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Abstract: 

The objective of the present study was to investigate the in vitro effects of the sex steroids 

testosterone (T), dihydrotestosterone (DHT), estradiol-17β  (E2),  or cortisol treatment on 

mRNA expression levels of Ca2+-activated K+ channel genes in Atlantic cod dispersed pituitary 

cells: big conductance (BK; kcnma2) intermediate conductance (SK4;kcnn4) and small 

conductance (SK1-3; kcnn1, kcnn2, kcnn3) channels. The exact way gonadotropins are 

regulated is not known but one hypothesis is that the regulation of gonadotrope cells that 

secreting Fsh and Lh can be regulated by the membrane expression of KCa which effects the 

way in which the cells respond to steroid hormones and other regulatory signals. Steroid 

hormone treatments were applied to Atlantic cod pituitary primary cell cultures at a 

concentration of 10-7M. Steroid hormones can exert a negative or positive feedback on the 

brain-pituitary-gonadal (BPG) axis which is a key component regulating the onset of puberty 

and sexual maturation in vertebrates. Fsh and Lh are gonadotropins that are essential in the 

BPG axis and are differentially regulated. In teleosts, these gonadotropins are synthesized and 

released by two different cells in the pituitary. No statistically significant effects of steroid 

hormones on mRNA expression of kcnn1 (SK1), kcnn1a (SK1a), kcnn2 (SK2), and kcnma2 

(BK) were observed. Expression of kcnn3 (SK3) was significantly reduced after F treatment 

and the expression of kcnn4 (SK4) was also significantly reduced after T treatment and 

showed an inhibitory trend after DHT treatment. The effects of steroid hormones on sexual 

maturation are perhaps regulated partly via KCa channels, although more studies must be 

performed to prove this hypothesis. 
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Abbreviations 

 

ACTH: adrenocorticotropic hormone 

ATP: adenosine triphosphate 

BK: big conductance KCa channel 

BPG: brain-pituitary-gonadal axis 

cAMP: cyclic adenosine monophosphate 

DA: dopamine 

DAG: diacylglycerol 

DHT: dihydrotestosterone 

ER: endoplasmic reticulum  

EtOH: ethanol 

E2: estradiol-17E 

F: cortisol 

Fsh: follicle-stimulating hormone 

GnIH: gonadotropin inhibitory hormone 

GnRH: gonadotropin-releasing hormone 

GDP: guanosine diphosphate 

GSI: gonadosomatic index 

GTP: guanosine triphosphate 

IK: intermediate conductance KCa channel 

IP3: inositol triphosphate 

KCa: Ca2+ activated K+ channel 

LDL: low density lipoprotein 

Lh: luteinizing hormone 

OD: optical density 

PIP2: phosphatidylinositol 4,5 bisphosphate 
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PKA: protein kinase A 

PKC: protein kinase C 

PLC: phospholipase C 

RCK: regulatory conductance K+ domain 

RT: reverse transcriptase 

SD: standard deviation 

SK: small conductance KCa channel 

StAR: steroidogenic acute regulatory protein 

T: testosterone 

TGD: teleost-specific genome duplication 

VGCC: voltage-gated Ca2+ channel 

11-KT: 11-ketotestosterone 
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1 Introduction 

 

In 2011 the United Nations Food and Agriculture Organization stated that fish as a food 

commodity is worth around $102 billion dollars. This ranks fish as the number one traded 

food  commodity.  The  world’s  appetite  for  fish  is  resulting  in  overfishing  and  depletion of fish 

stocks (Palk, 2011). By looking at trends for the demand for fish food and the available 

resources, aquaculture production is necessary to meet the global demand. It is estimated that 

aquaculture contribution to human fish consumption will soon surpass 50% (Bostock et al., 

2010). Success in aquaculture production varies among fish species. Early sexual maturation 

as a result of intensive feeding is a common problem in aquaculture while more species- 

specific problems such as diseases can be caused by high population density.  

The main objective of this thesis was to investigate how expression of Ca2+- activated K+ 

channels (KCa) found in dispersed cod pituitary cells were affected by the exposure to steroid 

hormones such as testosterone (T), dihydrotestosterone (DHT), estradiol-17β,  and  cortisol  

(F). Moreover, the present study looked at how exposure to steroids may lead to changes in 

the expression of KCa channels depending on the steroid treatment and thus the sensitivity of 

GnRH which in turn affects secretion of gonadotropin (Lh and Fsh).  

 

 

1.1 Puberty in Teleost 
 

The onset of puberty is defined as the period when the females undergo vitellogenesis 

and the males undergo spermatogenesis (Norris, 1997). By entering puberty earlier than 

usual under farming conditions, the energy consumption required for gonadal growth and 

development sequesters energy that could otherwise be used for growth. The result is an 

overall decrease in growth rate and flesh quality (Kjesbu et al., 1991).  
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In order to investigate the causes behind early onset of puberty, we need to study 

how this physiological process is regulated. Central to this, is the brain-pituitary-gonadal 

(BPG) axis, the main regulator of sexual maturation in vertebrates. (Figure 1) 

 

 

1.1.1 BPG axis 
 

The BPG axis consists of three physiological components: the brain, the pituitary and 

the gonads. External stimuli such as temperature, photoperiod, and pheromones along with 

endogenous factors such as growth rate, energy status nutritional status, produce an 

integrated output in the brain that results in the secretion of the two neurohormones, 

gonadotropin releasing hormone (GnRH) and dopamine (DA) (Norris, 1997).  

Onset of puberty and the different stages of sexual maturation are not caused by a 

single hormone but an integration of all the positive and negative feedback onto the brain, 

pituitary, and gonads. In addition, there are inhibitory or stimulatory messages received and 

conveyed by the brain depicting the complexity involved in the regulation of hormones in the 

BPG axis.  

In teleosts, GnRH and DA dually regulate the BPG axis. GnRH has a stimulatory effect 

while DA acts as an inhibitor (Schulz and Goos, 1999). GnRH binds to its receptors on 

gonadotrope cells in the pituitary and consequently stimulates the synthesis and secretion of 

gonadotropins, i.e. follicle-stimulating hormone (Fsh) and luteinizing hormone (Lh). DA has 

been shown to act through D2 class receptors inhibiting gonadotrope cells directly or by 

binding to GnRH neurons in the brain (Chang et al., 1990). Lh and Fsh then target the gonads 

and by binding to their respective receptors, thereby stimulating gametogenesis and 

steroidogenesis in the gonads. Fsh is involved in stimulating gametogenesis where females 

undergo vitellogenesis and males undergo spermatogenesis. Lh is required for the release of 
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gametes, as well as in steroidogenesis. (Sambroni et al., 2013) Lh plasma levels in fish are 

similar to what in known in mammals where levels are low until final maturation stage before 

spawning where a peak in Lh concentration has been observed much like LH surge in 

mammals. Lh binds to its receptor on the gonads and leads to a signal cascade causing an 

increase in intracellular cAMP which is involved in signal transduction and stimulates the 

transcription of StAR, the rate-limiting step in steroidogenesis (Tsuchiya et al., 2003).  

Indirectly, steroid hormones such as T and E2 have been shown to affect Lh secretion 

by decreasing the mRNA expression of gnrh. (Yaron and Sivan, 2006). Yet a study by Trudeau 

et al., 1993 showed a positive feedback in the synthesis of gonadotropins due to exposure to T 

and E2. Lh and Fsh are vital in regulating key reproduction processes in vertebrates. These 

two hormones specifically control gametogenesis and by extension development into puberty. 

In addition to regulating the production of sperm and egg, these hormones stimulate 

steroidogenesis by stimulating the gonads (Yaron and Sivan, 2006).  
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Figure 1: The brain-pituitary-gonadal (BPG) axis. A suit of environmental and endogenous factors 

produces an integrated output that can be stimulatory: release of GnRH from the hypothalamus, or 

inhibitory: release of dopamine from the hypothalamus. GnRH binds to its receptor on the pituitary 

gonadotrope cells, which results in the release of luteinizing hormone (Lh) and follicle-stimulating 

hormone (Fsh). Lh and Fsh bind to their respective receptors in the gonads and stimulate different 

aspects of gametogenesis and steroidogenesis. Sex steroids feedback positively or negatively onto the 

brain, pituitary and gonads, depending on hormone type and level, sex and developmental stage.   

 

The pituitary gland is comprised of two main compartments, the neurohypophysis 

(or posterior pituitary) that has a neuronal origin and the adenohypophysis (or anterior 

pituitary) that has an epithelial origin (Takei and Loretz, 2006). In teleosts, there is a direct 

innervation of the pituitary gland by GnRH neurons, which differs from that in mammals, 

where GnRH travels via the hypophyseal portal system between the hypothalamic median 

eminence and the endocrine cells of the anterior pituitary gland (Mousa & Mousa, 2003). Lh- 

and Fsh-producing gonadotropes are located in the adenohypophysis and there is 
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experimental evidence suggesting that, in teleosts, Lh and Fsh are produced and secreted by 

different gonadotropes (Weltzien et al., 2003; Kanda et al., 2011). This is in contrast to the 

situation in mammals, where the same gonadotrope cell type secretes Lh and Fsh.  

 

1.1.2 The role of GnRH in the BPG axis 

 
The binding of GnRH to its receptor on gonadotrope cells triggers an increase in 

cytosolic Ca2+ concentration, [Ca2+]i. The GnRH receptor is a G-protein coupled receptor, so 

when GnRH binds to its receptor, it activates the G-protein which exchanges guanosine 

diphosphate (GDP) to guanosine triphosphate (GTP). The α-subunit of the G protein 

dissociates from the β- and γ-subunits and activates phospholipase C (PLC) which in turn acts 

onto its substrate, phosphatidylinositol 4,5 bisphosphate (PIP2). PIP2 is cleaved and results in 

two second messengers, inositol triphosphate (IP3) and diacylglycerol (DAG). IP3 is water-

soluble and diffuses across the cytosol to interact with IP3 receptors located on the 

endoplasmic reticulum (ER) and induces release of Ca2+, resulting in an increased  [Ca2+]i. 

Simultaneously, DAG remains in the membrane and binds to protein kinase C (PKC), which 

becomes fully activated when Ca2+ binds as a result of increased [Ca2+]i. (Figure 2) The 

downstream effects of activated PKC can range from desensitization of receptors via 

phosphorylation to activation of proteins such as Raf that are involved in cell growth and 

proliferation (Tuteja, 2009).  
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Figure 2: Signal transduction following Gnrh receptor activation. Binding of GnRH to its receptor leads to 

the exchange of GDP to GTP and the dissociation  of  the  α-subunit from  the  β- and  γ- subunits of the G-

protein. The α-subunit activates PLC-β,  cleaving  PIP2 that results in DAG and IP3. IP3 is released from the 

membrane and binds to its receptor on the ER and leads the release of Ca2+ from the ER. PKC is dually 

activated by DAG and Ca2+. Activated PKC can then activate proteins involved in proliferation and growth 

such as Raf.  

 

Thus, GnRH binding to its receptors on gonadotropes induces an initial and immediate 

secretion of stored hormones by Ca2+-dependent exocytosis. The increase in [Ca2+]i induces 

priming of secretory vesicles to the site of exocytosis and fusion of vesicles with the plasma 

membrane (Waring and Turgeon, 2009). 

Gonadotropin  secretion  is  also  influenced  by  the  gonadotropic  cells’  ability  to  increase  

[Ca2+]i via action potentials. Voltage gated Ca2+ channels open during the depolarizing phase 

of the action potentials and lead to influx of extracellular Ca2+ (Stojilkovic et al., 2010). 
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Secretion of hormones by gonadotropes is thus also influenced by action potential driven Ca2+ 

influx and subsequent Ca2+-dependent exocytosis. 

 

Figure 3: Ligand-gated channel. KCa channel  is activated with the binding of Ca2+ intracellularly which 

results in the opening of the channel and an efflux of K+.  

 

1.1.2.1 Membrane potential response from GnRH receptor activation 
 

GnRH receptor binding stimulates a complex membrane potential response. In rodents, 

this response has two phases, an initial hyperpolarized phase followed by a depolarized phase 

with action potential bursts. The first, hyperpolarized phase, is mediated by Ca2+ -activated 

K+-channels (KCa) that are activated by the released Ca2+ from ER due to IP3 binding to its 

receptor. This pathway plays a significant role in modulating membrane potentials and thus 

subsequently secretion of hormones  (Bielefeldt et al., 1993). Activation of KCa –channels 

causes an efflux of K+, leading to hyperpolarization of the membrane (Waring and Turgeon, 

2009). The second phase shows a depolarized membrane leading to increased excitability of 

the gonadotropic cells. The depolarization caused by the action potentials results in the 

activation of voltage gated Ca2+ channels that lead to an influx of extracellular Ca2+(Stojilkovic 

et al., 2005). It is suggested that DAG, which leads to closing of certain K+ channels, mediates 

this depolarization phase. It is not known which specific K+ channels are closed but it is 
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predicted that this may vary from species to species. The closing of K+ channels may bring 

membrane potential to threshold and lead to depolarization of the membrane and thus an 

influx of Ca2+ mediated by opening of voltage gated Ca2+ channels. Thus, KCa channels function 

as a link between [Ca2+]i and influx of Ca2+ by regulating the excitability of the cell.  

 

1.2 KCa channels 

 

KCa channels are present in both neuronal and non-neuronal tissues and have many 

different physiological functions such as mediating neurosecretion, epithelial transport, cell 

proliferation and cell volume regulation (Ouadid-Ahidouch et al., 2004; Vergara et al., 1998). 

The activation of KCa channels is caused by an increase in [Ca2+]i (figure 3) and their activation 

causes an efflux of K+ which can result in hyperpolarization of the membrane or a 

repolarization back towards resting membrane potential during the last part of an AP 

(Vergara et al., 1998; Waring and Turgeon, 2006). This hyperpolarization of the membrane 

potential regulates the action potential frequency. During hyperpolarization, a stronger 

stimulus is necessary in order to reach the  cell’s  threshold. This leads to a decrease in the 

amount of action potentials the cell is able to reach (Bijlani et al., 2010).  

 

KCa constitute a large family of channels and can be categorized into three groups 

according to their single channel conductance properties, namely, BK (big conductance), IK 

(intermediate conductance), and SK (small conductance) channels (Vergara et al., 1998). 

Other significant differences among these groups are seen in their amino acid sequence and 

pharmacological characteristics, as well as how the channels are activated.  

The two types of action potential, plateau bursting and single spike, can be dependent 

on the expression of KCa channels in rats as suggested in a review by Stojilkovic et al., (2005). 

In plateau bursting action potentials, voltage gated Ca2+ channels (VGCC) depolarize the cells. 
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BK  channels  which  are  closely  associated  with  VGCC’s  curtail  the  spike  amplitude  and  reduce 

the magnitude of activation of the delayed rectifying K+ channels whose activation would 

decrease  the  action  potential’s  duration. 

 

1.2.1 BK channels 
 

BK channels have bigger conductance than intermediate and small conductance 

channels, about 250 pS (Kaczorowski et al., 1996). BK can either be activated by intracellular 

Ca2+ ions or/and membrane depolarization (Calderone, 2002). Although they have a wide 

anatomical distribution, the majority of these channels are present in smooth muscles, 

endocrine part of the pancreas, and neural membranes. They are involved in various 

physiological functions such as modulating action potentials in neurons and regulating 

smooth muscle tone in blood vessels (Bielefeldt et al., 1993). The BK channels are comprised 

of two types of subunits: the α- and β-subunits, each with distinct functions. The α-subunit 

forms the pore-forming unit (a tetrameric arrangement of α-subunits in the membrane) of the 

channel while the β-subunit has a regulatory function (Rohmann et al., 2009) (Figure 4).  

A single gene whose splice variants enhance the functional diversity of the channels 

encodes  the  BK  channel  α-subunit. The α-subunit has seven transmembrane domains with the 

amino terminal located extracellularly and the carboxyl terminal located inside the cell 

(Meera et al., 1997). Ca2+ binds to BK channels via the Ca2+ bowl, a long stretch of aspartate 

residues.  This results in the conformational change that leads to the opening of the channel 

and thus its activation. The regulatory conductance K+ domain (RCK) as well as the Ca2+ bowl 

are located intracellularly towards the COOH tail of the amino acid sequence and are 

assembled in a tertiary fold that promotes Ca2+ binding to the Ca2+ bowl (Sweet and Cox, 

2008). The β-subunit on the other hand regulates sensitivity of the channel to Ca2+ and there 

is evidence suggesting that it regulates channel activation (Meera et al., 2000). Unlike the α-
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subunit, the β-subunit is encoded by several genes and forms one transmembrane loop with 

intracellularly located amino and carboxyl termini (Torres et al., 2007). BK channels can be 

activated in two ways: change in membrane potential and change in [Ca2+]i. Changes in 

membrane voltage are registered by the voltage sensitive S4 domain. Membrane 

depolarization results in a conformational change in this domain and subsequent opening of 

the channel.  

 

 

Figure 4: BK channel structure. Regulatory  β-subunit is shown on the left.  The regulatory conductance K+ 

domains and the Ca2+ bowl, a long stretch of aspartate residues, which is the main site for Ca2+ binding, are 

shown intracellularly.  Adapted from meredithlab.org.  

 

 

 

1.2.2 SK and IK channels 
 

SK channels, on the other hand, are divided into three subgroups: SK1, SK2 and SK3, 

encoded by separate genes. The conductance of the SK channels is drastically less than that of 
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the BK channels, about 10 pS. SK channels are insensitive to changes in membrane potential 

and are thus only activated by change in the [Ca2+]i (Kohler et al., 1996) (figure 5).  

IK channels have many similarities with the SK channels and are interchangeably 

referred to as SK4 (Latorre et al., 1989). These channels have a conductance that lies between 

SK and BK channels, 250 pS to 10 pS (Latorre, et al., 1989). IK channels are predominantly 

expressed in non-neuronal cells and tissues such as blood cells (Pedarzani and Stocker, 2008). 

The IK channels are involved in several physiological functions such as control of K+ balance 

and volume regulation in red blood cells (Pedarzani and Stocker, 2008). There is also 

evidence that suggests the involvement of IK channels in membrane potential regulation; 

however, more studies are needed to make it conclusive (Devor, et al., 1996). Contrary to BK 

channels, SK and IK channels are not activated by changes in membrane potential. IK channels 

and SK channels are activated by an increase in [Ca2+]i and have the same Ca2+- binding 

mechanism. SK and IK channels require constituently bound calmodulin in order to bind Ca2 + 

which allows for rapid gating response to changes in [Ca2+]i (Lee et al., 2004).  

Although both SK and BK are K+ channels, they are responsible for different outcomes 

after depolarization. The activation of SK channels causes hyperpolarization of the membrane 

(Vergara et al., 1998). This hyperpolarization of the membrane potential regulates the 

frequency of action potential since none can be transmitted during a hyperpolarized state, 

leading to a decrease in membrane excitability. Thus, an increase in the expression of SK 

channels is expected to inhibit gonadotropin release.  
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Figure 5: General structure of SK channels including SK4, or IK. On the left, depiction of six transmembrane 

domains with both amino and carboxyl termini found intracellularly. On the right, the opening mechanism of SK 

channels involving constituently bound calmodulin which binds Ca2+. From Ledoux et al. (2006). 

 

1.3 KCa channels and their role in puberty 
 

There is sufficient evidence suggesting the localization of KCa in several pituitary cell 

types in fish and mammals, which provide further support to the notion of KCa involvement in 

control of Lh and Fsh secretion (Shipston et al., 1996; Hodne et al., 2013; Waring and Turgeon, 

2006). In mammals, KCa play an essential role in regulating membrane excitability of pituitary 

cells, however, the type of KCa channel present differs between the different pituitary cell 

types. For instance, only BK channels, and not SK or IK, are expressed in lactotropes of 

rodents (Van Goor, et al., 2001), while SK and IK channels have been shown to be present in 

rodent gonadotropes. Although KCa channels have been shown in teleosts such as Atlantic cod, 

zebrafish (Danio rerio), and medaka (Oryzias latipes), no KCa channels have been described in 

gonadotropes from goldfish (Carassius auratus) (Hodne et al., 2013; Cabo et al., 2013; 

Strandabø et al., 2013; Van Goor, et al., 2001).  
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1.4 Steroid hormones 

 
Sexual maturation is not only dependent on secretion of hormones from the brain and 

pituitary but also on negative and positive feedback at all levels of the BPG axis by the gonadal 

sex steroids. Steroid hormones (sex steroids and corticosteroids) are important in a range of 

processes, some examples are carbohydrate regulation, mineral balance, reproductive 

function, stress responses, behavior, and cognition.  Steroids are derived from cholesterol 

making them lipid soluble and differing only in the ring structure side chains. (Figure 6) 

Cholesterol, which is the parent compound for all steroid hormones, can be synthesized from 

the enzymatic activity of acetyl CoA with HMG-CoA reductase (de novo synthesis). HMG-CoA 

reductase is a rate-limiting enzyme; a high concentration of intracellular cholesterol creates a 

negative feedback loop onto HMG-CoA reductase and inhibits its activity.  Other sources of 

cholesterol are uptake of low-density lipoproteins (LDL), with subsequent storage of 

cholesterol esters in intracellular lipid droplets. LDLs are composed of cholesterol, 

phospholipids, triglycerides and proteins which are degraded into esterified cholesterol in the 

cell. 

 

Figure 6: The cholesterol molecule is essential in synthesis of steroid hormones. All steroid hormones are 

enzymatic modifications of cholesterol with a common ring structure but with varying side chains.  

 

Enzymatic modifications take place in the mitochondria and ER of steroidogenic cells such as 

adrenal cortex cells, testicular Leydig cells, ovarian granulosa and theca cells. Lh receptors are 
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found on Leydig cells in males and granulosa cells in females. Lh receptors are G protein 

coupled receptors that use cyclic adenylase monophosphate (cAMP) as second messengers. 

Once Lh binds to its receptor guanosine diphosphate (GDP) is exchanged for guanosine 

triphosphate (GTP) on the α-subunit of the G protein and adenylyl cyclase is activated by the 

active α-subunit. Adenylyl cyclase converts ATP to cAMP. Four molecules of cAMP can bind to 

the regulatory subunits of protein kinase A (PKA) resulting in the release of the catalytic 

subunits which can phosphorylate intracellular targets (Tuteja, 2009). Change in cAMP 

concentration leads to an up regulation of high density and low density lipoprotein receptors, 

resulting in an increase of cholesterol uptake. A rise in cAMP also activates steroidogenic 

acute regulatory protein (StAR), which transports cholesterol from the outer membrane to 

the inner membrane of the mitochondria (Lacroix et al., 2001).  The first enzymatic 

modification of cholesterol occurs in the inner mitochondrial membrane via a cytochrome 

P450 family member (CYP), the side-chain cleavage enzyme (P450scc or CYP11A1), and 

results in pregnenolone (Lacroix et al., 2001; Leatherland, 2010).   

Pregnenolone is the first substrate in three different pathways depending on which steroid 

hormone is being synthesized. The production of sex hormones begins with pregnenolone as a 

substrate.  

Sex steroids predominantly found in males, collectively known as androgens, include 

hormones such as testosterone (T), dihydrotestosterone (DHT) and 11-ketotestosterone (11-

KT). Androgens are compounds that induce the development of male characteristics. When Lh 

binds to its receptor on Leydig cells it leads to the production of T. As a substrate for androgen 

synthesis, pregnenolone reacts with CYP17A1 and results in T. T can undergo further 

enzymatic modifications by CYP11 β-hydroxylase and 11-β-hydroxysteroid dehydrogenase 

resulting in 11-KT which is the main male sex hormone in teleosts. 11-KT is an oxidized form 

of T with a keto group at carbon 11.  
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In order to synthesize estrogens, the predominant sex steroids in females, female 

teleosts depend on enzymatic modification of androgens to produce estrogens. Female teleost 

ovaries are capable of synthesizing T and 11-KT. Much like male teleosts, 11-KT is the main 

androgen in female teleosts.  Lh stimulates T production in theca cells in the ovaries. T from 

the theca cells diffuse into granulosa cells where the steroid hormone is converted to estradiol 

(E2) via CYP19 (aromatase) (Kazeto et al., 2011). Fsh up regulates the conversion of T to E2 

as it stimulates aromatase.  

F, an important glucocorticoid is also derived from cholesterol. In teleost, F is 

synthesized and secreted from the interrenal tissue. F plays an important role in regulation of 

energy stores through mobilization of fuels such as glucose, lipids and fatty acids for 

maintenance of homeostasis and exerts direct and indirect effects on intermediary 

metabolism, particularly in response to stress (Wendelaar Bonga, 1993).  Although F acts as a 

glucocorticoid in most mammals, F binds to both glucocorticoid receptors and 

mineralocorticoid receptors in teleosts. In fish, maintenance of hydromineral homeostasis is 

driven by mineralocorticoid actions (Wendelaar Bonga, 1997). Adrenocorticotropic hormone 

(ACTH) is released from the anterior pituitary and stimulates production and secretion of F 

from interrenal tissue. F secretion is also stimulated as a result of cognitive activation (Norris, 

1997).  Factors such as competition for food and social rank have been shown to increase F 

levels (Gregory et al., 1999). A study by Barton et al. (1987), showed that F treatment could 

lead to suppression of growth in rainbow trout (Oncohynchus mykiss).  

 

1.4.1 Steroids and KCa channels  
 

The negative and positive feedback of steroid hormones on the BPG axis regulates gene 

transcription. Steroid hormones influence the transcription of numerous genes by binding to 

their intracellular receptors on target cells. These receptors are composed of ligand binding 
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domain and DNA binding domain. Receptors without a bound ligand (hormone) are in a 

complex structure with chaperone proteins. Binding of hormone leads to the dissociation of 

chaperone proteins and the receptors are then able to bind to hormone responsive elements 

in chromatin and promote transcription (Beato et al., 1996).  

 

1.5 Teleost fish 
 

Teleost is an infraclass that is composed of over 30,000 species. Teleosts belong to the 

ray –finned fish lineage (Actinopterygian) which diverged from lobe-finned fish 

(Sarcopterygian) around 450 million years ago. Lobe-finned fish gave way to primitive 

tetrapods while ray-finned fish remained in the water and greatly diversified giving way to 

teleosts. It is important to note that teleosts are not ancestors to tetrapods but share a 

common ancestor with lobe-finned fish. After the divergence of ray- and lobe-finned fish, 

teleosts underwent an additional whole-genome duplication, also known as TGD (teleost-

specific genome duplication) around 320-350 million years ago. This increase in extra genes 

could be the explanation to the rapid speciation and large diversity seen in teleosts (Diotel et 

al., 2011). Since TGD is assumed to have occurred after two whole genome duplication events, 

some species belonging to the teleost infraclass have eight paralogs for one gene.  

 

1.5.1 Atlantic cod 
 

Atlantic cod (Gadus morhua) farming, although well established, is also troubled by 

early onset of puberty. This results in the fish spawning much earlier in captivity than in the 

wild. The cod is a teleost classified under the family of Gadidae and order Gadiformes (Nelson, 

1994). As a teleost, the Atlantic cod thus has specialized Lh- and Fsh- producing 

gonadotropes, making teleosts ideal models for separate studies of the control of the two 
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gonadotropins, Lh and Fsh.  A study by Hodne et al. (2013) demonstrated a difference in the 

expression of KCa in Atlantic cod pituitary cells dependent on season as well as a 

hyperpolarization of gonadotropes as a result of GnRH.  

The life cycle of Atlantic cod is based on a seasonal pattern where spawning occurs 

generally once a year in early spring. The summer months are dedicated to finding feeding 

grounds in order to increase energy stores before entering gametogenesis in September, mid-

autumn. The typical spawning season for Atlantic cod is from February to April Atlantic cod.  

 

 

 

 

Aims of the study: 

Secretion of GnRH, Lh and Fsh stimulates gametogenesis and steroidogenesis. Steroids 

affect the BPG axis through negative and positive feedback loop onto the brain, pituitary and 

gonads. GnRH binding to its receptor on gonadotropes leads to secretion of gonadotropin that 

is Ca2+ dependent and it is thus interesting to investigate the influence KCa channels may have 

on secretion of gonadotropins.  

The aims of the study were to: 

1. Isolate and investigate phylogenetic relationship between KCa channel 

isoforms in Atlantic cod 

2. Investigate in vitro effects of sex steroids (E2, T, DHT) and F on mRNA 

expression levels of the isolated KCa channels in Atlantic cod dispersed 

pituitary cells.  
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2 Materials and Methods 

2.1 Pituitary samples from cod 

2.1.1 Collection of samples 

Another group member performed cod primary cell culture, steroid exposure, and 

tissue sampling previously. In brief, Atlantic cod were obtained from the Oslo fjord in January 

2012 by trawling. The fish were kept in the marine aquarium facilities at the University of 

Oslo and closely monitored in order to maintain factors such as salinity, temperature, and 

light as close to natural conditions as possible. Pituitaries were removed immediately after 

decapitation, transferred to L15 medium and placed on ice (Invitrogen, Paisley, UK). The 

pituitaries were treated with ice-cold phosphate-buffered saline (PBS; Invitrogen) and then 

fragmented into 1mm3 pieces using a scalpel. Fragmented tissue was treated with trypsin for 

45 minutes in an 18 °C water bath shaker. The tissue was then washed with PBS containing 

trypsin inhibitor and incubated for an additional 20 minutes in the water bath. The cells were 

then dissociated and filtered through a nylon mesh, before being centrifuged and transferred 

to fresh L15 medium, and seeded at a density of 1.5 x 105 cells/cm2 in 24 well plates. This 

resulted in about 300,000 cells per well. To mimic the natural conditions in cod, the 

temperature was fixed at 12° C and the pCO2 level was reduced to 0.5% resulting in a pH of 

7.85. Osmolality of all solutions was adjusted to 320mOsm to match the osmolality value 

found in cod plasma. A detailed summary is described by Hodne et al. (2012). Each culture 

was composed of 5 to 15 pituitaries from both sexes, with an approximate yield of 1,5 million 

cells per pituitary.  
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2.1.2 Steroid exposure 

Cells were exposed to steroids at day 4. The steroids used were T, DHT, E2, and F (all 

from Sigma-Aldrich, Norway). Steroids were dissolved in ethanol (EtOH) and diluted to 10-

7M in L15medium (Kemety, Norway), resulting in an EtOH concentration of 0.2% in the wells. 

Steroid stock solutions were stored at -20qC for up to 3 months until they were used. The cells 

were harvested on day 7. Since steroids were dissolved in EtOH, controls included samples 

treated with L15 added 0.2% EtOH, and samples without EtOH treatment, in order to evaluate 

a potential effect of EtOH on the exposed cells. 

 

2.2 Design and validation of primers 

2.2.1 Gathering sequence candidates 

Using consensus sequences of different types of KCa sequences based on similar 

sequences from a range of tetrapod sequences, orthologous sequences were isolated by in 

silico search in the recently released cod genome available on Ensembl. Retrieved sequences 

that resembled KCa were selected and further analyzed with VectorNTI (Life Technologies, 

Carlsbad, USA). qPCR primers were designed using the Primer3Plus shareware 

(http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi).  

The parameters used on Primer3Plus to design optimal primers were as follows: 

Primer length 18 to 25 base pairs, guanine cytosine content between 50 to 55% where 50% 

was optimal, melting temperature (Tm) between 55qC to 65qC, where 60qC was optimal, 

maximum PolyX was set to 3, and the amplicon size between 80 to 120 bp.  The designed 

primers were then investigated using VectorNTI to assure optimal binding sites. Only primer 

pairs that bound to different exons were chosen in order to omit primers that could 

potentially amplify products from intron sequences. kcnn1 (SK1), kcnn1a(SK1a), kcnn2, 
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kcnn3 and kcnn4 have highly conserved regions so primer-binding sites were studied with 

VectorNTI to assure that primers for these genes did not cross react. Probability of 

dimerization and hairpin structure formation was also analyzed using VectorNTI. Primers 

with a delta G less than -1kcal/mol were omitted. The goal is to have a more stable primer-

template annealing than template-template self dimer.   

 

Table 1: Designed primers. An overview of the primers used for target genes and reference 

genes. Efficiency is shown in the 4th column. Sequences are shown  in  5’ Æ 3’  direction. 

 

2.2.2 Design and validation of qPCR primers 

In order to test the primers, cDNA from whole pituitaries was prepared from Atlantic 

cod obtained from the Oslo fjord August 2013. In total, six Atlantic cod from both sexes were 

sacrificed by severing the spinal cord and opening the skull in order to remove the pituitary. 
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The samples collected were stored individually in 1ml of RNAlater (Invitrogen) and frozen at -

80qC. The primers were purchased from Eurofins MWG Synthesis GmbH (Ebersberg, 

Germany). These were shipped in powder form and were dissolved in PCR grade water 

(Roche)  to  an  adjusted  concentration  of  5µμM.    Primers  for  reference  genes  ubb (ubiquitin) 

and arp2 (arp2) were previously designed and validated by other members of the group 

(Vaule, 2011; Bjørndal, 2012).  

 

2.2.2.1 RNA isolation 

In order to isolate RNA, the samples collected were placed in a single tube and were 

homogenized using 1ml of TRIzol reagent (Invitrogen) and the FastPrep-24 tissue and cell 

homogenizer (MP Biomedicals, Santa Ana, CA, USA), for 1 minute at 6.0 m/s. The tube was 

then placed on ice for 3 minutes followed by a second round in the FastPrep-24 tissue and cell 

homogenizer at the same settings for an additional minute. The tube was centrifuged at 4qC 

for 10 minutes at 10000 g using a Kubota 3500(Kubota, Fujioka, Japan) centrifuge to separate 

the supernatant (RNA and DNA) from the tissue. About 600 µμl of supernatant was removed 

and placed in an RNA free Eppendorf tube at room temperature for 15 minutes. Before 

vortexing for 45 seconds, 120 µμl of chloroform was added to the sample. The tube was 

incubated at room temperature for an additional 5 minutes and centrifuged again at 4qC for 

15 minutes at 12000 g. Because of the addition of chloroform and centrifugation, the sample 

separates into three phases, from bottom up: lower organic phase, a middle phase containing 

denatured proteins and genomic DNA, and an upper phase that containing RNA. The RNA-

containing upper phase (about  300  µμl)  was carefully removed and placed in an Eppendorf 

tube. In order to precipitate the RNA, isopropyl alcohol was added at a 1:1 ratio to 

supernatant volume. The tube was centrifuged to ensure optimal interaction of the isopropyl 

alcohol with the RNA solution followed by incubation at room temperature for 10 minutes to 
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allow full precipitation of RNA. The tube was centrifuged at 4qC for 10 minutes at 12000g, 

which lead to the precipitation of RNA as a white, gel-like pellet at the bottom of the tube. The 

supernatant was carefully removed and the RNA pellet washed with 500 µμl cold 75% EtOH. 

The sample was vortexed and placed in the centrifuge at 7500 g for 5 minutes at 4qC. The 

EtOH was removed and the pellet was washed with an additional 500 µμl of pure EtOH, 

vortexed and centrifuged. The EtOH was removed and the RNA pellet left to air dry for 15 

minutes, before the RNA pellet was re-dissolved in 20 µμl of RNA storage solution. The sample 

was then incubated at 50qC for 10min followed by DNase treatment using TURBO DNA-free 

kit (Ambion, Carlsbad, CA, USA) to remove DNA contamination.  The  manufacturer’s protocol 

was followed and after the addition of 10x TURBO DNase buffer (Ambion) and TURBO Dnase 

(Ambion) the tube was mixed and incubated for 30 minutes at 37qC. DNase inactivation 

reagent (Ambion) was added to the solution and the sample incubated for 5 minutes at room 

temperature followed by centrifugation for 2 minutes at 10.000 g, which resulted in a pellet 

formation of the DNase Inactivation Reagent. The supernatant was carefully removed and 

introduced into a RNA free Eppendorf tube and stored at -80qC.  

 

2.2.2.2 RNA isolation analysis 

To confirm RNA isolation, NanoDrop (Thermo Scientific, Wilmington, DE, USA) was 

performed. NanoDrop is a spectrophotometer that measures nucleic acid concentration. 

Absorbance measurements indicated the purity of the isolated RNA by quantifying the by 

optical density (OD) 280/260 ratio. Pure nucleic acids have an optical density ratio at A280/260 

of 2.0 for RNA and 1.8 for DNA. Only samples with optical density ratio A280/260 above 1.90 

were used to test primers. NanoDrop measurements are also able to detect contaminants 

which can greatly interfere with downstream analysis (Bustin et al., 2000). 
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2.2.2.3 cDNA synthesis 

First strand cDNA was synthesized using Superscript III reverse transcriptase (RT) (Life 

Technologies) according  to  the  manufacturer’s protocol. The isolated RNA was used and its 

concentration adjusted with PCR grade water so that the total RNA content was 1 µμg in a final 

volume  of  11µμl.  One  µμl of random hexamer primers (50 ng/µμl) and 1 µμl of 10 mM dNTP mix 

(Invitrogen) was added to 11 µμl of RNA solution for a total of 13 µμl. The mixture was heated 

for 5 minutes at 65qC in a thermal cycler, (Applied biosystems geneAmp, Invitrogen), then 

directly placed on ice for 1 minute in order to hinder binding of RNA annealing. The sample 

was centrifuged for 30 seconds. Four µμl of 5X First strand buffer, 1 µμl of 0,1 M dithiothreitol 

(DTT), 1 µμl of RNase OUT recombinant RNase inhibitor (40 U/µμl), and 1 µμl of Superscript III 

RT (all from Invitrogen) were added to the solution for a final volume of 20µμl. The thermal 

cycler was used at the following temperatures and time intervals: 5 minutes at 25qC, 60 

minutes at 50qC followed by 15 minutes at 70qC to inactivate the reverse transcriptase.   

 

2.2.2.4 Primer Pair Efficiencies 

To test the efficacy of the primers, qPCR was performed using LightCycler 480 (Roche) 

with SYBR Green I detection system (Roche). A total reaction volume of 10 µμl  included:  5 µμl  of  

SYBR Green I master mix, 1 µμl  (5  µμM)  reverse primer, 1 µμl (5  µμM)  forward primer, and 3 µμl  of  

diluted cDNA (template). Triplicate reactions were run for each concentration ranging from 

3x dilution to 729x dilution in three-fold series dilution. A non-template control triplicate 

reaction was run for each primer pair tested, which substituted cDNA with nuclease-free 

water (Roche).  
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To determine the efficiency of the primer pairs a standard curve was made where the 

quantification cycle (Cq) values plotted against the logarithm of the relative cDNA 

concentration. A qPCR reaction that is 100% efficient leads to a doubling of product for each 

cycle.  The plotting of the Cq values against the logarithm of the relative cDNA concentration 

produces a negative slope where 100% PCR efficiency gives a slope of -3.32 (Tellinghuisen et 

al., 2014). Equation 1 depicts how efficiency was calculated relative to the slope for 100% 

efficiency, -3.32.  

Efficiency= 10 -1/slope             (Equation 1) 

 

2.3 Quantification using real-time quantitative PCR (qPCR) 

2.3.1 qPCR assay 

A total reaction volume of 10 µμl  in  each  well  included:  5 µμl  of  SYBR  Green  I  Master mix 

(Roche), 1 µμl (5 µμM) reverse primer, 1 µμl  (5 µμM)  forward primer, and 3 µμl  of  cDNA.  In order to 

activate Taq polymerase, the samples were incubated at 95qC for 10 minutes. LightCycler PCR 

using 42 cycles followed Taq polymerase activation. Each cycle consisted of three stages: the 

denaturation stage was 10 seconds at 95qC to allow DNA helices to separate from each, 

second the annealing stage consisted of 10 seconds at 60qC for optimal primer binding, 

followed by the elongation stage which lasted 6 seconds at 72qC. Fluorescence was measured 

at the end of each cycle.  

In order to validate the qPCR assay, duplicates of non-template control which substituted 

nuclease –free water for cDNA was included for each primer pair. A calibrator was also used 

in order to adjust for assay-to-assay variation. The calibrator used was the cDNA synthesized 

for primer testing. The cDNA was 6x which resulted in a Cq value around 25 for all primers. 

The reference genes used were arp2 and ubb.  
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Analysis of qPCR reactions were important because SYBR Green I binds double stranded 

DNA without preference. SYBR Green I could thus also bind to primer dimers or non-specific 

amplicons. Melting curve analysis was performed immediately following the PCR. This was 

done in the LightCycler 480 machine had greatly decreases the possibility of contamination. 

The melting temperature (Tm) characterizes the temperature at which half of the DNA helical 

structure is absent. High GC content and long molecules of DNA lead to high Tm (Stahlberg et 

al., 2004). The Tm was generated by increasing the temperature slowly from 65°C to 98°C 

while at the same time measuring fluorescence. The inverse change in fluorescence was 

plotted against change in temperature. Stahlberg et al., (2004), showed that fluorescence 

plotted against time can be analyzed as each amplicon has its own distinct melting peak and 

can therefore be an accurate method for identifying amplified products.  

 

2.3.2 Calculation of gene expression levels  

Changes in mRNA expression can be caused by biological variation as well as technical 

variation. Technical variation was minimized by using solutions from the same kit of SYBR 

Green Master kit (Roche) and same set of pipettes for all qPCR experiments. Reference genes 

(or housekeeping genes) should have a stable expression and should not be influenced by 

treatment, such as steroid exposure. Since qPCR measurements results obtained were relative 

quantification values it was important to use the reference gene to correct mRNA expression 

in relation to the reference gene expression (Bustin, 2000). Equation 2 was used in order to 

correct the expression of the target genes in relation to the reference gene efficiency and 

expression of the calibrator.   

Relative expression= Etarget
'Cq (calibrator-sample) x Ereference 

'Cq(sample-calibrator) 

(Equation 2) 
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In order to determine which reference gene or multiple reference genes was best suited 

for this study, Excel based spreadsheet software was used called BestKeeper (Pfaffl, 2004). All 

Cq values obtained for the genes of interest as well as the Cq values of the reference genes 

were plotted into the BestKeeper program. The efficiency of all genes was also plotted onto 

the program and a BestKeeper index was formulated.  The input of  Cq and efficiency values 

into BestKeeper program resulted in the output information as descriptive statistics for the 

reference genes being analyzed. The most important statistical value was the standard 

deviation(SD) of the Cq value for each reference gene. If a reference gene had a SD value 

greater than 1 it is considered to be unstable and not a suitable reference gene for the genes of 

interest. To determine if one or more reference genes should be used when analyzing target 

gene mRNA expression, BestKeeper software estimates inter-gene relations between the 

housekeeping genes using pair-wise correlation analyses to calculate the Pearson correlation 

coefficient and the probability. BestKeeper software automatically removes reference genes 

with a standard deviation over 1 as it is considered unstable. The reference gene remaining 

after outliers are removed and recalculated and a BestKeeper Index is created. Equation 3 

depicts how BestKeeper Index is calculated where z is the number of reference genes.  

√(Cq(1)  x  Cq(2)  x  Cq(3)  x  Cq(4)…Cq(z)                (Equation 3) 

The BestKeeper index is used as an expression standard instead of a single reference gene. 

Sample integrity and expression stability within reference genes are also analyzed by 

BestKeeper software. Outliers are removed by calculating intrinsic variance of expression 

stability for a single target gene (Plaffl et al., 2004).  

 



 
 

 34 

2.4 Statistical Analyses 

A total of 6 samples were used for each steroid treatment, with two replicates per 

sample giving a total of 12 data points from each steroid exposure. Target gene transcript 

levels are expressed relative to the corresponding reference gene transcript levels. Data was 

first analyzed for outliers using ROUT(Prism 6, La Jolla, USA). To test for normality, a 

Kolmogorov and Smirnov test was performed. P values under 0.05 were considered 

statistically significant. One-way ANOVA was chosen as a suitable statistical analysis test 

because each steroid was tested against control and separately from the other steroids 

resulting in only one factor per sample. Ordinary one-way ANOVA, Brown-Forsythe test, and 

Bartlett’s test were performed for all six KCa genes in order to test variance trends in data. Any 

data  that  led  to  p<0.05  for  any  of  these  tests  were  further  analyzed  with  Dunnett’s  multiple  

comparisons test to determine which steroid led to a statistical significance effect on gene 

expression (D’Agostino,  1986).   Dunnett’s  multiple  comparison  test  result  is  given  as  a  q  

value. This is a calculation of the difference between the two means divided by the standard 

error of that difference (q=D/SED). Calculation of q value is dependent on factors such as 

total number of samples and number of degrees of freedom (Maxwell et al., 1999). All 

statistical analyses were performed using Prism 6 software program (GraphPad Softwares 

Inc., La Jolla, USA)  
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2.5 Phylogenetic trees and sequence analysis 

The databases NCBI (www.ncbi.nlm.nih.gov) and Ensembl (www.ensembl.org) were 

used to retrieve KCa sequences of fish and tetrapods. A BLAST (Basic Local Alignment Search 

Tool) search was performed in order to retrieve sequences from other species that had high 

consensus when aligned with KCa-sequences of cod followed by sequence analysis using 

VectorNTI (Invitrogen) and Jalview 2 (Waterhouse et al., 2009) to confirm signature K+ 

channel sequence, GYGD. Jalview 2 was used to create alignments of amino acid sequences of 

fish and tetrapods which then used to construct phylogenetic trees for each gene. 

In order to create phylogenetic trees, KCa protein sequence alignments were run using Muscle 

(multiple sequence comparison by log-expectation) in Jalview 2 (Waterhouse et al., 2009). A 

phylogenetic tree was calculated for each gene based on the alignment using Neighbour 

Joining BLOSUM62 in Jalview 2 (Waterhouse et al., 2009).  
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3 Results 

 

3.1 Effects of EtOH on KCa mRNA expression  

 

Since steroid hormones are non-polar molecules, EtOH was used as a solvent, thus, it 

was important to test the potential effects of EtOH on Atlantic cod pituitary cells. Figure 7 

shows the effects of EtOH at 0.2% (shown in blue) on gene expression compared to the 

control without EtOH (shown in red). EtOH at 0.2% indicated a general inhibitory trend but 

the decrease in relative mRNA expression was not statistically significant.  

 

  

 

Figure 7: Effect of EtOH on cell viability of cod pituitary cells. Relative mRNA expression for samples using 

medium without EtOH (blue columns) and with 0.2% EtOH (red columns). Relative mRNA expression is 

shown in comparison to control with EtOH which is set at 100% expression and depicted by the dotted line. 

Statistical analysis showed no significant difference and samples of medium with EtOH was used as control 

samples. Data is shown as mean ± SEM, n=6.  
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3.2 Sequence analysis 

 

In order to isolate potential KCa channels from cod, the GYGD signature K+ channel 

sequence was used as a requisite. The GYGD sequence is located in the pore region and made 

the basis for sequence alignments in order to identify conserved regions.  Of the 12 sequences 

obtained from Ensembl that pertained to KCa channels, 3 of them lacked GYGD and 2 

sequences corresponded to the β-subunit of the big conductance KCa, and were omitted. A 

total of seven sequences matched the criteria where three had already been named kcnn2, 

kcnn3 and kcnma2. Because the remaining four genes were only named novel genes, it was 

necessary to run multiple alignments using Jalview 2 and conduct a BLAST search in NCBI in 

order to evaluate which gene from other species the novel gene best aligned with.  
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3.2.1 Sequence Alignment 

 

3.2.1.1 kcnn1 and kcnn1a (SK1) 
 

Sequences for kcnn1 were obtained from Ensembl and an alignment of kcnn1 

sequences from different vertebrates was created using Jalview. The GYGD signature for K+ 

channels, which was used as a guideline for alignment, was identified and shown in figure 8. 

In order to differentiate between the two SK1 channel sequences gathered from Ensembl, 

alignments were performed with sequences from other species of kcnn1a, kcnn1b and kcnn1. 

The kcnn1 sequence obtained from Ensembl for Atlantic cod aligned with highest consensus 

with other kcnn1 sequences from species used in the alignment shown in figure 8 while 

kcnn1a aligned with highest degree of consensus with other kcnn1 sequences from other 

species.  

 

Figure 8. Alignment of kcnn1 (SK1) sequences. The signature sequence of K+ channels, GYGD, was present in all 

sequences and is indicated by dotted red box. The black and yellows bars below the sequence alignment 

represent general sequence consensus and conservation of sequence compared to each other. The alignment was 

generated using Jalview. 
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3.2.1.2 kcnn2 (SK2) 
 

According to Nolting et al., (2007), of all the SK channels, SK2 channels are the most 

sensitive to apamin.  The apamin sensitive region found in the extracellular loop between 

segments 3 and 4 was used to align kcnn2 (SK2) sequences. . In order to compare the apamin 

sensitive region sites (shown in purple) of kcnn2 with other SK channel sequences that are 

less sensitive to apamin, the sequence of kcnn3 from Atlantic cod was used (figure 9). In the 

first apamin sensitive region (TFTWTAR) the difference between kcnn2 and kcnn3 sequences 

is the substitution of the first and second threonines (T) to a lysine (K) and arginine (R). The 

second apamin sensitive region (DVDIILS), kcnn3 substitutes valine (V) to leucine (L) and the 

two isoleucines (I) to methionine (M) and V, respectively.  

 

Figure 9. Apamin sensitive region of kcnn2 (SK2) sequences. The apamin sensitive regions of SK2 channels are 

found in the extracellular loop of segments 3 and 4 and are highlighted in purple in the sequence alignment. To 

depict the difference between apamin sensitivity of kcnn2 and kcnn3, the kcnn3 sequence from G. morhua was 

included in the alignment.  The alignment was generated using Jalview. 
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3.2.1.3 kcnn3 (SK3) 
 

Sequences for kcnn3 were obtained from Ensembl and an alignment of kcnn3 sequences 

from different vertebrates was created using Jalview. The GYGD signature for K+ channels, which 

was used as a guideline for alignment, was identified and shown in figure 10. The sequence 

gathered from Ensembl was determined to be kcnn3 after alignments were run and showed the 

highest degree of consensus with kcnn3 sequences from other species shown in figure 10.  

 

Figure 10. Alignment of kcnn3 (SK3) sequences. The signature sequence of K+ channels, GYGD, was present 

in all sequences and is indicated by dotted red box. The black and yellows bars below the sequence 

alignment represent general sequence consensus and conservation of sequence compared to each other. 

The alignment was generated using Jalview. 
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3.2.1.4 kcnn4 (SK4) 
 

The alignment of kcnn4 sequences from different vertebrates gathered from Ensembl 

was generated using Jalview and the signature sequence for K+ channels, GYGD, is shown in 

figure 11. The sequence obtained for Atlantic cod used in the alignment in figure 11 showed 

high consensus with kcnn4 sequences from other vertebrates such as mouse (Mus musculus), 

rat (Rattus norvegicus), zebrafish, and anole lizard (Anolis carolinesis).  

 

 

Figure 11. Alignment of kcnn4 (SK4) sequences. GYGD K+ channel signature sequence is present in all 

sequences and is indicated in the dotted red box. Alignment of sequences was generated using Jalview. 
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3.2.1.5 Ca2+ binding sites in SK channel genes  
 

Contrary to BK channels, SK and IK channels are not activated by changes in membrane 

potential. As mentioned in the introduction section (chapter 1.2.2), SK channels bind Ca2+ via 

calmodulin which is constituently bound and allows for rapid gating response to changes in 

[Ca2+]i . Calmodulin binding sites 1(green) and 2(turquoise) are shown in figure 12. These 

sites are highly conserved between SK1, SK2, and SK3 sequences as well as between species.  

 

 

Figure 12. Alignment of calmodulin binding sites for SK channel genes. Atlantic cod SK channel genes: kcnn1, 

kcnn1a, kcnn2, kcnn3, and kcnn4 are the first five sequences in the alignment from top to bottom. SK 

sequences from other vertebrates were used in order to depict consensus region of calmodulin binding sites 

for SK channels. Site 1 is shown in green and site 2 is shown in turquoise. Alignment was generated using 

Jalview.  
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3.2.1.6 kcnma (BK) 
 

kcnma sequences from different vertebrates were gathered from Ensembl and an 

alignment was generated using Jalview. In the kncma (BK) alignment, the signature sequence 

of K + channels, GYGD, was used as an indicator and is shown in figure 13. A high consensus 

was observed between the sequence gathered from Ensembl for Atlantic cod and kcnma 

sequences.  

 

 

Figure 13. Alignment of kcnma genes from various vertebrates. The sequences showed a high degree of 

consensus. The GYGD K+ channel signature sequence is present in all sequences and is indicated by the 

dotted red box. The alignment was generated using Jalview.  
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3.2.1.7 Ca2+ binding site in BK channels   
 

In order to further confirm that the sequence obtained for Atlantic cod from Ensembl 

and used in alignment in figure 13 was in fact a sequence for BK channel, an alignment for the 

binding site of BK channels was performed. Ca2+ is able to bind to BK channels via the Ca2+ 

bowl, a long stretch of aspartate residues (Figure 4). This results in the conformational 

change that leads to the opening of the channel and thus its activation. An alignment of kcnma 

from different vertebrates showed a high degree of consensus in the Ca2+ site. The Ca2+ 

binding site sequence in kcnma alignment is shown in figure 14.  

 

 

Figure 14. Alignment Ca2+ bowl sequence of kcnma gene of various vertebrates. There was a high degree of 

consensus between sequences as shown by the black bars under the alignment of the sequences. The Ca2+ 

binding site for BK channels is the Ca2+ bowl, a long chain of aspartates, shown in the dotted red box. 

Alignment of sequences generated using Jalview. 
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3.3 Quantitative gene expression analysis 

3.3.1 RNA purity 

 

To ensure optimal qPCR results, the RNA used for cDNA synthesis has to be high in 

purity and integrity. The purity of RNA was tested using NanoDrop spectrophotometry which 

measured the optical density 260/280 ratio for RNA isolated for primer testing and for steroid 

exposure. Only samples with OD260/280 ratio higher than 1.8 were used for primer testing and 

minimum OD260/280 ratio of 1.63 for January 2012 samples used for steroid treatments.  

 

3.3.2 qPCR validation 

 

A melting curve analysis was used to confirm specific primer annealing to the primer 

binding sites. Primers binding to DNA and amplifying only the gene of interest resulted in one 

specific peak in melting curve analysis. A cDNA template dilution curve was made in order to 

evaluate SYBR Green I assay efficiency as a second validity test. The cDNA dilution curve was 

made with three-fold series dilution from 1:3 to 1:729 and the quantification cycle values 

were plotted against relative cDNA log concentration. Duplicates of non-template control 

samples were tested for each of the six genes of interest in order to ensure that primer dimer 

peaks were present at temperatures significantly different than gene-specific peaks.  

 

3.3.3 Selection of reference gene 

 

The expression of the genes of interest had to be analyzed as relative expression to a 

reference gene. To ensure optimal results, reference genes should have a stable expression 

and should not be influenced by treatment, such as steroid exposure. qPCR measurements 

results obtained were relative quantification values and mRNA expression was corrected in 
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relation to the reference gene. Equation 2 was used in order to correct the expression of the 

target genes in relation to the reference gene efficiency and expression of the calibrator.  Two 

reference gene candidates, arp2 and ubb were tested for expression stability using 

BestKeeper software program. Quantification cycle values of the reference genes were plotted 

in the software program and the standard deviation (SD) values were analyzed. Both 

reference genes had SD values below 1 and were therefore considered stable. Pair-wise 

correlation analyses between the reference genes showed a strong correlation (0.88 

<r>093).  

To investigate if a combination of the two reference genes resulted in a more stable 

expression a BestKeeper Index was calculated by the BestKeeper software. The BestKeeper 

Index is a combination of the two reference genes. The BestKeeper Index was tested against 

the six target genes to measure the SD. A SD equal to or greater than the SD of a single 

reference gene rules out the necessity of using the BestKeeper Index. Based on the results 

obtained from standard deviation calculations for each reference gene and for the BestKeeper 

Index, ubiquitin was selected as the reference gene for further testing as it resulted in the 

lowest SD value.  

Table 6. Overview of statistical analysis done by software to determine best reference gene candidate (arp2, 

ubiquitin (ubb), or BestKeeper Index). Results are based on quantification cycle (Cq) values. Pearson’s 

correlation coefficient (r) indicates correlation between each reference gene and BestKeeper Index. 
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3.3.4 Effects of steroids on gene expression of Ca2+ activated K+ channels 

 

No statistically significant changes in relative mRNA expression due to steroid 

exposure were detected for kcnn1 (SK1), kcnn1a (SK1a), kcnn2 (SK2), or kcnma2 (BKa2) 

genes of Atlantic cod.   

 

3.3.4.1 kcnn1a (SK1a) 
 

The effects of in vitro steroid treatment to mRNA expression of kcnn1a of Atlantic cod 

pituitary cells are shown in figure 15. An inhibitory trend in relative mRNA expression was 

indicated after steroid exposure F. No effects were detected from steroid exposure to T, DHT, 

or E2. P values are shown in appendix IV.  

 

             

Figure 15. Relative kcnn1a  mRNA levels in Atlantic cod pituitary cells exposed to four different steroids in 

vitro; testosterone (T), dihydrotestosterone (DHT), estradiol (E2), or cortisol (F). mRNA expression levels 

were normalized to ubiquitin reference gene and normalized to the expression from control cells  exposed 

to 0.2% EtOH (indicated with dotted line) set at 100%. Data are expressed as mean ± SEM. (n=6) 
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3.3.4.2 kcnn1 (SK1) 
 

The effects of steroid exposure to mRNA expression of kcnn1 are shown in figure 16. No 

effect was detected after T, DHT, and F treatment. A stimulatory trend in mRNA expression of 

kcnn1 was detected after E2 treatment. P values are shown in appendix IV.  

 

       

Figure 16. Relative kcnn1 mRNA levels in Atlantic cod pituitary cells exposed to four different steroids in 

vitro: testosterone (T), dihydrotestosterone (DHT), estradiol (E2), and cortisol (F). mRNA expression levels 

were normalized to ubiquitin reference gene and normalized to the expression from control cells  exposed 

to 0.2% EtOH (indicated with dotted line) set at 100%. Data are expressed as mean ± SEM. (n=6) 
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3.3.4.3 kcnn2 (SK2) 
 

The effects of steroid treatment to mRNA expression of kcnn2 are shown in figure 17. 

No effects were detected in relative mRNA expression after exposure to T, DHT, E2 or F. P 

values are shown in appendix IV.  

 

            

Figure 17. Relative kcnn2 mRNA levels in Atlantic cod pituitary cells exposed to four different steroids in 

vitro: testosterone (T), dihydrotestosterone (DHT), estradiol (E2), and cortisol (F). mRNA expression levels 

were normalized to ubiquitin reference gene and normalized to the expression from control cells  exposed 

to 0.2% EtOH(indicated with dotted line) set at 100%. Data are expressed as mean ± SEM. (n=6)  
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3.3.4.4 kcnn3 (SK3) 
 

The steroid effects on mRNA expression of kcnn3 are shown in figure 18. Exposure to T 

and DHT showed no effect in relative mRNA expression of kcnn3. Exposure to E2 showed a 

stimulatory trend in mRNA expression. After F treatment, mRNA levels were significantly 

decreased (one-way ANOVA; p = 0.012; n = 6). Yet further analysis using a  post  hoc  Dunnett’s  

multiple comparison test did not result in statistical significance between mRNA levels of F 

exposed pituitary cells and control EtOH or to other steroid exposed samples. P values are 

shown in appendix IV.  

 

 

Figure 18. Relative kcnn3 mRNA levels in Atlantic cod pituitary cells exposed to four different steroids, 

testosterone (T), dihydrotestosterone (DHT), estradiol (E2), and cortisol (F). mRNA expression levels were 

normalized to ubiquitin reference gene and normalized to the expression from control cells  exposed to 

0.2% EtOH (indicated with dotted line) set at 100%. Data are expressed as mean ± SEM. (n=6) Steroid 

exposure that resulted in statistically significant expression level is show as an asterisk (*).    
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3.3.4.5 kcnn4 (SK4) 
 

The effects of steroid exposure to mRNA expression of kcnn4 are shown in figure 19. 

After exposure to T, mRNA expression of kcnn4 was significantly decreased (one-way ANOVA; 

p = 0.002; n = 6).  Dunnett’s  multiple  comparison  test  was  performed  and  confirmed  the  

significant difference between mRNA levels of the control with EtOH sample compared to the 

sample which had been exposed to T. Exposure to DHT indicated an inhibitory trend to mRNA 

levels. No effects of were observed after treatment with E2 and F. P values are shown in 

appendix IV. 

 

Figure 19. Relative kcnn4 mRNA levels in Atlantic cod pituitary cells exposed to four different steroids in 

vitro: testosterone (T), dihydrotestosterone (DHT), estradiol (E2), and cortisol (F). mRNA expression levels 

were normalized to ubiquitin reference gene and normalized to the expression from control cells exposed 

to 0.2% EtOH (indicated with dotted line) set at 100%. Data are expressed as mean ± SEM. (n=6) Steroid 

exposure that resulted in statistically significant expression level is shown with an asterisk (*).   
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3.3.4.6 kcnma2 (BK) 
 

The steroid effects on kcnma2 mRNA expression are shown in figure 20. No effects on 

relative mRNA expression were observed after treatment with T, DHT, E2 or F. P values are 

shown in appendix IV. 

            

Figure 20. Relative kcnma2 mRNA levels in Atlantic cod pituitary cells exposed to four different steroids in 

vitro: testosterone (T), dihydrotestosterone (DHT), estradiol (E2), and cortisol (F). mRNA expression levels 

were normalized to ubiquitin reference gene and depicted as relative expression to control with 0.2% EtOH. 

Data were normalized to control with EtOH expression (indicated with dotted line). Data are expressed as 

mean ± SEM. (n=6) 
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3.4 Phylogenetic tree of sequences of cod Ca2+ activated K+ channels 

 

Phylogenetic trees were constructed to further characterize the isolated KCa sequences 

of Atlantic cod as compared with different variants found in other vertebrates for each gene. 

Fish, amphibians, reptiles, birds, and mammals were used to create a phylogenetic tree. When 

possible, sequences of two species from each group were used. All phylogenetic trees were 

created using Jalview2 based on average distance using BLOMSUM62.  

        

Figure 21. Phylogenetic tree for kcnn1 sequences of various species. Tree was created using Jalview 2 based on 

alignment of sequences with GYGD sequence as a criteria. The species used were Pelodiscus sinensis (Chinese 

softshell turtle), Anolis carolinesis (Anole lizard), Mus musculus (house mouse), Rattus norvegicus (brown rat), 

Oryzias latipes (Japanese rice fish), Anas platyrhynchos (mallard duck), Lepisosteus oculatus (spotted gar), 

Taeniopygia guttata (zebra finch), Danio rerio (zebrafish), and Oreochromis niloticus (tilapia). All species used 

are vertebrates but of varying classes. Positions of cod genes are indicated by red box. 
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Figure 22. Phylogenetic tree for kcnn2 sequences of various species. The tree was created using Jalview2. 

Sequences were first aligned using GYGD sequence as a criterion. The species used were Pelodiscus sinensis 

(Chinese softshell turtle), Anolis carolinesis (Anole lizard), Mus musculus (house mouse), Rattus norvegicus 

(brown rat), Oryzias latipes (Japanese rice fish), Anas platyrhynchos (mallard duck), Lepisosteus oculatus 

(spotted gar), Danio rerio (zebrafish) and Taeniopygia guttata (zebra finch). Position of cod gene is indicated by 

red box.  
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Figure 23. Phylogenetic tree for kcnn3 sequences of various species. Tree was created using Jalview2 based on 

alignment of sequences with GYGD sequence as a criteria. The species used were Pelodiscus sinensis (Chinese 

softshell turtle), Anolis carolinesis (Anole lizard), Mus musculus (house mouse), Rattus norvegicus (brown rat), 

Oryzias latipes (Japanese rice fish), Anas platyrhynchos (mallard duck), Lepisosteus oculatus (spotted gar), 

Taeniopygia guttata (zebra finch), Oreochromis niloticus (tilapia), Chelonia mydas (green sea turtle), and Danio 

rerio (zebrafish). Position of cod gene is indicated with a red box.  

 



 
 

 56 

 

Figure 24. Phylogenetic tree for kcnn4 sequences of various species. Tree was created using Jalview2 based on 

alignment of sequences with GYGD sequence as a criterion. The species used were Pelodiscus sinensis (Chinese 

softshell turtle), Anolis carolinesis (Anole lizard), Mus musculus (house mouse), Rattus norvegicus (brown rat), 

Oryzias latipes (Japanese rice fish), Anas platyrhynchos (mallard duck), Lepisosteus oculatus (spotted gar), and 

Taeniopygia guttata (zebra finch).. Position of cod gene is indicated by red box. 
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Figure 25. Phylogenetic tree for kcnma sequences of various species. Tree was created using Jalview2 based on 

alignment of sequences with GYGD sequence as a criteria. All species used are of the same phylum, chordate, but 

varying class. The species used were Pelodiscus sinensis (Chinese softshell turtle), Anolis carolinesis (Anole 

lizard), Mus musculus (house mouse), Rattus norvegicus (brown rat), Oryzias latipes (Japanese rice fish), Anas 

platyrhynchos (mallard duck), Lepisosteus oculatus (spotted gar), and Taeniopygia guttata (zebra finch). The 

horizontal lines symbolize the amount of genetic change where each horizontal line is a branch of the tree that 

shows evolutionary change with time. Position of cod gene is indicated by red box.  
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4 Discussion 

 

Communication between the BPG axis compartments is essential in coordinating 

responses that are responsible for sexual maturation. Sex steroids are a main component in 

this communication. Sex steroids such as E2, 11-KT, and T have been identified in the 

peripheral plasma of several teleost species. These steroid hormones are known to be 

essential in a complex steroid feedback mechanism that along with the control mediated by 

GnRH, regulates the secretion of gonadotropins (Mateos et al., 2002). Sex steroids are also 

involved in the control of sexual behavior and spawning and thus an essential key in 

communication in the BPG axis.  Steroidogenesis takes place in the gonads and sex steroids 

communicate with the brain and the pituitary via positive or negative feedback. The exact 

mechanism as to how sex steroids communicate with the brain and the pituitary are not 

completely deciphered. Data is divergent, as it shows difference of plasma steroid levels 

dependent in sexual maturation and varies from species to species (Zohar et al., 2010).  

In order to study the communication mediated by steroids in the BPG axis that takes 

place during sexual maturation, the effects of T, DHT, E2 and F were studied in cod pituitary 

cells. The effects of these steroids were studied by analyzing the changes in expression of KCa 

channels in primary pituitary culture from Atlantic cod after 3 day exposure to steroid 

hormones. The function of KCa channels in teleost endocrine cells are not well understood, but 

in mammalian nerve cells KCa channels have been shown to be involved in regulation of 

smooth muscle tone and neuronal excitability (Fettiplace and Fuchs, 1999). KCa channels are 

also believed to function in the regulation of action potentials in rodent pituitary endocrine 

cells (Waring and Turgeon, 2006). Results obtained in the present study show a varying 

degree of effect of steroid hormones. My hypothesis was that the exposure to steroids would 

lead to an increase and decrease in expression of KCa channels depending on the steroid 
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treatment and thus the sensitivity of GnRH which in turn affects secretion of gonadotropin 

(Lh and Fsh).  

GnRH first and foremost mediates the secretion of Lh or Fsh. It is important to note 

that the two hormones are not equally secreted in terms of magnitude and there is a variation 

dependent on time, season and developmental stage. In other words, GnRH differentially 

regulates Fsh and Lh. The mechanism for this differential control is only partly known.  

 

4.1 Effects of sex steroids on KCa expression  

 

In male Atlantic cod, an increase in the expression of fshb is observed with the beginning 

of gametogenesis (development of testis) and a slow increase in the concentration of plasma 

T is also noted from October to December. At the onset of spawning, there is a concurrent 

peak in T and DHT levels and in the gene expression of lhb. Thus, it is expected that Atlantic 

cod harvested in January (as is the case for the ones used in the present study), at the 

beginning of spawning season, would have elevated levels of T and expression of lhb. Studies 

performed on male rainbow trout have shown that plasma 11-KT and T plasma 

concentrations were highest at the onset of the spawning season (February) (Scott et al., 

1989). A decrease in T and 11-KT concentration during spawning season was observed for 

male brown bull catfish (Itctalurus nebulosus) (Rosenblum et al., 2001). Plasma 

concentration levels of T decrease gradually while 11-KT continues to rise until around 

February in brown bull catfish (Rosenblum et al., 2001). Spawning season in cod typically 

occurs from February to April but there are variations between populations and individuals 

within those populations. The results for kcnn4 expression after T exposure supports data 

obtained by Rosenblum et al. (2001): A downregulation of kcnn4 expression results in fewer 

SK channels, which  hyperpolarize  the  cell  and  reduce  the  cells’  excitability.  Thus, the less 
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amount of SK channels present, the more excitable the membrane. SK2 channels are linked to 

intracellular Ca2+ stores and thought to take part in first phase hyperpolarization following 

GnRH stimulation, as well as the afterhyperpolarization phase between action potentials, and 

hence perhaps involved in inhibition of gonadotropin secretion (Hodne et al., 2013).  lhb - 

expressing cells have also shown to be most active during spawning season and also express 

only SK but not BK channels. A downregulation of SK channels in lhb-expressing cells towards 

spawning would lead to a higher sensitivity to GnRH which when stimulated would lead to 

secretion of Lh.  

Hodne et al. (2013) found that kcnma (BK) was only expressed in fshb-expressing cells 

in Atlantic cod. As shown in figure 20, E2 treatment resulted in a stimulatory trend for the 

expression of kcnma2 (BK). Studies done by Huggard-Nelson et al. (2002) in goldfish showed 

that in vitro E2 treatment at a concentration of 100ng/ml or greater was needed in order to 

increase fshb mRNA expression. Activated BK channels play a role in the regulation of fast 

afterhyperpolarization phase. This affects the width of the action potential (AP) by decreasing 

their duration and thereby potentially increase AP frequency. By increasing the excitability, it 

also increases gonadotrope sensitivity to GnRH stimulating the pituitary cells to secrete Fsh 

(Hodne et al., 2013).  

Importantly, during the early pubertal stages of sexual maturation, there is an increase 

in synthesis and secretion of gonadal steroids. This suggests concurring effects between 

increased steroid hormone concentrations, the changes in KCa channel expression and 

secretion of Lh and Fsh. 

Male fish have two main androgens, T and 11-KT. Unlike 11-KT, T can be aromatized 

and converted into E2. DHT has similar characteristics to 11-KT in most respects, including 

the inability to become aromatized into E2. It is therefore often used instead of 11-KT in 

experimental set-ups. Studies done by Cavaco et al. (2001) on African catfish (Clarias 
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gariepinus) have shown that T and 11-KT serve different functions in the different stages of 

sexual maturation. 11-KT stimulates spermatogenesis while T serves to accelerate pituitary 

gonadotrope development. It has also been observed in immature African catfish that 

exposure to sex steroids such as E2 and T led to a significant increase in Lh content in 

pituitary cells. The results from the present study are in agreement with results shown by 

Cavaco et al. (2001) on the effects of E2 and its possible effect on Lh secretion. E2 could lead 

to an increase in Lh release according to the present study because SK2 channel, the only KCa 

channel found to be expressed by Hodne et al. (2013) was slightly downregulated by E2 and 

T. Inhibition of SK channels leads to increased AP frequency and thus potentially increased 

secretion.  

Negative feedback of sex steroids on Lh synthesis and secretion in teleosts has been 

documented in e.g. salmonids, cyprinids, silurids and perciforms (Trudeau, 1993). T 

treatment at a concentration of 100 µμg/g body weight was shown to remove the stimulatory 

effect of GnRH on lhb expression in the pituitary of goldfish (Samia et al., 2004). More 

specifically it has been shown that E2 treatment increases fshb expression in goldfish in vivo 

(Huggard-Nelson et al., 2002). On the other hand, Aroua et al. (2005) showed in European 

female eels (Anguilla anguilla) an increase in lhb expression after E2 treatment and a 

downregulation of fshb expression after T treatment, both with a concentration of 2 µμg/g 

body weight. 

There is also evidence that suggests a positive feedback of sex steroids on Lh synthesis 

and secretion in rainbow trout (Saligaut et al, 1998). After ovariectomy, Fsh levels increased 

and were reduced after E2 supplementation while Lh levels were not changed by either 

procedure. This suggests a negative feedback exists on the release of Fsh regulated by E2. E2 

exposure has also been shown to have an inhibitory effect on Fsh synthesis in salmonids 

(Saligaut et al., 1998; Dickey).  
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4.1.2 Aromatization of testosterone to estradiol 

The results of relative mRNA expression for kcnn1 (Figure 16) after T treatment can be due to 

a high density of estrogen receptors in the brain and pituitary as well as high brain aromatase 

activity known to occur in fish brain (Diotel et al., 2010). Whereas other vertebrates have one 

gene for aromatase, teleosts have been shown to have two, aromatase A (cyp19a1a) and 

aromatase B (cyp19a1b). In common carp (Cyprinus carpio) cyp19a1a is gonad specific while 

cyp19a1b is brain specific (Tang et al., (2010). Sex steroids such as E2 and T lead to an up 

regulation of cyp19a1b expression created by a positive feedback loop (Diotel et al., 2010).  

The influence of T can thus be a result of aromatization of T to E2 and can lead to masking of 

the direct effects of T (Diotel et al., 2011). In this study, it was therefore important to use DHT, 

which cannot be aromatized, to evaluate potential androgen-specific effects on KCa gene 

expression. Exposure to T and DHT resulted in a decrease in mRNA expression of kcnn4, 

however, statistically significant only for T. Exposure to E2 resulted in no effect which may 

indicate that aromatization activity was insignificant in these samples as the non-

aromatizable androgen, DHT, had a trend similar to the relative expression of T which 

resulted in a decrease in mRNA expression.   

Studies by Trudeau (1993) done on goldfish and trout suggest that the high prevalence 

of estrogen receptors on dopaminergic neurons could be the site where inhibitory effect of E2 

takes place. It is thought that most teleosts also express estrogen receptors in dopaminergic 

neurons and could be a key to studying how Lh is inhibited by estrogen (Trudeau et al., 1993). 

DA levels vary dependent on development and reproductive cycle. Sex steroid feedback has 

been shown to regulate DA synthesis, secretion and expression of dopamine receptor DA-D2 

(Dufour et al., 2010). The presence of estrogen receptors on dopaminergic neurons could be a 

possible site for feedback communication.  
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Studies done by Waring and Turgeon (2009) in female mice gonadotropes showed that 

E2 treatment led to an attenuation of the magnitude of SK2 response to GnRH. In contrast, an 

augmentation of GnRH-induced BK current was shown as a result of E2 exposure. In earlier 

studies, Waring and Turgeon (2006) showed that female mouse gonadotropes when exposed 

to E2 showed a decrease in GnRH induced membrane current. Because SK channels are 

involved in afterhyperpolarization between action potentials, activated SK channels lead to a 

decrease in membrane excitability and thus reduced Lh secretion.  SK or BK channel 

inhibition modulated GnRH-stimulated Lh secretion differentially, implicating a role for these 

channels in gonadotrope function. KCa channels were shown to be differentially regulated by 

exposure to E2. KCa channels may therefore be a link between E2 feedback and Lh secretion 

(Waring and Turgeon, 2009).  

 Studies done by Hodne et al. (2013) showed similar regulation patterns dependent on 

season. More specifically, in cod pituitary, BK channel transcript level was high during 

spawning season, when E2 levels are expected to be high, while SK levels were low. 

Furthermore, tail current measurements, representing BK channels in fshb-expressing cells 

and SK channels in lhb-expressing cells displayed the same seasonal regulation. Both studies 

suggest an opposing regulation of kcnn2 and kcnma dependent on season. This corresponds 

nicely with the described effect of E2 on BK and SK current size in mice pituitary (Waring and 

Turgeon, 2009). According to the studies done by Hodne et al. (2013) and Waring and 

Turgeon (2006, 2009) it was expected that kcnn2 expression would be inhibited by E2 

treatment. Surprisingly, in this study E2 treatment showed a stimulatory trend in the 

expression of kcnma2, kcnn1, and kcnn3.  

There is a compelling theory that fshb-expressing gonadotropes express mainly BK 

channels while lhb-expressing cells express SK channels (Hodne et al., 2013). The difference 

in composition of KCa channels on gonadotropes may provide a partial explanation. Hodne et 
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al., (2013) found kcnma2 (BK) expressed only in the fshb-expressing cod pituitary cells. In a 

biphasic response, the cells undergo hyperpolarization which is then followed by an increase 

in firing frequency, whereas, in a monophasic response, the cells undergo only increased 

firing frequency (Kukuljan et al., 1992). 

Other sex steroids such as progesterone have shown to modulate pattern and 

magnitude of Ca2+ signals mediated by GnRH responses in rodent pituitary gonadotropes 

(Turgeon et al., 1999; Duran-Pasten and Fiordelisio, 2013). In turn this initial modulation of 

Ca2+ signal alters the subsequent activation of KCa channels, which may have further impact on 

Lh and Fsh secretion. Treatment of gonadotropes with progesterone shifts the response to 

biphasic, which would stimulate secretion of Lh more than Fsh (Waring and Turgeon, 2001). 

The change in phasic responses can possibly be a way in which steroid hormones 

communicate with the BPG axis via KCa channels.  

In addition to steroid hormones, Fsh has also been shown to be regulated by as activin, 

inhibin and follistatin. When GnRH is inhibited, activin stimulates the secretion of Fsh in 

gonadotropes by regulating transcription (Schwall et al., 1988; Carroll et al., 1989). On the 

other hand, follistatin binds to activin and inactivates it, acting as a negative regulator. Inhibin 

also leads to a decrease in production and secretion of Fsh. These studies on Fsh regulation 

suggest that secretion of Fsh may require higher doses of the stimulant compared to the 

stimulus required to secrete Lh. Furthermore, inhibition of GnRH activity potentially arrests 

the secretion of Lh while it exerts minimal effect on Fsh (Fraser and McNeilly, 1983). This 

observation suggests that Lh controls secretion while Fsh regulates the transcription level. 

However, there is limited literature on Fsh and its regulatory mechanisms in mammals as well 

as in teleost and this needs to be the addressed in future studies. 
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4.2 Effects of cortisol on KCa expression 

 

Corticosteroids have a complex communication with the BPG axis.  They can, for 

example, alter the steroidogenic capacity of the testes directly (by binding to Leydig cells) or 

indirectly by regulating Lh secretion from the pituitary. F is the main corticosteroid in fish, 

produced by the interrenals.  

Prolonged exposure to F has been shown to delay spermatogenesis and result in a 

reduced producing capacity of the testis and cause a decrease in plasma 11-KT concentration 

in male common carp (Cyprinus carpio) (Consten et al., 2001). Decrease of 11-KT mediated 

by F is shown to be independent of Lh secretion. 11-KT has an important function during 

sexual maturation, shown to stimulate spermatogenesis in e.g. African catfish, common carp 

and Japanese eel (Anguilla japonica) (Cavaco et al., 1998; Komen et al., 1995; Miura et al., 

1991). The ability of F to decrease 11-KT levels regardless of Lh secretion indicates, in this 

scenario, a primary feedback regulation via F in the gonads and not the pituitary.  

Similarly, the inhibitory effect of F induced by stress on plasma sex steroids levels has 

been shown in female rainbow trout to be independent of plasma Lh levels (Pickering et al., 

1987). F exposure in common carp has been shown to downregulate lhb expression in 

pituitary cells but lead to no change in plasma Lh(Consten et al., 2001). On the other hand, F 

treatment in European eel stimulated an increase in plasma Lh levels and lhb expression in 

pituitary cells (Huang et al., 1999).  

Previous work on Atlantic cod has shown an increase in mRNA expression of kcnn2 

(SK2) in lhb expressing cells while fshb expressing cells had an increase in mRNA expression 

of kcnma (BK) (Hodne et al., 2013). Work done in rats by Waring and Turgeon (2009) 

indicates that activation of SK channels (specifically looked at SK2) leads to hyperpolarization 

of the membrane voltage (Vm) resulting in a decrease in membrane excitability. The opposite 
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would then be expected in endocrine cells that downregulate SK channels. A decrease in the 

amount of SK channels present would result in an increased excitability of the membrane and 

render the gonadotrope more susceptible to activation by GnRH binding and greater release 

of Lh.  

In accordance with this, the present study showed a significant reduction of mRNA 

expression of kcnn3 (SK3) after treatment with F. A downregulation of SK channels leads to 

an increase in the sensitivity of the pituitary cells to GnRH which when stimulated, leads to 

secretion of gonadotropins. According to Hodne et al. (2013) SK channels were abundant in 

lhb-expressing cells and no BK channels were found. This would lead to the secretion of Lh 

and support the studies done by Huang et al. (1999) in European eel which showed an 

increase in lhb expression in pituitary cells after treatment with F.  

Albeit significant, it cannot be deduced that the results obtained by F treatment and a 

decrease in expression of kcnn3 is standard. The cell cultures were a mix between female and 

male which may skew the results. It is possible that by studying the sexes separately the 

results of steroid exposure would differ. T levels have been observed to be greater in active 

oviparous females than they are in males which could suggest a behavioral role for androgens 

(Norris and Carr, 2013; Tubert et al., 2012). It must also be noted that effects of feedback 

activity of steroid exposure to pituitary cells may also differ from male to female which has 

been shown in mammals. In mammals, a positive feedback mediated by E2 is necessary for 

pre-ovulatory surge in GnRH and Lh secretion in females.  Actually, this has been shown to be 

female specific; no GnRH stimulation is seen in males as a result of increased E2 concentration 

exposure (Herbison, 2009).  

It has also been suggested that the sensitivity to F may vary dependent on season. F is 

able to regulate Ca2+ uptake in fish. It has been shown in female salmon that there is an 

increase in F levels and a decrease in Ca2+ during spawning period. This may suggest that the 
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upregulation of F during spawning is important for increase in the intake of Ca2+ (Tubert et 

al., 2012). The results obtained in the present study can thus have been affected by season 

dependence of F levels such that during spawning season, which is when the fish were 

captured, the samples are possibly less sensitive to F.  

4.3 Phylogenetic analysis of cod KCa sequences  

 

Phylogenic analysis reveals evolutionary ties between organisms. By conducting 

molecular studies followed by phylogenic analysis, it is possible to determine if homologs of a 

gene are paralogs, genes related within the same species, or orthologs, genes related as a 

result of speciation. Teleosts consist of over 30.000 species and are thought to have 

undergone an additional whole genome duplication compared to tetrapods (TGD) making 

them tetraploid (Hoegg et al., 2004). Extra genes provided by the TGD could perhaps have 

been essential in the diversification of teleosts.  It is difficult to assess if a species have 

undergone whole genome duplication or if paralogs are brought about by duplication of only 

parts of the genome.   

 Phylogenetic trees for SK channels  (kcnn1, kcnn2, and kcnn3 (figure 21-23) depicts 

how highly conserved the sequences for SK channels are as there is little clustering between 

subphyla (mammals, fish, amphibians, reptiles, birds) of vertebrates. Figure 24 depicts the 

phylogenetic tree created with kcnn4 sequences collected from different species. At this time 

there are not many species whose kcnn4 sequence has been published.  In figure 25, the 

phylogenetic tree for kcnma depicts Atlantic cod as being closest with medaka.  The results 

were as expected where teleosts such as rainbow trout, Atlantic cod, medaka and spotted gar 

(Lepisosteus oculatus), clustered together while mammals such as rat, mouse, and humans 

(Homo sapiens) made another cluster.   
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4.4 Summary  

 

Six KCa sequences for Atlantic cod were isolated and characterized encoding different KCa 

channels: kcnn1 (SK1), kcnn1a (SK1a), kcnn2 (SK2), kcnn3 (SK3), kcnn4 (SK4), and kcnma2 

(BK).  The effects of steroid hormones T, DHT, E2, and F on the expression of KCa channels 

were studied in dispersed cod pituitary cells in vitro.  

In conclusion, the effects of steroid hormones on KCa channels are not uniform. Of 

statistical significance, T exposure decreased the expression of kcnn4 (SK4), while F exposure 

inhibited the expression of kcnn3 (SK3). The effects of steroid hormones on sexual 

maturation are perhaps regulated partly via KCa channels, although more studies must be 

performed to prove this hypothesis. Studying KCa channels can be the key to understanding 

the control mechanisms of sex steroids on the BPG axis. Understanding the regulation 

processes involved stimulation and inhibition of BPG axis would provide essential 

information that can be applied in several intervention measures.  
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5 Discussion of Methods 

 

Sex steroids have been shown to have different effects on males and females. The present 

study showed that exposure of F in cod pituitary cells resulted in an inhibitory trend of mRNA 

expression of kcnn1a, kcnn2, slightly in kcnma2, and significantly in kcnn3. Expression of 

kcnn1 and kcnn4 were slightly upregulated after exposure to F. Results after exposure to 

steroid hormones in this study could have been different if the fish samples were not mixed 

females and males. For example, Rosenblum et al., (2001) showed that in brown bullhead 

catfish no 11-KT was observed in females at the onset of spawning season. Furthermore, in 

brown bullhead catfish, plasma T and E2 levels increased gradually during maturation until 

reaching spawning season. Mixing the two sexes together in samples can also mask true 

expression of KCa Rosenblum et al., (2001). 

Only  the  α  subunit  of  the  BK  channel  was  used  in  this  study.  According  to  Warring  and  

Turgeon (2009) the  differential  expression  of  β  subunits  can  greatly  influence  the  channels  

activity.  Furthermore  it  may  be  that  steroid  treatment  influences  the  expression  of  the  β  

subunits  and  not  α  subunit  in  which  case  it  would  be  interesting  to  determine  which  subunits 

are present in lhb expressing cells and which are present in fshb expressing cells.  

One-way ANOVA results shown in appendix V, reveal a large variance in results for kcnn2, 

thus the range of results was much higher for kcnn2 than other genes. One explanation to the 

lack of significant effects observed after steroid exposure to kcnma2, kcnn1, kcnn1a, and 

kcnn2 expression may be the small sample size. The sample size may also effect the variance 

in the results. Each sample had a duplicate and there were 6 samples per steroid treatment for 

a total of 12 results. Increasing the sample size and splitting samples into male and female 

samples may help reduce the variance in the results.  
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Other factors that may have affected the results are the dose used and length of 

exposure. A study done by Cavaco et al., (1998) focused on how sex steroids influence puberty 

in African catfish with daily doses of DHT, T, and 11-KT at a concentration of 30 µμg/g  of  body  

weight. Studies done by Samia et al., (2004) showed  that  a  minimum  dose  of  100  µμg/g  body  

weight of T was necessary in order to remove the stimulatory effect of GnRH on lhb 

expression in the pituitary of goldfish. Thus, different concentrations may lead to different 

results from species to species. The ideal concentration of each steroid hormone that may 

affect the expression of KCa channels could perhaps be different than the concentration used in 

this study.  

Pituitary tissue is composed of different cell types with varying patterns of gene 

transcription. Expression profile of specific cells such as gonadotropes may thus be masked by 

the expression profiles of other cell types present in pituitary culture such as lactotropes and 

somatotropes. Real-time PCR measures relative mRNA expression and hence results in the 

expression in all cells not of gonadotropes specifically. It cannot be ruled out that KCa channels 

could be present and differently regulated in other cells which could lead to masking of 

results. Furthermore, real-time PCR reveals expression of mRNA not necessarily expression 

and functionality of the protein. It is important to note that biological effect of steroid 

hormones can be present with a significant change in the expression of KCa channels. Single 

cell qPCR and patch clamp analysis could aid in further determining the specific KCa channel 

repertoire.  

In vivo studies are also necessary in order to be able to draw conclusions about the effect 

of steroid hormones on K Ca channel expression because in vivo results can differ from in vitro 

results. By conducting in vivo experiments it would also be possible to study the total effects 

of steroid hormones instead of looking at them individually since one steroid hormone can 

have an inhibiting or stimulatory effect on another steroid hormone. 
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The present study used DHT as the non-aromatizable androgen yet the main androgen in 

fish is 11-KT. It should not be overlooked that DHT and 11-KT although both non-

aromatizable androgens, each hormone may have different binding affinities, which may in 

turn affect KCa expression. More studies should be done using 11-KT in order to confirm the 

effects of 11-KT on KCa expression.  
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6 Further Studies 

 

In order to be able to link changes in the levels of expression of KCa channels with release 

of gonadotropins it would be useful to measure plasma levels of Fsh and Lh as an indication to 

see if there is an actual increase or decrease in secretion corresponding to an increase or 

decrease in expression of KCa. In European sea bass (Dicentrarchus labrax) Moles et al. (2011) 

developed an in vitro bioassay which was able to monitor plasma Fsh levels and Lh pituitary 

levels measured by homologous competitive ELISA but an assay for Atlantic cod has not yet 

been created.  

From the results obtained by Hodne et al. (2013) and Waring and Turgeon (2009) it 

would be interesting to study the expression of KCa channels after exposure to steroid 

hormones in all stages of sexual maturation, from maturing season, to spawning season, and 

finally non-reproductive season. Obtaining an overview of which steroid hormones affect 

which channels at which time in puberty could possibly answer questions about the 

differential regulation of Lh and Fsh.  

Studies with F could be further developed so that the expression of KCa channels is studied 

with F in addition to sex steroids to see how F affects the binding of sex steroids onto pituitary 

cells. Studies have shown that one of the main regulations of F is to decrease plasma steroid 

concentrations. This would not be able to be detected in the current study has F was studied 

independently of sex steroids.  

Finally, a study to determine the potential regulation of KCa channels by regulatory factors 

to Fsh such as inhibin, follistatin, and activin, could reveal other pathways in which KCa 

channels mediate communication in the BPG axis 
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8 Appendix 

 

 

APPENDIX I. Fish used for primer testing 

 
 

 

 

 

 

 

APPENDIX II. RNA Quality Assessment for primer testing.  

 

Measurements of optical density (OD)260/280 ratio using NanoDrop. 
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APPENDIX III. RNA Quality Assessment of samples used in steroid treatment.  

 

Measurement of optical density (OD)260/280 ratio using NanoDrop. 

 

 

APPENDIX IV. Viability tests 

 

In order to investigate possible toxic effects from steroid and/or EtOH exposure on the 

Atlantic cod primary pituitary cell cultures, viability tests were performed.  

Copper sulfate (CuSO4) was used as a positive control at three different concentrations, 0.24 

mM, 0.98 mM, and 3.9 mM. CuSO4 is a fungicide that is extremely toxic and lethal at high 

concentrations to fish (Pimentel. D., 1971), and were thus used as a positive control to test the 

integrity of the assay. Two fluorescent indicator dyes were used: Alamar Blue (AB) and 5-

carboxyfluoresce in diacetate acetoxymethyl ester (CFDA-AM). AB examined the metabolic 

activity of a cell indicating toxicity and CFDA-AM measured cell membrane integrity (Schreer 

et al., 2005). It was important to test cell membrane integrity as steroids enter the cell by 

diffusing through the plasma membrane. Together, the results of these two dyes indicate the 
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viability of the cells after EtOH and steroid exposure. The effects of steroids and EtOH on cod 

pituitary cell cultures are shown in figure 7. Results are shown as fluorescence relative to the 

control sample with EtOH. The highest dose of CuSO4 (A: 3.9 mM) resulted in complete 

depletion of the cells and an increase in viability of the cells was seen with decreased 

concentrations of CuSO4 (B: 0.98 mM) and CuSO4 (C: 0.24 mM). Statistical analysis was 

performed on the fluorescence data and no significant difference was detected between 

controls with and without EtOH.  

 

Figure 25: Cell viability test of  cultured cod pituitary cells. Effect from steroid hormone; Testosterone (T), 

Dehydrotestosterone (DHT), estradiol (E2), or  cortisol (F), exposure. CuSO4, a known toxin to fish, was used as 

a control in three different doses: A, B, and C (see main text). Data is presented as relative fluorescence 

compared to control - w/EtOH  (mean ± SEM (n= 6,). Borrowed with permission from Kristine von Krogh, 

(unpublished data).  
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APPENDIX V. Statistical analysis of relative mRNA expression of KCa channels. 

 

(*) indicates statistical significance. All values are given as p values of statistical analysis 

where  α  =  0.05  unless  otherwise  noted. 

 

 

 

APPENDIX VI. Accession number from GenBank and Ensembl 
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APPENDIX VII. Melting curve analysis.  
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a
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Appendix VI depicts the selectivity of SYBR green I assays using specific primers for A) kcnn1, B) kcnn1a, C) 

kcnn2, D) kcnn3, E) kcnn4, F) kcnma2 
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