action potential to occur (Chu et al. , 2010). 

17 

All HCN channel types (HCN 1-4) exhibit the basic biophysical properties of the 

pacemaker current (Yu et al. , 2004 ). These channels contribute to the control of rhythmic firing 

in cardiac and neuronal cells, regulation of neuronal excitability by modulating the cell 

membrane resting potential and decreasing the after-hyperpolarization event (AHP), and sensory 

transduction through oscillating Ca2+ influxes, leading to an increase in action potentials (Yu et 

al., 2004; Chu et al. , 20 I 0) . The different channel types vary in their characteristics. For 

example, all HCN channels are activated through hyperpolarization of the cell membrane, but 

some have varying degrees of sensitivity and dependence to cAMP and voltage-activation, where 

HCN I and HCN3 and weakly effected by cAMP, while HCN2 and HCN4 have activation 

thresholds that are + 15m V higher through cAMP (Yu et al .. 2004; Chu et al .. 20 I 0). 

HCNs are respons ible for rhythmic acti viti es in various ti ssues, such as cardiac cells and 

neurons (Yu el al .. 2004). Several HC channels have been reported in GnRH neurons located 

within the hypothalamus of fem ale ra ts and mice as well as GT 1-7 ce ll s (Biel et al., 1999; 

Arroyo el al .. 2006). HCN2 and I-I C 3 are expressed in endogenous GnRH neurons in the rat 

hypothalamus, although HCN 1-4 channels \\T IT not present in GnRH nerve fibers in the median 

eminence of the rat hypothalamus. Arroyo er al. (2006), suggested that HCN2 and HCN3 

channel s could be responsible fo r the pacemaker mechanism, since these channels are present in 

GnRH neurons; with HC 3 being expressed in greater quantity compared to HCN2. 

HCN channel s possess inherent negati\·e-feedback mechanisms to di srupt 

hyperpolari zation and deacti vate channels. This is due to the abi lity of inward cuITents to re-
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establish resting membrane potential; thereby, deactivating the HCN channel. Through either the 

increase or the decrease of cAMP, neurotransmitters can directly modulate the activation kinetics 

and maximal current of HCN channels. Differing HCN channels are affected in varying degrees 

by cAMP, for example HCN2 activation shifts 2-7 m V and HCN3 with no shift observed (Biel et 

al. , 2009). This suggests there are other factors modulating the GnRH pacemaker through the 

activation of HCN channels. 

Modulation of the GnRH Pacemaker 

Neural and endocrine inputs such as ki sspeptin (KISSPEPTTN) and estrogen can alter the 

secretory pattern of GnRH . Estrogen has been observed to inhibit GnRH and LH secretion, in 

ovariectomized (OVX) mice (Zhang et al., 20 13). However, l 2-48hrs later, estrogen elicited 

positive-feedback effects to increase GnRH , leading to the LH surge (Zhang et al., 201 3). The 

mechanisms by which these effects are elicited help to mediate the HPG ax is and regulate GnRH 

secretion (Han et al. , 2005). KISSPEPTIN is one of the most excitatory neurotransmitters of 

GnRH neurons and is regulated by estrogen (Zhang et al. , 20 13; Chappe ll el al. , 2000) . 

Estrogen has a ro le in the posit ive feedback mechanism altering GnRH secreti on. 

Estrogen (E) stimulates GnRH surges th rough the activation of the progesterone receptors (PR) 

in the anteroventra l peri ventricular (A VPY) region of the hypothalamus (C happe ll el al. , 2000). 

In these experiments, ovari ectomi zed (OYX) E2-primed rats \\ ere treated with estradiol benzoate 

or oil vehicle. Onl y the estradiol treated rats produced synchronous GnRH and LH surges 

(Chappell et al. . 2000). Thi s sho\\·s that PR acti vation in the A YPY is necessary fo r the 

stimulation of GnRH surges by E2 (Chappell el al.. 2000). 
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Castration experiments on mice proved that there was an increase in GnRH discharge 

along with the increase of lh in GnRH neurons when compared to intact-gonadal male mice (Chu 

et al., 2010). Testosterone in male gonads can be converted to estradiol, allowing the occurrence 

of negative feedback signals to decrease GnRH secretion in the hypothalamus and GnRH neuron 

activity. Estradiol decreased lh levels when introduced into castrated male mice, restoring lh 

amplitudes to those comparable with intact-gonadal male mice (Chu et al., 2010). This finding 

confirms the idea that lh is involved in the negative feedback mechanism. Whether estradiol 

directly or indirectly effected GnRH neurons remains unknown (Chu et al., 20 I 0). It has been 

found that homeostatic control depends upon the frequency of GnRH release (Keenan et al. , 

2011). 

Estrogen may elicit more direct effect on GnRH neurons, while simultaneously effecting 

KISSPEPTIN. Estrogen stimulates Ki ss I mR A expression in thi s brain region (Han et al., 

2005). Ki sspeptin neurons, located in the anteroventral and more caudal periventricular preoptic 

area (A VPV/PeN), are in direct contact with Gn RH cell s, and expre s the estrogen receptor alpha 

(ERa). At least 50% of GnRH neurons receive monosynapti c input from the A VPV/PeN 

neurons, suggesting Ki ss I neurons may be presynapti c pacemaker neurons modulating GnRH 

neurons through synapti c conductance (Zhang el al .. 20 13). Stimulation of these A VPV/PeN 

neurons delayed excitatory response in Gn RH neurons, which was ob erved to be blocked 

through ki sspeptin-inhibitory peptides (Zhang er al.. 20 I 3). Furthermore, Ki ss I neurons are 

sensitive to estrogen since estrogen produces an 111 current in Ki ss I ce ll s, releas ing KISSP EPTIN, 

subsequently providing an excitatory dri ve for GnRH hyperpolari zation and the estrogen

stimulated LH surge (Han er al .. 2005; Zhang el al .. 20 I 3). 
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Animal studies have provided ev idence that KISSPEPTIN works upstream in the A VPV 

and Arc nuclei to enhance GnRH secretion (Smith et al., 2008). Kisspeptin (Kiss l) neurons 

produce action potentials capable of activating HCN channels and I-type calcium channels 

(Zhang et al. , 2013). Under voltage clamp conditions, these channels increase potassium 

permeability causing hyperpolarization under current clamp conditions (Kelly et al., 2013). 

Exogenous KISSPEPTIN has also been shown to stimulate GnRH secretion from hypothalamic 

explants and has been shown to increase the production of both GnRH and LH in ewes when 

applied by introcerebroventricular infusion (Messager et al. , 2005; Thompson et al. , 2004). 

Furthermore, the role ofKISSPEPTIN as a modulator of GnRH was supported by KISSPEPTIN

antagonistic studies, when KISSPEPTIN-antagonist was injected into the median eminence of 

rhesus monkeys, both the GnRH pulses and tonic GnRH secretions were suppressed (Roseweir et 

al., 2009). This suggests that KISSPEPTIN works to modulate GnRH pulsation to effect LH 

secretions downstream of the HPG axis. 

ZD7288 stops Hyperpolarization 

Researchers have searched for HCN antagonists since 1979 when Brown ( 1979) found 

that adrenaline quickens heart rate via its actions on hyperpolarization-activated cation channels. 

More than ten years later, ZD7288 [4-(N-Ethyl-N-phenylamino)- 1,2 dimethyl-6-(methylamino) 

pyrim idini um ch lo ride JCl-O7288 N-Eth yl-1,6-dihydro- l ,2-dimethyl-6-( methylimino )- N

phenyl-4-pyrimidinamine hydrochloride] was reported to be a profoundly specific blocker of 

HCN as it reduced heart rate without impeding cardiovascular capacity (Luo et al., 2007). Since 

then, ZD7288 has been broadly utili zed as a specific HCN inhibitor (Wu et al., 2012). 
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In the previous three decades, additional drugs with heart rate diminishing properties 

have been produced and recognized as HCN channel blockers. Early medications recognized as 

immaculate bradycardic operators include alinidine (ST567), ZD7288 and zatebradine (UL

FS49) and its subordinates; ivabradine (S 16257) (Wu et al., 2012). The principle activity of these 

substances is to diminish the diastolic depolarization incline by blocking HCN channel current. 

Ivabradin can only target HCN channels intracellularly, or when the channel opens 

intracellularly (Luo et al. , 2007; Wu et al., 2012). Zatebradine is a structural isoform to ivabradin 

but only elicits effects in a vo ltage-dependent manner, but does not display current-dependency 

(Luo et al., 2007). This suggest that they have di fferent binding sights to the HCN channel. 

ZD7288 elicits its effects in a current-dependence a wel l as oltage-dependence 

mechanism (Wu et al., 20 12). While loca li zing the blocking impact of ZD7288 on 111 in dorsoal 

root ganglion (DRG) neurons, by i olat ing ZD7288 admini tration through the use of a glass 

pipette during channel recording , it, as found that high concentrations (more than I 00 µM) of 

ZD7288 reduce calcium ion influx. ub cquently, the impact of ZD7288 reduce the cell s 

ab ility to recover from atter-h yperpolari zation , and cellular hyperpolarization by means of the 

HCN channels (Wu et al.. 20 12). ZD728 did not alter the rate of ri se and the pan of act ion 

potentials in quick spiking intcmeurons, imp! ing that it doe not influence vo ltage-gated Na+ 

and KI channe ls. Add it iona ll y. ZD7288 did not change the firing of ac ti on potential activated 

by quick use or GABA, demonstrating that it does not inlluencc GABA receptors (Aponte et al. , 

2006). Therefore, ZD7288 elici ts it s effec ts th rough pharmacological spec ificity on HCN 

channels without effect ing neighboring intermernbranc protein channels (Wu et al., 20 12; 

Aponte et al .. 2006). 

GTl-7 Cells 
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GT 1-7 cells, an immortalized line of GnRH neurons, were used in this experiment since 

the perfusion of primary GnRH neuron cell cultures does not provide adequate levels of GnRH 

to measure. These cells are self-adherent and have biophysical properties expected of GnRH 

neurons, including rhythmic action potentials and episodic secretion of GnRH (Mel Ion et al., 

1990). Studies by Mellon et al., 1990 and Silverman 1988 showed that GTl-7 cells 

spontaneously secrete GnRH in a pulsatile manner with pulses at 25 .8 minute intervals, and a 

mean duration of 18.8 minutes. However, the amplitude of GnRH pulses is greater than that 

seen in vivo (Mellon et al. , 1990; Silverman et al. , 1988). Generally, the pattern of GnRH 

discharge is detennined by afferent and intrinsic processes. The episodic activity of GnRH 

neurons is found within iso lated GnRH cell cultures and persist in absence of other cell types. 

The capacity of GTl-7 cell s to di splay periodic GnRH di charge without the influence 

other cell types, demonstrates that a native pacemaker produced through intrinsic ion currents, 

could be a significant factor affect ing pul atile GnRH di charge (Funahashi et al. , 2003). 

According to Funahashi et al. (2003), the pulsat ile ecretion of Gn RH from typical and 

immortali zed GnRH neurons i profoundly dependent on calcium ion and fort ified by cAMP. 

Ca2+ influx helps the after hyperpolariza ti on (A HP) rebound fo r the possibility of another AP to 

occur; after hyperpolari zation, the Ca2_.. influx helps repolarize the cell membrane, resetting the 

HCN channels and creating the opportunity of osc illati on of hyperpolari zing events (Funahashi 

et al. , 2003). 

GTl-7 cells used in this study demonstrate GnRH discharge upon depolari zation with 

veratridine or high quantities of potassium ions. In the study of De Escalera et al. ( 1992), the 

application of the cells with tetrodotox in. which is a type of blocker fo r rapid sodium channels, 

hinders the activity of veratridine. Moreover, treatment with tetrodotox in fundamentally restrains 
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60% of the GnRH discharge, proposing that GTl-7 cells are fit for creating unconstrained 

propagated activity potentials which lead to hormone emission (De Escalera et al., 1992). 

Understanding the ability of GTl-7 cells to produce large unconstrained secretions of hormones 

can be used as a tool to determine cell viability, after experimentation with cell cultures. The 

large quantity of hormone production can be used as a marker to detennine if cells survived 

exposure to drugs, such as ZD7288. 

Conclusion 

GnRH is a neurohormone critical in maintaining the balance and response of intricate 

feedback loops corresponding to the HPG axis. The HPG axis regulates sex steroid and hormonal 

feedback in many living organisms from tunicates to mammals (McConnick, & Pape, 1990, 

Marshall et al., 1992). Thus, GnRH is a criti ca l component in regulating fert ility of many 

different organisms (McCormick, & Pape, 1990, Marshall et al., 1992) . However, the 

mechanisms modulat ing GnRH secreti ons have yet to be ful ly elucidated. GnRH is responsive to 

many factors which may coordinate hormonal release, such as estrogen and ki sspeptin (Zhang et 

al. , 20 13; Chappell et al .. 2000). A common link between these facto rs and Gn RH neurons could 

be the potential for HCN channels to regulate the ce ll membrane vo ltage through the flow of 

ions. This could explain GnRH neuronal capabi lities to produce ep isodic action potent ials in 

isolated ce ll cultures, while supporting the regulatory effect of E and conductance from 

kisspeptin neurons. 
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CHAPTER III: Methods 

Cell Culture 

GT l-7 cell s were received from Dr. Pamela Mellon at the University of California, 

Berkeley. The cell s were cul tured at 37°C in 5% CO2. The cell were grown in 100 mm poly-O 

lys ine-coated tissue cul ture dishes (BO Falcon, Franklin Lakes J; Catalog# P35GC-l.0- 14-C). 

GT l-7 cell s were grown to 90% confluence in medium compo ed Dulbecco 's Modifi ed Eagle 

Medi um, DM EM/F l2 (DM EM/Fl2; In it rogen, Grand I land , Y; atalog # 12634-0 10) 

supplemented with I 0% heat-inacti vated fetal calf crum inoculated with a I% concentration of 

penicilli n/streptomycin ( l00µ ml ; 100µ ml ; lnvi tr gen atal g # 103 016, re pecti ely) . 

One million GT 1-7 ce ll · were placed into each of ix we ll fa 12-wcll plate (Thermo cientific , 

Cata loo # 150200) and oro,,·n to 90° o con llucncc before being scrum- tar\'ed ,,·ith Opti - em 
0 0 

medium (lnvit rogen, Catalog # 11 05 t Q_ 1) fo r 24 hour (Fi gure..,) . 

Figure 3. Im age of GT t-7 cells taken with a 
compound microscope. The cells are 
approximately 60% conflu ent. The culture was 
maonified -rnO:X. 

t:, 
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Experimental Design 

The contro l group consisted of 6 we ll s that were simultaneously perfused with onl y 

Locke's medium at a rate of I 00 µI/min ute using a Brandel Supra fu sion I 000 perfusion system 

(Brandel, In c. , Gaither burg, MD); the experimental group consisted of 6 \\·ells simultaneously 

perfused with 50 µM 207288 (Tocri , Catalog # I 000) di ol\'ed in Locke's medium . Each 

trea tment con ti nued for 180 minute . Perfu ate sam ple were co ll ec ted at four-minute intervals 

from both the contro l and ex perimental gr up . After I O minute . all cells \\'ere perfused with 

0.1 mM veratridine (Sigma, St. Loui , MO, Catalog !:/ -75-l ) fo r 20 minute to detem1ine cel l 

viabil ity. A sequential control group recei\'ed only Locke' medium fo r 120 minute at which 

tim e a sequential experim en tal group received -o µ ZD 2( ' . admini tered fo r an additional 

120 minute ·. Aga in, the cell were treated,, ith 0.1 mM ,·cratridinc for 20 minute . The 

experimenta l design is dep icted in Fi gure 4. Pcrfi.1satc . amplcs \\'ere stored at -20°C unti l they 

could be as aycd for GnR II . 

f Control Group 1 1 
f Experimental Group 1 1 

Sequential Control equential Experimenta l 

'1 "'I.. 'I ... • ~.... ~ : .. .., _ .., .... - ... _ .._ ... .., __ 

Time {minutes) 

Figure 4. Experimental Des ign. Th e cont ro l group received Loc ~es medium for _l80 
minutes and the experimental group rece ived ZO7288 f~ r 180 m111u ~es . ~ nothe1 group 
received Lockes medium (sequential co ntrol) fo r 120 rmnutes fo llo" ed b) Z~7288 

· · h - 120 · tes At the end of each experiment each (sequentrnl experimental) for anot e1 m111u · ' 
group was perfused with n ratridin e fo r 20 minutes (red boxes). 



Control runs were repeated until samples were collected from a total of 12 individual 

tissue culture wells. Experimental runs were repeated to obtain 15 individual wells. Sequential 

groups were repeated twice, for a total of 12 separate wells. 

GnRH Enzyme Immunoassay 
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Enzyme immunoassays were performed to measure GnRH. The assay was a modified 

version (Farsian et al., 2008) of an assay developed by Tsai et al. , 2003. Ninety-six well plates 

were pre-coated with 100 µl of 5 µg/ml donkey anti-rabbit antibody (Jackson Immuno Research, 

West Grove, PA) in 0.1 M coating buffer (0.1 M NaHCO3; 0.1 M Na2CO3; pH 9.5) and left to 

incubate overnight at room temperature. The wells were rinsed twice with assay buffer (0.1 M 

sodium phosphate buffer, pH 7.8; 0.15 M NaCl; 0.1 % Tween 20), then washed three times in 

assay buffer, letting the wash incubate for one minute between each wash. Each well was 

completely emptied by aspirating any remaining solution, twice, then coated with 100 µI of anti

GnRH primary antibody (R 1245 from University of Colorado Boulder, diluted 1 :50 in assay 

buffer), then left to incubate, shaking, overnight at 4 °C. Following incubation, wells were rinsed 

twice and washed three times, as described earlier, then any remaining solution was removed. 

Standards and unknown samples ( I 00 µl) were added to the wells in triplicate, and incubated 

overnight, shaking, at 4 °C. Following incubation, the plates where left shaking until warmed to 

room temperature. Biotinylated GnRH (50 µI , Bachem, Catalog # H-4792; diluted 4:10000 in 

assay buffer) was added to the wells and allowed to incubate for an hour, shaking, at room 

temperature. The wells were washed three times (shaking between each wash for one minute) 
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, ith a ay buffe r and emptied complete ly. Avidin o-horseradish peroxidase (Vector 

Laboratorie , Catalog# A-2004; l 00 µI , diluted 2: I 0000 in assay buffer) was added to each well 

and left to shake for one hour at room temperature. The wells were washed eight times (shaking 

for one minute between each wash), before 100 µl of Supersignal Substrate (Pierce, Catalog# 

37075) was added to each well and left to incubate for 4 minutes, shaking, at room temperature. 

All samples were analyzed for chemiluminescence using Bio-Tek Synergy HT plate 

reader at 562 nm. For each assay, a standard curve was created, using an intra-assay CV, based 

on the known concentrations of a standard dilution and GnRH free buffer (starting at 100 pg, 

diluted to zero at 33.33 pg steps). This provided the minimum detectable GnRH concentration 

for analysis. Sample doses were calculated using the four-logistics parameter curve fit. 

Data Analysis 

Dynpeak pulse analysis software was used to determine GnRH pulse parameters, by 

entering each recorded value above the minimum detectable GnRH concentration for an entire 

run into the software program (Provided by Pauline Campos; http://www.scilab.org/fr) (Vidal et 

al., 2012). This work was originally coded for the analysis of LH hormone parameters, but with 

edits to LH peaks, can be used to express a "true" GnRH pulse peak (Figure 2). The 

"pind=lhpeaks(sig, T);" edited to "pind = gnrhpeaks(sig, T);" composes the algorithm used to 

measure the average amplitude and duration of pulse peaks, to determine which are inter-peak 

pulses and which are true pulse peaks (Figure 3). The code was changed so the titles of the peaks 

were identified as GnRH instead of LH by substituting "interactive_gnrhpeaks" for 

"' · · 5) Th t . interpeak interval (IPI) values were calculated with 
111teract1ve_lhpeaks" (F igure . e rue 
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Oynpeak. The software also utilized a moving cubic function to fit the values of the IPI series 

into a tunnel of expected peaks throughout each series. Unusually high pulse peaks, outside of 

the tunnel , could suggest that there were multiple 'true' GnRH secretory events that occurred in a 

short time frame, and results in one large pulse peak being detected. Pulse peaks occurring below 

the tunnel, signify a low probability of a true secretory event. GnRH pulses that fell outside 

GnRH tunnel were not counted as pulse. Peaks after veratridine exposure were not included, but 

noted for cell viability. 

// Detect peaks 

sig = [ X; X; X; . .. ] 

T=3; 

pind = gnrhpeaks(sig, T); 

t=(l:size(sig, '*') )*T; 

elf; 

plot(t,sig, '-b', t( pi nd),sig(pi nd), 'or'); 

interactive _gn rh peaks 

Figures. GnRH-specific coding for Dynpeak pulse analysis program. 

Each peak was graphed and marked with a vertical line passing through the center of the 

peak. The number of peaks was counted by the investi gator and recorded fo r compari on of the 

· · ·d f I G RH tunnel in panel B composed by the treatments. Any peaks ex1stmg outs1 e o t 1e n , 

· d · I t I 1ber of GnRH peaks as they represent Dynpeak software were not mclude 111 t 1e to a nun ' 

possible outliers of true pulse peaks. 

. . . ·t· . d usino JMP stati stical analys is software, provided by 
Stat1 st1cal analysis was pe1 01 me o 

. li tude of GnRH secretion of treated and 
APSU. Interpeak intervals and changes 111 the amp 
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untreated groups were compared using two-sample t-tests at a significance ofp< 0.01 . Interpeak 

intervals and the over-all number of peaks present within the sequential groups were also 

compared using a two-sample t-test at a significance of p< 0.01. 



CHAPTER IV: Results 

The HCN-specific blocker ZD7288 was used in this experiment to determine ifHCN 

channels play a role in the episodic secretion of GnRH. Three groups were compared to 
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determine the effects of ZD7288 on GnRH secretions; the control group received only Locke's 

medium for 180 minutes; the experimental group received ZD7288 dissolved in Locke's medium 

for 180 minutes; and the sequential groups, receiving Locke's medium for the first 120 minutes 

and ZD7288 for an additional 120 minutes. Each group received 0.1 mM veratridine at the end of 

each run to determine cell viability. Cultures that did not respond to veratridine were left out of 

the experimental analysis. 

The figures in Appendix A-C depict the amounts of GnRH secreted by individual 

cultures (wells) during the course of the study. Control well s are pictured in Appendix A. 

Cultures receiving ZD7288 are depicted in Appendix B and the equential groups are depicted in 

Appendix C. 

Comparison of the control and experimental groups, during which Locke's medium or 

ZD7288 were continuously perfused over GT 1-7 cells revealed that the ZD7288 significantly 

impacted the number of GnRH pulses (Figure 6, control: 18.9±0.357 pulses; experimental : 

6.6±0.335 pulses,p<0.05). In addition, the average interpeak interval significantly differed 

between the groups (Figure 7, control: 18.2±0.911 minutes; experimental: 23 .1±0.813 minutes; 

p<0.05). 
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Control Experimental 

Figure 6: Average number of GnRH peaks from the control and experimental 
perfusions. ZD7288 significantly altered the number of GnRH peaks during the 120 
minute experiment (Control : 18.9±0.357 pul ses, n= 12; Experimental: 6.6±0.335 pulses, 
n=l5 , p<0.05). 
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Figure 7: The average interpeak intervals during the control an~ 
· t I f · s ZD7288 sionificantlv altered the durat10n between expenmen a per us10n . e J . 

GnRH peaks during the 120 minute experiment (Contro l: I 8.2±0.9 11 minutes, 

n=12; Experimental: 23 .1 ±0.8 13 minutes, n=15, p<0.05). 
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In addition to examining the effects of continuous medium perfusion, we tested what 

would happen upon switching from Locke's medium to ZD7288. Comparison of the sequential 

cultures, during which Locke's medium was perfused over GT I -7 cell s for 120 minutes, then 

ZD7288 was added for an additional 120 minutes revealed that the ZD7288 sign ificantly 

modified the number of GnRH pulses (F igure 8, sequential control: 6.3±0.309 pulses; sequential 

experimental: 1.7±0.555 pulses, p<0.05). ZD7288 ignificantly impacted the average IPI, when 

compared to the first 120 minutes of Locke' medium (Figure 9, contra t control: 19 .5± 1.20 

minutes; contrast experimental : 26.4± 1.31 minute · p<0.05). The vari ation in average !Pl and 

pulse peak va lues between the con trol and ex perimental group , hen compared to the equential 

groups, can be associated with the ·honened time frame of the cqucn ti al control and equential 

experimental exposures. 
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Figure 9: Bar graph depiction of the mean number of interpeak intervals, 
recorded in minutes, detected by Dynpeak, before and after exposure to ZD7288. 
The increase in interpeak intervals detected after exposure to ZD7288 is 
statistically significant (Sequential Control: 19 .6± 1.265 minutes, n= 12; Sequential 
Experimental: 26.4± 1.67 1 minutes, n=l 2, p<0.05). 

To better present the effects before and after ZD7288 exposure, Figure 10 depicts a 

typical profi le of GnRH levels during medium control perfusion. Eight GnRH pulses are 

identi fied in panel A with an average amplitude of 41,500 ng/ml. Panel B shows the interpeak 

intervals which occurred at an average of 16.667 minutes between pulse peaks. 
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Figure 10: Control culture receiving only Locke's medium for 
180 minutes. At 180th minute veratridine was added to 
determine cell viability. Panel A: 8 pulse peaks recorded at an 
average of 41,500 ng/ml. Panel B: Interpeak intervals recorded 
at an average of 16.667 minutes between pulse peaks. 
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Figure 11 depicts a typica l pro fil e of GnRH level during continuous ZD7288 exposure. 

Seven GnRH pul ses are depicted in panel A with an average amplitude of 3,400 ng/ml. Panel B 

shows the average interpeak interva ls whi ch averaged 21.429 minutes between pul se peaks. IP! 

measurements are estimated after 70 minutes into perfus ion because of a latency peri od, lacking 

true GnRH pulse peaks. After 70 minutes of ZD7288 expo ure, pul se peak are regularl y 

recorded and !PI can be measured. 
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Figure 11: Experimental culture I receiving 50 µM zd7288 dissolved 
in Locke's medium for 180 minute . At 180th minute veratridine was 
added to determine cell viabilit . Panel : 7 pul e peak recorded at 
an average 3,400 ug/ml. Panel 8: lnterpeak interval recorded at an 
average of 21.429 minute between pul c peak . 

Figure 12 depicts the typ ical prolilc or Gn RII lc\·eL before (0-120 minute ) and during 

applica ti on of ZD7288 ( 120-2-W minute. ) to GT!- cell. . Panel depicts six Gn RH peak 

during the sequential cont ro l peri od \,·it h an a\·erag.e ampli tude of 66. 00 ng. ml and three GnRH 

peaks with an average amplitude of 1.l 00 ng ml during i'.D 2 )< perfusion. Panel 8 ho\,. the 

average interpeak intervals \\·hich a\'eraged 20 minutes before the application or ZD 2, and 

27 .5 minutes alter additi on or ZD7288 . Ve ratridine response i. lo\, . assumcdl y from ZD7288 

exposure, lack ing \\'ash-out. There \\'as still a recorded response to \ eratridine and the ce ll s are 

assumed to han: survived the experin1L'ntal procedure. 
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Figure 12: Sequential culture receiving Locke's medium for 120 
minutes, then treaded with 50 µM ZD7288 dissolved in Locke's medium 
for 120 minutes. At 240th minute veratridine was added to determine 
cell viability. Panel A: 6 pulse peaks recorded at an averaae 66 700 

t, ' 

ug/ml. Panel B: lnterpeak intervals recorded at an average of 20 
minutes between pulse peaks. Panel A: 3 pulse peaks were detected at 
an average of 1,800 ug/ml, with an interpeak interval of 27.5 minutes 
after addition of ZD7288 (Panel 8). 
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Table I compares the average number of GnRH pul e that were identified during the 

first 120 minutes and the second 120 minutes of all perfu ion . There wa not ignificant 

difference in the number of GnRH pul es during either period in which Locke 's medium was 

continuously perfused (control 1 vs. control 2). In addition, there wa no significant difference in 

the number ofGnRH pulses during the first 120 minute of the continuous Locke's perfusion or 

the sequential control period (Control I vs. Sequen ti al Control ). In cont rast, the numbers of 

GnRJ-1 pulses were significantly different when the cont ro l periods \\·ere compared to the 

sequential experimental period (p <O. 05). 



-

Treatment Comparison 

Control I vs. Control 2 

Control 1 vs Sequential Control 

Sequential Control vs Sequential 

Experimental* 

Control 2 vs Sequential Experimental* 

Experimental 2 vs Control 2 

Experimental 2 vs Sequential Experimental 

Average number of 
pulse peaks (mean 
+/- SEM) 

4.33 +/- 0.1 0 

4.33 +/- 0.1 0 

6.33 +!- 0.3 I 

4.67 +/-0.10 

3.3 +/-0.19 

3.3 +/- 0.19 

Average number of 
pulse peaks (mean+/
SEM) 

4.67 +/- 0.10 

6.33 +/-0.31 

l .67 +/- 0.55 

1.67 +/- 0.55 

4.67 +/- 0.10 

1.67 +/- 0.55 
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Table 1: The average number of GnRH pulses (mean+/- SEM). Control I (n=l2) 
measurements from 0-120 minutes perfusion with Locke's medium. Control 2 (n=l2) 
measurements from 120-240 minutes perfusion with Locke's medium. Sequential Control 
(n=l2) measurements from 0-120 minutes perfusion with Locke's medium. Sequential 
Experimental (n=l2) measurements from 120-240 minutes perfusion with ZD7288 dissolved in 
Locke's medium. There is a statistically significant difference(*) between the Sequential 
Control vs. Sequential Experimental, and between Control 2 vs. Sequential Experimental. 

p<0.05. 

Table 2 compares the average interpeak intervals, recorded in minutes, which were 

identified during the first 120 minutes and the second 120 minutes of all perfusions. There was 

not significant difference in the average lPl 's during either peri od in which Locke's medium was 

continuously perfused ( control 1 vs . control 2). In addition, there was no significant difference in 



the average lPI's during the first 120 m· t f . 
mu es o the continuous Locke's perfu . h s10n or t e 

sequential control period (Control 1 vs s • . equentrnl Control). In contrast the IPI ' , s were 

significantly different when the control . d peno s were com d h pare to t e sequential experimental 

period and the experimental 2 period (p<0.0S). 

Treatment Comparison 

Control I vs. Control 2 

Control I vs Sequential Control 

Sequential Control vs Sequential 

Experimental* 

Control 2 vs Sequential Experimental * 

Experimental 2 vs Control 2* 

-

Experimental 2 vs Sequential Experimental 

-

Average interpeak 
intervals ( minutes, 
mean +/- SEM) 

I 8.67+/-0.075 

18.67+/-0.07 

19.56+/-l .67 

17.81 +/- 0.98 

24.13 +/-1.199 

24. 13 +/- 1.199 

Average interpeak 
intervals (minutes, 
mean +/ SEM) -

17.81 +/- 0.98 

19.56+/- I .67 

26.43+/- I .67 

26.43+/- I .67 

17.81 +/- 0.98 

26.43 +/- 1.67 
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Table 2: Average GnRH interpeak interval (minutes, mean+/- SEM). Control I (n=l2) 
measurements from 0-120 minutes perfusion with Locke's medium. Control 2 (n=l2) 
measurements from 120-240 minutes perfusion with Locke's medium. Sequential Control (n=12) 
measurements from 0-120 minutes perfusion with Locke's medium. Sequential Experimental 
(n==l2) measurements from 120-240 minutes perfusion with Z07288 dissolved in Locke's 
medium. There is a statistically significant difference(*) between the Sequential Control vs. 
Sequential Experimental, Experimental 2 vs Control 2, and between Control 2 vs. Sequential 

Experimental. p<O. 05. 
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Stati sti ca l analysis supports a significant difference in the number of GnRH peaks 

produced by both the experimental cultures and sequential experimental cultures, when 

compared to the number of pulse peaks within both the control cultures and sequential control 

cultures (Figure 6 and 8; Table 1, p<0. 05). In addition, the average IPI and Frequency of pulses 

per hour was altered after exposure to ZD7288, (Figure 7, 9, and 14; Table 2,p<0.05). Finally, 

the average amplitudes of the GnRH pulses decreases ±10 fo ld after exposure to ZD7288 

(Figures 10, 11, 12 and 13). 
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237 917+/-57010 .2939 ng/m xpen . t 
1

• 1 000+/ -426.4014327 ng m · 
, tia l Expenmen a . , 123,333+/ -29215. 32737 ng/ml Sequen 

p<0.05) . 
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CHAPTER V: Discussion 

Hypcr,1 01arizin° events and ep· sod· h · I I · · · 
t-' a 1 1c ormona re ease seem to be principal attributes of 

GnRH neurons (De Escal era et al. , 1992; Mellon et al., 1990). In our study, the obstruction of 

hyperpolari zation-activated cation channels by ZD7288 altered the number of GnRH pulses, 

effected the average pulse amplitude, altered pulse frequency, and altered the average interpeak 

intervals. To examine HCN channels as a possible factor in controlling and synchronizing GnRH 

secretions, thi s study utilized GTl-7 cells, a line of immortalized cells derived from transgenic 

mice carrying a GnRH promoter-driven oncogene (Mellon et al., 1990). These cells express 

HCN channels and are observed to produce synchronized pulses of GnRH. ZD7288, a known 

HCN channel blocker (Luo et al. , 2007) was applied to GTl-7 cells to examine the role of HCN 

in the control of GnRH secretion. 

GT I-7 cells, an immortalized line of GnRH neurons, were chosen as a model system to 

determine the effects of ZD7288 on GnRH secretion because GTl-7 cells are completely isolated 

without contamination of other types of cells, so observations of direct effects can be made. 

These cells display the biophysical properties expected of GnRH neurons, including rhythmic 

action potentials and episodic secretion of GnRH (Mellon et al., 1990). The capacity of GT 1 

cells to display periodic GnRH discharge without the influence of other cell types, provides an 

excellent model to study the effect of HCN channel blockers on pulsatile GnRH discharge 

(Funahashi et al., 2003). 

C II 
· b·1· · ed at the end of each experiment through the addition of e via 1 1ty was examm 

· E I t l 1992) Veratridine prevents Na+ 
veratridine to the perfusion medwm (De sea era e a ·, · 
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channels from closing, thus depolarizing intact cells and causing the release of synaptic vesicles 

(De Escalera et al., 1992). Veratridine has been used in several studies to demonstrate cell 

viabi lity (De Escalera et al. , 1992). Therefore, it is unlikely that the change in GnRH pulse 

frequency and amplitude was due to a reduction in GTl-7 cell viability. 

To examine the direct effects of 2D7288 on GnRH secretion, we used three treatment 

groups (Figure 4). The first was a control treatment group for gathering the baseline controls of 

normal GnRH secretion produced by GTl-7 cell s. The second was an experimental treatment, to 

gather the effects of continuous ZD7288 exposure and the resulting effects on GnRH secretion. 

The third and arguably the most important, was the equential treatment group, where 2D7288 

was added mid-treatment , in order to analyze the effect of ZD728 , with a direct comparison of 

a normal GT l-7 GnRH secretions. This pro ided an image that allowed us to verify the effect of 

ZD7288, while ensuring the change in GnRH secretion were not a re ult of e1Tor or noise 

(F igure 6, 7, 8, 9, 13, and 14; Table I and 2) . 

ZD7288 has been proven to block H channeL. and 111 . \\·hich in turn , alter GnRH 

neuronal activ ity (Chu l! f al.. 20 IO; Wu l!I of .. 20 12). chaucr cl al .. (20 1 -) howed that GnRH 

neuronal activity directl y corre lated with the mod ul ati on of'thc c. trous cycle of f'cma le mice. The 

decrease or pul se amplitude and frequenc y in the cu1Tcnt study complimenL the resu lt of hu el 

al.. (201 O) and Schauer l! I of .. (20 15) . Chu el of .. (20 I 0). whi ch reported decreased Gn RH 

neuronal exc itability \\'hen ZD7288 \\·as added to GnR l I neuron. from castrated male mice gives 

support and va lidation to our linding that shO\\. a change in Gn RI I secretions after administration 

or ZD7288. During exposure to ZD7288. then:: \\·as a decrease in h1 and I-I C ac ti vati on (C hu et 

al .. 20 10), from thi s, combined \,·ith the tindings or Schauer el ul.. (20 15 ). one cou ld infer that 

I · ZD 1 ", d1111·111·s·11·,a ti on \\ as due to a decrease in t 1e changes in GnRH \\'C recorded alter - " 



neuronal activity of the GTl-7 cells. Furthermore, voltage dependence of HCN channels are 

effected by hormones, making them easily effected by extracellular environments (Chu et al., 

20 I 0). Modulation of HCN activation may be the mechanism by which estradiol or 

KISSPEPTfN mediate GnRH secretion , this requires further investigation. 
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There are a few points that require future investigation, one is the research by Constantin 

S. and Wray S. (2008). This study shows that, GnRH-1 neuronal activity is independent of HCN 

channels. Furthermore, the research showed that neuronal acti vity of GnRH-1 neurons was 

fac ilitated through cAM P-dependent ac ti vati on of protein kinase A-dependent phosphorylation 

(PKA) (Constantin S. and Wray S. 2008). Calc ium imagi ng of na al ex plant Gn RH-1 neuronal 

ac ti vity, alter ZD7288 ad mini lrati on till showed cyclic o ci ll atory electri ca l activi ty, 

suggesting that HC channels arc 1101 ncce ary for ynchroni zati on . It would be nece sary to re

examine these lindings, in combination ,,·ith Gn RI I honnonal mea urcment 

Another area for ru1ure research ,,·hich our present study doc. 1101 include, is castrati on, 

,,·hich was menti oned in the study olThu l' f of .. (20 I 0) . ·a. !ration wa. ccn to expand Gn RH 

actio n potential frequency and increased the amplitude or 11, in (inRI I neurons (Chu er al .. 20 I 0). 

In males there is generous amounts or cstradiol in the cerebrum. transrormed from te.10 tcrone 

rrnm the gonads, ,,hich gi,cs the essential ncgati,c feedback sign;.il to decrease the Gn RH and 

(in RI I-subordinate discharge or gnnadntrnpins rrnm the pituitary. Treatment or castrated male 

mice ,,·ith cstradin l reestablished 11, tn le, els nbscn cd in gonadal intact mice. suggesti ng that 

L'stradinl mediated changes in l1, arc a part or1his 11cga1i,c input co111po11c111. Since ZD72 8 i a 

knm,·11 HC i channel blocker and is shn,, 11 to bind: 11, . thi~ suggests that cstradiol is mediating 

effects through modulation or I ICN channels ( Chu er ul .. 20 I 0). Regardless or ,,·heiher feedback 
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111 cclurni srn directl y influences HCN activity or has a second . f• t · b I d at y e 1ec or, remains to e reso ve 

(Chu et al. . 20 I 0) . 

Lastly, the present study also does not deal with the role of kisspeptins and its association 

with GnRH neurons. Kisspeptin (Kiss 1) neurons are known to elicit some positive-feedback 

mechanisms associated with GnRH secretions (Zhang et al., 2013; Chappell et al,. 2000). GnRH 

neurons express the kisspeptin receptor, GPR 54, and kisspeptins intensely fortify the arrival of 

GnRH by depolarizing and stimulating activity potential terminating in GnRH neurons (Zhang et 

al., 20 I 3). Accordingly, Kiss 1 neurons might be the pre-synaptic pacemaker neurons in the 

hypothalamic hardware that controls excitation and secretion. There are no less than two distinct 

populaces of Kissi neurons: one in the rostral periventricular territory (RP3V) that is positively 

mediated by estrogens and the other in the arcuate core that react to the negative feedback from 

estrogens (Zhang et al., 2013; Chappell et al,. 2000). How each of these Kissi neuronal 

populaces provide a role in controlling of the GnRH cycle is an area of active research. 

In conclusion our results demonstrate that GnRH secretion is effected by the HCN 
' 

channel blocker ZD7288, in-vitro. It can therefore be inferred that HCN channels have an effect 

in modulating GnRH secretion, although fu11her investigation is required. HCN channels are 

effected by hormonal inputs, and would provide a good explanation for the neuronal capabilities 

of GnRH cells to produce episodic action potentials in isolated cell cultures, while supporting the 

regulatory effect of E2 and conductances from kisspeptin neurons. This research provides novel 

insight into the connections between cellular electrical activities and their role in effecting major 

cellular functions . This provides further insights to understanding the integral components which 

f• h t. 11· a nain physio]ooical functions such as e 1ect the neuroendocrine axes, and t us, con 1 ° 111
b 

I 
b 

growth , development, and reproduction. 
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APPENDIX A· Puls A I . · e na ysis for Control Cells 

This appendix contains figures which depict the amount of GnRH secreted by GTl-7 cell 

cultures that were perfused with Locke's medium for 180 minutes. In each figure, Panel A 

depicts the amount of GnRH secreted during each 4-minute collection period. "True" pulse 

peaks were determined by the Dynpeak analysis software and are denoted by vertical lines. 

Panel Bis part of the Dynpeak output and shows the true rPI values in blue and corresponds to 

the duration of time between each pulse peak recorded. The dashed green lines indicate the 

moving cubic function fitting the values of the IPI series. The lower and upper solid lines 

indicate the edges of the GnRH tunnel, indicating the normal ranges of pulse peaks expected 

throughout each series. Unusually high or low pulse peaks are indicated by their occurrence 

outside of the GnRH tunnel, and indicate the possibility of pulse outliers. Unusually high pulse 

peaks, outside of the tunnel, could suggest that there were multiple ' true' GnRH secretory events 

that occurred in a short time frame, and results in one large pulse peak being detected. Pulse 

peaks occurring below the tunnel, signifies a low probability of a true secretory event. GnRH 

pulses that fell outside GnRH tunnel were not counted as pulse. Peaks after veratridine exposure 

were not included but noted for cell viability. 
' 
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Figure 1: Control culture 1 receiving only Locke's medium for 180 minutes. At 1801h 

minute veratridine was added to determine cell viability. Panel A: 8 pulse peaks 
recorded at an average 50,000 ng/ml. Panel B: Interpeak intervals recorded at an 

average of 16.667 minutes between pulse peaks. 
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Figure 2: Control culture 2 receiving only Locke's medium for 180 minutes. At 
180th minute veratridine was added to determine cell viabili ty. Panel A: 6 pulse 
peaks recorded at an average 250,000 ng/mL. Panel B: Interpeak interva ls 
recorded at an average of 25.83 minutes between pulse peaks. 
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Figure 3: Control culture 3 receiving only Locke' medium for 180 minute . At 180'h 

minute veratridine was added to determine cell viability. Panel A: 7 put e peaks 
recorded at an average 250,000 ng/mL. Panel B: lnterpeak interva l recorded at an 

average of 17.143 minutes between put e peak . 

55 



A 300 ooo 

e 
.;. 200 000 
5, 
.; 
> 
! 
:I 100 000 
a: 
C: 
(!) 

0 

0 120 140 160 180 200 
Time 

B 
-lO 

-;;; 30 
~ 
! 
C: 

"' :20 .. .. 
C. 

! 10 C: 

0 

0 20 40 60 80 100 120 140 160 180 200 

Tim t 

Figure 4: Control culture 4 receiving only Locke's medium for 180 minutes. At 1801h 

minute veratridine was added to determine cell viability. Panel A: 8 pulse peaks 
recorded at an average 80,000 ng/mL. Panel B: Interpeak intervals recorded at an 

average of 13.75 minutes between pulse peaks. 
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Figure 5: Control culture 5 receiving only Locke's medium for 180 minutes. At 180th 

minute veratridine was added to determine cell viability. Panel A: 6 pulse peaks 
recorded at an average 500,000 ng/mL. Panel B: Interpeak intervals recorded at an 
average of 16.111 minutes between pulse peaks. 
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Figure 6: Control culture 6 receiving only Locke's medium for 180 minutes. At 180
1h 

minute veratridine was added to determine cell viability. Panel A: 7 pulse peaks 
recorded at an average 500,000 ng/mL. Panel 8: lnterpeak intervals recorded at an 

average of 24.444 min utes between pulse peaks. 
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Figure 7: Control culture 7 receiving only Locke's medium for 180 minute . At 1801h 

minute veratridine was added to determine cell viability. Panel A: 9 pulse peaks 
recorded at an average 25,000 ng/mL. Panel 8: Interpeak intervals recorded at an 
average of 19.375 minutes behveen pulse peaks. 
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Figure 8: Control culture 8 receiving only Locke's medium for 180 minutes. At 1801h 

minute veratridine was added to determine cell viability. Panel A: 9 pulse peaks 
recorded at an average 25,000 ng/mL. Panel B: lnterpeak intervals recorded at an 

average of 17.778 minutes between pulse peaks. 
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Figure 9: Control culture 9 receiving only Locke's medium for 180 minutes. At 180th 

minute veratridine was added to determine cell viability. Panel A: 7 pulse peaks 
recorded at an average 25,000 ng/mL. Panel B: Interpeak intervals recorded at an 

average of 17.143 minutes between pulse peaks. 
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Figure JO: Control culture IO receiving only Locke 's medium for 180 minutes. At 180th 

minute veratridine was added to determine cell viability. Panel A: 6 pulse peaks 
recorded at an average 400,000 ng/mL. Panel B: Interpeak intervals recorded at an 
average of 23.333 minutes between pulse peaks. 
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Figure 11: Control culture 11 receiving only Locke's medium fo r 180 minutes. At 180
1h 

minute veratridine was added to determine cell viability. Panel A: 8 pulse peaks 
recorded at an average 250,000 ng/mL. Panel B: lnterpeak interva ls recorded at an 

average of 17.5 minutes between pulse peaks. 
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Figure 12: Control culture 12 receiving only Locke 's medium for 180 minutes. At 180th 

minute veratridine was added to determine cell viability. Panel A: 10 pulse peaks 
recorded at an average 500,000 ng/mL. Panel B: Interpeak intervals recorded at an 
average of 14 minutes between pulse peaks. 
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65 

APPENDIX B: Pulse A I • 
na ys1s for Experimental Cells 

This appendix contains figures which depict the amo t f GnRH 
un o secreted by GT 1-7 cell 

cultures that were perfused with 50 µM 2D7288 dissolved in Locke ' d. c 180 . s me 1um 1or mmutes. 

In each figure, Panel A depicts the amount of GnRH secreted during each 4-minute collection 

period. "True" pulse peaks were determined by the Dynpeak analysis software and are denoted 

by vertical lines. Panel B is part of the Dynpeak output and shows the true IPI values in blue and 

corresponds to the duration of time between each pulse peak recorded. The dashed green lines 

indicate the moving cubic function fitting the values of the IPI series. The lower and upper solid 

lines indicate the edges of the GnRH tunnel, indicating the normal ranges of pulse peaks 

expected throughout each series. Unusually high or low pulse peaks are indicated by their 

occurrence outside of the GnRH tunnel, and indicate the possibility of pul se outliers. Unusually 

high pulse peaks, outside of the tunnel, could suggest that there were multiple ' true' GnRH 

secretory events that occutTed in a short time fram e, and results in one large pul se peak being 

detected. Pulse peaks occurring below the tunnel, signifies a low probabili ty of a true secretory 

event. GnRH pulses that fell outside GnRH tunnel were not counted as pulse. Peaks after 

veratridine exposure were not included, but noted for ce ll viability. 
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Figure I: Experimental culture I receiving 50 µM zd7288 dis olved in Locke's medium 
for 180 minutes. At 1801h minute ve ratridine was added to determin e cell viabili ty. Panel 
A: 7 pulse peaks recorded at an average 5,000 ng/mL. Panel B: lnterpea k interva l 
recorded at an average of 21.429 minutes behveen pulse pea ks. 
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Figure 2: Experimental culture 2 receiving 50 µM zd7288 dissolved in Locke's medium 
for 180 minutes. At 180th minute veratridine was added to determine cell viability. Panel 
A: 6 pulse peaks recorded at an average 4,000 ng/mL. Panel B: Interpeak intervals 

recorded at an average of 20 minutes between pulse peaks. 
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Figure 3:Experimental culture 3 receiving 50 µM zd7288 dissolved in Locke's medium 
for 180 minutes. At 180th minute veratridine was added to determine cell viability. Panel 
A: 6 pulse peaks recorded at an average 4,000 ng/mL. Panel B: Interpeak intervals 
recorded at an average of 20 minutes between pulse peaks. 



69 

A 30000 

E 
a, :o ODO 
.:, 
.; 
~ 

! 
:i: 10 ODO 
a: 
C: 

¢ 

0 

0 
120 140 160 180 200 

Time 

B 80 

;;; 
l 60 ! 
C: _,,.,.,,,,-,, 
-" ,. 

-10 ., 
a. o, 
., 
c ~O 

0 

0 20 60 BO 100 120 140 160 180 200 

Time 

Figure 4: Experimental culture 4 receiving 50 µM zd7288 dissolved in Locke's medium 
for 180 minutes. At 180th minute veratridine was added to determine cell viability. Panel 
A: 5 pulse peaks recorded at an average 5,000 ng/mL. Panel B: Interpeak intervals 
recorded at an average of 26 minutes between pulse peaks. 
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Figure 5: Experimental culture 5 receiving 50 µM zd7288 dissolved in Locke's medium 
for 180 minutes. At 180th minute veratridine was added to determine cell viability. Panel 
A: 6 pulse peaks recorded at an average 4,000 ng/mL. Panel B: Interpeak intervals 
recorded at an average of 21.429 minutes between pulse peaks. 
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Figure 6: Experimental culture 6 receiving 50 µM zd7288 dissolved in Locke's medium 
for 180 minutes. At 180th minute veratridine was added to determine cell viability. Panel 
A: 7 pulse peaks recorded at an average 5,000 ng/mL. Panel B: lnterpeak intervals 
recorded at an average of 21.429 minutes between pulse peaks. 
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Figure 7: Experimental culture 7 receiving 50 µM zd7288 dissolved in Locke's medium 
for 180 minutes. At 180th minute veratridine was added to determine cell viability. Panel 
A: 5 pulse peaks recorded at an average 5,000 ng/mL. Panel B: lnterpeak intervals 
recorded at an average of 26 minutes between pulse peaks. 
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Figure 8: Experimental culture 8 receiving 50 µM zd7288 dissolved in Locke's medium 
for 180 minutes. At 180th minute veratridine was added to determine cell viability. Panel 
A: 9 pulse peaks recorded at an average 3,500 ng/mL. Panel B: Interpeak intervals 
recorded at an average of 20.628 minutes between pulse peaks. 
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Figure 9: Experimental culture 9 receiving 50 µM zd7288 di olved in Locke s medium 
for 180 minutes. At 180th minute veratridine was added to determine cell viabili ty. Panel 
A: 7 pulse peaks recorded at an average 5,000 ng/mL. Panel B: Interpeak interva l 
recorded at an average of 21.429 minutes between pulse peak . 
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Figure 10: Experimental culture 10 receiving 50 µM zd7288 dissolved in Locke 's 
medium for 180 minutes. At 180th minute veratridine was added to determine cell 
viability. Panel A: 8 pu lse peaks recorded at an average 5,000 ng/mL. Panel B: 
lnterpeak intervals recorded at an average of 18.75 minutes between pulse peaks. 
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Figure 11: Experimental culture 11 receiving 50 µM zd7288 dissolved in Locke's 
medium for 180 minutes. At 180th minute veratridine was added to determine cell 
viability. Panel A: 9 pulse peaks recorded at an average 4,000 ng/mL. Panel B: 
Interpeak intervals recorded at an average of 22.778 minutes between pulse peaks. 
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Figure 12: Ex perimenta l culture 12 receiving 50 ~l 1 zd7288 di solved in Locke's 
medium for 180 minutes. At 180th minute vera tridine wa added to determine cell 
\'iabili ty. Panel A: 7 pulse pea ks recorded at an a erage 4 000 no/mL. Pa nel B: 
lnterpea k intervals recorded at an average of 27.1 43 minu te between put e peak . 
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Figure 13: Experimental culture 13 receiving 50 µM zd7288 dissolved in Locke's 
medium for 180 minutes. At 180th minute veratridine was added to determine cell 
viability. Panel A: 7 pulse peaks recorded at an average 3,500 ng/mL. Panel B: 
Interpeak intervals recorded at an average of 25.714 minutes between pulse peaks. 
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Figure 14: Experimental culture 14 receiving 50 µM zd7288 dissolved in Locke 's 
medium for 180 minutes. At 180th minute veratridine was added to determine cell 
viability. Panel A: 8 pulse peaks recorded at an average 8,000 ng/mL. Panel B: 
lnterpeak intervals recorded at an average of 25.625 minutes between pulse peaks. 
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Figure 15: Experimental culture 15 receiving 50 µM zd7288 dissolved in Locke's 
medium for 180 minutes. At 180th minute veratridine was added to determine cell 
viability. Panel A: 4 pulse peaks recorded at an average 4,000 ng/mL. Panel B: 
lnterpeak intervals recorded at an average of 32 minutes between pulse peaks. 
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81 
APPENDIX C: Pulse Anal . f 

ys1s or Sequential Cells 

This appendix contains figures which depict the amount of 
GnRH secreted by GTl-7 cell 

I res that were perfused with Locke's medium for 120 mi t h 
cu tu nu es, t en perfused with 50 µM 

ZD]288 for an additional 120 minutes . In each figure Panel Ad · t .h , epic s t e amount of GnRH 

secreted during each 4-minute collection period. "True" pulse peaks were determined by the 

D)~ipeak analysis software and are denoted by vertical lines. Panel B is part of the Dynpeak 

output and shows the true IPI values in blue and corresponds to the duration of time between 

each pulse peak recorded. The dashed green lines indicate the moving cubic function fitting the 

l'alues of the IPI series. The lower and upper solid lines indicate the edges of the GnRH tunnel , 

indicating the nonnal ranges of pulse peaks expected throughout each series. Unusually high or 

low pulse peaks are indicated by their occurrence outside of the GnRH tunnel, and indicate the 

possibility of pulse outliers. Unusually high pulse peaks, outside of the tunnel, could suggest that 

1here were multiple ' true' GnRH secretory events that occurred in a short time frame, and results 

· ] · b J the tunnel si!mifies a low 
in one arge pulse peak being detected. Pulse peaks occumng e ow ' b 

prob b·1 · h c: II t ·de GnRH tunnel were not a I ity of a true secretory event. GnRH pulses t at ie ou SI 

c • 1 d d but noted for cell viability. 
ounted as pulse. Peaks after veratridine exposure were not me u e ' 

So111e fi . . d these were noted by at least a 5% 
igures veratndme peaks were low or undetecte , 

incr . . d. aks and pulse peaks were 
ease in pulse peak within the raw data. Some veratn me pe 

. . b d on the highest Und ak determmat10n ase 
etected by dynpeak software because it adjusts pulse pe 

d . fc: t hen occun-ing 
etec1 bl d eratridme e iec w 

a e value. ZD7288 is shown to markedly re uce v 

sequential I ft 
Ya er ZD7288 exposure. 
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Figure I: Sequential culture 1 receiving Locke's medium for 120 minutes, then treaded 
with 50 µM zd7288 dissolved in Locke's medium for 120 minutes. At 240th minute 
veratridine was added to determine cell viability. Panel A: 4 pulse peaks recorded at an 
average 300,000 ng/mL. Panel B: Interpeak intervals recorded at an average of 25 
minutes between pulse peaks. Panel A and Panel B: Pulse peaks were undetectable after 
addition of zd7288. 
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Figure 2: Sequential culture 2 receiving Locke's medium for 120 minutes, then treaded 
with 50 µM zd7288 dissolved in Locke's medium for 120 minutes. At 240th minute 
veratridine was added to determine cell viability. Panel A: 6 pulse peaks recorded at an 
average 30,000 ng/mL. Panel B: Interpeak intervals recorded at an average of 24.1667 
minutes between pulse peaks. Panel A and Panel B: Pulse peaks were undetectable after 
addition of zd7288. 
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Figure 3: Sequential culture 3 receiving Locke's medium for 120 minutes, then treaded 
with 50 µM zd7288 dissolved in Locke's medium for 120 minutes. At 240th minute 
veratridine was added to determine cell viability. Panel A: 6 pulse peaks recorded at an 
average 30,000 ng/mL. Panel B: Jnterpeak intervals recorded at an average of 19.1667 
minutes between pulse peaks. Panel A and Panel B: Pulse peaks were undetectable after 

addition of zd7288. 
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Figure 4: Sequential culture 4 receiving Locke's medium for 120 minutes, then treaded 
with 50 µM zd7288 dissolved in Locke's medium for 120 minutes. At 240th minute 
veratridine was added to determine cell viability. Panel A: 5 pulse peaks recorded at an 
average 30,000 ng/mL. Panel B: Interpeak intervals recorded at an average of 17 
minutes between pulse peaks. Panel A: 4 pulse peaks were detected at an average of 
3,000 ng/mL, with an interpeak interval of 27.5 minutes after addition of zd7288 (Panel 
B). 
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Figure 5: Sequential culture 5 receiving Locke's medium for 120 minutes, then treaded 
with 50 µM zd7288 dissolved in Locke's medium for 120 minutes. At 240th minute 
veratridine was added to determine cell viability. Panel A: 6 pulse peaks recorded at an 
average 250,000 ng/mL. Panel B: Interpeak intervals recorded at an average of 18.333 
minutes between pulse peaks. Panel A and Panel B: Pulse peaks were undetectable after 
addition of zd7288. 

86 



87 
() 

A )0 000 

t 150 000 
.:, 
-; ,oo 000 , 
! 
:x: 
a:: 50 ooo C 

0 

0 

150 200 250 
Time 

300 

B ~ 

-;. 30 
C: 
~ 

= ---... 
~ 20 ,. ., 
0. 

~ 10 C: 

0 

0 50 100 150 200 250 300 

Timt 

Figure 6: Sequential culture 6 receiving Locke's medium for 120 minutes, then treaded 
with 50 µM zd7288 dissolved in Locke's medium for 120 minutes. At 240th minute 
veratridine was added to determine cell viability. Panel A: 5 pulse peaks recorded at an 
average 300,000 ng/mL. Panel B: Interpeak intervals recorded at an average of 14 
minutes between pulse peaks. Panel A: 4 pulse peaks were detected at an average of 
3,000 ng/mL, with an interpeak interval of 23. 75 minutes after addition of zd7288 (Panel 
B), 
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Figure 7: Sequential culture 7 receiving Locke's medium for 120 minutes, then treaded 
with 50 µM zd7288 dissolved in Locke's medium for 120 minutes. At 240th minute 
veratridine was added to determine cell viability. Panel A: 8 pulse peaks recorded at an 
average 80,000 ng/mL. Panel B: Interpeak intervals recorded at an average of 15 
minutes between pulse peaks. Panel A and Panel B: Pulse peaks were undetectable after 

addition of zd7288. 
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Figure 8: Sequential culture 8 receiving Locke's medium for 120 minutes, then treaded 
with 50 µM zd7288 disso lved in Locke's medium for 120 minutes. At 2401

h minute 
veratridine was added to determine cell viability. Panel A: 5 pulse peaks recorded at an 
average 120,000 ng/mL. Panel B: Jnterpeak intervals recorded at an average of 24 
minutes between pulse peaks. Panel A and Panel B: Pulse peaks were undetectable after 

addition of zd7288. 
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Figure 9: Sequential culture 9 receiving Locke's medium for 120 minutes, then treaded 
with 50 µM zd7288 dissolved in Locke's medium for 120 minutes. At 240th minute 
veratridine was added to determine cell viability. Panel A: 6 pulse peaks recorded at an 
average 80,000 ng/mL. Panel B: Interpeak intervals recorded at an average of 20 
minutes between pulse peaks. Panel A: 3 pulse peaks were detected at an average of 
3,000 ng/mL, with an interpeak interval of 27.5 minutes after addition of zd7288 (Panel 
B). 
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Figure 10: Sequential culture 10 receiving Locke's medium for 120 minutes, then 
treaded with 50 µM zd7288 dissolved in Locke's medium for 120 minutes. At 240th 

minute veratridine was added to determine cell viability. Panel A: 4 pulse peaks 
recorded at an average 100,000 ng/mL. Panel B: Interpeak intervals recorded at an 
average of 21 minutes between pulse peaks. Panel A and B: Pulse peaks were 
undetectable after addition of zd7288. 
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Figure 11: Sequential culture 11 receiving Locke's medium for 120 minutes, then 
treaded with 50 µM zd7288 dissolved in Locke's medium for 120 minutes. At 240

1h 

minute veratridine was added to determine cell viability. Panel A: 5 pulse peaks 
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recorded at an average 80,000 ng/mL. Panel B: Interpeak intervals recorded at an 
average of 22.5 minutes between pulse peaks. Panel A: 3 pulse peaks were detected at an 
average of 3,000 ng/mL, with an interpeak interval of 28 minutes after addition of 

zd7288 (Panel B). 
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Figure 12: Sequential culture 12 receiving Locke's medium for 120 minutes, then 
treaded with 50 µM zd7288 dissolved in Locke 's medium for 120 minutes. At 2401

h 

min ute veratridine was added to determine cell viability. Panel A: 7 pulse peaks 
recorded at an average 80,000 ng/mL. Panel B: Interpeak interva ls recorded at an 
average of I 7.14 minutes between pu lse peaks. Panel A: 3 pulse peaks were detected at 
an average of 3,000 ng/mL, with an interpeak interval of 21.667 minutes after addition 

of zd7288 (Panel B). 
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APPENDIX D: Dat S a ummary 

This appendix contains a table which depicts the sum . f d 
mary o ata collected fr m each 

,,perimental run . In the first segment, the quantified number of true pul e p ak d t t db the 

Jinpeak software is recorded for compari son. These are then ummari z db th ir verall mean 

Jnd standard error reports. The second segment i the an interp ak int rval . re rded in 

mmutc , wh ich were observed within each experimental pr cedure. Th fin I egm nt r 

,umma ri zed data is the Average GnRH pulse amplitude , hich were ob crYed "ithin ca h 

r,rcrimcntal procedure, exc luding veratridine pul peak whi h were nly n tcd for ell 

11 ahi lity at the end of each procedur . Thi data ummary pro,·idc a compil d c tion fir data 

jn,1lys is and comparison between different treatment , a c nci c fi nn f infi nnation to allo" the 

'er re, im process to analyze and compare the data col le ted. for future; ontinuation. of thc 

,;uJy bct11ccn HC channels and Gn RH ecrction. 
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Table 1: Numberof - ~ 

umberof ~ 
GnRH Pulse G R Number of ~ 
Peaks n H Pulse GnRH P I Number of 

Peaks P u se GnRH Pulse 
eaks 

Experiment control 
~ Peaks 
experime t I ~ n a sequent' I -=----ta se 

1 10 
cont r 

I 
quential 

-~e · 

2 

7 -2_Eenmental 

7 
5 -

6 -~ 0 

3 8 
6 -

6 
0 

4 9 
6 

5 
1 

5 11 
6 4 

6 
6 7 

9 7 
0 

7 9 
5 4 

5 
8 10 

9 0 
9 6 0 

9 8 7 7 4 
10 7 8 6 0 
11 9 7 6 3 
12 10 7 7 4 

13 7 

14 8 

15 4 

mea n 8.916667 6.6 6.333333 1.666667 

stdev 0 .35799 1.298351 1.073087 1.922751 

sqrt 3.464102 3.872983 3.464102 3.464102 

Ste rro r 0.103343 0.335233 0.309773 0.55505 

Mean IPI Mean IPI Mean IPI Mean IPI 

(minutes) (minutes) (minutes) (minutes) 

Expe rim e nt control expe rime ntal sequentia l sequential 

control experimental 

1 16.667 21.428 25 undetectable 

2 25.833 20 24.167 undetectab le 

3 17.143 20 19.167 undetectab le 

4 13.75 26 17 27 .5 

5 16.111 21.428 18.333 Undetectable 

21.428 
14 23 .75 

6 24.444 

19.375 
26 15 Undetecta ble 

7 
20.625 

24 Undetecta ble 

8 17.778 
~ 

20 27 .5 

9 17.143 
21.428 

18.75 
21 Undetectable 

10 23 .333 22 .5 
20 

11 17.5 
22 .778 
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12 14 27 .142 17 .143 

27 .5 13 
25.714 - 14 
25.625 

~ 

15 
~ 

32 
Average Pulse Average Pulse Average Pulse Average Pulse Amplitude Amplitude Amplitude Amplitude (ng/ ml) (ng/mL) (ng/mL) (ng/mL) Experiment control experimental sequential sequential 

control experimental 1 50,000 5,000 300,000 undetectable 
2 250,000 4,000 30,000 undetectable 
3 250,000 4,000 30,000 undetectable 
4 80,000 5,000 30,000 <3,000 
5 500,000 4,000 250,000 Undetectable 
6 500,000 5,000 300,000 <3,000 
7 25,000 5,000 80,000 Undetectable 
8 25,000 3,500 120,000 Undetectable 
9 25,000 5,000 80,000 <3,000 

~ 

10 400,000 5,000 100,000 Undetectable 

11 250,000 4,000 80,000 <3,000 

12 500,000 4,000 80,000 <3,000 

13 3,500 

14 8,000 

15 4,000 
I 
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