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Abstract 

As a central component of the hypothalamic-pituitary-adrenal (HPA) axis, the 

anterior pituitary corticotrophs play an important role in the regulation of HPA axis 

function and the neuroendocrine response to stress. Pituitary corticotrophs integrate 

stress-induced stimulatory signals (CRH and AVP) from the brain together with the 

negative feedback control from circulating glucocorticoid hormones to coordinate 

adrenocorticotrophin hormone (ACTH) secretion. Previous studies have classified 

pituitary corticotrophs as both endocrine and electrically excitable cells with a 

number of ion channels and signaling pathways implicated in the control of their 

electrical properties and ACTH secretion. However, the mechanisms involved in 

native corticotrophs are poorly understood partly due to the current limitations of 

identifying physiological intact corticotrophs. 

 

To address the electrophysiological properties of native murine corticotrophs, a 

lentiviral transduction system was developed, using a minimal pro-opiomelanocortin 

(POMC) promoter to drive the expression of enhanced yellow fluorescent protein 

(eYFP), to allow highly efficient and specific labeling and identification of 

corticotrophs in vitro. This approach, with patch clamp electrophysiological 

investigations, revealed metabolically intact native murine corticotrophs displayed 

spontaneous action potentials with highly heterogeneous firing patterns including 

single spikes and variable  “pseudo plateau bursting” action potentials. The resting 

membrane potential of native murine corticotrophs was maintained by a TTX-

resistant background sodium conductance. Physiological concentrations of 
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CRH/AVP rapidly depolarized native murine corticotrophs resulting in a sustained 

increase in the frequency of action potentials. Native murine corticotrophs express 

multiple outward potassium conductances with two major components mediated by 

intermediate-conductance calcium-activated (SK4) potassium channels and A-type 

potassium channels. Inhibition of SK4 channels with TRAM-34 lead to an increase 

in corticotroph excitability with firing pattern transition from single spikes to 

“pseudo plateau bursting”. When A-type potassium channels were blocked, the 

afterhyperpolarization amplitude of single spikes was decreased in some 

corticotrophs. In native murine corticotrophs, outward potassium current carried by 

large conductance calcium- and voltage- activated potassium (BK) channels was 

very low, which is in contrast with that in the mouse pituitary adenoma cell line 

(AtT20 cell line).  

 

Corticotroph cells from wild type (WT) mice and mice with a genetic deletion of the 

BK channel (BK-/-) were compared. The only potassium current that showed 

significant difference between WT and BK-/- corticotrophs was carried via the 

barium-sensitive inwardly rectifying (Kir) potassium channel. However, the blockage 

of Kir channels displayed no clear effect on corticotroph cell electrical excitability. 

Similar heterogeneous spontaneous firing patterns were found in WT and BK-/- 

corticotrophs. 

 

Taken together, the lentiviral-mediated expression of eYFP, driven by a minimal 

POMC promoter, provides an efficient method to identify physiological intact native 
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murine anterior pituitary corticotrophs. These findings demonstrate that native 

murine anterior pituitary corticotrophs are spontaneous excitable cells that display 

significant heterogeneity of firing patterns. Results also reveal an important role of a 

background TTX-insensitive sodium conductance in controlling spontaneous and 

CRH/AVP evoked action potentials. Furthermore, an unexpected role for SK4 

calcium-activated potassium channels in corticotroph excitability was revealed. In all, 

these studies give new insight into the physiology of corticotroph excitability and 

ACTH secretion, and provide the basis for understanding the roles of these ion 

channels in HPA axis function. 
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1.1 Stress and its importance  

Stress is a nebulous concept referring to the consequences of an inadequate response 

to psychological or physical demands from the actual environment or imagination, 

which disrupts the homeostasis of organisms (Selye, 1956; Sullivan, 1995). The 

demand elements that lead to stress are termed as stressors, which can be 

psychological from cognition or emotion like bad judgement, contempt, worry, 

isolation and agitation, or physical changes such as injury or diseases causing pain 

and infections (Sullivan, 1995). Stress is proposed as a major factor underlying many 

psychiatric diseases including a wide range of severe dysfunctions like depression, 

schizophrenia and other anxiety disorders, which evoke organisms to display 

abnormal behaviours like drug, alcohol addiction or suicide resulting in physical 

damage or even death (Sullivan, 1995).  

 

In particular, chronic stress is emphasized as a key element leading to many 

problems. In a long-term stress environment, children showed significant 

developmental growth retardation due to the down-regulation of growth hormone 

(GH) secretion from pituitary gland (Gibbs & Vale, 1982). For adults, sustained 

stress causes memory and learning deficits due to a constant exposure of the brain to 

high levels of glucocorticoids, which impair hippocampal function and may lead to 

the death of brain cells (Lee, Ogle & Sapolsky, 2002). Chronic stress also has the 

potential in impairing the immune system and increasing the susceptibility to 

infections, neoplastic diseases or autoimmune diseases like lupus erythematosus 

(Connor & Leonard, 1998). Furthermore, high levels of stress have adverse effects 
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on the metabolic and cardiovascular systems leading to a wide variety of human 

disorders including obesity and hypertension (McEwan, 1983). For example, when 

female monkeys were exposed to high levels of stress, an accumulation of visceral 

fat was observed (Park, 2009). 

 

Stress is a global epidemic and is getting more and more severe in today’s high-

speed modern lifestyle (Jones & Rees, 2002). Stress has been suggested as a major 

risk factor for many health problems and diseases, and to avoid these, stress must be 

managed. For humans, some people can simultaneously handle many stressors very 

well, while some others are not able to. Mild psychological stress management 

disorder may be resolved slowly by psychological strategies. However, in severe 

stress management disable or psychiatric related conditions, stress has to be 

controlled by drugs clinically. As a result, understanding the physiological systems 

that stress activates and how the human body regulates the stress response can give 

insights into how stress-induced conditions may be alleviated and thus improve 

human health. 

 

1.2 The stress axis/HPA axis 

From microorganisms to human beings, all organisms have evolved mechanisms to 

handle dramatic changes triggered by internal and external stressors from their 

environments (Sullivan, 1995). In mammals, the hypothalamic-pituitary-adrenal 

(HPA) axis (also known as the limbic-hypothalamic-pituitary-adrenal (LHPA) axis) 
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carries out the functions in mediating the response to stressors (Kudielka & 

Kirschbaum, 2005). The HPA axis is the major neuroendocrine system regulating the 

stress response through feed forward and feedback interactions between the 

hypothalamus, anterior pituitary gland and adrenal glands (Figure 1.1).  

 

Various stress inputs to the brain are integrated and transferred to the parvocellular 

nucleus (PVN) of the hypothalamus in the medial parvocellular (mp) division of the 

brain (Sullivan, 1995; Kudielka & Kirschbaum, 2005). In mpPVN, the 

neuroendocrine neurons synthesize corticotropin-releasing hormone (CRH) and 

vasopressin (AVP) and release them from the external terminals of the median 

eminence into the portal blood (Sullivan, 1995; Jessop, 1999). Both CRH and AVP 

reach corticotrophs via portal circulation. Once CRH and AVP activate to their 

receptors on the anterior pituitary corticotroph cell membrane, different G protein-

coupled receptors (GPCRs)-triggered signalling pathways are activated, cyclic 

adenosine monophosphate (cAMP) working by activating protein kinase A (PKA) 

pathway for CRH and D-myo-inositol-1,4,5-trisphosphate (IP3)/protein kinase-C 

(PKC) pathway for AVP. Then, adrenocorticotropic hormone (ACTH, also known as 

corticotropin) and the related peptides, like -endorphins originating from the 

common precursor proopiomelanocortin (POMC) are released from the stimulated 

corticotrophs into the peripheral circulation (Sullivan, 1995; Jessop, 1999). When 

ACTH reaches the adrenal cortex of the adrenal gland, it activates the adrenal cortex 

(cells in the middle cortical layer) to biosynthesize and secrete glucocorticoids, 

corticosterone in rodents and cortisol in primates, which functionally reduce the 

metabolic demands caused by stressors in the body (Sullivan, 1995; Hatzinger, 2000).  



stress 

anterior pituitary 

corticotrophs 

adrenal gland 

hippocampus 

/hypothalamus 

ACTH 

 CRH/AVP 

glucocorticoid 

AP AP 

Figure 1.1  
The hypothalamic–pituitary–adrenal (HPA) axis 

Figure 1.1 The hypothalamic–pituitary–adrenal (HPA) axis. The 

HPA axis is the major neuroendocrine system regulating the stress 

response through feed forward and feedback interactions between 

the hypothalamus, anterior pituitary gland and adrenal glands. 

Stress stimulates the release of corticotropin-releasing hormone 

(CRH) and vasopressin (AVP) from the hypothalamus that 

stimulates ACTH secretion from pituitary corticotrophs. For negative 

feedback, glucocorticoid released from adrenal gland in response to 

ACTH inhibits hormone secretion both from pituitary corticotrophs 

and the hypothalamus.  
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Theses steroids have extremely wide effects on various systems throughout the body 

by regulating specific intracellular ligand-activated receptors to control gene 

expression (Sullivan, 1995; Jessop, 1999; Kudielka & Kirschbaum, 2005). 

Because of the highly efficient and broad effects, excess glucocorticoid levels are 

very harmful to organisms, so the level of glucocorticoids is strictly and optimally 

maintained (Sullivan, 1995; Jessop, 1999). Glucocorticoids thus regulate their own 

production in a variety of negative feedback mechanisms via their receptors in the 

hypothalamus and the anterior pituitary gland to suppress the CRH and ACTH 

production and release, and also reduced the mRNA cleavage of POMC into ACTH 

and related peptides (Sullivan, 1995; Jessop, 1999). With ACTH secretion depressed, 

glucocorticoid biosynthesis reduces and the negative feedback process completes. 

1.3 Anterior pituitary corticotrophs-the central ‘hub’ of the HPA 

axis 

1.3.1 Hypothalamic regulation of corticotrophs: stimulation by CRH 

and AVP 

ACTH secretion from anterior pituitary corticotrophs is evoked and regulated by 

several secretagogues, while CRH and AVP are the primary hormones in vivo. CRH 

is the most efficient secretagogue to trigger corticotroph ACTH secretion. In addition, 
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other secretagogues like AVP and oxytocin (OT) are weaker stimuli to induce ACTH 

secretion but may synergise with CRH (Sullivan, 1995). 

In response to stress, CRH, a 41-amino acid peptide hormone is released by mpPVN 

neurons of the hypothalamus and carries the major function of regulating pituitary 

corticotrophs electrical activity, ACTH secretion and POMC gene transcription 

(Jessop, 1999).  Based on previous studies, ACTH release is closely associated with 

elevation of cytosolic Ca
2+

. In conjunction with patch-clamp technique monitoring 

exocytosis, via the changes of membrane capacitance during ACTH secretion, with a 

fluorescent Ca
2+

 ion indicator to measure cytosolic Ca
2+

 concentration at the same 

time, CRH-induced ACTH secretion has been shown to be a Ca
2+

-dependent 

exocytosis process. ACTH secretion can be stimulated both by extracellular Ca
2+

 

entry via voltage-gated calcium channels or intracellular Ca
2+ 

release from the 

inositol 1,4,5-trisphosphate (IP3)-sensitive stores (Tse & Lee, 2000). Although both 

extracellular Ca
2+

 entry and intracellular Ca
2+

 release generated a spatial Ca
2+

 

gradient elevating a 3 fold higher local [Ca
2+

]i near the exocytic sites than the mean

[Ca
2+

]i, it could not account for the high efficacy of CRH, or adenosine 3’, 5’-cyclic

monophosphate (cAMP), in triggering ACTH release from rat corticotrophs (Tse & 

Lee, 2000). Further investigations show cAMP membrane-permanent analogues 

mimics the membrane depolarization, and increases in action potential frequency and 

intracellular elevation of [Ca
2+

]i induced by CRH (Kuryshev, Childs & Ritchie,

1995b). In the AtT20 corticotroph cell line, a PKA specific inhibitor inserted in 

membrane reduces CRH-induced ACTH release CRH (Kuryshev, Childs & Ritchie, 

1995b). These observations revealed that CRH activated L-type calcium channels 
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through stimulating the adenylyl cyclase and cAMP-dependent protein kinase A 

(PKA) pathway, and the phosphorylated PKA opened Cav channels allowing Ca
2+

entry causing membrane depolarization and evoking action potentials in silent 

corticotrophs or increasing the firing frequency in spontaneously active corticotrophs 

that directly related with ACTH release (Guerineau et al., 1991; Tse & Lee, 2000; 

Kuryshev, Childs & Ritchie, 1995b). In other endocrine cells, like lactotrophs, 

melanotrophs and pancreatic -cells, intracellular cAMP increased the amplitude of 

action potentials or the rate of exocytosis stimulated by depolarization (Tse & Lee, 

2000). Endocytosis must occur to compensate the cell plasma membrane after 

exocytosis. In rat corticotrophs, Ca
2+

-induced exocytosis is followed by a ‘slow’ 

endocytosis, which is weakly Ca
2+

-independent (Lee & Tse, 2001). However, there is 

a high Ca
2+

 affinity sensor involved in the endocytosis, so intracellular Ca
2+

 may 

mediate the efficacy of endocytosis directly (Lee & Tse, 2001). The high Ca
2+

 

affinity ‘slow’ endocytosis may contribute to maintaining continuous cycles of 

exocytosis and endocytosis in the pituitary corticotrophs during sustained ACTH 

release (Lee & Tse, 2001) (Figure 1.2). 

Various ion channels expressed in pituitary corticotrophs are proposed as the direct 

or indirect targets of CRH in the regulation of corticotroph electrical excitability in 

electrophysiological studies. In addition to the important role of CRH-activated 

calcium channels in the cAMP-dependent PKA signalling cascade leading to cell 

depolarization and hormone release, the inhibition of background potassium channels 

also appeared to contribute to CRH-mediated excitability. Potassium channels 

contribute to the membrane repolarization, which would normally show negative 



 

Ca2+

PKA 

PKC 

Figure 1.2 
The regulation of anterior pituitary corticotrophs by 

CRH and AVP  

Figure 1.2 The regulation of anterior pituitary corticotrophs by 

CRH and AVP. CRH mediates the activation of cyclic adenosine 

monophosphate (cAMP)-protein kinase A (PKA) pathway, and AVP 

mediates the hydrolysis of phosphatidylinositol bisphosphate to 

inositol triphosphate (IP3) and diacylglycerol (DAG) via 

phospholipase C (PLC). These signalling pathways stimulate ACTH 

secretion by increasing intracellular calcium (Ca2+) concentrations 

through activation of voltage-gated Ca2+ (Cav) channels and 

inhibition of K+ channels. 

CRH receptors 

cAMP 

CRH 

IP3 

DAG 

+ 

intracellular 

Ca2+ stores 
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feedback to limit the duration of action potentials and control Ca2+ entry. Inhibiting 

these K+ channels could lead to a constant membrane depolarisation activating 

voltage-gated Ca2+ influx (VGCI), followed by a sustained [Ca2+]i elevation (Tse & 

Tse, 1998). Results from AtT20 pituitary corticotroph cells revealed that CRH 

significantly inhibited large conductance voltage- and calcium-activated potassium 

channels (BK channels) upon the activation of PKA signalling pathway promoting 

cell depolarization and ACTH release (Shipston et al., 1999). In rat corticotrophs, 

where Kir conductance was responsible for maintenance of the resting membrane 

potential, CRH-induced Kir inhibition exerted some effects, but not account for all of 

CRH-evoked membrane depolarization and firing frequency enhancement (Kuryshev 

et al., 1997) (Figure 1.2). 

On the molecular level, CRH plays a role in mediating POMC mRNA level 

transcription via cyclic cAMP coupled CRH receptors in pituitary corticotrophs 

(Suda et al., 1988; Sullivan, 1995). POMC is a peptide precursor gene encoding 241 

residues. With an orderly series of tissue-specific enzymes cleavage at eight potential 

sites in the post-translation processing, the precursor POMC may result in ten 

peptides with various biological functions. POMC gene is mainly expressed in the 

pituitary gland, specifically in anterior lobe (AL) pituitary corticotrophs and all 

intermediate lobe pituitary cells. In pituitary corticotrophs, there are four cleavage 

sites of precursor POMC encoding ACTH, the opioid -endorphin 1-31 and three 

copies of the active core of melanocortin (α, β, and γ-MSH) as the five major 

biological peptides (Sullivan, 1995; Slominski et al., 2000). Research on primary 
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pituitary cells showed both CRH and cAMP increased the rate of POMC gene 

transcription in anterior pituitary cells (Gagner, 1987). 

In addition to CRH, the secretion of ACTH in anterior pituitary corticotrophs is also 

activated by other secretagogues, such as AVP. AVP is co-localized and co-released 

with CRH from mpPVN. Although AVP alone is a weak trigger for corticotroph 

ACTH secretion, its synergistic effect with CRH significantly enhances the release of 

ACTH from pituitary corticotrophs (Sullivan, 1995; Jessop, 1999). In human 

pituitary adenoma cells, AVP is proposed to extend the duration and the amplitude of 

action potentials by activating L-type voltage-gated calcium channels (Tse & Lee, 

1998). In male rat corticotrophs, AVP evokes a biphasic ACTH release (Tse & Lee, 

1998). The initial transient phase of AVP-induced ACTH release is related with the 

elevation of [Ca
2+

]i from IP3-sensitve stores via a GTP binding protein-coupled

phosphoinositide pathway and the calcium signal also stimulates apamin-sensitive, 

small conductance voltage- and calcium-activated channels (SK channels) leading to 

membrane hyperpolarization (Tse & Lee, 1998). The plateau phase of AVP-evoked 

ACTH release involves an extracellular Ca
2+

 influx via L-type voltage-gated calcium 

channels activated by the PKC pathway (Tse & Lee, 1998). In corticotrophs, AVP 

stimulates the translocation of PKC and its activity at the plasma membrane leading 

to repetitive cell excitability and ACTH release through elevating [Ca
2+

]i (Tian, Philp

& Shipston, 1999; Ozawa & Sand, 1986). 
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Although CRH and AVP are the two main secretagogues stimulating ACTH 

secretion from anterior pituitary corticotrophs, oxytocin and catecholamines are also 

able to trigger ACTH release (Sullivan, 1995). In rat corticotrophs, norepinephrine 

analogue (NA) leads to [Ca
2+

]i oscillations depending on the adrenergic receptors and

a G-coupled phosphoinositide pathway, which periodically activates apamin-

sensitive SK channels (Tse & Tse, 1998). Through releasing intracellular Ca
2+

 from 

IP3-sensitive stores, NA triggers the weak exocytosis of a small pool of ready 

releasable granules released from rat pituitary corticotrophs (Tse & Tse, 1998). 

1.3.2 Glucocorticoid negative feedback regulation 

An important physiological function of adrenal glucocorticoids is the rapid 

suppression of CRH-induced ACTH secretion from anterior pituitary corticotrophs 

through negative feedback to maintain glucocorticoids in an optimal concentration to 

avoid harm from over-production. The early action (10 minutes to 3 hour) of 

glucocorticoids to inhibit anterior pituitary corticotroph ACTH release depends on 

the activation of intracellular type II glucocorticoid receptors, the synthesis of new 

mRNA and protein including the calcium-binding protein calmodulin (Gagner & 

Drouin, 1987; Shipston, 1995). 

In animals including humans, glucocorticoids, the downstream products of the HPA 

axis, are characteristically released in rapid approximately hourly hormone bursts by 

the adrenal gland called ultradian rhythm (Lightman et al., 2008; Sarabdjitsingh et 

al., 2010). These ultradian glucocorticoids oscillations increase in advancing 

http://www.ncbi.nlm.nih.gov/pubmed?term=Sarabdjitsingh%20RA%5BAuthor%5D&cauthor=true&cauthor_uid=20861228
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amplitude of the active phase, leading to a circadian secretion pattern (Walker, Terry 

and Lightman, 2010; Sarabdjitsingh et al., 2010). Not only the classic circadian 

rhythm, but also the ultradian pulses of discrete pulsatile glucocorticoids secretion 

characterize the activity of the HPA axis in response to stress (Walker, Terry and 

Lightman, 2010). Oscillatory changes of glucocorticoid levels are essential for the 

maintenance of proper homeostasis and the reactivity to a stressor. The pulse 

amplitude, frequency, and phase of glucocorticoid ultradian oscillations are all 

associate variables in regulating the acute adaptation of the HPA axis. 

The pulse characteristics of glucocorticoid ultradian rhythmicity can signally be 

mediated by various physiological conditions. Pathological dysfunctions of the HPA 

axis produce altered ultradian patterns, and the disorganization of glucocorticoid 

pulsatility is suggested relevant with a number of stress-related psychiatric and 

metabolic diseases (Walker, Terry and Lightman, 2010). On molecular level, the 

transcriptional regulation of glucocorticoid responsive genes biologically 

meaningfully responds to these rapid fluctuations as a “gene pulsing” (Walker, Terry 

and Lightman, 2010; Sarabdjitsingh et al., 2010; Scheff et al., 2012). 

The interaction of glucocorticoids release oscillation with physiological responses to 

stress is a major area that has not been totally investigated. Nowadays, a post hoc 

analysis in female rat in different phases of the glucocorticoid endogenous ultradian 

cycle has indicated during the ascending phase the acute stress evoked much greater 

HPA responsiveness. While when the stress was coincided in a falling phase, there 

http://www.ncbi.nlm.nih.gov/pubmed?term=Sarabdjitsingh%20RA%5BAuthor%5D&cauthor=true&cauthor_uid=20861228
http://www.ncbi.nlm.nih.gov/pubmed?term=Sarabdjitsingh%20RA%5BAuthor%5D&cauthor=true&cauthor_uid=20861228
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was a significantly smaller response, no greater than a basal pulse recorded. It 

suggested these alternate secretion and inhibition phases of generating basal HPA 

axis activity are a critical determinant in acute stress responses (Windle et al., 1998; 

Sarabdjitsingh et al., 2010). 

Glucocorticoid early negative feedback of CRH-stimulated ACTH secretion in 

AtT20 cells was dependent on newly synthesised proteins that prevented the PKA 

and PKC-mediated inhibition of BK channels (Shipston, Kelly & Antoni, 1996; 

Shipston et al., 1999; Tian, Philp & Shipston, 1999). Recent studies also support a 

role for BK channels that in native mouse pituitary corticotrophs with genetic 

deletion of BK channel, the CRH and AVP-induce ACTH secretion is enhanced 

(Brunton et al., 2007). In contrast, investigations from native rat anterior pituitary 

cells suggest glucocorticoids-induced inhibition of ACTH release was dependent 

upon regulation of the synthesis of new mRNA and protein, but not BK or SK 

channels (Lim, Shipston & Antoni, 1998). Kv1.5 voltage-gated potassium channel 

subunits have been implicated in early glucocorticoid action in somatotrophs, but not 

in AtT20 corticotrophs (Shipston, Kelly & Antoni, 1996). 

1.3.3 Previous studies on anterior pituitary corticotrophs 

In the HPA axis, anterior pituitary corticotrophs operate as a central ‘hub’ in the 

control of HPA axis functions by integrating upstream signals from the 

hypothalamus and responding to the negative feedback from the adrenal gland that 

provide an optimal range of ACTH concentration in the circulation. Anterior 

http://www.ncbi.nlm.nih.gov/pubmed?term=Sarabdjitsingh%20RA%5BAuthor%5D&cauthor=true&cauthor_uid=20861228
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pituitary corticotrophs are characterised as both electrically excitable and endocrine 

cells, the same as other cell populations in the anterior pituitary (Stojilkovic, Tabak 

& Bertram, 2010). Previous research has established the mechanism of ACTH 

secretion regulation stimulated by CRH and AVP as well as ACTH output cessation 

by glucocorticoids mainly based on a variety of tumour cell models including mouse 

anterior pituitary corticotroph tumour cell line AtT20 cells and human pituitary 

corticotroph tumour cells (Pennington, Kelly & Antoni, 1994; Shipston, Kelly & 

Antoni, 1996; Takano et al., 1996; Surprenant, 1982; Mollard et al., 1987). 

However, we poorly understand which ion channels control membrane excitability, 

as well as how calcium ion channel coupled to Ca
2+

-dependent ACTH release from 

native anterior pituitary corticotrophs (Kuryshev et al., 1997). A big challenge is the 

limitation of distinguishing live native corticotrophs from other sub-populations of 

anterior pituitary cells. There are five classes of pituitary cells located in the anterior 

pituitary: somatotrophs (growth-hormone (GH)-releasing cells, ~50% of the total 

anterior pituitary cells), lactotrophs (Prolactin (PRL)-releasing cells, ~15%), 

corticotrophs (ACTH-releasing cells, ~15%), thyrotrophs (thyroid-releasing hormone 

(TRH)-releasing cells, ~10%) and gonadotrophs (luteinizing hormone/follicle 

stimulating hormone-releasing cells, ~10%) (Childs et al., 1988). Several approaches 

have been developed to identify corticotrophs including: 1) labelling corticotrophs by 

biotinylated CRH peptide (Childs, Marchetti & Brown, 1987), 2) labelling 

corticotrophs by ACTH secretion in haemolytic plaque assay (Lee & Tse, 1997), 3) 

post hoc ACTH immunohistochemistry staining or responsiveness to CRH or AVP 

of fixed recorded corticotrophs (Brunton et al., 2007), 4) enriching corticotrophs 
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following cell volume enlargement by high doses of CRH stimulus followed by 

centrifugation (Kuryshev et al., 1997). In most publications, the main approach is 

pre-treating rat anterior pituitary cells with high concentrations of 10-100 nM CRH 

with 20-100 nM AVP, and the CRH-responsive corticotrophs are enlarged and 

distinguished from other sub-populations of small unstimulated pituitary cells by 

counterflow centrifugation (Guerineau et al., 1991). However, the CRH 

concentration used to pre-treat corticotrophs are supramaximal that is several orders 

of magnitude (typically 10-100 nM CRH) higher than the physiological levels in the 

portal circulation (Sheward & Fink, 1991). It has been reported that CRH stimulates 

corticotrophs leading to membrane depolarization and evokes firing of action 

potentials, so these pre-stimulated corticotrophs are unlikely to reflect the normal 

basal physiological properties, which may affect further investigations. A recent 

investigation of corticotrophs was based on an animal model of transgenic mice with 

constitutive expression of green fluorescent protein (GFP) driven by the POMC 

promoter in the corticotrophs, but no analysis of spontaneous electrical excitation 

was given (Lee et al., 2011). The systematic analysis of spontaneous electrical 

excitability of native anterior pituitary corticotrophs in the absence of secretagogues 

is thus still limited by the lack of a routine technique to isolate corticotrophs. In this 

thesis I exploit a new approach to specifically label native mouse anterior pituitary 

corticotrophs to allow routine electrophysiological analysis. 
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1.4 Ion channels and control of corticotroph excitability 

1.4.1 Ion channels implicated in corticotroph excitability 

Studies on mouse AtT20 pituitary corticotrophs and native rat pituitary corticotrophs 

reveal different hypothalamic hormones trigger the elevation of [Ca
2+

]i through Ca
2+

 

entry by voltage-dependent calcium channels and/or release from IP3 intracellular 

stores, which leads to cell depolarization and ACTH secretion in pituitary 

corticotrophs (Tse & Lee, 2000). The cytosolic Ca
2+

 signals mediate diverse cellular 

functions of pituitary corticotrophs associated with various ion channels and 

signalling pathways. The most efficacious ACTH secretagogues, CRH mediates the 

inhibition of background K
+
 channels via PKA/PKC signalling pathway, which also 

contribute to a constant membrane depolarisation which activated voltage-gated Ca
2+

 

entry, followed by a sustained  [Ca
2+

]i elevation (Tse & Tse, 1998).  

 

As electrically excitable cells, both the electrically activity and ACTH release of 

anterior pituitary corticotrophs triggered by CRH and AVP are thought to be 

regulated by controlling multiple different ion channels. The original corticotroph 

electrical model was a Hodgkin-Huxley-type model (1952) initially built  upon four 

ionic currents: 1) a high-threshold voltage-gated L-type calcium current allowing 

Ca
2+

 influx during cell depolarization, 2) a low-threshold voltage-gated T-type 

calcium current which is rapidly inactivated, 3) a voltage-gated potassium current, 

mainly controlling repolarization, 4) a Ca
2+

-gated potassium current, together with 

leak current represent for the rest of the non-specific ionic currents (Shorten et al., 

2000). Later on, 1) P-type calcium current modulating the firing frequency 
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(Kuryshev, Childs & Ritchie, 1995a), 2) TTX-sensitive sodium current (Kuryshev, 

Childs & Ritchie, 1996), 3) a non-selective cation current (Shorten et al., 2000) and 

inward-rectified potassium channels (Kir channels) responsible for maintaining the 

resting membrane potential (Kuryshev et al., 1997) were suggested to be included 

into the original corticotroph model. The modified Hodgkin-Huxley-type model 

suggests a dual modulation of CRH on voltage-gated calcium channels and Kir 

channels. In this model, CRH increased L-type calcium current is believe to 

sufficiently generate repetitive action potential, as well as CRH inhibited Kir current 

increases the firing frequency and [Ca
2+

]i transients (LeBeau et al.,1997). 

 

1.4.1.1 Voltage-gated Na
+
 channels (Nav channels): 

Voltage-gated Na
+
 channels consist of a large α-subunit associated with β-subunits 

and other regulatory proteins. The expression of α-subunit alone is sufficient to 

produce a functional Nav channels, and different β-subunits alter physiological 

properties of Nav channels including the modulation of channel gating (Isom, 2001). 

There are nine genes coding the α-subunit of Nav channels in mammals, named 

Nav1.1-Nav1.9 (Catterall, Goldin & Waxman, 2005). α-subunit consists of four 

homologous domains, termed I-IV, forming the ion pore, which selectively conducts 

Na
+
 ion. Each homologous domain contains six transmembrane (TM) regions, 

labelled S1-S6 (Figure 1.3A). The voltage-gated sensor of Nav channels is located in 

the highly conserved S4 region (Catterall, Goldin & Waxman, 2005). After 

stimulation by a transmembrane voltage change, the positive amino acids regions 

move toward the extracellular membrane side and open the ion permeable pore (Yu 
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& Catterall, 2003). The pore contains a selectivity filter made of negatively charged 

amino acid residues, which attracts the positive charged Na
+
 ion and keeps out the 

negative charged ions such as Cl
-
 ion. The pore consists of two regions. The 

extracellular portion contains the "P-loops" between S5 and S6 including the 

tetrodotoxin (TTX) binding site, which is 0.3-0.5 nm wide and is the narrowest part 

of the pore (Yu & Catterall, 2003). This constricted structure is just large enough to 

allow a single Na
+ 

ion or with a water molecule associated to pass through (Yu & 

Catterall, 2003). The larger K
+
 ion cannot fit through this area, and other differently 

sized ions also cannot interact with the negatively charged glutamic acid residues 

lining in the pore (Yu & Catterall, 2003). The cytoplasmic portion is formed by the 

combined S5 and S6 regions of the four repeated domains including the 

phosphorylation sites by protein kinase (Catterall, 2000b). The region linking 

domains III and IV shows an important function in rapid inactivating of Nav channels 

(Yu & Catterall, 2003). There are also TTX-insensitive Nav channel with α-subunit 

Nav1.5, Nav1.8 and Nav1.9 (Yang et al., 2008). The expression of TTX-sensitive and 

-resistant Nav channels have been widely studied in major endocrine pituitary cells. 

Electrophysiological investigation reveals both TTX-sensitive and -insensitive Na
+
 

current components are found in melanotrophs, and TTX-sensitive Nav channels also 

found in gonadotrophs from different species and biotinylated labelled rat 

corticotrophs, but not in cultured human pituitary adenoma cells (Stojilkovic, Tabak 

& Bertram, 2010; Guerineau et al., 1991; Marchetti, Childs & Brown, 1987). Nav 

channels are also found expressed in lactotrophs, somatotrophs and GH3 cells. Thus, 

Nav channels are proposed to be native to all endocrine pituitary cells (Stojilkovic, 

Tabak & Bertram, 2010). 



Figure 1.3  
Structures of ion channels pore-forming subunits 
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Figure 1.3 Structures of ion channels pore-forming subunits. 

α-helices are represented as cylinders and the extracellular and 

intracellular chains of amino acids as continuous lines. A, model of 

voltage-gated Na+ (Nav) channels and voltage-gated Ca2+ (Cav) 

channels. B, model of voltage-gated K+ (Kv) channels and inwardly 

rectifying K+ (Kir) channels. The positive charged S4 domain 

represents the voltage sensor, and the loop between S5 and S6 

domains line the channel pore. Kv and Kir subunit assemble as 

tetramers. 

NaV channels / CaV channels 

C

 N 
 C

B 

A 

+ 

4 

+ 

+ 

4 

+ 

+ 

4 

+ 

+ 

4 

+ 

+ 

4 

+ 

- 20 - 



- 21 - 

 

Nav channels both open and close more quickly than most K
+
 channels, and thus 

contribute to the influx of positive charge (Na
+
) during the upstroke of action 

potentials in many cell types either alone or together with Cav channels in some cells 

(Catterall, 2003). In electrically excitable cells like nerve, muscle and 

neuroendocrine cells, the major role of Nav channels is generating the depolarization 

upstroke of the action potentials and maintains the spike amplitude 

(Sankaranarayanan & Simasko, 1996; Kwiecien et al., 1998). In the majority of 

pituitary cells, the inhibition of Nav channels shows no significant effect on 

generation of spontaneous action potentials. TTX did not abolish spontaneous or 

CRH-induced firing or influence the firing frequency in rat pituitary corticotrophs, 

only with an inhibition of the rapid initial component of the action potentials in most 

pituitary cells (Kuryshev, Childs & Ritchie, 1996). However, in some pituitary 

lactotrophs cells with high level of Nav channel expression, TTX abolished their 

basal hormone secretion (Van Goor, Zivadinovic & Stojilkovic, 2001). Different 

functions of TTX-sensitive Nav channels in the electrical excitability of pituitary 

cells are associated with their status at the resting membrane potential. The inability 

of TTX-sensitive Nav channels to control electrical excitability and hormone 

secretion in most pituitary cells is most likely due to more than 90% of TTX-

sensitive Nav channels being inactivated at the resting membrane potential in vitro 

(Stojilkovic, Tabak & Bertram, 2010). In gonadotrophs, GnRH removed the steady 

inactivation status of TTX-sensitive Nav channels and then induced transient 

membrane depolarization contributing to action potentials (Tse & Hille, 1993; 

Heyward, Chen & Clarke, 1995; Van Goor, Zivadinovic & Stojilkovic, 2001; Van 
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Goor, Li & Stojilkovic, 2001). Overall, TTX-sensitive Nav induced-action potentials 

are not essential for hormone secretion from anterior pituitary cells. 

 

1.4.1.2 Voltage-gated Ca
2+

 channels (Cav channels): 

There are two major electrophysiological groups of Cav channels found in excitable 

cells, one is high-voltage-activated Cav channels only activated by a strong 

membrane depolarization, including L-, N-, P/Q-, and R-type Ca
2+

 channels with 

different biophysical and pharmacology properties.  The other group is low-voltage-

activated Cav channels that require less depolarization for activation but need a 

strong membrane hyperpolarization to drag them out of their inactivation status. 

They are thus named as transient or T-type Cav channels (Marchetti, Childs & Brown, 

1987; Catterall, 2000a).  

 

Cav channels consist of five subunits: a large α1-subunit and four smaller ancillary 

subunits: α2, β1-4, γ and δ with several functions including channel gating modulation 

(Catterall, 2000a). Four homologous domains construct an α1-subunit forming the ion 

conducting pore permeable to Ca
2+

 ions, and each domain contains six 

transmembrane regions (S1-S6) including a "P-loop" between S5 and S6, the S4 

voltage sensor, as well as the gating machinery and regulation sites by intracellular 

messengers and signalling pathways such as multiple PKA phosphorylation sites 

(Catterall, 2000a) (Figure 1.3A). Although the pore is also slightly permeable to Na
+
 

ion, its permeability to Ca
2+

  ion is about 1000-fold greater than to Na
+
 ion under 

normal physiological conditions.  
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Both T-type and L-type functional Cav channels have been recorded in various 

pituitary cells, including gonadotrophs, somatotrophs, lactotrophs, melanotrophs and 

corticotrophs from different species (Bosma & Hille, 1992; Van Goor, Zivadinovic 

& Stojilkovic, 2001, Wen et al., 2008). In neuroendocrine cells, influx of Ca
2+

 

through T-type Cav channels contributes to cell depolarization, but are not sufficient 

to produce global intracellular Ca
2+

 concentration [Ca
2+

]i elevation required for 

generating action potential. This is because T-type Cav channels are rapidly 

inactivated (McCobb & Beam, 1991). At the same time, L-type Cav channels help to 

maintain cell depolarization for a period of time until [Ca
2+

]i is high enough to 

trigger Ca
2+

-dependent secretion (Stutzin et al., 1989; Kuryshev, Childs & Ritchie, 

1995a; Kwiecien et al., 1998).  

 

Electrophysiological studies on Cav channels in a variety of pituitary corticotrophs 

explain their functions in more detail. Fluorescent intracellular Ca
2+

 labelling by 

indo-1 combined with electrophysiological patch-clamp recording suggested Ca
2+

-

dependent action potentials resulted in a significant transient [Ca
2+

]i elevation and 

ACTH secretion in human tumoral corticotrophs, which suggested that ACTH-

secretion from anterior pituitary corticotrophs is mainly dependent on extracellular 

Ca
2+

 influx and Ca
2+ 

released from the intracellular store, the same as other secretory 

cells discussed above (Kuryshev, Childs & Ritchie, 1996; Guerineau et al., 1991). 

Since Ca
2+

 is critical for hormone secretion, Ca
2+

-dependent action potentials are the 

targets of secretagogues to trigger hormone secretion from pituitary cells. In rat 

anterior pituitary corticotrophs, CRH, (Bu)2 cAMP (dBucAMP) and forskolin (the 

cAMP enhancer) all induce a long lasting cell depolarization triggering firing of 
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action potentials in silent cells or enhance the firing frequency of spontaneous active 

cells, which was dependant on the elevation of the frequency and amplitude of the 

transient [Ca
2+

]i via Cav channels (Kuryshev, Childs & Ritchie, 1995b). The PKA 

inhibitor, H-89, did not stop CRH-stimulated depolarization but eliminated the 

increase of firing frequency and also limited Ca
2+

 entry to some extent (Kuryshev, 

Childs & Ritchie, 1995b). This inhibitor totally abolished dBucAMP and forskolin-

induced [Ca
2+

]i elevation and membrane depolarization indicating their activation are 

primarily mediated by PKA.(Kuryshev, Childs & Ritchie, 1995b).  

 

In anterior pituitary corticotrophs, Ca
2+

 enters mainly through two Cav calcium 

channels, L-type Cav channels and T-type Cav channels as for other pituitary cells 

(Marchetti, Childs & Brown, 1987). In cultured human pituitary adenoma cells, AVP 

increased the amplitude and duration of action potentials, and enhanced the transient 

afterhyperpolarization of each spike (Mollard et al., 1991). At the same time, the 

amplitude of L-type calcium current also showed enhancement by AVP, leading to 

Ca
2+

 influx, which suggests L-type calcium channels are associated with AVP-

induced Ca
2+

-dependent ACTH secretion from corticotrophs, and L-type calcium 

currents are also related to maintaining the amplitude and duration of action 

potentials, while AVP shows no effect on T-type calcium current (Mollard et al., 

1991). In rat anterior pituitary corticotrophs, Ca
2+

 entry is primarily dependent on 

CRH-induced action potentials through the activation of L-type calcium channels, 

with some help of P-type calcium channels in regulation. The L-type calcium 

channel inhibitor nifedipine not only stopped spontaneous and CRH-induced action 

potentials, but also abolished transient [Ca
2+

]i (Kuryshev, Childs & Ritchie, 1996). 
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However, it did not abolish CRH-induced membrane depolarization and basal 

cytosolic Ca
2+

 levels (Kuryshev, Childs & Ritchie, 1996). In different human 

pituitary adenoma cells, the high threshold calcium current is largely from L-type 

calcium channels, while in rat anterior pituitary corticotrophs there are two more 

high threshold calcium channels responsible for the Ca
2+

 current, P-type calcium 

channels and a third undefined Ca
2+

 subtype (s) (Kuryshev, Childs & Ritchie, 1995a). 

ω-agatoxin-IVA,  a P-type calcium channel blocker, reduced the firing frequency and 

decreased the CRH-induced [Ca
2+

]i elevation. After applying L-type and P-type 

calcium channels blockers, membrane depolarization was still detected although 

cytosolic Ca
2+

 was reduced. P-type calcium channels are mainly responsible for the 

partial [Ca
2+

]i elevation independent of action potentials (Kuryshev, Childs & Ritchie, 

1996). Gonadotrophs also display similar voltage-gated calcium channels based Ca
2+

 

entry mechanism during hormone stimulus (Marchetti, Childs & Brown, 1987). 

 

1.4.1.3 Inwardly rectifying K
+
 channels (Kir channels): 

Inwardly rectifying potassium (Kir) channels allow K
+
 ion influx into cells under 

strong hyperpolarization more negative that Ek and outward K
+
 flow is inhibited by 

strong depolarization, which is different from the majority of K
+
 channels typically 

responsible for cell repolarization following action potential (Stojilkovic, Tabak & 

Bertram, 2010). Kir channels are globally expressed in a variety of cells, including 

leukocytes, neurons, cardiac, kidney and endocrine cells and play an important 

function in regulating cell activity and establishing cell resting membrane potential 

(Stojilkovic, Tabak & Bertram, 2010). There are 15 members in the Kir channel 
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family divided into three groups depending on their regulation by different 

intracellular messengers, G-proteins and ATP (Stanfield, Nakajima & Nakajima, 

2002). There is a long cytoplasmic pore in the structure of Kir channels, which is 

critical for inward rectification and its gating properties that are regulated by G-

proteins and phosphatidylinositol 4, 5 bisphosphate (PIP2) Stanfield, Nakajima & 

Nakajima, 2002) (Figure 1.3B). G protein-regulated Kir channels are widely 

expressed in endocrine pituitary cells, like lactotrophs, somatotrophs and AtT20 

pituitary corticotroph cells, while other group of Kir channels also have been detected 

in rat pituitary cells and GH3/B6 mammosomatotrophs by RT-PCR (Wulfsen et al., 

2000). 

 

In rat pituitary corticotrophs, the rapidly activated inward potassium current 

component is insensitive to TEA and 4-AP potassium channels blockers, but can be 

partially inhibited by Ba
2+

 suggesting the current component may be contributed by 

Kir channels. Kir current is mainly responsible for maintaining a negative resting 

membrane potential. When CRH is applied to rat corticotrophs, Kir channels are 

inhibited leading to membrane depolarization resulting in enhanced membrane 

excitability and ACTH release (Kuryshev et al., 1997). This is consistent with when 

Kir channels are selectively blocked by Ba
2+

, cells were partly depolarized and the 

firing frequency increased (Kuryshev et al., 1997). However, the PKA inhibitor, H-

89 significantly decreased CRH-induced firing frequency in spontaneously active 

cells but not CRH-induced depolarisation (Kuryshev, Childs & Ritchie, 1995b).  
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1.4.1.4 Voltage-gated K
+
 channels (Kv channels): 

According to previous electrophysiological research, there are at least four functional 

Kv channel families recorded in electrically excitable cells (Stojilkovic, Tabak & 

Bertram, 2010). The first two subfamilies are the fast activating delayed rectifier Kv 

channels expressed in neurons and muscle cells with their role in modulating short 

action potentials, and the slow delayed rectifier Kv channels expressed in cardiac 

cells which are functional in cell repolarization (Stojilkovic, Tabak & Bertram, 2010). 

A-type Kv channels are the third classification. A-type Kv channels are fast and 

transiently activated in the subthreshold range of the resting membrane potential, 

rapidly inactivate and quickly recover from inactivation (Hille, 2001). A-type Kv 

channels play a role in firing frequency regulation in cardiac and other electrically 

active cells. 4-Aminopyridine (4-AP) selectively blocks A-type Kv channels at 

millimolar concentration and normally is used as the specific blocker for A-type Kv 

channels, although 4-AP also inhibits delayed rectifier at micromolar concentration 

(Hille, 2001). The fourth class of Kv channels are EAG channels, including eag, eag-

like (elk), and eag-related (erg) with broad expression in cardiac, neuroendocrine, 

smooth muscle and neuroblastoma cells and are specifically inhibited by E-4031 

(Stojilkovic, Tabak & Bertram, 2010). Erg Kv channels are responsible for 

maintaining the resting membrane potential in several cell types (Schwarz & Bauer, 

2004). 

 

α-subunits forming the ion conductance pore of Kv channels are grouped into 12 

classes based on different sequence homology of the hydrophobic transmembrane 
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cores, named as Kv1-12, and β-subunits are auxiliary proteins associated with α-

subunits that modulate the electric activity of Kv channels (Pongs et al., 1999) 

(Figure 1.3B). A-type Kv channels are most likely formed by Kv1.4, 3.3, 3.4 and 4.1-

4.3 (Gutman et al., 2005; Maffie & Rudy, 2008). Kv channels exert their function in 

conjunction with Cav channels to modulate action potentials and hormone release. In 

turn, changes in hormonal and physiological status modulate the expression of Kv 

channels dynamically and alter the cell excitability of pituitary cells over the time 

scale of several hours (Pongs, 1992; Yellen, 2002; Armstrong & Hille, 1998). 

 

The expression of delayed rectifier Kv channels is detected in GH cells, native rat 

lactotrophs and somatotrophs and gonadotrophs from a variety of species 

(Stojilkovic, Tabak & Bertram, 2010). In GH3 cells, the inhibition of delayed 

rectifier Kv channels broadens the duration of APs and elevated the amplitude of 

spontaneous transient [Ca
2+

]i (Sankaranarayanan & Simasko, 1998). In frog 

melanotrophs, increasing expression of delayed rectifier Kv channels prevents action 

potentials, while in native rat lactotrophs causes no change on action potentials (Mei 

et al., 1998). A-type Kv channels are also widely expressed in most pituitary cells. 

Rat lactotrophs and gonadotrophs show clearly higher expression of A-type Kv 

channels than somatotrophs, while ovine somatotrophs display a high level of A-type 

Kv channels expression, which may be functional in action potentials and hormone 

secretion regulation (Chen et al., 1994). In other anterior pituitary cells, the role of 

A-type Kv channels in cell excitability is not very clear, for A-type Kv channels show 

no participation in spike generation in rat lactotrophs, which may because the 

channels are inactivated at resting membrane potential (Sankaranarayanan & 
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Simasko, 1998). Investigation of A-type current in the mouse corticotroph tumour 

cell line AtT20/D16-16 revealed its role in early glucocorticoid feedback 

(Pennington, Kelly & Antoni, 1994). Selective enhancement of the A current by 

dexamethasone, shown here to require synthesis of new protein, is one of the 

mechanisms proposed whereby glucocorticoids exert inhibitory control on ACTH 

secretion. 

 

1.4.1.5 Calcium-activated K
+
 channels (Kca Channels): 

Electrophysiological studies have revealed three classes of Kca channels based on the 

channel conductance: small-conductance Kca channels (SK channels), intermediate-

conductance Kca channels (SK4 channels) and high-conductance big Kca channels 

(BK channels). SK channels and SK4 channels are mainly activated by [Ca
2+

]i 

elevation based on voltage-gated Ca
2+

 influx (VGCI) and release from intracellular 

stores with little voltage dependence (Latorre et al., 1989; Petersen and Maruyama, 

1984). Calmodulin constitutively bound to the C terminus of each α-subunit forms 

the high-affinity Ca
2+

 sensor of SK channels (Latorre et al., 1989). SK channels are 

well documented in the majority of pituitary cells from different species. In 

gonadotrophs, the main function of SK channels is to generate oscillatory 

hyperpolarization resulting from periodic Ca
2+

 released from the ER triggered by the 

activation of GnRH receptors through the PKC signalling pathway, while in 

corticotrophs SK channels are stimulated by AVP (Tse, Tse & Hille, 1995). In GH3 

cells, SK channels are activated by high frequency action potentials, extension of 

APs by Kv channels blockers or Ca
2+

 release from intracellular stores, and activated 
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SK channels are responsible for the after-spike hyperpolarization (Tse & Lee, 1998). 

In native pituitary cells, transient voltage gated-calcium influx (VGCI) cannot 

stimulate SK channels suggests that SK channels are localised next to intracellular 

Ca
2+

 release sites and only activated by Ca
2
-mobilizing receptors, sustained VGCI 

and Ca
2+

-dependent Ca
2+

 release (Stojilkovic, Zemkova & Van Goor,2005). 

 

In contrast, BK channels are voltage-activated K
+
 channels and Ca

2+ 
ion modulates 

its open probability (Kaczorowski et al., 1996). The ion pore of BK channels is 

constructed with four repeated Kca1.1α-subunits with six transmembrane domains 

similar to Kv channels, an additional transmembrane segment S0 at the N terminus 

and the cation binding sites at the C terminus of α-subunits as Ca
2+

 sensor (Wei et al., 

2005). β-subunits are responsible for modulating the gating properties of BK 

channels (Fakler & Adelman, 2008; Hou, Heinemann & Hoshi, 2009). RNA 

alternative splicing produces numerous BK channel splice variants with distinct 

channel properties (Chen, 2005). BK channels are rapidly activated during cell 

depolarization due to the complexes formed with Cav channels, which provides an 

efficiency way in controlling BK channel activity during Ca
2+

 influx and also 

facilitates spike repolarization limiting action potential-dependent Ca
2+

 entry through 

Cav channels (Stojilkovic, Tabak & Bertram, 2010). BK channels also decrease the 

frequency of action potential-driven [Ca
2+

]i transients by slowing down 

depolarization. In some cells, the activation of BK channels stimulates or enhances 

action potentials generation due to their role in easing Nav and Cav channels from 

inactivation, and in some pituitary cells, BK channels show a function in producing 

“pseudo-plateau bursting” of action potentials (Stojilkovic, Tabak & Bertram, 2010). 
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BK channels also interact with Kir channels in cell repolarization in the downstroke 

of action potentials. The higher expression of BK channels in somatotrophs and 

lactotrophs than gonadotrophs shows longer spike duration, bigger spike amplitude 

and stronger extracellular Ca
2+

-induced Ca
2+

 transients instead of a limitation of 

action potential-dependent Ca
2+

 influx (Van Goor, Li & Stojilkovic, 2001). These 

results reveal BK channels had a paradoxical effect on prolonging membrane 

depolarization resulting in different firing patterns and facilitating Ca
2+

 entry into 

different pituitary cells (Van Goor, Li & Stojilkovic, 2001).  

 

In some pituitary cells, BK channels also play a role in modulating the patterns of 

action potentials. In some somatotrophs, the inhibition of BK channels changes the 

bursting action potentials to large-amplitude single spikes, which reveals BK 

channels are critical in generating bursting (Stojilkovic, Tabak & Bertram, 2010). 

This role is consistent with mathematical modelling. When a hyperpolarizing BK-

like current component is added into the model with single spikes, it converts single 

spike to bursting firings. When more BK-like current was added, the spike size and 

firing frequency of bursting decreased more, and the downstroke of the spikes during 

bursting is less repolarized and cannot reach the previous membrane potentials (Van 

Goor, Li & Stojilkovic, 2001; Tsaneva-Atanasova et al., 2007; Stern et al., 2008). 

Thus, the spikes of bursting form a depolarised plateau of bursting. When sufficient 

[Ca
2+

]i activates more BK channels far away from Cav channels, [Ca
2+

]i is reduced by 

Ca
2+

-ATPase, and a new burst begins (Van Goor, Li & Stojilkovic, 2001). If BK 

channel current is a fast activated component, it also reduces the amplitude or 

broadens the duration of single spikes in pituitary cells and neurons (Van Goor, Li & 



- 32 - 

 

Stojilkovic, 2001). However, due to various expression levels of BK channels, the 

distance between BK channels and Cav channels in different pituitary cells, BK 

channels lose the function of converting firing patterns in some pituitary cells and 

neurons (Stojilkovic, Tabak & Bertram, 2010). BK channels exert the function in 

abolishing action potentials instead of converting firing patterns in GH3 cells (Lang 

& Ritchie, 1990). Based on mathematical modelling, A-type K
+
 current with similar 

properties as inactivating BK channels which reduce the spike amplitude and the 

activation of delayed-rectifying K
+
 current also have the role in changing firing 

patterns (Chatterjee et al., 2009). 

 

BK channels have been reported to dominate the membrane conductance of mouse 

pituitary AtT20 corticotrophs (Shipston et al., 1999). Increasing evidence suggests 

that BK channels exert a functional role in the signalling pathways regulating the 

control of ACTH secretion from the anterior pituitary corticotrophs by changing their 

cellular excitability. BK channels work as an important negative feedback regulator 

of VGCI in AtT20 mouse pituitary corticotroph tumour cells. During CRH-induced 

ACTH secretion, CRH exerts a PKA-mediated inhibition of BK potassium channels. 

BK channels are also inhibited by the PKC signalling pathway to achieve PKC-

mediated Ca
2+

 influx resulted in a sustained ACTH release in response to AVP (Tian, 

Philp & Shipston, 1999). The inhibited BK channels lose their repolarizing function, 

which resulted in maintained cell depolarization and action potentials. In rat GH4C1 

pituitary cells, BK channels also acted as fast and efficient negative inhibitors of 

VGCI (Shipston & Armstrong, 1996).  
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In early glucocorticoids negative feedback, glucocorticoids prevent the PKA-

mediated BK channel inhibition through activating a protein-synthesis-dependent 

signalling cascade (Tian, Philp & Shipston, 1999). Glucocorticoid-induced proteins 

render BK channels resistant to PKA inhibition which is crucial for glucocorticoid 

early inhibition on ACTH secretion (Tian, Philp & Shipston, 1999). Different from 

AtT20 cells, BK channels are not the target of early glucocorticoid inhibition in rat 

anterior pituitary cells although, the rapid newly synthesised RNA and proteins 

control membrane potential to inhibit CRH-induced ACTH secretion (Lim, Shipston 

& Antoni, 1998). Although BK channels would be predicted to contribute to 

membrane hyperpolarization, which would negatively feedback to limit the duration 

of action potentials and the control of Ca
2+

 entry, there is no direct evidence in native 

rat corticotrophs (Van Goor, Li & Stojilkovic, 2001). Female mice genetically 

deficient in the pore-forming BK channel α-subunit respond with a reduced ACTH 

and corticosterone secretion in vivo in response to acute restraint stress. At the level 

of the pituitary, deletion of the BK channel increased CRH-induced ACTH release in 

vitro suggesting the stress hyporesponsiveness seen in vivo is not due to a pituitary 

defect. Indeed, CRH expression and neuronal activation in the PVN and ACTH 

peptide content in the pituitary were reduced as well (Stojilkovic, Tabak & Bertram, 

2010). 

 

In turn, the endocrine outputs of HPA axis potently regulate the expression, function 

and splicing of BK channels in pituitary corticotrophs, suggesting an intimate link 

between them (Brunton et al., 2007; Shipston et al., 1999; Shipston, 1995; Tian 

Knaus & Shipston, 1998). ACTH and glucocorticoids have been reported to exert 
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profound effects on the cellular excitability of neurons and neuroendocrine cells 

through the regulation of BK channel splicing, mRNA expression of α-, β2- and β4- 

subunits and protein synthesis in adrenal gland and anterior pituitary cells (McCobb 

& Beam, 1991; Shipston, 1995; Tian, Knaus & Shipston, 1998). Glucocorticoids 

regulate the pore-forming α-subunit alternative splicing of BK channels mediated by 

glucocorticoid and mineralocorticoid receptors (McCobb & Beam, 1991). However 

the cellular mechanisms are not fully understood.  

 

1.4.2 Corticotroph electrical excitability 

1.4.2.1 Action potential patterns 

Secretory pituitary corticotroph cells are not only endocrine cells, but also 

electrically excitable cells. Electrically excitable cells with voltage-sensitive ion 

permeability show regenerative and propagated spontaneous electrical activity or 

after being stimulated (Stojilkovic, Tabak & Bertram, 2010). The resting membrane 

potential of isolated pituitary cells in vitro varies between -60 mV to -50 mV related 

with the activity of depolarizing and hyperpolarizing ion channels. When cell 

membrane potential oscillations reach the threshold, cells generate action potentials. 

However, the patterns of action potentials vary among pituitary cells. There are two 

typical patterns, one is single spike firing with frequency approximately 0.7 Hz, large 

amplitude more than 60 mV and narrow action potential duration with half-width 

less than 50 msec (Stojilkovic, Tabak & Bertram, 2010). The other pattern is termed 

as “pseudo-plateau bursting” consisting of periodic depolarized potentials with 
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superimposed small-amplitude spikes. The pseudo-plateau bursting shows a much 

lower firing frequency around 0.3 Hz, a significantly longer action potential duration 

than large and narrow spike firings. It normally lasts several seconds with smaller 

amplitude around 10 mV or less (Stojilkovic, Tabak & Bertram, 2010). During 

pseudo-plateau bursting, the cell membrane potential rarely goes above -10 mV. 

These two firing patterns are widely observed in various pituitary cells, and rat 

anterior pituitary corticotrophs show both big amplitude spikes and the pseudo-

plateau bursting spontaneously (Stojilkovic, Tabak & Bertram, 2010). BK channels 

have been proposed as the main mediator in converting the two patterns of action 

potentials as discussed before. 

 

1.4.2.2 Pituitary cell resting membrane potential 

The resting membrane potential of isolated pituitary cells between -60 mV to -50 mV 

suggesting that in addition to the resting K
+
 conductance there are depolarizing 

conductances active (Stojilkovic, Tabak & Bertram, 2010). When extracellular Na
+
 is 

replaced with NMDG
+
 cation, the resting membrane potential quickly drops to < -85 

mV, which is close to the equilibrium potential for K
+
. It is revealed that there is a 

constitutive Na
+
 conductance responsible for maintaining the resting membrane 

potential of many pituitary cells (Sankaranarayanan & Simasko, 1996; Kwiecien et 

al., 1998). The hyperpolarization caused by the absence of extracellular Na
+
 also 

abolished the spontaneous action potentials in pituitary cells. However, the block of 

TTX-sensitive Na
+
 channels show no effect either on the resting membrane 

potentials or spontaneous action potentials. These observations reveal that TTX-
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resistant Na
+
 channels are responsible for the control of resting membrane potentials. 

No direct evidence confirms the molecular component of the TTX-resistant Na
+
 

(voltage-gated) channels involved in maintaining the resting membrane potential, so 

the Na
+
 component has been named as background Na

+
 (Nab) channels in general 

(Simasko, 1994; Kucka et al., 2010).  

 

1.4.2.3 Action potential-driven Ca
2+

 signals 

During action potentials, Cav channels not only contribute to the cell depolarizing 

phase of action potentials, but also provide an efficient extracellular Ca
2+

 entry, 

which acts as an intracellular signal modulating cellular functions (Kuryshev, Childs 

& Ritchie, 1996; Guerineau et al., 1991). The frequency of spontaneous action 

potentials impact on the dynamics of [Ca
2+

]i and overall intracellular Ca
2+

 levels, so 

different pituitary cells show various patterns of Ca
2+

 signalling. Higher basal 

hormone releasing cells generally display higher spontaneous Ca
2+

 transients and 

higher [Ca
2+

]i level and also spontaneous action potentials and depolarized cell 

membrane potential. While silent cells show lower [Ca
2+

]i and a more hyperpolarized 

cell membrane potential. [Ca
2+

]i level is also tightly related with the patterns of  

action potentials (Van Goor, Zivadinovic & Stojilkovic, 2001; Kuryshev, Childs & 

Ritchie, 1995a). The large amplitude spikes with short duration result in a short 

period of cell depolarization leading to a short time of Cav channels being open, 

which only results in elevation of [Ca
2+

]i nanodomains, as in gonadotrophs. While in 

longer duration bursting action potentials, Cav channels stay open longer and as a 

consequence allow more extracellular Ca
2+

 entry. Meanwhile more nanodomains of 
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[Ca
2+

]i  generate and their overlap results in a global Ca
2+ 

signal. Thus, bursting leads 

to more Ca
2+

 influx than big-amplitude single spike firings summed over time 

(Tomic et al., 1999). 

 

Pituitary endocrine cells release hormones in the form of large dense core vesicles 

(LDCV) triggered by a calcium-mediated exocytosis associated with spontaneous 

firing of action potentials. Electrical activity has already been recorded both in 

vivo and in tissue slides of the anterior pituitary gland. Individual cells from primary 

cell culture preparation display asynchronous electrical activity with various firing 

patterns like pace-making or bursting mode. With the fluorescent monitoring of 

[Ca
2+

]i, electrical recordings represent that single spontaneous spikes trigger 

transient rises in [Ca
2+

]i share the common features with stimulus-secretion. Five 

types of heterogeneous endocrine secretory pituitary cells would display 

asynchronous firing, so that the average of single cells activity represents the overall 

activity of each secretory type. Hypothalamic input regulates the pace of the 

hormone release through the secretory cells. However, the gland disconnected from 

the hypothalamic inputs still shows hormone release, suggesting a synchronization of 

cellular signals within the tissue. Homologous pituitary cells showed coupled 

electrical activity between cells, especially growth hormone-releasing cells. 

Spontaneously active endocrine cells throughout the anterior pituitary gland either 

act as single units or synchronized gap junction-coupled assembled. Gap junctions 

present in the anterior pituitary may allow both metabolic and electrical coupling 

between connected cells. The synchrony of spontaneously excitable pituitary cells 

would contribute in the basal secretion patterns shaping.  
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1.4.2.4 Cell excitability and hormone secretion  

Electrical signals directly couple with the stimulus of hormone secretion in endocrine 

anterior pituitary corticotrophs. Stimulatory hypothalamic hormones and negative 

feedback inhibition by adrenal glucocorticoids both regulate spontaneous action 

potentials and Ca
2+ 

influx by Cav channels in pituitary cells. CRH leads to cell 

membrane depolarization and enhances the frequency of APs through cAMP 

signalling pathway in rat and human tumour corticotrophs (Guerineau et al., 1991; 

Kuryshev, Childs & Ritchie, 1995a). An additional intracellular Ca
2+ 

release from 

endoplasmic reticulum (ER) mediated by inositol 1,4,5-trishosphate IP3 and 

diacylglycerol (DAG), which are synthesised by activation of Gq/11-coupled 

receptors (Ozawa & Sand, 1986). Increased intracellular Ca
2+ 

activates protein kinase 

C (PKC) and other signalling pathways to mediate ACTH release (Ozawa & Sand, 

1986).  

 

Exocytosis is evoked by stimulating priming of secretory vesicles, and then initiated 

by a rise of [Ca
2+

]i totally different from constitutive exocytosis. Both Ca
2+

 entry 

from Cav channels and release from intracellular stores can trigger secretory granule 

release, although this step has a low Ca
2+

 affinity (Sedej et al., 2004). Ca
2+ 

also plays 

a role in priming of secretory vesicles. The removal of Ca
2+

 or blockage of L-type 

Cav channels diminishes hormone release, while the enhancement of VGCI by high 

K
+
-induced depolarization facilitates secretion. However, these changes have no 

dramatic effect on basal release of LH, FSH, TSH and ACTH, which reveals that 

spontaneous action potentials do not couple to hormone secretion in every kind of 
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pituitary cells (Stojilkovic, Izumi & Catt, 1988). For neurotransmitter release from 

synapses, VGCI and secretory granules are co-localized, so [Ca
2+

]i nanodomain 

elevation is sufficient for exocytosis. However, this spatial colocalization does not 

exist in endocrine cells, thus overlapping of [Ca
2+

]i  nanodomains is required to 

trigger hormone release. The basal level of [Ca
2+

)i and the distance between secretion 

sites and VGCI are both critical for the basal hormone release (Zorec, Sikdar & 

Mason, 1991; Zorec, 1996; Stojilkovic, 2005). In gonadotrophs, prolonged duration 

of action potential spikes leads to higher [Ca
2+

]i levels that triggers LH secretion. 

While in somatotrophs, the change of pseudo-plateau bursting to single action 

potential spikes by BK channel blockers reduces [Ca
2+

]i level (VanGoor et al., 2001). 

Consistent with data in chromaffin cells, spikes with a larger depolarization phase 

result in a massive hormone secretion. So higher basal [Ca
2+

]i level in lactotrophs 

and somatotrophs induces higher basal hormone release compared with gonadotrophs, 

and the inhibition of Cav channels drags the basal hormone secretion of lactotrophs 

and somatotrophs down to similar levels of gonadotrophs (Stanley, 1993). The 

secretion of GH being related to the amplitude and frequency of Ca
2+

 transients is 

consistent with the previous discussion. L-type Cav channel and Kir channels both 

participate in the frequency of Ca
2+

 transient regulation and PRL release from 

lactotrophs (Mansvelder & Kits, 2000). 
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1.5 Approaches to identify live corticotrophs 

1.5.1 A brief introduction to gene delivery systems 

To investigate gene function or any particular gene modification affecting its 

function, a powerful tool is to introduce exogenous DNA expressed in mammalian 

cells, tissues or animals. There are two main categories of gene delivery systems, 

non-viral systems and viral systems. The non-viral systems deliver genetic material 

such as plasmid DNA or RNA constructs into cells by chemical and/or physical 

methods which are called transfection and if viral vectors are used as vehicles, it is 

called transduction.  

 

1.5.1.1 Non-viral systems 

Non-viral gene transfection systems deliver genetic materials into target cells mainly 

based on: a) physical mechanisms by creating transient pores or holes in the cell 

plasma membrane to allow desired genetic materials across, like electroporation 

using a brief high voltage electrical pulse or heat shock using a short high 

temperature step, both can increase the permeability of the cellular membrane for a 

short time (Josh, 2005). After these rapid physical stimulations, the cellular 

membrane recovers and traps the genetic materials inside the cell. A more direct 

physical (ballistic) transfection method is named “gene gun”, which “shoot” gold 

solid nanoparticles covered with DNA directly into the nucleus of cells (Gao, Kim & 

Liu, 2007).  
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Alternatively, approaches exploit b) endocytosis of materials such as the classic 

calcium phosphate coprecipitation method. In this approach, DNA is dissolved in a 

calcium chloride solution, and then mixed with a HEPES-buffered saline solution to 

produce calcium phosphate precipitates combined with DNA, which allows the DNA 

to bind to the cell membrane surface (Bacchetti & Graham, 1977). When cells absorb 

some of the precipitates, DNA is delivered with it (Josh, 2005). A specific way to 

improve the transfection efficiency is to use cationic lipids to make the target cells 

more sensitive, or by glycerol shock to give a selective pressure to cell endocytosis 

(Josh, 2005). Other chemical transfection reagents have the similar principle, like 

DEAE-Dextran as a polymeric cation, its positive charge attracts negatively charged 

DNA (De Smedt, Demeester & Hennink, 2000). When endocytosing Dextran cells 

also absorb the associated DNA. Dimethyl sulfoxide (DMSO) can enhance the 

transfection efficiency of certain cell types in this method (Park, Lee & Chung, 

1998). c) Cellular membrane fluidity. Some non-viral biological transfection reagents 

like highly-branched organic compounds, dendrimers, or small membrane-bounded 

bodies such as liposomes are also used to deliver genes into target cells (Glomm, 

2005). They package the desired DNA first, then bind to the cell membrane surface 

and release DNA when they fuse with cell membrane, due to the similar compounds 

and structure as cell membrane lipid bilayers.  

 

However, almost all physical methods carry a risk of reducing transfection efficiency 

by damaging or destroying the cell membrane. Without strong selection pressure, 

long-term stable transgene expression is rare because the DNA resides in the 

cytoplasm after entry instead of integrating into the host cell genome. So transgenes 
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delivered by non-viral transfection methods only express transiently for a short 

period of time. Some chemical transfection reagents or transfection efficiency 

enhancing reagents are cytotoxic, so the concentration and the exposure time of these 

reagents have to be optimized to various cell types.  

 

Furthermore, non-viral transfection methods only work well in some cell lines, such 

as the HEK293 cell line. Many cell lines can only be transfected with very low 

efficiency, and numerous cell lines and especially primary cultured cells cannot be 

transfected at all (Gao, Kim & Liu, 2007). Moreover, terminally differentiated cells 

like neurons can rarely be transfected by non-viral transfection methods in vitro and 

in vivo transfection efficiencies are also generally extremely low.  

 

1.5.1.2 Viral delivery strategies  

The low transfection efficiency of physical and chemical strategies drove the 

development of alternative approaches. Viruses with their particular biological 

properties of easily infecting animals and integrating into the host cell genome for 

replication have been widely applied in gene delivery. The most recently developed 

viral transduction systems are widely used for their advantages in high transduction 

efficiency, stable expression of integrated transgenes, a very wide range of cell type 

transduction tropism, low cytotoxicity and safety of use.  
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Adenoviral-based vectors were one of the first modified viral vectors shown to have 

high transduction efficiency in many cell lines in vitro. However, the fact that 

adenovirus do not easily integrate into the host cell genome limited their use (Russell 

et al., 2004). In order to achieve stable transgene expression, retrovirus that can 

synthesise integrase to help DNA integrate into the host cell genome was designed as 

gene delivery vectors. Retroviral-based vectors first reverse transcribe the extrinsic 

RNA into DNA, import the DNA into the cell nucleus and then integrate it into the 

host cell genome to offer a sustained transgenic expression. Since the retrovirus-

based vectors infect only dividing cells, their application is limited in transducing 

primary cells and terminally differentiated cells, like neurons.  

 

Lentivirus (Lenti-, in Latin, stands for “slow”), a genus of slow viruses of the 

retroviral family, was found to infect non-dividing cells efficiently (Cullen, 1991). 

Lentivirus has been reported for its extremely high and stable transduction efficiency 

in a wide range of dividing cells and non-dividing cells as well. Thus, lentiviral-

based vector showed a potentially superior transduction to a broad range of cell lines, 

tissues and animals with sustained gene expression, and it is also the first choice of 

animal and human gene therapy to eliminate genetic or pathological deficits in vivo 

(Josh, 2005).  

 

1.5.2 Lentiviral three-plasmid expression system 

Lentivirus is characterized with a long incubation period in its replication cycle 

which enables its unique ability to infect non-cycling cells (Narayan & Clements, 
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1989). Lentiviral-based vectors are mainly modified from human immunodeficiency 

virus (HIV), feline immunodeficiency virus (FIV) or simian immunodeficiency virus 

(SIV). 

 

By pseudotyping with the vesicular stomatitis virus (VSV) or retroviral envelope 

lentiviral-based vectors offer a broad cell and tissue tropism with a significant 

genetic insert capacity up to 18kb in the virion (Josh, 2005). So far, lentivirus-based 

vector is the most efficient gene delivery system with extensive use in both in vivo 

and in vitro.  

 

Commercially available lentiviral vectors are usually generated by a three-plasmid 

expression system which consists of a packaging vector, envelope vector and 

transducing vector (Figure 2.2). The packaging vector contains the cytomegalovirus 

(CMV) immediate early promoter driving the expression of all immunodeficiency 

virus functional genes required in infection, except the viral envelope gene and Vpu 

accessory protein (Josh, 2005). The packaging vector is constructed with gag and pol 

encoding group-specific antigen and viral enzymes, such as reverse transcriptase, 

integrase and protease, and vif, tat, rev and nef each code a single accessory or 

regulatory protein that are involved in the regulation of synthesis and processing of 

virus RNA and other replication functions (Josh, 2005). Matrix (MA) and Vpr are 

karyophilic proteins regulating nuclear import to the pre-integration complex, which 

explain how lentiviral vectors transduce non-dividing cells (Josh, 2005). 
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The most popular envelope vector encodes a vesicular stomatitis virus glycoprotein 

(VSV-G) to pseudotype the particles that gives the ability to transduce a broad range 

of cell lines, mammalian and nonmammalian cells, tissue and animals (Josh, 2005). 

The VSV-G protein is cytotoxic, so it is suggested to be transiently expressed by 

pVSV-G vector during packaging (Burns et al., 1993). The envelope protein coat is 

necessary for virion transduction. After entering cells, viral particles behave like 

normal retrovirus. Moreover, the high structural stability of VSV-G also allows the 

viral particles to tolerate the ultracentrifugation required to obtain a high viral titre 

(Josh, 2005).  

 

The basic transducing vector mainly contains multiple cloning sites for cDNA 

cloning, psi packaging sequence, reverse response element (RRE), and antibiotic 

resistance genes for permanent transduction selection (Josh, 2005). Any desired 

genes are ligated into the transducing vector through multiple cloning sites.  

 

Furthermore, this three-plasmid system has an important advantage of improved bio-

safety allowing it to be performed at biosafety level 1. Efficient transduction 

lentiviral particles are only produced in the presence of envelope vector. Transducing 

vector can only efficiently transcribe full-length vector and cytoplasmic export with 

the help of Tat and Rev regulatory proteins that are both encoded by the packaging 

vector (Gottfredsson & Bohjanen, 1997).  
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Lentiviral particles are produced by transient co-transfection of HEK 293T (FT) cells 

with the three plasmid expression system (Figure 2.5) (Josh, 2005). Crude lentiviral 

particles are secreted by transfected HEK 293T (FT) cells and harvested from the cell 

culture medium. After purification and ultracentrifugation, high titer lentiviral 

particles are used to transduce cell lines, tissue or inject into animals.  

 

Lentiviral transduction efficiency is significantly improved in some cell lines by 

using a small cationic polymer called Polybrene. Polybrene helps viral transportation 

for its positive charge shields the negative charges of the cell membrane, which 

facilitates the viral glycoprotein fusion for further RNA injection (Josh, 2005). 

Polybrene also enhances the viral aggregation mechanism (Josh, 2005). However, 

polybrene is cytotoxic to some extent. Cells ability to tolerate is various from a 

concentration of 1 to 10 µg/ml. 

 

1.5.3 High efficiency transduction in vitro 

Lentiviral vector transduction with highly efficient infection and integration are 

superior to non-viral transfection methods in most cell lines, especially primary cells. 

Primary cultured cells for their limited dividing potential and survival time are 

usually difficult to transduce by non-viral vectors or even many viral vectors (Josh, 

2005). Lentiviral vector is able to efficiently transduce both dividing cells and the 

non-dividing cells. The crucial process is the viral pre-integration complex that 

integrates into the host cell genomic DNA after being transported into the host cell 

nucleus (Josh, 2005). The gag matris nucleophilic protein (MA) of the lentiviral 
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vector contains a nuclear localization sequence (NLS) at its amino-terminus that may 

contribute to the nuclear import process in non-dividing cells (Josh, 2005). 

Researchers have reported that HIV-1 based lentiviral vectors quickly sheds its 

capsid after entry into cells, which quickly exposes the nucleoprotein complex or 

reverse transcription complex (RTC) (Dempsey et al., 1993). Then, the RTC engages 

with the nuclear import machinery at several levels (Dempsey et al., 1993). Integrase 

and the central DNA flap (is a 99-nt plus strand overhang and a cis-determinant of 

HIV-1 nuclear import that increases the transduction efficiency of human) are also 

important in the mechanism of lentiviral vector infection in non-dividing cells (Aude 

et al, 2000; Vodicka, 2001; Besik & Karin, 2007; Candela et al, 2011). Although the 

precise mechanism of how lentiviral vectors undergo nuclear import has not been 

elucidated completely, a considerable body of evidence has shown that lentiviral 

vectors could efficiently transduce non-dividing cells and integrate transgenes in 

transduced cells as well, like adult neurons, primary human skin fibroblasts, human 

peripheral blood CD34
+
 cells, G0/G1 human hematopoietic stem cells (Goldman et 

al., 1997). For example, HIV-based lentiviral vector using the VSV-G envelope with 

LacZ as a reporter gene successfully transduced non-dividing airway epithelial cells 

to correct the cystic fibrosis defect in vitro (Goldman et al., 1997). Lentiviral vectors 

were also reported to deliver glia cell line-derived neurotrophic factor gene to bone 

marrow stromal cells to evaluate its neuroprotective effect on lactacystin-damaged 

PC cells when over-expressed (Goldman et al., 1997).  
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1.5.4 High efficiency transduction in vivo 

For its highly efficient transduction, stable transgene expression and transduction of 

non-dividing cells, lentiviral vectors have also been widely exploited for gene 

therapy (Josh, 2005). After injection in vivo, lentiviral vector delivered transgenes 

can stably express up to 6 months in terminally differentiated cells like, neurons, 

macrophages, hematopoietic stem cells, retinal target cells, muscle and liver cells, 

cell types for which previous gene therapy approaches were largely unsuccessful 

(Josh, 2005). In hematopoietic stem cells, lentiviral vectors were shown to modify 

stem-cell self-renewal capacity and differentiation into mature cells in blood and the 

immune system (Amado & Chen, 1999). Gene therapy lentiviral vectors with tissue 

specific promoters could modify the defect specifically. Under the control of the 

rhodopsin promoter, the desired genes delivered by HIV-based lentiviral vector 

allowed sustained expression specifically in the photoreceptor cells of the retina, 

which accomplished the therapy of the inherited genetic disease, retinitis pigmentosa 

(Josh, 2005). 

 

1.5.5 Safety issue and potential disadvantages 

Although the lentiviral vector used in gene therapy is mainly base on HIV-1, 

numerous modifications have been made to the vector construct to ensure its safety 

in use. Replication competent lentiviral vectors do not contain any necessary HIV 

pathogenic genes, and cannot replicate HIV in animals and humans. The LTR 

promoter in the HIV genome was deleted as well, so transgenes are usually 

expressed under an exogenous viral or cellular promoter which is constructed in the 
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lentiviral transducing vector (Amado & Chen, 1999). The deletion of the LTR 

promoter also reduces the possibility of insertional mutagenesis after integration into 

the host genome, and eliminates the expression of vector RNA which minimizes the 

potential of replication competent lentivirus in the host cells (Josh, 2005). The 

important accessory gene vpr that mediates HIV infection of macrophages has also 

been deleted from the packaging vector, so the packaging vector is a defective HIV 

genome and only contains the necessary elements to produce transduction virions 

(Muthumani et al., 2005). Furthermore, HIV-1 envelope is replaced by the VSV-G 

envelope to stop its infection of helper T-cells (Amado & Chen, 1999). Thus the 

current, commercially available, third generation lentiviral vectors are safe, efficient 

and are being exploited in human gene therapy trials.  

 

Although lentivirual vectors are widely using in genome manipulation and transgenic 

animals for its high transduction efficiency and abroad application of cell types, it 

has potential disadvantages. Theoretically, the early generation lentiviral vectors 

were capable to maximally produce a functional genome size of 16 kb vectors 

particles (Kumar et al., 2001). While in reality, the 16 kb vector produced viral titers 

are dramatically reduced by up to 1,000-fold compared with lentiviral constructs of 

5-7 kb, which lead these vector particles useless in biological application (Park, 

2007). The backbone of lentiviral vector is also needed to calculated, which is 

generally about 1.6 kb (without WPRE) or around 2.2 kb (with WPRE), so the 

limitation of the lentiviral vectors was roughly 13.5 kb. Due to the titer reduction, the 

expression of promoter-transgene larger than 4 kb showed the transgensis rates 

decreased due to the upper limit of the lentiviral vector packaging capacity (Kumar et 
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al., 2001; Park, 2007). Therefore, the delivery of large size of genome like more than 

4 kb is very difficult to be achieved by lentiviral vectors. The most popular VSV-G 

pseudotyped packaging for lentiviral vectors with high efficient integration into cells 

from various cell species has been demonstrated fusegenic and other cellular toxicity 

on cell culture (Burns et al., 1993). As a result, the use of alternative viral 

glycoproteins or using physical technique to delivery envelop-free vector may help to 

minimize the adverse effects on culture cells or transgenic embryo development 

(Burns et al., 2007). Another issue of genetic mosaicism occurring through using 

virial constructs have been reported, which may be caused by the initial cell division 

happened before the process of lentiviral vector integration, or the prolonged 

persistence of lentiviral preintegration complex due to the long half-life of lentiviral 

vector (Park, 2007). Genetic mosaicism remains a potential issue in producing 

transgenic animals, further information is needed to determine the factors related, 

like the survival time frame of vectors after uncoating to better control the integration 

factors, or any vector-related sequences related to eliminating mosaicism through 

destabilizing the preintegration complexes since mosaicism are not reported in all 

studies (Park, 2007). The silencing of lentiviral transgene expression mediated by 

epigenetic modifications or promoters also remains a question of using lentivirial 

vectors. Also more investigations of the location of proviral integrant caused the 

various pattern and strength of transgene expression are needed to determine if the 

segregation of these integrant in transgenic animals with multiple copies leads 

adverse effects on the expression of transgene (Park, 2007).  
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1.5.6 Lentiviral-mediated labelling of primary pituitary cells 

Lentiviral vectors carrying the eGFP gene were used to transduce human pituitary 

adenoma cells, with 67.8% of eGFP-positive cells were observed to include non-

dividing tumoral cells and stroma cells, mainly fibroblasts (Josh, 2005). Using a 

tissue specific promoter to drive fluorescence protein expression allows specific cell 

labelling. Rat anterior pituitary primary cell cultures showed a different transduction 

efficiency from 5%-86% in different pituitary endocrine cells depending upon 

cellular specificity of the pituitary promoters delivered by lentiviral transduction 

(Josh, 2005). All anterior pituitary endocrine cells were transduced using the 

phosphoglycerate kinase (PGK) promoter, but none using the human growth 

hormone (GH) promoter (Josh, 2005). Lentiviral vectors with the α-subunit 1 human 

glycoprotein hormone α-subunit promoter mainly transduced thyrotroph and 

gonadotroph cells, while with the a-subunit 2 human glycoprotein hormone α-subunit 

promoter more selectively transduced PRL, GH and adrenocorticotropin (ACTH) 

cells (Josh, 2005). 

 

1.5.7 Genetic manipulation of pituitary cells by lentiviral vector 

In order to investigate the function of specific gene in pituitary cell, the strategies of 

over-expression or knock-down the gene are mainly considered. Non-viral 

transfection methods to deliver desired genes by electroporation, lipofectamine, 

calcium phosphate or poly-imine transfection methods are of low efficiency and 

transient in pituitary cells. In primary pituitary cells the efficiency of these methods 

is routinely less than 1%. A comparison among calcium phosphate (CaPO4), DEAE-
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dextran, lipofection, and electroporation procedures transfection methods, CaPO4-

mediated transfection accomplished the best transient gene expression in primary 

pituitary cells (Burrin & Jameson, 1989). Adenoviral vectors have been used to 

transduce pituitary cells in vitro and in vivo. However, severe inflammatory 

responses were caused by using the first generation of adenoviral vectors. 

Furthermore, there is a significant decrease in transgene expression 3 months after 

transduction (Josh, 2005). Lentiviral transduction system is proposed to carry 

interested gene or its siRNA into primary pituitary cells, which offer a constant over-

expression or down-expression of the interested genes models for further gene 

function investigation. 

 

1.6 Aims and objectives of the thesis 

The anterior pituitary corticotroph is central to the regulation of the HPA axis to 

control the whole organism response to stress. Previous studies suggest that the 

pituitary corticotrophs are endocrine cells with electrical excitability. However the 

majority of studies examining electrical excitability are based on pituitary 

corticotroph cell lines or tumor models. In native pituitary corticotrophs, the ion 

channels regulating corticotroph electrical properties are very poorly understood and 

prior to this thesis there were no reports analysing native murine corticotroph 

electrophysiology. A major reason is because the anterior pituitary contains several 

hormone-secreting cell types, and these cells are similar size and shape, which makes 

live corticotroph identification and purification difficult.  
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The overall aim of this Thesis was to examine the electrophysiological properties of 

native murine corticotrophs under as near-physiological conditions in vitro as 

possible. The general approach taken was to express an enhanced yellow fluorescent 

protein (eYFP) specifically in native murine pituitary corticotrophs and then apply 

patch-clamp electrophysiological analysis on the identified fluorescent cells.  

 

The objectives of the thesis: 

1) To develop and exploit a lentiviral transduction system to provide labelling of live 

native murine corticotrophs in vitro. This was achieved using a minimal rat POMC 

(rPOMC) promoter to drive expression of eYFP specifically in corticotroph cells of 

the anterior pituitary in vitro. (Chapter 2 & 3) 

2) To examine the major outward potassium conductances in metabolically intact 

native, labelled corticotrophs using the perforated patch-clamp approach in voltage-

clamp combined with pharmacological and genetic approaches (Chapter 3) 

3) To examine the spontaneous electrical firing properties of metabolically intact 

native, and ion channels that may control activity, in identified corticotrophs using 

the perforated patch-clamp mode of the whole cell recording technique in current 

clamp mode with pharmacological and genetic approaches (Chapter 4). 

4) To characterise the effect of physiological levels of CRH and/or AVP on electrical 

excitability of native corticotrophs (Chapter 5) 
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Overall, the work in this Thesis demonstrates the utility of the lentiviral system for 

high efficiency identification of native murine corticotrophs in vitro to allow 

subsequent electrophysiological analysis. We reveal that murine corticotrophs 

display heterogeneity in spontaneous firing properties that is determined by a TTX-

insensitive sodium conductance. Surprisingly, we found that TRAM-34 sensitive 

calcium-activated potassium channels were a dominant component of the outward 

potassium conductance and that, in contrast to other systems, inwardly rectifying and 

large-conductance calcium activated potassium channels has little functional effect 

on excitability.  

Aspects of this work have been published (Liang et al., 2011). 
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Chapter Two: 

Materials and Methods 
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2.1 General Materials and Reagents 

2.1.1 Biochemical Reagents 

General biochemical reagents used in this study were obtained from Sigma-Aldrich 

Company Ltd., Dorset, UK, except where stated otherwise. 

 

2.1.2 Molecular Biology Reagents 

MWG Biotech AG, Ebersberg, Germany 

VH Bio Ltd, Gateshead, UK 

PCR/Mutagenesis Primers 

Construct sequencing 

 

Invitrogen Ltd., Paisley, UK  

UltraPure™ Agarose 

SYBR® Safe DNA Gel Stain 

Taq DNA Polymerase (with W-1) 

pCR®II-TOPO® 

pLenti6/V5 Directional TOPO® Cloning Kit 

 

Bioline, London, UK 

HyperLadder™ I 
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Eppendorf, Hamburg, Germany 

The Perfectprep® Gel Cleanup Kit 

 

New England Biolabs, Herts, UK 

Restriction endonucleases, T4 DNA ligase 

 

Roche, West Sussex, UK 

Shrimp alkaline phosphatase 

Proteinase K (recombinant, PCR Grade) 

 

QIAGEN Ltd., West Sussex, UK 

HiSpeed™ Plasmid Mini, Midi, Maxi Kit 

 

Viagen Biotech, Inc., Los Angeles, CA, USA 

Direct PCR Lysis Reagent (Ear) 

 

2.1.3 Cell Culture Reagents 

GIBCO® Invitrogen Ltd., Paisley UK 

Gibco™ Dulbecco’s Modified Eagles Medium (DMEM + 4.5 g/L high-glucose, + L-

Glutamine, - Pyruvate) 

Gibco™ Dulbecco's Modified Eagle Medium (DMEM + 4.5 g/L high-glucose, + L-

Glutamine, + 25 mM HEPES, - Pyruvate) 

Hank’s Buffered Salt Solution (HBSS) 

0.05 % Trypsin with EDTA 
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Foetal Bovine Serum (FBS) 

 

Sigma-Aldrich Company Ltd., Dorset, UK 

Insulin-transferrin-sodium (ITS) selenite liquid media supplement 

Fibronection from bovine plasma 

Albumin solution from bovine serum (BSA) 

Trypsin inhibitor from Glycine max (soybean) 

Deoxyribonuclease I from bovine pancreas-Type IV (DNAse I) 

Aprotinin from bovine lung 

Antibiotic antimycotic solution 

Dimethyl sulfoxide (DMSO) 

 

Worthington Biochemical Corporation, Lakewood, NJ, USA 

Trypsin (powder) 

 

Fermentas, York, UK 

ExGen 500 in vitro Transfection Reagent 

 

2.1.4 Electrophysiology Reagents 

Sigma-Aldrich Company Ltd., Dorset, UK 

Tetraethylammonium chloride (TEA) is used as a general and non-specific blocker of 

potassium channels. 

Paxilline is used as a potent inhibitor of high-conductance Ca
2+

-activated potassium 

(Maxi-K, BK) channels. 
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1-[(2-Chlorophenyl) diphenylmethyl]-1H-pyrazole (TRAM-34) is used as a potent 

blocker of intermediate-conductance Ca
2+

-activated potassium (SK4) channels. 

4- Aminopyridine (4-AP) is used as a potent inhibitor of A-type potassium channels. 

Barium chloride (BaCl2) is used as a potent a blocker of inwardly rectifying 

potassium (Kir) channels. 

N-Methyl-D-glucamine (NMDG
+
) is a large organic molecule, unable to cross the 

membrane, and is used to replace Na
+
 in the electrophysiology solution. 

Amphotericin B from Streptomyces sp. is an antibiotic and is used to forms 

membrane pores, only permeable to small monovalent ions in perforated patch-clamp 

recording. 

 

Bachem Distribution Services, Weil am Rhein, Germany 

Corticotropin-releasing hormone (CRH), human, rat 

(Arg8)-Vasopressin (AVP) 

 

2.2 General molecular biology protocols 

2.2.1 Polymerase chain reaction amplification of DNA 

The standard polymerase chain reaction (PCR) is applied to amplify or sub-clone 

interested regions of DNA fragments. In this study, PCR was used to genotype mice 

(mouse BK channel and green fluorescent protein (GFP)) and to sub-clone yellow 

fluorescent protein (YPF) into the lentiviral transduction construct for its expression 

in native murine pituitary cells.  
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Typical 1 × PCR reaction contained 1-10 ng template DNA, 10 pmol each of forward 

and reverse primers, 10 × PCR reaction buffer, 1.5 mM MgCl2, 10 nmol each of 

dATP, dCTP, dTTP, dGTP (Fermentas), and 1-2.5 U (1 U being the amount of 

enzyme required to incorporate 10 nmol of dNTP into acid-insoluble material in 30 

minutes at 74°C.) of Taq DNA polymerase, all in double distilled water (ddH2O) to a 

20 µl final reaction volume. Reactions generally ran for 5 minutes at 94°C to 

completely denature template, then 25-35 cycles of PCR amplification as denaturing 

at 94°C for 45 seconds, annealing at the temperature appropriate 5-6°C lower than 

the primers’ calculated melting temperature (Tm) for 30 seconds and extending at 

72°C depending on the length of the amplicon, approximately 1 minute per kb, 

followed by 10 minutes at 72°C after the final cycle and maintained at 4°C. Negative 

control reaction with ddH2O replacing the template DNA was performed in parallel. 

All reactions were performed in GeneAmp® PCR system 2700 (Applied 

Biosystems). Products were analysed by agarose gel electrophoresis (Section 2.2.2) 

or went to restriction digestion (Section 2.2.3) directly. 

 

2.2.2 DNA agarose gel electrophoresis 

Agarose gels were composed of 1 × TBE buffer (45 mM Tris-base, 45 mM Boric 

acid, 2 mM EDTA, pH 8.0), 1.2-1.5 % agarose (w/v) to separate DNA fragments 

ranging from 7 kb - 0.5 kb and 6 kb - 0.4 kb respectively and 0.01% SYBR Safe® to 

visualise DNA fragments under ultraviolet (UV) illumination. DNA samples were 

mixed with 10 × loading dye (60% glycerol (v/v), 0.25% bromophenol blue (w/v), 

33% 150 mM Tris (v/v), pH 7.6 in ddH2O) before loading. DNA Ladder 1 was used 

as the molecular weight (MW) marker. Electrophoresis was performed in 1× TBE 
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buffer at 25 voltage/cm for 20-30 minutes related to sizes of DNA samples using a 

Bio-Rad model 200/2.0 power supply. Gel images were taken under UV illumination 

using the GeneGenius Gel Imaging System (SYNGENE). 

 

2.2.3 DNA restriction digestion, gel purification and phosphatase 

treatment 

DNA sequence is digested by restriction endonuclease at specific motifs producing 

complimentary ends of inserts and vectors allowing ligation and subsequent 

construct formation, or to assess DNA fragments. 

 

1 µg DNA was digested with 1-2 U of respective restriction endonuclease in 

appropriate buffer and incubated at appropriate temperature. In this study, 20 µl 

digestion reaction was normally prepared with 1-5 µg DNA combined with 2-5 U of 

restriction endonuclease in ddH2O diluted digestion buffer to a final volume of 15-25 

µl. Star activity of restriction endonuclease was checked and avoided by incubating 

digestion reaction at appropriate temperature and duration for optimal endonuclease 

activity according to the manufacturer's instructions. For double endonuclease 

digests, a two-step digestion process was carried out to ensure the DNA was 

completely digested. 

 

Digested DNA sequences were analysed by agarose gel electrophoresis (Section 

2.2.2). The desired DNA fragments were cut from gels under direct UV illumination 
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and purified by using the Perfectprep® Gel Cleanup Kit according to the 

manufacturer's instructions.  

 

To avoid self-ligation and reduce the probability of false positive ligation, 5’ 

phosphate groups were removed from the digested end of vectors. Gel purified 

linearized vector DNA was dephosphorylated with Shrimp alkaline dephosphorylase 

at a concentration of 1 U/µg (DNA) in at 37°C for 30 minutes followed by 

deactivation at 65°C for 15 minutes. 

 

2.2.4 Ligation of insert and vector DNA 

2.2.4.1 Ligation of restricted fragments 

After gel purification, the appropriate restriction endonuclease digested insert and 

dephosphorylated vector DNA fragment were analysed by agarose gel 

electrophoresis to confirm the purification and enable the approximation of the 

relative DNA concentrations. 

 

Generally, three 10-15 µl ligation reactions of insert to vector were performed with 

varied molar ratios (3: 1, 5: 1, 7: 1, see the equation below) using T4 DNA ligase in a 

concentration of 40 U/reaction in 1 × T4 buffer for T4 DNA ligase topped up by 

ddH2O. Negative control reaction consisting of vector DNA and T4 DNA ligase 

omitting the insert was performed in parallel to check self-annealing and 

contamination. Ligation reactions were incubated at 4°C or 16°C overnight before 

proceeding to the transformation of competent cells. 
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vector (ng) × size of insert (kb)                                  insert   

------------------------------------------ × molar ratio of --------- = insert (ng) 

             size of vector (kb)                                          vector 

 

2.2.4.2 Ligation into TOPO vector 

Fresh PCR amplicons were incubated with pCR®II-TOPO® vector at 20°C for 5 

minutes and transformed into TOPO 10 competent E. coli cells (Invitrogen, UK) 

according to the manufacturer's instructions.  

 

2.2.5 Transformation of plasmid DNA into competent E. coli 

A 100 µl aliquot of competent E. coli cells (XL 10, Strategene, USA) were taken 

from -80°C and thawed on ice. After defrosting, approximately 100 ng of ligated 

DNA was mixed and incubated on ice for 20 minutes, followed by heat-shock at 

42°C for 45 seconds. 200 µl lysogeny broth (LB) medium was then added and 

incubated at 37°C with agitation for 45 minutes for recovery. 100-200 µl cell mixture 

was plated onto an appropriate antibiotic (ampicillin: 100 µg/ml, kanamycin: 30 

µg/ml) selective LB agar plate and incubated at 37°C overnight.  

 

Positive clones were screened either by PCR with specific primers or unique 

enzymes digestion of mini-prep DNA prepared from individual colonies. 
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2.2.6 Assessment of ligation transformants for plasmid amplification 

The number of colonies on the control plates reflected the ligation efficiency. A large 

number of colonies on the control plate indicated either bacterial contained self-

ligated vectors without insert or the plated was contaminated, thus the experimental 

plate failed.  

 

If the control plate showing no or little background, 3-5 colonies from the 

experimental plated were picked, inoculated in 5 ml LB medium and incubated at 

37°C with agitation overnight for plasmid amplification. Plasmid DNA extracted via 

alkaline lysis (Section 2.2.7) were checked with restriction endonuclease digestion 

and sent for sequencing. For PCR checking, colony was picked with a sterile pipette 

tip and resuspended in the PCR reaction mixture directly.  

 

2.2.7 Alkaline lysis for plasmid DNA isolation 

The checked bacterial colony was picked with a sterile pipette tip, inoculated in 5 ml 

(miniprep), 100 ml (midiprep) or 250 ml (maxiprep) LB medium with the 

appropriate antibiotics (ampicillin: 100 µg/ml, kanamycin: 30 µg/ml) for plasmid 

selection, and incubated at 37°C with agitation overnight (no more than 18 hours). 

The following day, bacterial culture was transferred to a centrifuge tube and 

centrifuged at 15000 × g for 5-10 minutes. LB broth was removed and the pellet was 

resuspended in alkaline lysis buffer. The plasmid DNA was then extracted and 

purified by using the QIAGEN HiSpeed™ Plasmid Mini, Midi, or Maxi Kit 

respectively, according to the manufacturer's instructions.  
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2.2.8 Bacterial glycerol stocks 

1 ml bacterial culture from section 2.2.7 before centrifugation was diluted into 0.15 

ml sterile glycerol, suspended and snap-frozen in the isopropanol dry ice bath prior 

to long-term storage at -80°C. Bacterial culture was recovered by inoculation into LB 

medium with appropriate selection antibiotic. 

 

2.2.9 Quantitation of DNA and sequencing preparation 

The quality of DNA was determined by measuring the optical absorbency of the 

DNA solution at 260 nm (OD260) and 280 nm (OD280) by spectrophotometer 

(Biomate3, Thermo Electron Corporation, UK). DNA sampled was 1/100 diluted by 

ddH2O for measurement. The ratio of OD260 and OD280 indicates the purity of DNA 

samples. The ideal ratio is 1.8 indicating pure double stranded DNA, whereas values 

lower than 1.8 indicating protein, other nucleic acids or phenol contamination and 

higher than 1.8 indicating RNA contamination. The concentration of DNA was 

directly read from the spectrophotometer. 

 

20 µl volume DNA (50-100 ng/µl) sample was prepared for sequencing. Primers can 

be order from the same company or be included at a concentration of 10 pmol/µl and 

5 µl per primer. Sequencing results were analysed with Vector NTI 10.1.1 

(Invitrogen). 
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2.3 PCR genotyping 

2.3.1 Animals 

Mice with the deletion of the pore exon of α–subunit of BK channel (BK
-/-

) were 

generated as described (Sausbier, 2004). F2 generation of wild-type (WT) and BK
-/-

 

mice on the hybrid SV129/C57BL6 background were always used. Mice were caged 

in groups of 2-4 under the standard laboratory conditions (lights on at 0700 h and off 

at 1900 h, 21°C, with chow and tap water available). Either litter- or age-matched 

adult female mice (3-5 months) were randomly assigned to primary cell culture 

preparations every week. According to previous reports, corticotroph cells from male 

mice or rats displayed significantly different electrical activities from corticotrophs 

from female mice or rat (). To avoid the sexual variation, female mice were only 

used in this project. The age of mice was referred from related publication and also 

kept constantly to achieve comparable data. All tissue collection and cell culture 

preparation were performed between 0900-1100 h in accordance with accepted 

standards of humane animal care (United Kingdom Home Office requirements). 

 

2.3.2 Design of primers for mice genotyping 

PCR genotyping aims to classify the genotype of each individual animal by 

analysing the genetic difference of its DNA sequence with PCR.  

 

In this study, genotyping PCR was performed to identify WT and BK
-/-

 mice or 

proopiomelanocortin-green fluorescent protein (POMC-GFP) positive and negative 
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transgenic mice with the appropriate cycling parameters (Table 2.1) specific to the 

primers used, relative to the respective melting temperatures (Table 2.2). 

 

2.3.3 Tissue digestion 

Viagen DirectPCR Lysis Reagent (Ear, Viagen Biotech) was used to lyse mouse ear 

clips and release DNA for subsequent PCR genotyping, which contains inhibitors of 

PCR inhibitors found in animal tissues, thus making the DNA released compatibly 

for direct PCR amplification. One ear sample was digested in 120 µl lysis reagent 

with 25 µl proteinase K (20 mg/ml, Viagen) in a 1.2 ml eppendorf tube, which was 

incubated at 55°C in a rotating hybridization oven for 8-12 hours to ensure complete 

lysis. The crude lysate was then incubated at 85°C for 45 minutes to inactivate the 

proteinase K. Before PCR, the eppendorf tube was vortexed for 10 seconds to 

completely dissolve the DNA followed by centrifuging for 10 seconds to precipitate 

unlysed hairs. 

 

2.3.4 PCR and DNA agarose gel electrophoresis 

2 µl of the crude lysate was directly used in the PCR reaction. Negative PCR reaction 

control was performed with 2 µl ddH2O in parallel to check the contamination. 

Amplified DNA fragments were separated in a 1.5% (w/v) agarose gel.  

 

Figure 2.1 illustrates a representative agarose gel of PCR amplicons from genotyping 

reactions. The upper image (Figure 2.1 A) illustrates samples with one band around 

170 bp identifying as BK
-/-

 mice, samples with one band around 480 bp identifying  
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Table 2.1 

Cycling parameters for genotyping PCR reaction 

 

Mouse 

Genotypes 

Forward 

Primer 

Reverse 

Primer 

Cycling Parameters 

 Step1 Step2 Step3 

WT/BK
-/-

 A and B C 1 × 

94°C-5 min 

35 × 

94°C-45 sec 

52°C-30 sec 

72°C-60 sec 

1×  

72°C-10 min 

4°C-∞ 

 

POMC-

GFP 

D E 1 × 

94°C-5 min 

25 × 

94°C-45 sec 

62°C-30 sec 

72°C-60 sec 

1×  

72°C-10 min 

4°C-∞ 

 

 

* Primers labels refer to Table 2.2 
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Table 2.2 

Genotyping PCR primers 

 

Primer Name Target mice 

Tm 

(°C) 

Sequence(5’- 3’) 

A BK forward1 WT/ BK
-/-

 59.4 

TGG TCT TCT TCA 

TCC TCG GG 

B BK forward2 WT/ BK
-/-

 57.9 

AAG GGC CAT TTT 

GAA GAC GTC 

C BK reverse WT/ BK
-/-

 59.4 

CCA GCC ACA GTG 

TTT GTT GG 

D 

POMC-GFP 

forward 

POMC-GFP 73.5 

AGG ATC CTA CCA 

TGG TGA GCA AGG 

GCG A 

E 

POMC-GFP 

reverse 

POMC-GFP 61.4 

CAG CTT GTG CCC 

CAG GAT CT 

 

 

 

 

 

 

 

 



Figure 2.1  
Genotyping of WT, BK-/- and POMC-GFP mice 

B 

A 

MW (bp) 

200 

400 
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-ve heterozygote WT BK-/-
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Figure 2.1 Genotyping of WT, BK-/- and POMC-GFP mice. 

Representative SYBR Safe® stained 1.5% DNA agarose gels. A, 

PCR amplicons for BK channel genotyping. A single band at around 

480 bp indicates WT mice. A single band at around 170 bp 

indicates BK-/- mice and lanes with two bands indicate heterozygote 

(+/-) mice. B, the agarose gel image illustrates the samples with 

one band around 450 bp identified as POMC-GFP positive mice. 

No band indicates POMC-GFP negative mice. The molecular 

weight (MW) markers are 100 bp to 10 kb. –ve = negative PCR 

control. 
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as WT mice and samples with both bands identifying as heterozygotes. The 

molecular weight of the DNA ladder with markers from 100 bp to 10 kb is shown in 

the middle of the gels to identify the approximate sizes of different amplified bands. 

 

Figure 2.1 illustrates a representative agarose gel of PCR amplicons from genotyping 

reactions. The upper image (Figure 2.1 A) illustrates samples with one band around 

170 bp identifying as BK
-/-

 mice, samples with one band around 480 bp identifying 

as WT mice and samples with both bands identifying as heterozygotes. The 

molecular weight of the DNA ladder with markers from 100 bp to 10 kb is shown in 

the middle of the gels to identify the approximate sizes of different amplified bands. 

 

The bottom agarose gel image (Figure 2.1 B) illustrates samples with one band 

around 450 bp identifying as POMC-GFP positive mice and samples in which no 

band amplified identifying as POMC-GFP negative mice. The DNA ladder marker is 

the same as above. 

 

2.4 Cell culture 

2.4.1 Cell line 

Human Embryonic Kidney (HEK) 293FT cell line was used to generate lentiviral 

plasmids in this study. HEK293FT cell line was derived from HEK293F cell line and 

stably expressed the SV40 large T antigen from the pCMVSPORT6Tag.neo plasmid 

(Naldini at al., 1996 a). Previous studies demonstrated maximal virus production in  
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human 293 cells expressing SV40 large T antigen, making 293FT cell line a 

particularly suitable host for generating lentiviral plasmids (Naldini at al., 1996 b).  

 

2.4.2 Cell culture 

HEK293FT cells were cultured in Dulbecco’s Modified Eagles Medium (DMEM + 

4.5 g/L high-glucose, + L-Glutamine, - Pyruvate) plus 10% FCS as growth medium 

in a 37°C incubator with a humidified atmosphere of 95% (v/v) air and 5% (v/v) 

CO2. Cells used in this study were over a passage range from 4-25. 

 

2.4.3 Maintenance and passage of cell lines 

Cells were passaged every 2-3 days at approximately 70%-80% confluence and 

maintained in 75 cm
2
 Greiner flasks or 125 cm

2
 flasks for generating lentiviral 

particles. HEK293FT cells were passaged by removing old growth medium and 

gently rinsing twice with 3-5 ml HBSS, then 0.3-0.5 ml trypsin-EDTA was added 

equally to cells. The flask was incubated at 37°C for 2-4 minutes or until most cells 

started to detach. Trypsinized cells were gently resuspended in 2-3 ml growth 

medium triturating slowly for 5-10 times. Once the cells were totally resuspended, 

the appropriate amount of suspension was transferred to a new sterile culture flask 

and new fresh growth medium was added to give a final volume of 12 ml for 75 cm
2
 

flask and 20 ml for 125 cm
2
 flask.  
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2.4.4 Cell storage in liquid nitrogen and recovery 

For storage, cells cultured in 2-3 125 cm
2
 flasks at 80%-90% confluence were 

trypsinized as described in section 2.4.3, and collected into a 50 ml falcon tube by 

centrifugation at 200 × g for 5 minutes. Cell pellet was resuspended in the freezing 

medium comprising of 90% (v/v) FCS with 10% (v/v) dimethyl sulphoxide (DMSO) 

on ice. The ideal cell concentration for freezing is 1-3 × 10
6
 per ml. Cells were 

aliquoted into 1 ml cryovials and frozen at -80°C overnight, and transferred to liquid 

nitrogen on the next day.  

 

To recover the frozen cells, cell stock was removed rapidly from liquid nitrogen and 

placed into a 37°C water bath immediately. Cells were quickly transferred into fresh 

growth medium and cultured at 37°C in 5% CO2. Culture medium was replaced 

freshly after 24 hours when cells had attached to remove DMSO. 

 

2.5 Lentiviral particle generation  

2.5.1 Design and generation of lentiviral constructs  

Lentiviral gene delivery system has been widely used for its extremely high 

transduction efficiency and the ability to integrate DNA into the host cell genome in 

a wide range of dividing, non-dividing cells, tissues and animals. Commercially 

available lentiviral gene delivery systems usually consist of a three-construct 

expression system which includes a transducing construct, packaging construct and 

envelope construct (Figure 2.2). In this study, different packaging constructs were 

compared. The second generation packaging construct psPAX2 (Addgene Inc.,  



Figure 2.2 
Lentiviral transduction system constructs 

B 

C 

Figure 2.2 Lentiviral transduction system constructs. 

Commercially available lentiviral transduction system (Invitrogen) 

contains three separate constructs: transducing construct, 

packaging construct and envelope construct. The gene to be 

expressed is engineered into the transducing construct. 

pLenti transducing construct 

VSV-G envelope construct 

psPAX2 packaging construct 

A 
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Tronolab) gave the best transfection efficiency and used in routine lentiviral particles 

generation. The psPAX2 packaging construct (Figure 2.3 A) contains the 

cytomegalovirus (CMV) immediate early promoter driving the expression of all 

immunodeficiency virus functional genes required in infection, except the viral 

envelope gene, accessory protein vpu gene, HIV-1 gag and pol genes encoding 

group-specific antigen and viral enzymes such as reverse transcriptase, integrase and 

protease, rev gene encoding the structural proteins and the reverse transcripts, reverse 

response element (RRE), a region in the RNA molecule of the HIV env gene, 

providing a nuclear export signal that is essential for the export of the viral RNA out 

of the nucleus and the protease (PR) orf gene (Pro) encoding a product that cleaves 

the gag polyprotein precursor (Kumar et al., 2001). The envelope construct was 

obtained from pLenti6/V5 Directional TOPO® Cloning Kit (Invitrogen), encoding a 

vesicular stomatitis virus glycoprotein (VSV-G) (Figure 2.3 B) to pseudotype the 

lentiviral particles that offers a broad transduction range of cell and tissue tropism, 

and is also less toxicity for both inserts and mammalian cells (Farley et al., 2007). 

The high structural stability of VSV-G enables the viral particle to tolerate the 

ultracentrifugation required to achieve a high titer (Akkina et al., 1996). Transducing 

construct was specially designed and modified from pLenti6/V5-D-TOPO vector 

(Invitriogen) for this study described as below.  

 

Enhanced yellow fluorescent protein (eYFP) is a small fluorescent protein composed 

of 238 amino acids, which exhibits visible bright yellow fluorescence when 

illuminated with UV light. EYFP has been widely used because of its low toxicity 

when expressed in living cells. In this study, eYFP was designed to label  



Figure 2.3 
Lentiviral packaging and envelope construct maps 

A 

B 

Figure 2.3 Lentiviral packaging and envelope construct maps.  

A, the psPAX2 packaging construct includes the HIV-1 gag, pro, pol 

genes and reverse response element (RRE) encoding the viral 

structural proteins and the reverse transcripts 

(www.addgene.org/12260/maps/). B, the envelope construct is 

obtained from pLenti6/V5 Directional TOPO® Cloning Kit 

(Invitrogen), encoding a vesicular stomatitis virus glycoprotein 

(VSV-G) to pseudotype the lentiviral particles that offers a broad 

transduction range of cell and tissue tropism. 

(Invitrogen) 
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corticotrophs from other cell populations in primary murine anterior pituitary cell 

culture with lentiviral transduction system for the further electrophysiological 

analysis.  

 

EYFP gene was subcloned from pEYFP-NI vector into pLenti6/V5-D-TOPO
®  

 

vector (Figure 2.4 A). However, since pEYFP-NI vector does not possess any 

convenient restriction sites to accommodate subsequent constructs, unique SpeI and 

SfuI sites were planned to creat in pEYFP-N1 vector first. The SpeI site at the 

upstream of EYFP gene was created by amplifying pEYFP-N1 vector with primer 

pair  

5- CCGCGTTACATAACTTACGG-3’  

and 5’- CCATGGTACCGTCGACTAGTGAAT - 3’.  

The NheI and KpnI digested the amplicon and the vector, which were then ligated 

with T4 ligase. To generate the SfuI site at the downstream of EYFP gene, a Site-

directed Mutagenesis Kit (Strategene, USA) was used following the manufacturer's 

protocol. The mutagenesis primer pair used were  

5’-CAAGTAAAGCGGCCGCGACTTTCGAACATAATCAGCCATACCAC-3’  

and 5’-GTGGTATGGCTGATTATGTTCGAAAGTCGCGGCCGCTTTACTTG-3’. 

After sequence confirmation, the mutant pEYFP vector was amplified and purified. 

The SpeI-SfuI fragment from the mutant pEYFP vector was ligated into pLenti6/V5-

D-TOPO
®  

 vector to get the pLenti-CMV-eYFP vector (Figure 2.4 B). 

 

To generate the pituitary corticotroph specific eYFP expression, the minimal rat pro-

opiomelanocortin (rPOMC) promoter gene was designed to replace the CMV  



Figure 2.4 
pLenti-POMC-eYFP construct strategy 

B 

A 

Figure 2.4 pLenti-POMC-eYFP construct strategy. A, EYFP 

gene from a pEYFP-NI vector was ligated into pLenti6/V5-D-

TOPO® with restriction endonucleases SfuI and SpeI. CMV 

promoter in pLenti6/V5-D-TOPO® vector was replaced with 

minimal rPOMC corticotroph specific promoter. B, the agarose gel 

image shows the SfuI and SpeI digested pLenti6/V5-D-TOPO 

vector and the EYFP insert. 

MW (bp)

 pLenti6/V5-

D-TOPO® 

PCMV

replaced by PPOMC 

pEYFP-N1 

Flag EYFP 
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promoter in the pLenti-CMV-eYFP vector to drive the specific eYFP expression. 

The 770 bp minimal rPOMC promoter was amplified from vector pGEM TZ from 

Malcon J. Low (Young et al., 1998) with primer pair  

5’- TCATATCGATGCTTCCACTTCCCTCCACAG-3’  

and 5’- CTGGACTAGTTGTTCAGTGGCCTCTCTTAG-3’ to create ClaI and SpeI 

restriction sites, respectively. ClaI and SpeI digested PCR amplicon and pLenti-

CMV-eYFP vectors were ligated and transformed as described in section 2.2.5 

(Figure 2.4 A). 

 

After the construction and modification described above, pLenti-POMC-eYFP 

transduction construct was generated and then transfected HEK293FT cells with 

packaging and envelope constructs to generate corticotroph specific eYFP expression 

lentiviral particles. 

 

2.5.2 Transient transfection of HEK293FT cell line 

HEK293FT cells were seeded and cultured in a 125 cm
2
 flask in growth medium one 

day before transient transfection. Cells reached approximately 70% confluence on 

the day of transfection. The culture medium was replaced with 14 ml fresh growth 

medium before transfection. 12.3 µg pLenti-POMC-eYFP construct, 9.3 µg psPAX2 

packaging construct and 6.3 µg pCMV-VSVG envelope construct (pLenti-transgene 

: psPAX : VSV-G = 4 : 3 : 2) were diluted in 1.4 ml of 150 mM steriled NaCl 

solution, vortexed gently and spun down briefly. 93.3 µl of ExGen 500 was then 

added into the construct mixture, vortexed immediately for 10 seconds, and 
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incubated for 10 minutes at room temperature (RT) before dropwise addition to the 

cells. After 24 hours, 20 ml fresh growth medium was replaced (Figure 2.5). 

 

2.5.3 Crude lentivirus purification and concentration 

The whole 20 ml culture medium was harvested at 72 hours post-transfection. Cell 

debris was spun down at 5,000 rpm (Biofuge Stratos, Heraeus Instruments, UK) for 

15 minutes. Supernatant was filtered through a 0.45 µm syringe filter (25 mmGD/ X, 

Whatman®) into a 15 ml Amicon Ultra-15 centrifugal filter device (Millipore, UK) 

and centrifuged at 5,000 rpm (Biofuge Stratos, Heraeus Instruments, UK) for 40-50 

minutes reaching a final volume of 100-150 µl for the lentiviral particle 

concentration (Figure 2.5).  

  

2.5.4 Titration of lentivirus 

HEK293FT cells were seeded in a 6-well plate 24 hours before lentiviral 

transduction to reach a cell confluence of 50-60% by the second day for titration. 

Lentiviral particles in a series of volumes of 50 µl, 100 µl, 250 µl crude lentiviral 

particles and 2.5 µl, 5 µl, 7.5 µl concentrated lentiviral particles resuspended in 0.5 

ml of fresh culture medium were added into each well to test the concentration 

efficiency. After 24 hours, the culture medium was refreshed. EYFP expression was 

checked at 72 hours post-transduction. Cells from each well were trypsined and 

transferred to a 650 square scaled 10 cm
2
 petri dish for cell counting. 50 out of 650 

squares were randomly selected under 100 x magnifications with the epi-microscope 

(Olympus 1 x 71, Olympus, UK) and fluorescent cells were counted. The titration of  



Figure 2.5 
The procedure of lentiviral particle generation 

Figure 2.5 The procedure of lentiviral particle generation. 

pLenti transducing construct containing gene of interest was 

generated, and co-transfected HEK293FT cell line with packaging 

and envelop constructs to produce lentiviral particles. Lentiviral 

particles are harvested 24 hours after transfection, washed, 

concentrated and transduced cell lines, primary cells, tissue or 

animals for further analysis. 

Envelope 
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HEK 293FT lentivirus producer cell line 

Concentrate lentiviral particles 

In vitro: Cell lines and tissue In vivo: animals 

Genes of Interest 

1. Generate pLenti transducing

construct containing gene of interest 

2. pLenti transducing construct and

the optimized packing and envelop 

constructs co-transfect HEK 293FT  

cell line 

3. Harvest and concentrate lentiviral

supernatant, and determine the titre 

4. Lentiviral particles transduce cell

lines, tissue and animals 

5. Assay the functions of genes of

interest 
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lentiviral particles was defined as transduced unit (no. of fluorescent cells) per ml of 

lentiviral particles (TU/ml). 

 

The titre of lentiviral virus production was very constant among different batches. 

The variation in the titre of lentiviral particles was among 0.87-1.58 time. When 

compared the titre between the stored and freshly-harvested lentiviral particles, we 

found the titre reduced by 10
2
-10

3
 times (n = 5) after storage in 4°C or -80°C. As a 

result, we freshly prepared lentiviral particles for each cell transduction. 

 

2.6 Native murine anterior pituitary cell culture and lentiviral 

transduction 

Native murine anterior pituitary cell culture was routinely prepared every Friday 

either from WT or BK
-/-

 mice and transduced with fresh concentrated lentiviral 

particles 24 hours after preparation. Fluorescent cells were normally visible 48-72 

hours post-transduction. Each batch of primary cell culture was used for 5 days 

electrophysiological recordings. After 5 days, the membrane of primary cells became 

very fragile, which made the cell-patch quite difficult to achieve. Also, even after 

formed cell access, the time for stable recording was very limited. As a result, we 

defined the time window for investigation was 2-7 days after lentiviral transduction, 

and prepared fresh batch of cells every week. In a small number of experiments, 

fluorescent corticotrophs from POMC-GFP transgenic mice were used and also 

prepared as above. 
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2.6.1 Preparation of native murine anterior pituitary cell culture 

Three or four mice were killed by cervical dislocation, and bodies were removed. 

Pituitaries were gently removed from heads and chopped to remove the intermediate 

lobes. The remaining anterior pituitary lobe was chopped twice with a single edged 

razor blade (ASR, USA) setting 0.7 mm in both direction (rotated plate by 90°) and 

placed in DMEM (+25 mM HEPES) containing 0.25% trypsin and 10 µg/ml DNAse 

I, and incubated at 37°C for 20-25 minutes in a water bath. The tube was shaken 

every 5 minutes to achieve a complete and equal digestion. At the end of the 

digestion, after tissue pieces settled to the bottom of the tube supernatant was 

aspirated. 1 ml inhibitor solution (DMEM (+25 mM HEPES) containing 0.5 mg/ml 

lima bean trypsin inhibitor, 100 kallikrein units aprotinin (200 x dilution of Sigma 

stock), 10 µg/ml DNAse I) was added and the tissue bits were triturated with a 1 ml 

pipetman tip for about 40 times until little tissue pieces visible. The resulting 

suspension was filtered over a cell strainer with 70 µm nylon mesh (BD Falcon™, 

USA), diluted with an equal volume of culture medium (DMEM (+ 25 mM HEPES) 

+ITS (5 µg/ml insulin, 50 µg/ml transferrin, 30 nM sodium selenite) (ITS 100 ×, 

Sigma3146) + 0.3% BSA (w/v) (30% BSA, Sigma A9576) + 4.2 µg/ml fibronectin 

(0.1% fibronectin, Sigma F1141)) and spun in centrifugation at 100 × g for 10 

minutes. The pellet was triturated in 1 ml culture medium with 1% antibiotic for 20-

30 times in order to disperse single cells. 20 µl was firstly plated onto one coverslip 

to check how well cell dispersed. If 80% of cells stayed in single cells, and then the 

volume was made up to 12 ml with culture medium for plating. Cells from four 

anterior pituitaries were plated on 12 mm coverslips (12 mm round, Warner 
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Instruments) in a 6-well plate (4 coverslips per well) and incubated at 37°C in 5% 

CO2. The culture medium was refreshed every 2 days. 

 

2.6.2 Transduction of native murine anterior pituitary cells with 

lentiviral particles 

The cultured primary cells were replaced with non-antibiotic culture medium 6-7 

hours after preparation until cells attached to the coverslips for lentiviral 

transduction. Cultured primary cells were transduced with lentiviral particles 24 

hours after preparation. 100-150 µl freshly concentrated suspension of lentiviral 

particles (section 2.5.3) were diluted in 6 ml non-antibiotic culture medium for a 6-

well plate. Fresh culture medium was replaced 24 hours post-transduction. 

Fluorescent cells were normally observed 48-72 hours post-transduction and targeted 

for electrophysiological analysis.  

 

2.7 Cell imaging 

ACTH antibody was used to counterstain lentiviral transduced corticotrophs to check 

the transduction efficiency and eYFP expression specificity. 

 

2.7.1 Cell fixation, permeabilization and nuclear staining 

Native murine pituitary cells cultured on coverslips 3-4 days after lentiviral 

transduction were gently washed 3 times with phosphate buffered saline (PBS) 

containing 1 mM Ca
2+

 and 2 mM Mg
2+

, and then fixed with 4% paraformaldehyde in 
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PBS for 30 minutes at RT. To decrease the background, a quench step was done with 

5 mM NH4Cl incubation for 10 minutes at RT. Cells were then permeabilized with 

0.2% (v/v) Triton X-100 in PBS (PBS-T) for 10 minutes and the cell nuclei were 

stained with TO-PRO-3 (Molecular Probes, USA) for 15 minutes at RT.  

 

2.7.2 Immunohistochemistry analysis 

Fixed and permeabilized cells were blocked with blocking solution (10% BSA in 

PBST) for 1 hour at room temperature. Primary antibody anti-ACTH (1:500 in 

blocking solution, Sigma, USA) was applied and incubated at 4°C for overnight. 

Subsequently, cells were washed with 3 times of PBS and then incubated with Alexa 

594 conjugated secondary antibody (1:500) (Molecular probes, USA) in blocking 

solution for 1 hour at RT. Cells were finally washed with PBS for 3 times and 

mounted with anti-fade Mowiol medium (Chen et al., 2005).  

 

2.7.3 Confocal microscopy imaging 

Mounted cells were scanned by a Zeiss LSM510 laser scanning confocal microscope 

equipped with a 63 x (NA 1.4) oil immersion objective lens. EYFP and Alexa 594 

fluorescence were separately investigated under a 488 nm band pass filter and 543 

long pass filter. 
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2.7.4 Lentiviral transduction efficiency and expression specificity 

quantification 

Yellow fluorescent and Alexa 594 red fluorescent cells were randomly counted on 3 

coverslips from three individual cell culture wells for each experiment, defined as 

eYFP and ACTH-positive cells. Five individual visual fields of every coverslip were 

chosen under a 100 x magnification for cell counting.  

 

2.8 Electrophysiology: Perforated patch-clamp recording 

2.8.1 Patch-clamp recording 

Electrophysiology is a technique to investigate transmembrane ions movement and 

ion channel activities which expounds the electrical properties of live cells and 

tissues. Voltage-clamp recording provides the measurement of ion flow across cell 

membrane to be recorded as electrical current, while the membrane voltage is held at 

different experimental voltages using a feedback amplifier. Current-clamp recording 

allows the measurement of membrane potentials as well as action potentials due to 

various current injections by the feedback amplifier. 

 

The crucial feature of the patch-clamp technique is the formation of tight seal 

between the cell plasma membrane and micropipette. A clean glass micropipette 

filled with appropriate electrolyte is gently pressed against a small patch of cell 

plasma membrane, to which the micropipette tip automatically tightly adheres by an 

interaction between glass and lipids of the cell membrane forming a seal with very 

high resistance (cell-attached) and mechanical stability providing the recording of 



- 87 - 

 

single channel current across the cell membrane patch. This tight seal is named as a 

gigaseal which means the resistance formed between glass and cell membrane should 

be in excess of 10
9
 Ω. This high resistance is critical for reducing the electrical 

background noise which allows the very small electrical current flowing across the 

membrane to be recorded. The electrolyte within the pipette may be brought into 

fluid continuity with the cytoplasm by delivering a pulse of pressure to the 

electrolyte in order to rupture the small patch of membrane encircled by the 

micropipette rim (whole-cell recording). If the micropipette is pulled away from the 

cell under the whole-cell recording configuration, an outside-out patch recording 

may result. Alternatively, ionic continuity may be established by "perforating" the 

patch by allowing exogenous pore-forming antibiotics within the electrolyte to form 

pores on the membrane patch (perforated patch-clamp recording). Finally, the patch 

may be lifted off the cell with the intact membrane still attached to the micropipette 

(inside-out patch recording). In this study, I utilised perforated patch-clamp 

recording for the whole-cell ion channel voltage- and current-clamp studies on the 

native murine corticotroph cells.  

 

2.8.2 Perforated patch-clamp recording 

Perforated patch-clamp recording is designed to allow a limited ionic continuity 

between electrolyte and cell cytoplasm for recording metabolically intact cells. 

Perforated patch-clamp recording avoids the dilution and alteration of cell cytoplasm, 

especially for small volume cells, which provides a long and physiological stable 

recording condition. The method exploits the use of pore-forming antibiotics 



- 88 - 

 

(normally nystatin or amphotericin) that form membrane spanning pores only 

permeable to small monovalent ions (Figure 2.6).  

 

For the stock preparation, 5 mg antibiotics was dissolved in 100 µl fresh DMSO. The 

stock solution was made freshly every week and stored in the dark at -20°C. 

Immediately prior to filling pipette stock antibiotic was thawed, and 2 µl was diluted 

in 500 µl of the pipette solution and dispersed by sonication (a cylindrical water bath 

sonicator (Special Ultrasonic cleaner Model G112SP1, Lab supplies, 29 Jefry lane, 

Hicksville, NY11801) for 30 seconds, with a vigorous central vortex (tank water 

level approximate 80% full) that popped and spurted like a geyser. The solution was 

sonicated in a round borosilicate glass tube (10 x 75 mm), with a maximum volume 

of 500 µl. Tube was placed in the centre of vortex. This solution was kept in the dark 

and used for up to 1 hour. 

 

Comparing the time consume of  the two antibiotics, nystatin and amphotericin, from 

the start to pores forming until stable access resistances, amphotericin worked more 

quickly to reach acceptable cell access due to a greater number of pores formed on 

the membrane. In further experiments, amphotericin was routinely used. The 

routinely uncompensated access resistances between 15-30 MΩ were achieved 

within 5-15 minutes after gigohm seal formation. Cells were normally stable for at 

least 1 hour for patch-clamp recordings.  

 

Perforated whole-cell voltage-clamp and current-clamp recording measurements 

were performed at room temperature (20-24°C) on the primary isolated eYFP- 



Figure 2.6 Perforated patch-clamp recording. Perforated patch-

clamp recording is designed to allow a limited ionic continuity 

between electrolyte and cell cytoplasm for metabolically intact cells 

recording. Amphotericin B is used to form membrane spanning 

pores that are only permeable to small monovalent ions.  

Figure 2.6 
Perforated patch-clamp recording 
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labelled murine corticotrophs which had been plated on the glass coverslips two days 

prior to use. The coverslip was placed in a perfused recording chamber situated on a 

fluorescent microscope (Olympus 1 x 71, Olympus, UK). The cells and patch 

pipettes were observed under × 40 phase contrast objective. Mechanical and 

hydraulic manipulators (Narishige International, Japan, model MHW-3) mounted on 

the microscope stage provided the control of coarse and fine movement required for 

patching of isolated cells. Channel activity was recorded with an Axopatch 200B 

patch-clamp amplifier (Axon Instruments, USA), an AD converter in the interface 

board (Digidata1440A, Axon Instruments, USA) and a computer for display and 

analysis. Glass patch pipettes (Garner Glass Company, Precision Glass Parts) with 

resistances from 4-5 MΩ for perforated patch-clamp recordings were mounted on 

mechanical and hydraulic manipulators. Recordings were made under voltage-clamp 

with data sampled at 10 kHZ and filtered at 2 kHZ. Current-clamp recordings were 

performed without any current injection allowing the recording of spontaneous 

action potentials. Patch-clamp data was recorded using pClamp10.1 and analysed by 

Clampfit 10.1 (Molecular Device). 

 

2.8.3 Solution, drugs and hormones preparation 

The standard bath solution contained (in mM): 140 NaCl, 5 KCl, 2 CaCl2, 0.1 MgCl2, 

10 HEPES and 10 Glucose, pH 7.4 adjusted with NaOH, 300 mOsmol/1. The 

standard pipette solution contained (in mM): 10 NaCl, 30 KCl, 60 K2SO4, 1 MgCl2, 

10 Glucose, 10 HEPES and 50 Sucrose, pH 7.2 adjusted with KOH, 290 mOsmol/1. 
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A range of pharmacological blockers were applied during recordings for ion channel 

analysis. For stock blockers preparation, drugs were made up in the appropriate 

solution according to the manufacturer's instructions, aliquoted and stored at -20°C. 

For each day, a new fresh aliquot was used. Stock blockers were diluted to the 

working concentration with standard bath solution (Table 2.3).  

 

CRH and AVP were applied during recordings for cell activity analysis. For stock 

preparation, hormones were made up in the appropriate solution according to the 

manufacturer's instructions, aliquoted and storied at -80°C. For each day, a new fresh 

aliquot was used. Stock hormones were diluted to the working concentration with 

standard bath solution with 0.2% (w/v) BSA (Table 2.3). 

 

2.9 Data analysis 

The data were expressed as means ± SEM (Standard error about the mean), n = 

number of independent experiments. Statistical analysis for each group was 

performed by standard Student’s t-test or ANOVA as described in the respective 

figure legend. Significant differences between groups were expressed as P < 0.01 or 

P < 0.05. 
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Table 2.3 

Pharmacology blockers and hormones concentrations 

 

Blockers and 

Hormones 

Working 

concentration 

 

stock 

concentration 

(mM) 

Storage 

temperature 

(°C) 

TEA 1 mM 10
3
 -20 

Paxilline 1-10 µM 10 -20 

TRAM-34 5 µM 25 -20 

4-AP 1 mM 100 -20 

BaCl2 100 µM 100 -20 

CRH 0.1 nM 0.1 -80 

AVP 2 nM 1 -80 
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Chapter Three: 

Potassium channels in native murine 

pituitary corticotrophs 
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3.1 Introduction 

3.1.1. The limitation of live native corticotroph identification 

Lack of routine methods to identify corticotrophs from the other anterior pituitary 

cells partly limited the investigation of the cell properties of native pituitary 

corticotrophs. Pituitary corticotrophs with small cell size and population makes the 

cell enrichment very difficult. Most previous labelling methods were mainly based 

on the corticotroph unique endocrine properties, either sensitive to its secretagogue 

CRH or detection of its secreted hormone ACTH. These methods either need to treat 

cells with chemicals with the potentials to change the cells condition, or staining 

cells after a large number of random recordings which is very inefficient. This 

chapter aims to develop a new method to identify native corticotrophs. 

 

3.1.2. The design of lentiviral transduction system for corticotroph 

specific expression 

Lentiviral transduction system is a highly efficient extrinsic gene delivery system, 

not only for cell lines and native cell transduction, but also displays strong 

transduction efficacy after in vivo injection both in experimental animals and patients 

that is widely used in many gene modulation and gene therapy areas. It offers a broad 

cell and tissue transduction tropism due to its envelope coating protein, VSV-G, 

which also protects lentivirus during the ultracentrifugation required for viral 

concentration.  In addition, lentivirus belongs to the retroviral family, which enables 

efficient integration to exogenous gens to achieve long-term gene expression.  
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To allow live cell labelling, a fluorescence protein gene was chosen as the extrinsic 

gene integrated into the lentiviral transducing vector, for expression in target cells. A 

common fluorescence protein for transduced host cell expression is enhanced yellow 

fluorescent protein (eYFP), which is a small fluorescent protein of 238 amino acids. 

After expression, it exhibits visible bright yellow fluorescence when illuminated with 

UV light, and has been widely used due to its brightness and low cell toxicity. In my 

study, eYFP was used to label corticotrophs from other cell populations in murine 

anterior pituitary cells, which were targeted for further electrophysiological analysis.   

 

Lentiviral vectors carrying eGFP gene have been used to transduce human pituitary 

adenoma cells, with 67.8% of cells being eGFP-positive (Roche et al., 2004). To 

avoid non-specific fluorescent labelling, a tissue specific promoter is needed to 

replace the CMV promoter to drive expression of the fluorescence protein gene. 

Previous studies suggested that primary cultured rat anterior pituitary cells showed a 

different transduction efficiency (from 5%-86%) using by lentiviral transduction 

(Roche et al., 2004). All anterior pituitary endocrine cells were transduced using the 

phosphoglycerate kinase (PGK) promoter, but none using the human growth 

hormone (GH) promoter (Roche et al., 2004). Lentiviral vectors with the α-subunit 1 

human glycoprotein hormone -subunit promoter mainly transduced thyrotroph and 

gonadotroph cells, and when driven by the α-subunit 2 human glycoprotein hormone 

-subunit promoter more selectively transduced PRL, GH and adrenocorticotrophin 

(ACTH) cells (Roche et al., 2004). In this project, the minimal rat pro-

opiomelanocortin (rPOMC) gene promoter, which drives expression specifically in 

anterior pituitary corticotrophs, was designed to replace the CMV promoter in the 
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lentiviral transduced vectors (Jeannotte et al., 1987). Together with the high 

transduction efficiency, the minimal rPOMC promoter should allow the fluorescent 

protein gene only expressed in pituitary corticotrophs. 

 

3.1.3 Ion channels expressed in AtT20 corticotroph cell line and rat 

and human corticotrophs  

The major class of ion channels revealed in many types of pituitary cells and 

corticotrophs are potassium channels. Potassium channels exert their critical 

functions in cell repolarization and contribute to the downstroke of the action 

potential and the afterhyperpolarization phase. In the AtT20 corticotroph cell line, 

the dominant potassium currents are mediated by BK channels, which were revealed 

to be inhibited by CRH via PKA signalling pathway. They have also been implicated 

in the feedback regulation by glucocorticoids to decrease the ACTH secretion by 

preventing PKA/PKC-induced inhibition of BK channels (Shipston et al., 1999). In 

rat corticotrophs, Kir channels have been recorded and suggested to maintain the 

resting membrane potential (Kuryshev et al., 1997). Apamin-sensitive Ca
2+

-activated 

potassium channels (SK channels) were also reported in rat corticotrophs with 

functions in cell membrane hyperpolarization (Tse & Lee, 1998). 

 

Other ion channels have been recorded in pituitary corticotrophs, including voltage-

gated calcium channels which are very important in the generation of action 

potentials and ACTH secretion (Kuryshev, Childs & Ritchie, 1996). In this thesis, 

the focus is mainly on the potassium ion channels in the native murine pituitary 

corticotrophs.  
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3.2 Results 

3.2.1 Identification of living native murine corticotrophs using a 

POMC-eYFP lentiviral reporter 

In an attempt to identify living murine anterior pituitary corticotrophs in primary 

culture of dispersed anterior pituitary cells for subsequent investigation of their 

electrical properties by patch-clamp electrophysiology, we generated lentiviral 

constructs in which the expression of enhanced yellow fluorescent protein (eYFP) 

was driven by the minimal rPOMC promoter as described in methods (section 2.5.1). 

 

Dispersed anterior pituitary cells in primary cell culture were transduced with pLenti-

POMC-eYFP lentiviral particles, generated in HEK293FT cells at a titre of > 1.24 × 

10
7
. EYFP expression could be observed within 48 hrs of transduction and this 

expression could be maintained in culture for more than a month. However, for the 

data in this thesis lentiviral-transduced cells were analysed within the first 7 days 

following transduction with the majority of experiments performed between days 2-5 

post transduction (Figure 3.1). 

 

To test the efficiency and specificity of pLenti-POMC-eYFP constructs we 

undertook immunohistochemical analysis of dispersed anterior pituitary cell cultures 

transduced with pLenti-POMC-eYFP by staining for ACTH that only expresses in 

anterior pituitary corticotrophs (Figure 3.1A). In addition, we also transduced 

anterior pituitary primary cell cultures with a lentiviral reporter in which eYFP   



Figure 3.1  
Labeling of murine corticotrophs in vitro using lentiviral 

transduction of pLenti-POMC-eYFP fluorescent reporter 
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Figure 3.1 Labeling of murine corticotrophs in vitro using 

lentiviral transduction of pLenti-POMC-eYFP fluorescent 

reporter. A, representative confocal sections of dispersed primary 

anterior pituitary cells in culture 4 days after transduction with pLenti-

POMC-eYFP (top panels) or pLenti-CMV-eYFP (bottom panels). The 

eYFP signal (left panels), ACTH immunoreactivity (middle panels) 

and merged images are shown. Scale bar is 10 µm. (Green arrows: 

eYFP-positive cells without ACTH signals. Red arrows: ACTH-

positive cells without eYFP signal). B, quantification of percentage of 

cells immunoreactive for ACTH (ACTH+) that are also labelled with 

eYFP (eYFP+) (left panels) and eYFP (eYFP+) that are also labelled 

with ACTH (ACTH+) (right panels) using either pLenti-POMC-eYFP 

or pLenti-CMV-eYFP. All data are means ± SEM, n > 3 independent 

experiments (> 100 cells/experiment). **P < 0.01 (Student’s t-test).  

0 

20 

40 

60 

80 

100 

** 

** 

ACTH 

ACTH 

merge 

merge (CMV)-eYFP 

(POMC)-eYFP 

- 98 - 



- 99 - 

 

expression was driven by the CMV promoter, which allows gene expression in a 

wide range of mammalian cells. 

 

Confocal microscopy revealed that eYFP was expressed in the nucleus and 

cytoplasm of anterior pituitary cells transduced with either pLenti-POMC-eYFP or 

pLenti-CMV constructs (Figure 3.1A left). Immunostaining for ACTH revealed 

robust cytoplasmic staining in a proportion of anterior pituitary cells (Figure 3.1A 

middle).  To determine the efficiency of corticotroph labelling by the POMC-driven 

expression of eYFP we quantified the percentage of cells immunoreactive for ACTH 

that was also labelled with eYFP using the pLenti-POMC-eYFP reporter (Figure 

3.1B left). More than 95% of ACTH-positive cells also expressed eYFP after 

transduction by pLenti-POMC-eYFP significantly greater than the proportion of 

ACTH-positive cells expressing eYFP driven by CMV promoter (Figure 3.1B, P < 

0.01, Student’s t-test). This suggests the efficiency of corticotroph labelling is > 95% 

using the pLenti-POMC-eYFP reporter. To determine the specificity of corticotroph 

labelling we also quantified the percentage of eYFP-positive cells that were also 

ACTH-positive using both pLenti-POMC-eYFP and pLenti-CMV-eYFP constructs 

(Figure 3.1B right). Using the pLenti-POMC-eYFP construct more than 99% of 

eYFP-positive cells co-labelled for ACTH. In contrast, less than 35% of eYFP cells 

labelled using the CMV–driven expression of eYFP displayed ACTH 

immunoreactivity. 

 

Taken together these data suggest that the pLenti-POMC-eYFP transduction system 

allows high efficiency and specificity of corticotroph labelling in murine primary 
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anterior pituitary cell cultures. It allowed the routine labelling and visualisation of 

native live murine corticotrophs amenable for patch clamp electrophysiological 

investigation. 

 

3.2.2 Whole-cell outward currents of native mouse corticotrophs 

Once the eYFP expression was detectable 2 days after transduction, the expression 

level kept increasing and stayed stable after 3-4 days. Electrophysiological data from 

different days were compared, and no significant differences were found, which 

implied that the expression level of eYFP had no effect on the corticotroph cell 

excitability. We stopped use cells after 7 days of transduction was due to the cell 

membrane becoming fragile and the stability of patch recording being lost. The 

expression of eYFP controlled by the minimal rPOMC promoter in corticotrophs for 

cell labelling allowed enough fluorescence for detection, but with no dateable 

adverse effects on murine anterior pituitary corticotrophs. The establishment of the 

high efficiency labelling and identification of native murine corticotrophs in vitro 

allowed us to analyse the electrophysiological properties of these cells. Cells with 

clear fluorescent were chosen to be patched targets, no matter there were single 

isolated cells or cells with neighbours. No significant difference in the electrical 

activities were detected be tween them. 

 

We first attempted to analyse the properties of corticotrophs using the conventional 

whole-cell recording technique. Recordings of total outward current in voltage-clamp 

were relatively stable over approximately 30 minutes of recording. However, in 

current-clamp spontaneous action potentials were only recorded within the first 10 
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seconds of going whole-cell and the membrane potential rapidly depolarized by ~40 

mV resulting in abolition of firing (n = 20). ATP was added in the standard pipette 

solution however, no obvious improvement was observed. As a result, all subsequent 

data was performed using the perforated patch-clamp recording technique using 

amphotericin B in the patch pipette.  

 

In the perforated patch mode, gigaseals up to 16 GΩ were obtained in more than 80% 

of all pLenti-POMC-eYFP construct labelled fluorescent cells patched. When stable 

perforated-patch recording was established, 95% of the cells had an input resistance 

typically greater than 3 GΩ. Cells with input resistance < 2 GΩ were discarded. In 

90% of the cells uncompensated access resistances between 15-30 MΩ was achieved 

within 5-15 minutes of gigaseal formation. Cells were normally stable for up to 1 

hour for recording. The fluorescent labelled corticotrophs recorded in the perforated 

patch recording mode had a cell capacitance of 3.25  1.15 pF.  

 

We first analysed the total whole-cell outward potassium currents in physiological 

gradients in voltage-clamp. Previous data from mouse AtT20D16:16 cell line has 

suggested the outward potassium conductance is dominated by large conductance 

calcium and voltage activated potassium channels (BK channels). Thus, we analysed 

the whole-cell outward currents of corticotrophs from both wild type (WT) mice and 

mice in which the BK channel has been genetically deleted (BK
-/-

). 

 

A standard protocol with holding potential at -80 mV stepped from -80 to 100 mV 

corticotrophs from both genotypes (Figure 3.2). Firstly, outward current that  



Figure 3.2  
Whole-cell outward currents in native murine corticotrophs 

WT BK-/- 

Figure 3.2 Whole-cell outward current in native murine 

corticotrophs. Representative voltage-clamp recording in the 

perforated patch-clamp mode of corticotroph whole-cell outward 

current traces display rapid activation and reaching steady-state 

plateau with little inactivating (top panel) or display marked 

inactivation (middle panel). Voltage protocol with a holding potential 

at -80 mV depolarized to +100 mV in 20 mV steps for 200 ms 

(bottom panel) in physiological extra- and intracellular solutions 

both for WT and BK-/- corticotrophs. 
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displayed rapid activation and reached a steady-state plateau at depolarised potentials 

that showed little inactivation during the pulse was routinely seen (Figure 3.2). In 

addition, outward currents that showed marked inactivation at depolarised potentials 

during the 200 ms pulse were also observed (Figure 3.2).  

 

To test whether the outward potassium current of native murine corticotrophs is 

dominated by BK channels we compared the steady-state outward current density in 

corticotrophs from WT, BK
-/-

 and heterozygous animals (Figure 3.3). However, 

measuring the steady-state current density normalised to cell capacitance at 190 ms 

into the depolarising pulses revealed no significant difference between the three 

genotypes. For example, at 100 mV the current density was 454 pA/pF in WT, 305 

pA/pF in hets and 456 pA/pF in BK
-/-

 corticotrophs. This suggests that the BK 

channel may not contribute significantly to the whole-cell outward current in native 

murine corticotrophs. 

 

To determine that the relative lack of outward BK current was not a result of the 

lentiviral transduction we also assayed the steady-state outward current density at 

190 ms into the pulses in wild-type corticotrophs from a mouse transgenic line in 

which GFP is constitutively expressed in corticotrophs under control of the minimal 

rPOMC promoter. However, the current density normalised to cell capacitance was 

not significantly different at any potential examined (Figure 3.4). For example, at 

100 mV the current density was 345 pA/pF in pLenti-POMC-eYFP labelled 

corticotrophs and 398 pA/pF in corticotrophs from POMC-GFP mice. 

 



Figure 3.3 
Steady-state outward current density of labeled 

corticotrophs from different genotypes 
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Figure 3.3 Steady-state outward current density of labeled 

corticotrophs from different genotypes. Current-voltage 

relationship of corticotrophs whole-cell outward current determined 

at steady-state (190 ms) from three different genotypes, WT (■, n 

= 7), heterozygous (◆, n = 10) and BK-/-  (□, n = 27). The steady-

state current density of labelled corticotrophs from the three 

genotypes was between 300-350 pA/pF at 100 mV in the I-V plot 

with no significant difference between them. All data are means ± 

SEM, n, no. of independent recorded cells. 
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Figure 3.4  
Steady-state outward current density of lentiviral 

transduced and transgenic corticotrophs 

Figure 3.4 Steady-state outward current density of lentiviral 

transduced and transgenic corticotrophs. Current-voltage 

relationship of the whole-cell outward current determined at 

steady-state (190 ms) of pLenti-POMC-eYFP transduced 

corticotrophs (■, n = 7) and corticotrophs from POMC-GFP 

transgenic mice (◇, n = 7). The steady-state current density 

measured at 190 ms showed no significant difference between 

them. All data are means ± SEM, n, no. of independent recorded 

cells.  
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In preliminary transduce experiments FCS was used as the supplement in the 

medium. Considering the corticotrophs are hormone regulated cells, hormones in the 

serum may change the status of corticotrophs, thus FCS was replaced with ITS in the 

culture medium. Corticotroph cells cultured with ITS showed higher transduction 

efficiency suggesting serum may have a negative influence in the lentiviral 

transduction. In our primary cell culture assay we used a minimal serum replacement 

medium (insulin-transferrin-sodium, ITS) rather than foetal calf serum (FCS). This 

was in an attempt to avoid variability due to different levels of steroids and other 

hormones in serum that are known to regulate ion channel expression, including BK 

channels.  

 

Thus, to determine whether culture conditions also affected outward steady-state 

current density we analysed current density of cells grown either in the presence of 

ITS or FCS (Figure 3.5). However, there was no statistically significant difference in 

the whole-cell outward current density at any potential examined. For example, at 

100 mV the current density was 333 pA/pF in ITS treated and 247 pA/pF in FCS 

treated corticotrophs. 

 

3.2.3 Pharmacological characterisation of outward potassium 

currents 

In order to determine the potassium channels that contributed to the whole-cell 

outward current of native murine corticotrophs, we chose different potassium 

channels blockers to identify different potassium current components. Potassium  



Figure 3.5  
Steady-state outward current density of labeled 

corticotrophs in different culture conditions 
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Figure 3.5 Steady-state outward current density of labeled 

corticotrophs in different culture conditions. Current-voltage 

relationship of the whole-cell outward current determined at 

steady-state (190 ms) of corticotrophs cultured either in the 

presence of ITS (●, n = 8) or FCS (▲, n = 10). The steady-state 

current density of lentiviral transduced corticotrophs showed no 

significant difference between culture conditions. All data are 

means ± SEM, n, no. of independent recorded cells.  
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channel blockers were applied to corticotrophs from WT and BK
-/-

 mice to examine 

differences in potassium channel expression. Since pLenti-POMC-eYFP labelled 

corticotrophs and corticotrophs from POMC-GFP mice showed no significant 

difference in either the whole-cell outward current or any potassium current 

components, electrophysiological data from them were displayed together (Figure 

3.4). 

 

3.2.3.1 TEA-sensitive outward potassium current 

TEA that blocks a wide range of potassium channels was applied to the extracellular 

solution bathing the native murine corticotrophs. At 1 mM TEA is relatively 

selective for BK channels in some systems, although may also block a range of other 

potassium channels. Once the whole-cell outward current was stable for over 5-10 

minutes, 1mM TEA was applied to the recorded cell. 

 

Representative traces showed that 1 mM TEA reduced the whole-cell outward 

current in both WT and BK
-/-

 corticotrophs in 2-3 minutes after the drug was applied 

to the bath (Figure 3.6A). The whole-cell outward current was inhibited maximally 

by 1 mM TEA within 5-7 minutes after the blocker application. The steady-state 

whole-cell outward current was decreased by 1 mM TEA, while the inactivating 

component was still observed in the inhibited traces (Figure 3.6A). In the 

representative I-V plot, there was detectable current inhibition by 1 mM TEA at all 

depolarizing potentials examined. The steady-state current (at 190 ms) of the whole-

cell outward current measured at 100 mV was blocked by around 50% by 1 mM 

TEA both in WT and BK
-/-

 corticotrophs (Figure 3.6B). The inhibited current  



Figure 3.6  
TEA-sensitive outward potassium current 

Figure 3.6 TEA-sensitive outward potassium current. A, 

representative voltage-clamp recording in perforated patch-clamp 

mode of a corticotroph cell depolarised from a holding potential of -

80 mV to +100 mV in 20 mV steps before (cont, □), during (TEA, 

△) and after washout (wash, ○) exposure to 1 mM TEA (closed 

symbol for WT and open symbol for BK-/-).  B, current-voltage 

relationship of the whole-cell outward current from the cells as in A 

determined at the steady-state (190 ms). The whole-cell outward 

current amplitude was reduced by 50% at +100 mV for both WT 

and BK-/- corticotrophs. 
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returned to the control level after washing with the standard extracellular bath 

solution for 5-10 minutes (Figure 3.6A). In all WT (n = 12) and BK
-/-

 (n = 7) 

corticotrophs, 1 mM TEA displayed a similar inhibition and complete washout of the 

whole-cell outward current. On average, 1 mM TEA blocked around 35-40% of the 

whole-cell outward current both in WT and BK
-/-

 corticotrophs. WT and BK
-/-

 

corticotrophs showed no significant difference in response to 1 mM TEA inhibition 

(Figure 3.7). 

 

When raising the concentration of TEA to 5 mM, only 14.9 ± 1.9% of the whole-cell 

outward current was left in WT cells (n = 7), and 13.4 ± 1.1%  in BK
-/-

 (n = 8)  , and 

there were no further inhibition when 10 mM TEA was applied in both WT and BK
-/-

 

corticotrophs.  

 

These data suggest that for both WT and BK
-/-

 35-40% of the whole-cell outward 

current was sensitive to 1 mM TEA. 5 mM TEA eliminated almost all the whole-cell 

outward current revealing that potassium channels were the main components in the 

murine native corticotrophs. However, as TEA is a general potassium channels 

blocker that is not able to identify potassium channels specifically, more specific 

potassium channel blockers were used in the further investigation. 

 

3.2.3.2 Paxilline-sensitive outward current 

Previous research indicated that in the mouse AtT20D16:16 cell line, the outward 

potassium conductance was dominated by BK channels. To test whether BK  



Figure 3.7 
Inhibition of outward potassium current by 1 mM TEA 

Figure 3.7 Inhibition of outward potassium current by 1 mM 

TEA. 1 mM TEA blocked 35-40% of the whole-cell outward 

steady-state current at +100 mV. There was no significant 

difference in current inhibition between WT and BK-/- corticotrophs. 

All data are means ± SEM, n, no. of independent recorded cells. 
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channels were dominant in native murine corticotrophs too, the BK channel specific 

blocker paxilline was used. Since WT and BK
-/-

 corticotrophs did not show any 

significant difference in the whole-cell outward current (Figure 3.3), we attempted to 

investigate whether BK channels represent a small current component in WT 

corticotrophs or other channels compensate for BK channel deletion in BK
-/-

 

corticotrophs.  

 

1 µM paxilline (prepared in 0.1% DMSO in the standard extracellular solution) was 

applied to the corticotroph after ensuring the cell current was stable for 5-10 minutes. 

Representative traces and the I-V plot are showed in Figure 3.8A. In 11/14 WT 

corticotrophs, 1 µM paxilline resulted in a small inhibition (< 5 %) at the steady-state 

of the whole-cell outward current measured at 100 mV (Figure 3.8A & B left). 

However, in 3/14 WT corticotrophs, 1 µM paxilline showed a large decrease (10-

20%) of the steady-state whole-cell outward current. In BK
-/-

 corticotrophs, 8/10 

cells had no detectable decrease in the whole-cell outward current in the presence of 

1 µM paxilline (Figure 3.8A & B right). While 2/10 cells displayed a small reduction 

(< 5 %) of the steady-state whole-cell outward current. 

 

0.1 % DMSO alone in the extracellular solution was used as control to exclude the 

effect of DMSO on the whole-cell outward current of the corticotrophs and there was 

only 0.35 ± 0.32% inhibition on the whole-cell outward current by 0.1 % of DMSO 

in WT corticotrophs (n = 5).  

 



(mV) 

Figure 3.8 
Paxilline (1 µM) sensitive outward potassium current 

 

Figure 3.8 Paxilline (1 µM) sensitive outward potassium 

current. A, representative voltage-clamp recording in the 

perforated patch-clamp mode of a corticotroph cell depolarised 

from a holding potential of -80 mV to +100 mV in 20 mV step 

before (cont, □), during (paxilline, △) and after washout (wash, ○) 

exposure to 1 µM paxilline (closed symbol for WT and open 

symbol for BK-/-). B, current-voltage relationship of the whole-cell 

outward current from the cells as in A determined at the steady-

state (190 ms). The whole-cell outward current amplitude was 

blocked by less than 5% at +100 mV for the WT corticotrophs. 

Little inhibition was detected in BK-/- corticotrophs. 

A WT

control 

1 µM paxilline 

wash 

500 pA 

20 ms 

-80 -60 -40 -20 20 40 60 80 100 

400 

800 

1200 

1600 

0 

(p
A

) 

B 

-80 -60 -40 -20 20 40 60 80 100 0 

(p
A

) 

(mV) 

400 

800 

1200 

1600 

BK-/-

- 113 - 



- 114 - 

 

On average, paxilline blocked less than 10% of the whole-cell outward current in the 

WT corticotrophs (n = 14) and less than 5% in BK
-/-

 corticotrophs (n = 10). WT and 

BK
-/-

 corticotrophs showed no statistically significant difference in the whole-cell 

outward current inhibition by 1 µM paxilline (Figure 3.10).  

 

Thus, in contrast to the mouse AtT20 cell line, BK channels only contributed a small 

conductance in the whole-cell current of native murine corticotrophs. Since paxilline 

is reported to be a specific BK channel blocker, we increased the concentration of 

paxilline to see if there would be a larger inhibition. When 10 µM paxilline was 

applied to the extracellular solution for 3-5 minutes, the steady-state whole-cell 

outward current was reduced by around 75% in WT corticotrophs (Figure 3.9A & B 

left). In the BK
-/-

corticotrophs, the whole-cell outward current showed a 55% 

inhibition by 10 µM paxilline (Figure 3.9A & B right). In both genotypes the 

inhibited steady-state current component was washed out and reversed to the control 

current density after 10-15 minutes washout. 

 

Extracellular solution with 1% of DMSO was performed as a control, and there was 

no detectable effect on the whole-cell outward current in the presence of 1% of 

DMSO, which demonstrated 10 µM paxilline had a marked inhibition of the 

corticotroph whole-cell outward current for WT and BK
-/-

 mice. The percentage of 

inhibition was 56% of the whole-cell outward current in WT (n = 7) corticotrophs by 

10 µM paxilline, and for BK
-/-

 (n = 7) the corticotroph whole-cell outward current 

was reduced by 32% (Figure 3.10). The whole-cell outward current of WT  



Figure 3.9 
Paxilline (10 µM) sensitive outward potassium current 

 
 

Figure3.9 Paxilline (10 µM) sensitive outward potassium 

current. A, in the voltage-clamp mode of perforated patch-clamp 

recording, representative whole-cell current traces of corticotroph 

depolarised from a holding potential of -80 mV to +100 mV in 20 

mV steps before (cont, □), during (paxilline, △) and after washout 

(wash, ○) exposure to 10 µM paxilline (closed symbol for WT and 

open symbol for BK-/-). B, current-voltage relationship of the whole-

cell outward current from the cells as in A determined at the steady-

state (190 ms). The WT whole-cell outward current amplitude was 

inhibited by 75% at 100 mV in the presence of 10 µM paxilline, and 

for BK-/- corticotrophs, the inhibition was around 50%. 
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Figure 3.10  
Inhibition of outward potassium current by paxilline 

Figure 3.10 Inhibition of outward potassium current by 

paxilline. 1 µM paxilline blocked less than 10% of the whole-cell 

outward steady-state current at +100 mV averaged from WT (n = 

14) corticotrophs and less than 5% for BK-/- (n = 10) corticotrophs.

There was no significant difference in the current inhibition 

between WT and BK-/- corticotrophs. 10 µM Paxilline inhibited 56% 

of the whole-cell outward steady-state currents at +100 mV for WT 

corticotrophs (n = 7), and 32% for BK-/- corticotrophs (n = 7) on 

average. There was a significant difference in the inhibition of the 

whole outward steady-state (measured at 190 ms) current 

between WT and BK-/- corticotrophs in response to 10 µM paxilline. 

(*P < 0.05 Student’s t-test). All data are means ± SEM, n, no. of 

independent recorded cells.  
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corticotrophs showed significantly larger inhibition by 10 µM paxilline than BK
-/-

 

corticotrophs (P < 0.05, Student’s t-test). 

 

Paxilline has been reported as a specific blocker for BK channels. In BK 
-/-

 mice, 

there was no BK channels expression in the corticotrophs thus these data suggest that 

the BK channel component was small in native murine corticotrophs. Furthermore, 

10 µM paxilline displayed a marked inhibition of the whole-cell outward current in 

BK
-/-

corticotrophs revealing that 10 µM paxilline could not be considered to block 

BK channels specifically. On the other hand, WT corticotrophs displayed a 

significant larger component sensitive to 10 µM paxilline than BK
-/-

 corticotrophs. 

Together this suggested that not only BK channels but other channels were also 

blocked by 10 µM paxilline. 

 

Compared with the relatively high expression in AtT20 corticotrophs, BK channels 

showed an unexpectedly small current density in the whole-cell outward current of 

native murine corticotrophs. We wondered whether BK channels were inhibited 

under our recording conditions. BK channels are also Ca
2+

-activated potassium 

channels, so we designed a protocol to increase the intracellular Ca
2+

 to activate the 

potential BK channels in the murine corticotrophs. A two-step pulse protocol was 

designed to activate the voltage-gated Ca
2+

channels (VGCCs), which allowed Ca
2+ 

entry. The increased intracellular Ca
2+ 

should activate the Ca
2+

-activated potassium 

channels, which have been reported in other pituitary cell populations. The two-step 

pulse protocol differed from our standard protocol (that elicited depolarizing steps 

from a holding potential of -80 mV to +80 mV in 20 mV steps). In the two-step 
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protocol a holding potential of -80 mV was immediately followed by a 50 ms 

voltage-step to -10 mV, during which VGCCs should be activated to promote Ca
2+ 

influx into the cell. This Ca
2+

-influx step was immediately followed by a 100 ms 

depolarizing pulse to +80 mV, during which the activated BK channels were 

monitored. In addition, as the reversal potential for Ca
2+

 under the experimental 

conditions was near +80 mV, there should be minimal Ca
2+

 entry during this step. In 

other pituitary cell types under these conditions, in the absence of the Ca
2+

-influx 

step, there was little to no change in [Ca
2+

]i, whereas in the presence of a Ca
2+

-influx 

step alone or in combination with the test pulse there was a marked increase in 

[Ca
2+

]i, which should evoke BK channel current in WT corticotrophs.  

 

The representative trace from the two-step Ca
2+

-influx protocol was overlaid with the 

current trace at +80 mV taken from the whole-cell outward current traces examed in 

the standard protocol. In WT (n = 7) and BK
-/-

 (n = 8) corticotrophs, the whole 

outward current did not show any marked increase using the two-step protocol 

(Figure 3.11). In the presence of 1 µM paxilline, there was 2.5 ± 2.4% inhibition 

using the two-step protocol comparing with the trace without a Ca
2+

-influx step (n = 

6). These data suggested no significant numbers of additional BK channels were 

activated in the native murine corticotrophs during the Ca
2+

 influx.  

 

The small inhibition of the whole-cell outward current by 1 µM paxilline, no 

activation of BK channel by the increased intracellular Ca
2+

 and no significant 

difference in outward potassium current density in BK
-/-

 corticotrophs compared to  



Figure 3.11 
Outward potassium current using a two-step pulse 

protocol to promote Ca2+ influx  

Control current 

500 pA 

50 ms 
Pre-pulse current 

WT 

Figure 3.11 Outward potassium current using a two-step 

pulse protocol to promote Ca2+ influx. A, a two-step protocol 

with holding potential at -80 mV consisted of an initial 50 ms 

voltage-step to -10 mV and followed by one step depolarization to 

+80 mV was applied to the corticotrophs. B, representative pre-

pulse current of a corticotroph in the voltage-clamp mode of 

perforated patch-clamp recording (black line: control current was 

the current trace at +80 mV from the current traces recorded under 

the standard protocol showing in Figure 3.2 and grey line: pre-

pulse current). There was no marked increase in the pre-pulse 

current amplitude either for WT or BK-/- corticotrophs. 
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WT revealed BK channel was a small conductance of the whole-cell outward 

currents in WT native murine corticotrophs. 

 

3.2.3.3 TRAM-34 sensitive outward current 

Since BK channels had been examined that was a small current component in native 

murine corticotrophs, we used other specific calcium-activated potassium channel 

blockers. Clotrimazole is an intermediate-conductance potassium channel (SK4) 

blocker, and displayed a 40-50% inhibition of the whole-cell outward current both in 

WT and BK
-/-

 corticotrophs. To eliminate the possibility that Clotrimazole might 

potentially inhibit other channels a more specific SK4 channel blocker TRAM-34 

was applied. 

 

Representative traces showed both WT and BK
-/-

 corticotroph whole-cell outward 

current was inhibited in 2-3 minutes with 5 µM TRAM-34 applied to standard 

extracellular solution after the current was stable. TRAM-34 reduced the steady-state 

whole-cell outward current maximally after 5-7 minutes, while the inactivating 

current component was still observed in the inhibited traces (Figure 3.12A). In the 

representative I-V plot, the steady-state outward current was blocked by TRAM-34 at 

all depolarizing potentials (Figure 3.12B). WT corticotroph steady-state outward 

current measured at 100 mV was reduced by 50%, while for BK
-/-

 corticotrophs the 

inhibition was 45% (Figure 3.12B). After standard extracellular solution washout the 

blocked current totally reversed (Figure 3.12A).  

 

 



Figure 3.12  
TRAM-34 sensitive outward potassium current 

 
Figure 3.12  TRAM-34 sensitive outward potassium current. A, 

representative voltage-clamp recording in the perforated patch-

clamp mode of a corticotroph depolarised from a holding potential 

of -80 mV to +100 mV in 20 mV steps before (cont, □), during 

(TRAM-34, △) and after washout (wash, ○) exposure to 5 µM 

TRAM-34 (closed symbol for WT and open symbol for BK-/-).  B, 

current-voltage relationship of the whole-cell outward current from 

the cells as in A determined at the steady-state (190 ms). The 

whole-cell outward current amplitude was reduced by around 45% 

at +100 mV for both WT and BK-/- corticotrophs. 
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Corticotrophs from WT (n = 4) and BK
-/-

 (n = 5) showed similar inhibition by 5 µM 

TRAM-34 and recovery. On average TRAM-34 resulted an average of around 40% 

inhibition of WT corticotrophs steady-state whole-cell outward current measured at 

+100 mV and around 50% inhibition for BK
-/-

 corticotrophs. WT and BK
-/-

 

corticotrophs did not show significant difference in the inhibition by TRAM-34 

(Figure 3.13). These data suggested the 50% inhibition of the whole-cell outward 

current by TRAM-34 was the SK4 channel component, and SK4 channels were 

dominant potassium channel in native murine corticotrophs. 

 

1mM TEA combined with 5 µM TRAM-34 blocked almost 70-80% of the steady-

state whole-cell outward current. The specific inhibitor of small conductance 

potassium channels (SK channels) Apamin was used to identify the current amplify 

of SK channels in native murine corticotrophs. There was less than 5% inhibition by 

1 mM Apamin indicated SK channel was a small component in native murine 

corticotrophs (n = 5). 

 

3.2.3.4 4-AP sensitive outward current 

In many cells, there was a marked inactivation current component shown in the 

whole-cell outward current traces of WT and BK
-/-

 corticotrophs. In a previous 

publication the inactivation current component was suggested as A-type potassium 

current, so we selected the inhibitor of the A-type potassium channel 4-AP for the 

following investigation (Hille, 2001). 

 



Figure 3.13  
Inhibition of outward potassium current by TRAM-34 

 

Figure 3.13 Inhibition of outward potassium current by TRAM-

34. TRAM-34 blocked the whole-cell outward steady-state current

of WT (n = 4) and BK-/- (n = 5) corticotrophs at +100 mV. There 

was no significant difference in the percentage inhibition between 

WT and BK-/- corticotrophs. All data are means ± SEM, n, no. of 

independent recorded cells. 
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Representative whole-cell outward current traces with a marked inactivation 

component of WT and BK
-/-

 corticotrophs showed 1 mM 4-AP inhibited the 

inactivating current component dramatically and also decreased the steady-state 

current of the whole-cell outward current 2-3 minutes after 1 mM 4-AP was applied 

to the standard bath solution when the whole-cell outward was reached stable (Figure 

3.14 left for WT & Figure 3.16 left for BK
-/-

). The inhibition of the whole-cell 

outward current reached the maximum in 5-7 minutes, and the inactivation current 

component was lost. For the WT corticotroph, 1 mM 4-AP reduced the inactivating 

current amplitude by around 40% measured at the peak (measured at around 20 ms 

depends on where the peak was in the traces of each individual cell) and blocked the 

steady-state current amplitude by around 20% measured at 190 ms in the 

representative I-V plot (Figure 3.15 left). In the BK
-/-

 corticotroph representative I-V 

plot, the peak whole-cell outward current was reduced by 40% and the steady-state 

whole-cell outward current was blocked by 20% at +100 mV (Figure 3.17 left). The 

inhibited whole-cell outward current started to recover 3-5 minutes after the standard 

extracellular solution wash and the current reversed in 10-15 minutes. 

 

The same experiment and current trace analysis was performed on corticotrophs with 

whole-cell outward current without a clear inactivating current component.  

 

Representative whole-cell outward current traces of WT and BK
-/-

 corticotrophs 

showed 1 mM 4-AP decreased the steady-state current of the whole-cell outward 

current (Figure 3.14 right for WT & Figure 3.16 right for BK
-/-

). In WT corticotroph 

representative I-V plot, 1 mM 4-AP inhibited 15% of the steady-state (at 190 ms)  



Figure 3.14  
4-AP sensitive outward potassium current 

Figure 3.14 4-AP sensitive outward potassium current. 

Representative voltage-clamp recording in the perforated patch-

clamp mode of a corticotroph depolarised from a holding potential 

of -80 mV to +100 mV in 20 mV steps before (cont, □), during (4-

AP, △) and after washout (wash, ○) exposure to 1 mM 4-AP 

(closed symbol for the whole-cell current traces with a clear 

inactivating current component and open symbol for the whole-cell 

current traces without a clear inactivating current component).   
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Figure 3.15  
Current-voltage relationship of the whole-cell outward 

current in the presence of 1 mM 4-AP 
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Figure 3.15 Current-voltage relationship of the whole-cell 

outward current in the presence of 1 mM 4-AP. Current-voltage 

relationship of the whole-cell outward current from WT cells as in 

Figure 3.14 determined at the peak (15-20 ms depended on where 

the peak was for each individual cell) and the steady-state (190 

ms). For the whole-cell current traces with a clear inactivating 

current component, the peak current amplitude was reduced by 

around 40% at +100 mV (A), and the steady-state current 

amplitude was reduced by around 20% at +100 mV (C) in the 

presence of 4-AP. For the whole-cell current traces without a clear 

inactivating current component, the peak current amplitude was 

reduced by around 20% at +100 mV (B), and the steady-state 

current amplitude was reduced by around 15% at +100 mV (D) in 

the presence of 4-AP.  
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Figure 3.16  
4-AP sensitive outward potassium current in BK-/- 

corticotrophs 

Figure 3.16 4-AP sensitive outward potassium current in BK-/- 

corticotrophs. Representative voltage-clamp recording in the 

perforated patch-clamp mode of a corticotroph cell depolarised 

from a holding potential of -80 mV to +100 mV in 20 mV steps 

before (cont, □), during (4-AP, △) and after washout (wash, ○) 

exposure to 1 mM 4-AP (closed symbol for the whole-cell current 

traces with a clear inactivating current component and open 

symbol for the whole-cell current traces without a clear inactivating 

current component).  
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whole-cell outward current, and the current amplitude measured at 20 ms (where the 

peak was) also showed 20% inhibition at +100 mV in the presence of 1 mM 4-AP 

(Figure 3.15 right). For the BK
-/-

 corticotroph, there was 40% inhibition of the peak 

whole-cell outward current and 25% inhibition of the steady-state whole-cell 

outward current at +100 mV by 1 mM 4-AP shown in BK
-/-

 corticotroph 

representative  I-V plot (Figure 3.17 right). 

 

Corticotrophs from WT (n = 16) and BK
-/-

 (n = 6) showed a similar peak and steady-

state whole-cell outward current inhibition and recovery in the presence of 1 mM 4-

AP. Corticotroph whole-cell outward current with or without a clear peak current 

showed no significant difference in either the peak or steady-stated current inhibition 

by 1 mM 4-AP, so data was combined for displaying. Both for WT and BK
-/-

 

corticotrophs, the peak whole-cell outward current was blocked by around 40-45%. 

While for the steady-state whole-cell outward current, 1 mM 4-AP resulted in a 20% 

inhibition for WT corticotrophs and 30% inhibition for BK
-/-

 corticotrophs (Figure 

3.18). WT and BK
-/-

 corticotroph whole-cell outward current showed no significant 

difference in the inhibition by 1 mM 4-AP either at peak or steady-state current. 

However, 1 mM 4-AP displayed a significant difference in the inhibition of the peak 

and the steady-state whole-cell outward current both in WT and BK
-/-

 corticotrophs 

(P < 0.5, Student’s t-test). 

 

From these data, we concluded that 1 mM 4-AP blocked the peak component of the 

whole-cell outward current in native murine corticotrophs, although it also reduced 

the steady-state current. The A-type potassium channels contribute to the peak  



Figure 3.17  
Current-voltage relationship of the whole-cell outward 

current in the presence of 1 mM 4-AP in BK-/- 

corticotrophs  
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Figure 3.17 Current-voltage relationship of the whole-cell 

outward current in the presence of 1 mM 4-AP in BK-/- 

corticotrophs. Current-voltage relationship of the whole-cell 

outward current from BK-/- cells as in Figure 3.16 determined at the 

peak (15-20 ms depended on where the peak was for each 

individual cell) and the steady-state (190 ms). For the whole-cell 

current traces with a clear inactivating current component, the 

peak current amplitude was reduced by around 45% at +100 mV 

(A), and the steady-state current amplitude was reduced by around 

25% at +100 mV (C) in the presence of 4-AP. For the whole-cell 

current traces without a clear inactivating current component, the 

peak current amplitude was reduced by around 40% at +100 mV 

(B), and the steady-state current amplitude was reduced by around 

20% at +100 mV (D) in the presence of 4-AP.  
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Figure 3.18  
Inhibition of outward potassium current by 1 mM 4-AP 

Figure 3.18 Inhibition of outward potassium current by 1 mM 

4-AP. The whole outward peak current (15-20 ms) was reduced by 

around 40% both for WT (n = 16) and BK-/- (n = 6) corticotrophs, 

while for the whole outward steady-state current (190 ms) was 

decreased 20-30% by 1 mM 4-AP at 100 mV on average. There 

was no significant difference in the percentage inhibition between 

WT and BK-/- corticotrophs. However, 1 mM 4-AP significantly 

inhibited the peak current compared with the steady state current 

both in WT and BK-/-. (*P < 0.05, ANOVA  with post doc Dunnett’s 

test). All data are means ± SEM, n, no. of independent recorded 

cells. 
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current component of the whole-cell outward current, which suggests that the A-type 

potassium channel is another potassium channel component in native murine 

corticotrophs. 

 

3.2.3.5 Combination of blockers 

To summarize the current components in native murine corticotrophs, blockers were 

applied to cells one after another until all four inhibitors were applied on the cell at 

the same time. The four blockers were applied to the cell in the order of 1 mM TEA, 

1 µM paxilline, 5 µM TRAM-34 and 1 mM 4-AP. The combined blockers reduced 

almost 90-95% of the whole-cell outward current for WT corticotrophs on average (n 

= 14) (Figure 3.19). In the combined condition, 1 mM TEA and 1 µM paxilline as 

the first two blockers applied to the corticotrophs showed 35% and 5% inhibition, 

which were similar to the blocker individual inhibition. While 5 µM TRAM-34 and 1 

mM 4-AP were applied to the cell afterward, the percentage of inhibition was 40% 

and 25%, which were slightly smaller compared with the blocker individual 

inhibition. Since 1 mM TEA is a general potassium channel blocker, we explained as 

an overlapped inhibition between 1 mM TEA, 5 µM TRAM-34 and 1 mM 4-AP.  

 

For BK
-/-

 (n = 10), the bar chart was simply combined using the individual inhibition 

percentage of the four inhibitors. Compared to WT corticotroph combined inhibition 

experiment, the total inhibition of BK
-/-

 corticotrophs whole-cell outward current was 

over 100% due to the overlapping inhibition of 1 mM TEA, 5 µM TRAM-34 and 1 

mM 4-AP (Figure 3.19). 

 



Figure 3.19 
Inhibition of outward potassium current by combined 

inhibitors 
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Figure 3.19 Inhibition of outward potassium current by 

combined inhibitors. The inhibition of the whole-cell outward 

current measured at steady-state (190 ms) at 100 mV by the four 

blockers applied to the cell in the order of 1 mM TEA, 1 µM 

paxilline, 5 µM TRAM-34 and 1 mM 4-AP until all four blockers 

were applied to the cell at the same time. The combined blockers 

almost abolished the whole-cell outward current of both WT (n = 

14) and BK-/- (n = 10) corticotrophs.
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In conclusion, TRAM-34 sensitive current was the main steady-state outward current 

and 4-AP sensitive current was the main inactivating current in the whole-cell 

outward current of native murine corticotrophs. These data revealed that compared to 

mouse AtT20 cells where BK channels dominated, SK4 channels and the A-type 

potassium channels were the main potassium channels in native mouse corticotrophs.  

 

3.2.4 Pharmacological characterisation of inward currents 

3.2.4.1 BaCl2-sensitive Kir inward current  

Previous research reported that the inwardly rectifying potassium channels have been 

recorded in native rat corticotrophs, so we used BaCl2, a relatively specific inwardly 

rectifying potassium channel blocker, to examine if the inwardly rectifying 

potassium channels also expressed in murine native corticotrophs.  

 

Standard extracellular solution containing 5 mM TEA and 2 µM TTX was applied to 

corticotrophs for 10-20 minutes until most outward current and TTX sensitive 

current were eliminated. 100 µM BaCl2 was mixed in the extracellular solution 

containing 5 mM TEA and 2 µM TTX and applied to the cell. The pulse protocol 

was modified with a holding potential at -140 mV to activate the inwardly rectifying 

potassium channels and depolarized in 20 mV steps to -40 mV before any significant 

outward current appeared.  

 

Representative WT cell traces showed 100 µM BaCl2 inhibited the early inward 

current of native murine corticotrophs (Figure 3.20A left).  In the representative I-V  
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Figure 3.20 BaCl2 sensitive inward potassium current. A, 

representative voltage-clamp recording in the perforated patch-

clamp mode of a corticotroph depolarised from a holding potential 

of -140 mV to -40 mV in 20 mV steps before (cont, □), during 

(BaCl2, △) and after washout (wash, ○) exposure to 100 µM

BaCl2 (closed symbol for WT and open symbol for BK-/-). Traces 

have been truncated for clarity. B, current-voltage relationship of 

the whole-cell inward current from the cells as in A determined at 

17 ms.  
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plot, the inward current measured at 17 ms was inhibited by 70% at -140 mV in the 

presence of 100 µM BaCl2 (Figure 3.20B left). Inhibited current was easily washed 

back to control level. While for BK
-/-

 100 µM BaCl2 did not show significant 

inhibition in the inward current of native murine corticotrophs.  

 

 µM BaCl2, WT corticotrophs showed similar inhibition. 100 µM BaCl2 blocked 

around 50% of the whole-cell inward current of WT corticotrophs, while for BK
-/-

 

corticotrophs, the inhibition was less than 5% (Figure 3.21). 100 µM BaCl2 showed 

significantly stronger inhibition of Kir in WT corticotrophs whole-cell inward current 

than BK
-/-

 corticotrophs (P < 0.05, Student’s t-test). 

 

Data revealed that in WT corticotrophs, inwardly rectifying potassium channel were 

an inward current component. While in BK
-/-

 cells, the expression of inwardly 

rectifying (Ba
2+

 sensitive) potassium channel was down-regulated, which matched 

the real-time PCR results of the expression level of Kir channels in WT and BK
-/-

 

anterior pituitary tissue (MJ Shipston, unpublished). 

 

 

 

 

 

 

 



Figure 3.21 
Inhibition of inward potassium current  by BaCl2

 

 

Figure 3.21 Inhibition of inward potassium current by BaCl2. 

On average, 100 µM BaCl2 blocked around 45% of the whole-cell 

inward current of WT (n = 4) corticotrophs at -140 mV, and for BK-/- 

(n = 4) corticotrophs the inhibition was around 2%. 100 µM BaCl2 

significantly inhibited more inward current in WT corticotrophs than 

that in BK-/- corticotrophs. All data are means ± SEM, n, no. of 

independent recorded cells.  
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3.3 Summary 

3.3.1 Specific and high efficiency labelling of native murine 

corticotrophs 

Since ACTH secretion is the unique endocrine property of pituitary corticotrophs, 

ACTH antibody staining was used as a reliable method to test the specificity of 

lentiviral transduced labelling using the minimal rPOMC promoter driven expression 

of eYFP. Although not every ACTH positive cells showed eYFP fluorescent, all 

eYFP fluorescent cells displayed ACTH staining confirming the recorded cells were 

all corticotrophs. On the hand, the percentage of eYFP positive cells is consistent 

with the percentage of corticotrophs in the pituitary cells. Furthermore, the 

percentage of corticotrophs from a mouse transgenic line in which GFP is 

constitutively expressed in corticotrophs under control of the minimal rPOMC 

promoter was also similar to the percentage of fluorescent cells transduced with 

lentiviral vector with eYFP driven by the minimal rPOMC promoter. In contract, 

pituitary cells transduced with the lentiviral vector in which eYFP expression was 

driven by CMV promoter, there were a high proportion of ACTH positive cells that 

did not express eYFP.  

 

The initial titre of CMV or rPOMC driven lentiviral particles was various in every 

patch of preparation, but when applied to the primary mice pituitary culture the tire 

of the two different promoters driven lentiviral particles was adjusted to the same in 

order to compare the transduction efficiency. Although CMV promoter has been 

reported to drive gene expression in any cell type, the result showed in primary mice 
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pituitary cell culture there were some GFP negative cells. The reasons could be any, 

like CMV could not drive gene expression in every primary pituitary cell, or because 

CMV promoter is not tissue specific, which may lead its efficiency of driving gene 

expression too low to be detected. Even for some cell lines, like AtT20 cells, CMV 

promoter could not provide detectable GFP fluorescent. As a result, for the mixed 

primary pituitary cells, tissue specific promoter rPOMC showed a better achievement 

in corticotroph specific labelling. 

 

Thus, using eYFP driven by the minimal rPOMC promoter in the lentiviral 

transducing vector was able to label anterior pituitary corticotroph cells efficiently 

and specifically. 

 

No significant difference in the ACTH secretion level was detected between control 

(non-transduced) cells and POMC-eYFP labelling cells, either at basal or CRF/AVP 

stimulated conditions (Liang et al., 2011). The lentiviral labelling system was thus 

performed as an effective and routine approach for corticotroph identification. 

Lentiviral transduction system provides multiple opportunities for gene investigation 

and with the use of appropriate cell-specific promoters may be applicable to other 

pituitary cell types. 

 

3.3.2 Perforated patch-clamp recording 

To address the cell excitable properties of lentiviral transduced fluorescent 

corticotrophs, whole-cell mode patch-clamp technique was first applied. Whole-cell 

recording aims to record the whole-cell currents through multiple channels at once 
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over the membrane of the entire cell. When the electrode is placed on the cell 

membrane and the seal reaches gigohm seal, a fast and short suction is applied to 

rupture the membrane patch, thus providing access to the cell intracellular 

environment. The advantage of whole-cell patch-clamp recording is that large cell 

membrane opening at the tip of the patch-clamp electrode provides lower cell 

resistance and thus better electrical access to the cell interior. The disadvantage of 

this technique is that the solution volume in the electrode is larger than the 

intracellular environment, so the intracellular contents are slowly replaced by the 

electrode solution, referred to as the electrode solution dialyzing the cell intracellular 

contents. So the cell properties dependent on the intracellular contents will be 

gradually altered during the recording. The physiological recording time may be very 

short dependent on the time of cell being dialyzed. This limitation is revealed in the 

native murine corticotroph whole-cell patch-clamp recording due to their too small 

cell volume. In voltage-clamp recording, this situation did not affect the 

measurement of current components very clearly and only shortened the recording 

duration for 30-40 minutes compared with perforated patch-clamp mode. However, 

in the current-clamp recordings, the spontaneous action potentials disappeared very 

quickly within 10-20 seconds, which abolished the spontaneous action potentials. 

Even when ATP added to the electrodes, the whole-cell mode recording could not 

get stable spontaneous action potentials recording, which is consistent with the 

observation in POMC-GFP corticotrophs. (Lee & Tse 2011) 

 

Perforated patch-clamp was applied instead for the further investigations. Perforated 

patch is a variation of whole-cell recording. The electrode solution used for 
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perforated patch contains a small amount of an antifungal or antibiotic chemical, like 

amphotericin-B, nystatin, or gramicidin. When gigohm seal formed, the antibiotics 

diffuse into the membrane patch and form small perforations in the patched 

membrane, providing electrical access to the intracellular environment. The big 

advantage of perforated patch is the pore formed by antibiotics only allows small 

monovalent ions to pass reducing the dialysis of the cell contents that occurs in 

whole-cell recordings, but there are several disadvantages. First, the cell access 

resistance is higher than that in whole-cell recording decreasing the electrical access 

to cell, which may decrease current resolution, increase recording noise, and magnify 

any series resistance error. Second, the time of perforation is critically related with 

the shapes of electrodes. Long and narrow electrodes can take a significant amount 

of time for the antibiotic to perforate the membrane. Thirdly, the membrane in the 

electrode tip may be totally ruptured during the perforations forming by the antibiotic. 

Perforated patch allows stable recordings and had no effect on the spontaneous 

action potentials, which allow the further investigation of corticotrophs cell 

excitability. 

 

3.3.3 Potassium currents expressed in native murine corticotrophs 

Corticotrophs from WT, hets and BK
-/-

 mice were compared, and no significant 

difference was found in the cell capacitance, resting membrane potential or the total 

outward current density. This may suggest that BK channels are not the dominant 

potassium channels in native murine corticotrophs or the expression of other ion 

channels are increased in compensation. Paxilline as a pharmacological specific 

blocker for BK channels together with Ca
2+

 triggered pre-pulse protocol both 
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confirmed that BK current component was very small in native murine corticotrophs, 

which is inconsistent with that in AtT20 cells. In AtT20 cells, BK channels are 

reported as dominant potassium channels, and are the target of CRH and 

glucocorticoids-induced signalling pathways and play very important function in 

regulating the ACTH secretion.  BK channels also found in other pituitary cells, like 

GH3 cells, gonadotrophs and somatotrophs (Lang & Ritchie, 1990; Van Goor, Li & 

Stojilkovic, 2001). Although paxilline is recommended as a very specific blocker, the 

specificity is critical with the concentration applied. 10 µM paxilline caused 

significant inhibition of the whole outward current even in BK
-/-

 corticotrophs. 

According to my results, 1 µM paxilline is suggested as the specific concentration for 

blocking BK channels. 

 

TEA, as the general blocker of voltage-gated potassium channels, suggested there 

were large potassium current components in the native murine corticotrophs. Since 

BK channels are not the main contributor to the outward potassium current, other 

voltage-gated or calcium-gated potassium channels were screened via the application 

of their specific channels blockers. Apamin revealed small- conductance calcium-

activated potassium (SK) channels also show a small contribution to the whole 

outward cell current in native murine corticotrophs. SK channels have been detected 

in male rat corticotrophs with the role in membrane hyperpolarization activated by 

AVP through a transient [Ca2
+
]i elevation from intracellular IP3 store (Tse & Lee, 

1998). SK channels are well documented in many pituitary cells, like GH cells. The 

expression level of SK channels in rat, mouse and ovine gonadotrophs is dependent 

on estradiol (Waring & Turgeon, 2006). 



- 142 - 

 

The percentage of inhibition by TRAM-34 revealed that intermediate-conductance 

calcium-activated (SK4) potassium channels are the main outward potassium channel 

current in native murine corticotrophs. 

 

 There are no previous reports suggesting SK4 channels are expressed in pituitary 

cells. According to the traces of the whole-cell outward current in some native 

murine corticotrophs, there was significant A-type inactivating current peaking at 

around 15 ms after the start of the pulse. 4-AP inhibitor confirmed that, A-type 

potassium channels are also expressed in the native murine corticotrophs. A-type 

channels show the rapid and transient activation and fast inactivation with the role in 

the regulation of firing frequency in cardiac and other excitable cells. A-type 

channels are also found widely expressed in majority of secretory pituitary cells, like 

GH3 mammosomatotrophs, αT3-1 gonadotrophs, frog melanotrophs, many rat 

pituitary cells and ovine somatotrophs (Stojilkovic Tabak & Bertram, 2001). The 

variability of A-type current expression in native murine corticotrophs may be due to 

corticotrophs being in different status, cell cycle or sub-populations. 

 

3.3.4 Kir currents have different expression levels in WT and BK
-/-

 

native murine corticotrophs 

The only potassium current that displayed significantly different expression level 

between WT and BK
-/-

 corticotrophs was Kir current. Ba
2+

-sensitive Kir channels 

displayed a very small contribution to the inward current of BK
-/-

 corticotrophs.  Kir 

channel have been found expressed in many endocrine pituitary cells and modulated 

by G protein-coupled hormone receptors (Tomic et al., 2002). AtT20 corticotroph 
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cell lines expressed G protein coupled somatostatin and muscarinic receptor 

activated Kir channels (Tallent, Dichter & Reisine, 1996). Kir channels have also 

been reported in male rat corticotrophs and are suggested to contribute in 

maintaining resting membrane potentials. The reason why BK
-/-

 corticotrophs 

expressed low Kir channels is not clear, but the result is consistent with qRT-PCR 

analysis of mRNA expression for K
+ 

channels in pituitary tissue of WT and BK
-/-

 

mice. mRNA expression of Kcnj1-4,6,10,11,14 genes encoding Kir channels, all 

revealed a significant decrease in BK
-/-

 mice (MJ Shipston, unpublished).  
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4.1 Introduction 

Voltage-clamp recordings results of lentiviral labelled corticotrophs from chapter 3 

have built up a profile of the major potassium conductances expressed in native 

female murine anterior pituitary corticotrophs. The pharmacological approach 

indicated the contribution of different potassium channel conductances to the whole-

cell outward current of corticotrophs. SK4 channels and A-type potassium channels 

were the dominant potassium channels in corticotrophs. This chapter aims to 

investigate the basal electrical activity of native murine corticotrophs using current-

clamp analysis of spontaneous activity in perforated patch-clamp recording mode, 

and to reveal the contribution of different potassium conductances indicated in 

chapter 3 in the regulation of corticotroph physiological properties.  

 

Since the first endocrine pituitary cell was found to generate action potentials thirty-

five years ago, all secretory anterior pituitary cells of vertebrates have been gradually 

revealed to be electrically excitable cells, like neurons and muscle cells (Kidokoro, 

1975). Action potentials have been observed in frog, mouse, porcine, ovine and 

bovine endocrine pituitary cultured cells, and also in situ rat pituitary tissue slices 

(Stojilkovic, Tabak & Bertram, 2010). Male rat corticotrophs also have been reported 

that exhibited spontaneous action potentials (Kuryshev et al., 1996). With 

appropriate stimulation action potentials can be initiated in corticotrophs, however, 

the recording of spontaneous action potentials was suggested to be dependent upon 

the electrophysiological patch-clamp mode used. Corticotroph cells obtained from 

transgenic mice with GFP over-expressed in corticotrophs driven by POMC 



- 146 - 

 

promoter appeared to be quiescent in the whole-cell recording mode (Lee & Tse, 

2011). Similarly, previous studies on gonadotrophs also discovered that different 

recording modes affected the routine detection of spontaneous electrical activity. For 

example, in whole-cell recording mode, the majority of cells from male rats were 

electrically silent, whereas in perforated patch-clamp recordings most cells from 

female rats displayed spontaneous action potentials (Tse & Hille, 1993). In this 

chapter, perforated patch-clamp recordings will be used to record the lentiviral 

labelled corticotrophs to discover whether primary cultured murine corticotrophs 

display spontaneous action potentials.  

 

In electrically excitable cells, voltage-sensitive ion channels are responsible for the 

generation of action potentials. The balance between the activity of depolarizing and 

hyperpolarizing currents generates the resting membrane potential of isolated 

cultured pituitary cells, which typically oscillates between -60 to -50 mV (Stojilkovic, 

Tabak & Bertram, 2010). Depolarizing ion channel components force the membrane 

potentials to reach the threshold level and trigger action potentials, while the 

repolarising current conductances lead the cells fall back to the resting membrane 

potential for the next spike. Voltage-gated Ca
2+

 channels have been revealed to exert 

very important roles in cell depolarization in corticotrophs, for they allow Ca
2+

 entry 

into the cells. Potassium channels are thought to mostly contribute to the cell 

repolarization and hyperpolarization depending on the activation and duration in 

different pituitary cells (see Introduction 1.4.1.3-1.4.1.5). The role of SK4 and A-

type potassium conductances in the regulation of corticotroph excitability are the 

most interesting, since they are the dominate conductances in the whole-cell outward 
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current of murine corticotrophs. SK4 channels have not been reported previously in 

any corticotroph models and their functions are unknown in any pituitary cell types. 

A-type potassium channels have been revealed that play a role in the firing frequency 

regulation in cardiac and other electrically active cells (Hille, 2001). A-type current 

displayed a high expression level in ovine somatotrophs with a potential functional in 

controlling action potentials and hormone secretion (Chen et al., 1994). In other 

anterior pituitary cells, the roles of A-type Kv channels in the regulation of cell 

excitability are not very clear. For example, in rat lactotrophs, A-type Kv channels do 

not control spike generation, which may because the channels are inactivated at 

resting membrane potential (Sankaranarayanan & Simasko, 1998). Investigation of 

A-type current in the mouse corticotroph tumour cell line AtT20/D16-16 suggested a 

role in early glucocorticoid feedback (Pennington, Kelly & Antoni FA, 1994). In 

order to investigate the roles of these potassium channels in the regulation of 

corticotroph excitability, a pharmacological approach was used to reveal the changes 

in cell electrical activity when the channels were inhibited by their specific blockers. 
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4.2 Results 

4.2.1 Spontaneous action potentials in lentiviral labelled murine 

native pituitary corticotrophs 

After transduction with lentiviral particles, eYFP specific expression allowed the 

investigation of the spontaneous action potentials in native murine corticotrophs. In 

perforated current-clamp recording mode, with no stimulating current injection, more 

than 95% of lentiviral labelled pituitary corticotrophs displayed spontaneous 

electrical activity. In preliminary experiments, we used the conventional whole-cell 

recording mode, and the spontaneous action potentials were quickly abolished within 

less than 30 seconds. After changing to the perforated patch-clamp mode of the 

whole-cell configuration, the spontaneous action potentials were stable and lasted 

from 30 minutes to more than one hour of recording. The resting membrane potential 

measured in the current-clamp recording mode with 0 current applied, gave a value 

of -58.8  ± 1.63 mV for WT corticotrophs (n = 31) and -56.1 ± 1.87 mV for BK
-/-

 

corticotrophs (n = 29). The mean cell capacitance was 4.48 ± 0.38 pF for WT 

corticotrophs (n = 68) and 4.78 ± 0.33 pF for BK
-/-

 (n = 65) corticotrophs. The input 

resistance for both cell types was above 4GΩ (n > 100 cells). There were no 

significant differences in any cell electrophysiological properties between lentiviral 

transduced corticotrophs and isolated corticotrophs from POMC-GFP mice, either in 

WT or BK
-/-

 corticotrophs. The mean data was summarized from both cell resources.  

 

Nine different patterns of action potentials were recorded in labelled corticotrophs. In 

any one cell, the electrical activity consisted of either one firing pattern, or 
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spontaneous conversion between several patterns of action potentials. The majority 

of cells showed repetitive large-amplitude single spikes of variable frequencies that 

categorised as pattern A (single spikes with significant afterhyperpolarization phase), 

pattern B (single spikes without afterhyperpolarization phase) (Figure 4.1 & 4.4F). 

Around 73% of WT cells (n = 20) displayed pattern A and/or pattern B, and for 

recorded BK
-/-

 cells, the percentage was 82% (n = 22) (Figure 4.2).  For BK
-/-

 cells 

specifically, pattern A and B was never displayed in the same cell, while in WT cells 

the conversion between pattern A and B was observed  in 5 of  20 cells.  

 

Twenty single spikes of action potentials (Figure 4.3A) were randomly selected from 

WT cells displaying typical firing pattern A or pattern B, averaged and overlaid in 

Figure 4.3B with pattern A in continuous line and pattern B in dashed line (Figure 

4.3B). The averaged single spike of pattern A and B was compared from measuring 6 

parameters: resting membrane potential (RMP), threshold for action potential 

generation, spike amplitude, time to peak, spike width and afterhyperpolarization 

(AHP) amplitude (Figure 4.3B & 4.4). Cells showing pattern A or B had similar 

resting membrane potentials for both WT and BK
-/-

 cells in the range of -50 to -55 

mV, with no significant differences in the spike amplitude (Figure 4.4A & C). The 

spike threshold of pattern A (n = 3) and B (n = 4) were similar in WT cells, while in 

BK
-/-

 cells the spike threshold of pattern A (n = 5) was significantly more depolarised 

than pattern B (n = 3, P < 0.01, Figure 4.4B). The threshold for action potential 

generation of pattern A in WT cells was also significantly more depolarised than that 

in BK
-/-

 cells (P < 0.01, Figure 4.4B). Pattern A single spike action potentials 

displayed a shorter time to peak (Figure 4.4D), a more narrow spike width (Figure  



Figure 4.1  
Heterogeneity of spontaneous electrical activity in 

native murine corticotrophs 
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Figure 4.1 Heterogeneity of spontaneous electrical activity in 

native murine corticotrophs. Waveforms and firing patterns 

differed between cells, and individual cells could transition between 

firing patterns. In perforated patch-clamp recordings the majority of 

corticotrophs exhibited spontaneous large spikes, falling into one of 

two categories, as depicted in A (Type A > 30% cells) and B (Type B 

> 40% cells). Cells spontaneously and reversible transitioned to 

other firing patterns represented by panels C-H, including ‘pseudo-

plateau potentials’ bursting behaviours. Grey shading indicates 

membrane potential between -50 to +10 mV.  
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Figure 4.2  
Percentage of spontaneous firing patterns in WT 

and BK-/- corticotrophs 

0 

10 

20 

30 

40 

50 

60 

A B C D E F G H I 

Firing Patterns 

P
e

rc
e

n
ta

g
e

 o
f 

V
a

ri
o

u
s

 F
ir

in
g

 P
a

tt
e

rn
s

 (
%

) 

WT   (n = 20) 
BK-/-  (n = 22) 

Figure 4.2 Percentage of spontaneous firing patterns in 

WT and BK-/- corticotrophs. The majority of firing patterns 

recorded in WT and BK-/- were type A and type B (see Figure 

4.1). Around 30%-50% corticotrophs cells exhibited either type 

A or type B. Type C to type I were recorded infrequently (1%-

10%) both in WT and BK-/- corticotrophs and there was no 

significant difference between genotypes. 
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Figure 4.3  
Characterization of type A and type B action potentials 

Figure 4.3 Characterization of type A and type B action 

potentials. A, representative recording spikes of type A and 

type B firings patterns. B, averaged spike from 20 random 

action potential spikes of type A (continuous line) and type B 

(dashed line) firing patterns. Several features of averaged type 

A and type B action potential waveforms are measured to be 

compared between them (Figure 4.4). Grey shading indicates 

membrane potential between -50 to +10 mV. 
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Figure 4.4 Characterization of type A and type B action 

potentials. Mean resting membrane potential (RMP) (A), 

threshold for action potential generation (B), spike amplitude (C), 

time to action potential peak (D), spike width (E) and 

afterhyperpolarization (AHP) amplitude (F) for type A and B 

spikes. Filled square for WT type A spike, open square for BK-/- 

type A spike, lines filled square for WT type B spike and dots filled 

square for BK-/- type B spike. *P < 0.05, **P < 0.01 (Student’s t-

test, ANOVA with post doc Dunnett’s test). All data are means ± 

SEM, n, no. of independent recorded cells.  

Figure 4.4  
Characterization of type A and type B action potentials 
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4.4E) and a bigger afterhyperpolarization amplitude (Figure 4.4F) compared to 

pattern B spikes both in WT and BK
-/-

 corticotrophs. Pattern A single spike action 

potentials in WT cells displayed a longer time to peak (Figure 4.4D) and wider spike 

width (Figure 4.4E) compared to pattern B in BK
-/-

 cells.  

 

In addition, cells displaying pattern A and/or B spikes also showed spontaneous 

reversible conversion to “pseudo-plateau bursting” action potentials (Stern et al., 

2008) with variable spike amplitudes or superimposed on periodic depolarized 

potentials (Figure 4.1C-G). Pattern C was considered as consisting of superimposed 

single spikes of pattern B on a small depolarized potential plateau from the resting 

membrane potentials, and the same as pattern D consisting of superimposed single 

spikes of pattern A (Figure 4.1). Pattern E and F were bursting action potentials 

initiated with a large single spike (Figure 4.1). Pattern C-F were not the dominant 

firing patterns, and in all examined cells 35% of WT cells showed patterns of C-F  

and the proportion in BK
-/-

 cells was 24% (Figure 4.2). The percentage of each firing 

pattern represents the proportion of all cells that showed this pattern during its entire 

recording (Figure 4.2). Less than 5% of WT and BK
-/-

 cells displayed an atypical 

“pseudo-plateau bursting”, which started with a single-spike following either with a 

sustained depolarization (Figure 4.1H) or a very slow repolarization to the resting 

membrane potential from 10 seconds to 3 minutes (Figure 4.1I & 4.2).  

 

In all, the nine firing patterns randomly detected in WT (n = 20) and BK
-/-

 cells (n = 

22) without any significant differences in any firing pattern between genotypes 
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(Figure 4.2). In WT cells, spontaneous transitions from pattern A to B occasionally 

observed, while in BK
-/-

 cells pattern A and pattern B were never detected in the 

same cell. Pattern C to G were less often observed during recording and always 

occurred with pattern A and/or B. Less than 10% of WT and BK
-/-

 cells only 

displayed “pseudo-plateau bursting” without any single spike during the recording 

period from 30 minutes to 1 hour. Pattern H and I were most rarely seen during 

recording and also occurred with pattern A and/or B rather than alone. 

 

4.2.2 No significant effects of 1 M paxilline on corticotroph 

excitability 

BK channels have been reported responsible for converting single spikes to bursting 

activity in some types of pituitary cells with relatively high BK channels expression 

level (Van Goor, Li & Stojilkovic, 2001). In murine corticotrophs, the BK current 

component contributed little to the whole-cell outward current in voltage-clamp 

recordings (section 3.2.3.2). 1 M paxilline applied to recorded cells with constant 

spontaneous action potentials displayed no significant change in the resting 

membrane potential or firing frequency in any examined cells (Figure 4.5). The 

percentage change in the firing frequency of WT corticotrophs was 1 ± 1.2% (firing 

frequency was defined as no. of spikes/min before and in the presence of paxilline) 

(n = 4). It is consistent that BK current did not play any significant effects on 

electrical activity in other pituitary cells with low expression of BK channels and 

also agrees with the data that firing patterns were not significantly different between 

the WT and BK
-/-

 cell groups. 



Figure 4.5  
No significant effects of 1 µM paxilline on 

corticotroph excitability 

Figure 4.5 No significants effect of 1 µM paxilline on 

corticotroph excitability. A representative current-clamp 

recording of metabolically intact corticotroph cell before and 

during exposure to 1 µM paxilline (horizontal open bar). Grey 

shading indicates membrane potential between -50 to +10 mV.  
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4.2.3 TRAM-34 controls corticotroph excitability 

In voltage-clamp recordings, a TRAM-34-sensitive potassium current was a large 

component in the whole-cell outward current in murine corticotrophs (section 

3.2.3.3). In order to reveal its effects on corticotroph electrical activity, 5 µM 

TRAM-34 was applied to recorded cells showing stable spontaneous action 

potentials with the same concentration as used in voltage-clamp recording.  

 

4/6 WT corticotrophs responded to 5 µM TRAM-34 with a significant increase in 

firing frequency with a conversion from single spikes (Figure 4.1B) to “pseudo-

plateau bursting” (Figure 4.1E) without changing the resting membrane potential 

(Figure 4.6). The mean percentage increase in the firing frequency was 56 ± 7.2% 

(firing frequency was defined as no. of spikes/min before and in the presence of 

TRAM-34). 2/3 BK
-/-

 cells exposed to TRAM-34 showed similar results, and this 

transition between firing patterns was rapidly reversible after washed with normal 

bath solution. Not every corticotroph cell showed an increase in the firing frequency 

when exposed to TRAM-34, which may be due to the variable expression levels of 

SK4 between cells or the initial firing pattern of spontaneous action potentials related 

with other ion channels. These studies suggested SK4 channels do not contribute to 

maintaining the cell resting membrane potentials, but may play a role in cell 

repolarization, the regulation of firing frequency and converting firing patterns in 

native murine corticotrophs, similar to the functions of BK channels in modulating 

cell activity of some other pituitary cells with a high BK channel expression level 

(Van Goor, Li & Stojilkovic, 2001). 



Figure 4.6  
TRAM-34 controls corticotroph excitability 

20 s 

10 mV 

5 µM TRAM-34 

Figure 4.6 TRAM-34 controls corticotroph excitability. A 

representative current-clamp recording of metabolically intact 

corticotroph before and during exposure to 5 µM TRAM-34 

(horizontal open bar). Grey shading indicates membrane 

potential between -50 to +10 mV. 5 µM TRAM-34 resulted in a 

increase in action potential frequency with a transition to a 

“pseudo-plateau bursting” phenotype, without any significant 

membrane potential depolarization.  

10 mV 

2 s 
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4.2.4 The effects of 1 mM 4-AP on corticotroph excitability 

4-AP sensitive current was another relatively large whole-cell outward current 

component in murine corticotrophs (section 3.2.3.4). We thus wondered whether it 

plays an important role in the control of corticotroph excitability. Stably spontaneous 

firing cells were exposed to 1 mM 4-AP the same concentration as applied in 

voltage-clamp recordings. 

 

1/6 WT corticotrophs with single spikes showing large afterhyperpolarization (AHP) 

amplitude lost their AHP amplitude after the addition of 1 mM 4-AP without causing 

any signification changes in the resting membrane potentials or firing frequency, and 

the AHP inhibition was reversible with bath wash (Figure 4.7). No similar response 

found in the examined BK
-/-

 cells (n = 7). This response was very rare in recorded 

corticotrophs, and it may be related with the initial firing pattern. Cells initially 

displaying bursting action potentials or single spikes without a large AHP amplitude 

showed no significant response to 1 mM 4-AP. 2/6 WT cells displayed a very small 

percentage firing frequency increase (less than 2%) after exposure to 1 mM 4-AP. 

The rare regulation of 4-AP in cell excitability was not observed in every recorded 

corticotroph, which may be due to the various expression levels of A-type current 

shown in voltage-clamp recordings. 

 

These studies implied A-type current had no significant contribution to the frequency 

change of action potentials or maintaining the resting membrane potential in the 

majority of corticotrophs.  



Figure 4.7  
The effects of 1 mM 4-AP on corticotroph excitability 

20 s 

10 mV 

1 mM 4-AP 

2 s 

Figure 4.7 The effects of 1 mM 4-AP on corticotroph 

excitability. A, representative current-clamp recording of 

metabolically intact corticotroph before and during exposure to 1 

mM 4-AP (horizontal open bar). Grey shading indicates 

membrane potential between -50 to +10 mV. 1 mM 4-AP resulted 

in a reduction of AHP amplitude without any significant membrane 

potential depolarization.  

10 mV 
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4.2.5 BaCl2 has no significant effects on corticotroph excitability 

Ba
2+

-sensitive Kir channels was the only potassium conductance that showed a 

significantly difference in the current density between WT and BK
-/-

 corticotrophs in 

voltage-clamp recordings. To figure out if Kir plays any role in the control of 

corticotroph action potentials, 100 µM BaCl2 was applied to block Kir potassium 

channels, the same concentration as used in voltage-clamp recordings.  

 

100 µM BaCl2 showed no significant effects on the frequency of action potentials or 

the resting membrane potentials in any examined cells from WT (n = 6) or BK
-/-

 (n = 

5) mice (Figure 4.8). The percentage change in the firing frequency of WT 

corticotrophs was 1.1 ± 0.3%, and 0.8 ± 0.5% for BK
-/-

 (firing frequency was defined 

as no. of spikes/min before and in the presence of BaCl2). Based on this observation, 

Ba
2+

-sensitive
 
Kir channels have no significant role in the regulation or generation of 

action potentials in murine corticotrophs, which is in contrast to that reported in rat 

corticotrophs (Kuryshev et al., 1997). 

 

 

 

 

 

 



Figure 4.8  
BaCl2 has no significant effects on corticotroph 

excitability 

100 µM BaCl2

20 s 

10 mV 

2s 

Figure 4.8 BaCl2 has no significant effects on corticotroph 

excitability. Representative current-clamp recording of 

metabolically intact corticotroph before and during exposure to 

100 µM BaCl2 (horizontal open bar). Grey shading indicates 

membrane potential between -50 to +10 mV.  

10 mV 
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4.3 Summary 

4.3.1 Native murine corticotrophs have spontaneous action 

potentials 

More than 99% of recorded native murine anterior corticotrophs displayed 

spontaneous action potentials, which is consistent with the observation in male rat 

corticotrophs (Kuryshev et al., 1997) and other pituitary cells (Stojilkovic, Tabak & 

Bertram, 2010). Even in conventional whole-cell recordings, spontaneous action 

potentials were detectable in almost every cell, although they rapidly disappeared as 

the electrode solution was dialyzed the cell interior. Previous studies suggested rat 

and mouse corticotrophs are electrically silent (Lee & Tse, 1997; Lee & Tse, 2011), 

which is most likely related to the use of whole-cell recording mode, or the cell 

isolation method applied in these studies. Perforated patch-clamp recording allowed 

a stable detection of spontaneous action potentials for > 1 hour and was used 

routinely in the current-clamp recordings investigation of this thesis. These data 

suggest that both whole-cell and perforated patch-clamp recordings can detect 

spontaneous firings, but the time window for whole-cell recording is very narrow and 

spontaneous action potentials can only be observed shortly after establishing the 

whole-cell mode, which may be one reason previous studies missed the detection of 

spontaneous activity in corticotroph models.  

 

Different from the typically regular single spike firing pattern observed in many 

neurons, pituitary cells have been reported to generate both single spikes and 
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“pseudo-plateau bursting” action potentials (Stern et al., 2008). In accordance, the 

large majority of recorded native murine corticotrophs displayed spontaneous action 

potentials. However, the firing patterns and the frequency of spontaneous action 

potentials varied widely between cells. Spontaneous transitions between these 

patterns were easily observed in native murine corticotrophs similar to that found in 

male rat corticotrophs, melanotrophs and GH cell lines (Kuryshev, Child & Ritchie, 

1996; Kuryshev et al., 1997; Taraskevich & Douglas, 1989; Schlegel et al, 1987). 

Single spikes were the main patterns found in both WT and BK
-/-

 cells. The highly 

heterogeneous “pseudo plateau bursting” action potential patterns found in the native 

murine corticotrophs most likely reflect spontaneous oscillations in depolarising and 

hyperpolarising potentials with time in cells with a high cell input resistance, where 

small changes in currents are enough to lead to transition of the firing patterns. 

 

4.3.2 SK4 channels regulate corticotroph cell activity 

A large component of TRAM-34 sensitive outward potassium conductance was 

surprisingly found in native murine corticotrophs. This component was suggested to 

be contributed by SK4 channels, encoded by the Kcnn4 gene, which are also 

sensitive to clotrimazole. Clotrimazole-sensitive potassium conductances have been 

reported in other anterior pituitary cells, but clotrimazole may also inhibit a range of 

other conductances (Wu et al., 1999). In contrast, the concentration of TRAM-34 

used here are highly selective for SK4 channels, although an effect on non-selective 

conductances has been reported in one study at high concentration (Schilling & Eder, 

2007). Real time PCR data reveals a relatively low level of Kcnn4 mRNA expression 
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compared with the Kcnn1-3 genes encoding SK channels in the anterior pituitary 

(Liang et al., 2011).  However, SK4 protein expression was detected that co-

localised with ACTH-positive cells in the murine anterior pituitary gland using 

immunohistochemistry (Liang et al., 2011). 

 

When TRAM-34 was applied to inhibit SK4 channels in current-clamp recordings, 

an increase in the frequency of action potentials was displayed, although without 

significant depolarization in the resting membrane potential. This suggests that SK4 

channels normally limit corticotroph excitability and thus blocking them might 

enhance ACTH release. In support of this, genetic deletion of Kcnn4 (Kcnn4
-/-

) in 

mice enhanced restraint stress-induced plasma ACTH levels, and the 

pharmacological inhibition of SK4 increased the CRH/AVP-induced ACTH 

secretion in vitro in murine corticotrophs (Liang et al., 2011). In humans, the non-

selective inhibitor of SK4 channels, clotrimazole elevated plasma cortisol levels 

although this may be due to its effect on cytochrome P450 enzymes (Wojtulewski et 

al., 1980). SK4 channel inhibitors are also being developed as the drug for some 

diseases, such as potent immunosuppressants (Wulff et al., 2007). These studies 

suggest a role of SK4 channels also in controlling human corticotroph function and 

HPA-axis reactivity.  

In Kcnn4
-/-

 mice restraint stress-induced mRNA expression of the early immediate 

genes c-fos and nurr77 was enhanced in the hypothalamus compared with WT 

controls (Liang et al., 2011). These genes are markers for enhanced hypothalamic 

neuronal activation (Chan et al., 1993; Brunton et al., 2007). In addition, mRNA 
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expression of CRH/AVP in the hypothalamus and mRNA expression of CRH/AVP 

receptors in the anterior pituitary were both significantly increased in Kcnn4
-/-

 mice. 

These results suggest that enhanced hypothalamic drive and increased corticotroph 

sensitivity to CRH/AVP may also be responsible for the stress hyperresponsiveness 

observed in Kcnn4
-/-

 mice (Liang et al., 2011). 

 

In contrast, BK
-/-

 mice display a stress hyporesponsiveness even though ACTH 

release from the anterior pituitary is increased in vitro. In BK
-/-

 mice, a decrease in 

mRNA expression of CRH in hypothalamus showed no significant effects on nurr77 

expression in PVN neurons (Brunton et al., 2007). Taken together, BK channels and 

SK4 channels may play opposite effects on hypothalamic PVN function (Brunton et 

al., 2007). The novel role of SK4 channels in regulating corticotroph excitability and 

ACTH secretion in vitro and in vivo and in controlling the HPA stress axis function 

may be mediated both by effects at the pituitary corticotroph as well as through 

enhanced hypothalamic PVN neuronal excitability and drive. 

 

4.3.3 A-type channels regulate corticotroph cell activity 

The inhibition of another large component of the outward potassium current 

observed in native murine corticotrophs, mediated by A-type potassium channels 

reduced the amplitude of the afterhyperpolarization phase of action potentials in 

some, but not all,  murine corticotrophs. This role is different from the function of A-

type potassium channel current reported in the regulation of firing frequency in 

cardiac and other excitable tissues (Stojilkovic, Tabak & Bertram, 2010). In ovine 
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pituitary somatotrophs, A-type potassium channels showed a high level of expression 

and were suggested to regulate action potentials and hormone secretion (Mei et al., 

1998). In rat pituitary lactotrophs, A-type potassium channels were also detected, but 

did not contribute to generation of action potentials (Sankaranarayanan & Simasko, 

1998). Investigation of A-type current in the mouse corticotroph tumour cell line 

AtT20/D16-16 revealed its potential role in early glucocorticoid feedback 

(Pennington, Kelly & Antoni FA, 1994).  

 

The expression level and the inactivation status of A-type potassium current may 

determine their role in the regulation of action potentials in pituitary cells. In rat 

pituitary cells, lactotrophs and gonadotrophs showed much higher expression level of 

A-type potassium current than somatotrophs (Van Goor, Li & Stojilkovic, 2001). 

Although the expression level of A-type potassium channels were relatively high in 

native murine corticotrophs compared with other potassium conductances, it might 

be only the highest expression level that reach the threshold for modulating the 

amplitude of the afterhyperpolarization. Meanwhile, A-type potassium channels are 

rapidly and transiently activated in the subthreshold range of membrane potentials 

and largely inactivated at the resting membrane potential of most pituitary cells, 

which might be another reason why it shows a variable role in generating and 

modulating action potentials in corticotrophs. 
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4.3.4 Potential function of Kir channels in native murine 

corticotrophs 

Native murine and rat corticotrophs appear to differ in the role of Ba
2+

-sensitive Kir 

channels in the control of spontaneous action potentials. In male rat corticotrophs, 

when Kir channels were blocked by Ba
2+

, cells were partially depolarized and the 

firing frequency increased. Furthermore, CRH was reported to inhibit Kir channels 

leading to membrane depolarization and enhanced membrane excitability and ACTH 

release (Kuryshev et al., 1997). Thus, Ba
2+

-sensitive Kir channel conductance has 

been suggested to contribute to both spontaneous and CRH-induced depolarization 

and increase of the frequency of action potentials (Kuryshev et al., 1997). However, 

the inhibition of Kir channels by 100 µM BaCl2 had no significant effects on 

depolarization or spontaneous action potential frequency in native female murine 

corticotrophs in this investigation. In a modified mathematical model of murine 

corticotroph excitability, Kir and background sodium conductances act 

antagonistically in the control of action potentials (Liang et al., 2011). The 

differences between rat and murine corticotrophs may reflect murine corticotrophs 

have a more depolarised resting membrane potential or the relative different 

expression levels in the two species or genders of corticotrophs. On the other side, 

the method used to enrich rat corticotrophs was based on the two sequential 

counterflow centrifugations comparing with the lentiviral labelling way that used to 

identity murine corticotrophs , which may changed the basal physiological condition. 

Further experiments on lentiviral labelled rat corticotrophs could give more 

information on the differences on the expression level and the function of Kir 

channels in action potentials. 
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4.3.5 Potential function of BK channels in native murine 

corticotrophs 

In the AtT20 corticotroph cell line, BK channels are reported to dominant the 

outward potassium current exerting a functional role in mediating the control of 

ACTH secretion through the inhibition of CRH (Shipston, Kelly & Antoni, 1996). 

However, BK channels were a small component in native murine corticotrophs and 

the inhibition of BK channels brought no clear effects on cell depolarization or the 

frequency of firing. Pharmacology data using 1 µM paxilline indicated at the resting 

membrane potential, BK channels contribute little conductance in the whole-cell 

outward current in WT corticotrophs. Paxilline is suggested as a very specific 

blocker for BK channels. When the concentration of paxilline increased to 10 µM, 

there was a notable inhibition of the outward current. Meanwhile, this dramatic 

inhibition was also detected in BK
-/-

 mice, in which no BK channels express. 

However, in single channel recordings from inside-out patches exposed to 5 µM 

intracellular free calcium, there was a significant paxilline-sensitive component 

during a step pulse to +60 mV, suggesting BK channels were inactivated under 

normal resting membrane potential in metabolically intact murine corticotrophs 

(Liang et al., 2011). SK4 channels have been reported to inhibit BK channels in 

some cells (Thompson & Begenisich, 2009). Using the lentiviral transduction system 

to deliver siRNA of SK4 channel gene into corticotrophs to achieve a knockdown 

expression level of SK4 channels may provide a way to investigate whether SK4 

channels in fact inhibit BK channels in corticotrophs. 
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This chapter provides a summary of the roles of potassium conductances identified in 

voltage-clamp recordings (chapter 3) in spontaneous action potentials in native 

murine corticotrophs. The control of ion channels is important for corticotroph 

electrical activity, and they are the direct or indirect targets for hormone modulation 

and corticotroph physiological functions. BK channels reported having an important 

role in AtT20 pituitary cell lines, had little effect on the regulation of native murine 

corticotroph excitabilities. However, SK4 channels dominated the outward 

conductance in native murine corticotrophs and also exert modulation of corticotroph 

cell excitability. More studies to reveal the interaction between SK4 channels and 

BK channels are needed. Furthermore, whether CRH and AVP control SK4 or A-

type potassium channels in native murine corticotrophs needs to be investigated.  
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Chapter Five: 

Regulation of spontaneous and 

CRH/AVP-evoked excitability by a 

background sodium conductance 
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5.1 Introduction 

In many excitable cells, TTX-sensitive voltage-gated Na
+
 channels are important for 

action potential generation, although their role in anterior pituitary cells is not well 

defined (Baranauskas & Martina, 2001; Baker & Wood, 2001; Chabbert et al., 2003; 

Hong et al., 2004). In several pituitary cell types, spontaneous activity is dependent 

upon a TTX-resistant inward background sodium conductance, although the 

molecular basis of the sodium conductance is not clear (Simasko, 1994; Takanoet al., 

1996; Tomic et al., 2011). In this chapter, we aims to determine whether native 

murine corticotrophs express an inward background sodium (Nab) conductance and 

investigated its role in the control of corticotroph resting membrane potential and 

generation of spontaneous and CRH/AVP evoked action potentials in murine 

corticotrophs. Nav channels are widely express in nerve, muscle and almost all 

secretory pituitary cells, and even in some non-excitable cells Nav channels can be 

detected at a lower expression level. The main functions of Nav channels are to 

depolarize cell membrane potentials, generate the upstroke of action potentials and 

control the amplitude of spikes in many types of excitable cells. Based on previous 

studies in the AtT20 corticotroph cell line as well as rat and human corticotrophs, 

both TTX-sensitive and TTX-resistant voltage-gated sodium channels may be 

expressed in pituitary corticotrophs. We therefore expected Nav channels would be 

found in the lentiviral labelled native murine corticotrophs. 

 

CRH and AVP are the primary hormones in vivo that regulate corticotroph cell 

excitability, controlling membrane potential and action potentials frequency, which 
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evoke ACTH secretion from anterior pituitary corticotrophs. CRH is the most 

efficient secretagogue that regulates corticotroph function. AVP is also an important 

secretagogue in rodents, but it is a weaker stimulator of ACTH secretion. However, 

its synergistic effect with CRH significantly enhances the release of ACTH from 

pituitary corticotrophs. In this chapter, we aim to examine how the lentiviral labelled 

native murine pituitary corticotrophs respond to physiological levels of CRH and 

AVP.  

 

Most previous investigations on the effect of CRH and AVP on corticotroph 

electrical excitability were based on corticotrophs sorted by the enlargement of cell 

volume after exposure to a high dose of CRH or in response to supraphysiological 

levels of the secretagogues (e.g. 10–100 nM). In this thesis, we avoided using any 

hormone in cell identification and examined the regulation of CRH and AVP on 

murine corticotroph excitability as close to near-physiological conditions by using 

lentiviral transduced corticotrophs expressing eYFP. 
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5.2 Results 

5.2.1 TTX-sensitive sodium inward current 

Firstly, we attempted to examine TTX-sensitive inward sodium current in native 

murine corticotrophs. 2 µM TTX was applied to the standard extracellular solution in 

cells that showed a large transient inactivating inward current. For 40 out of 50 

recorded cells, the inward current began to decrease within 2-3 minutes after 2 µM 

TTX was applied, and was totally abolished within 5-8 minutes. The inward current 

quickly recovered after washout (Figure 5.1 left). In the other 20% of cells, although 

some inward current was inhibited, they still displayed a marked inward current even 

20-30 minutes after 2µM TTX was applied (Figure 5.1 right). These data suggested 

that the fast inward current of native corticotrophs was largely contributed by TTX-

sensitive sodium channels, although a TTX-insensitive component was also 

expressed. 

 

When 2 µM TTX was applied to the cells with stable spontaneous action potentials, 

we detected no effects on the resting membrane potential or the firing frequency 

(Figure 5.2). The percentage change in the firing frequency was 2 ± 0.78% (n = 4, 

firing frequency was defined as no. of spikes/min before and in the presence of TTX). 

2 µM TTX had no significant effects on spontaneous action potentials generation in 

any recorded cells. It is consistent with previous studies that low concentrations of 

TTX showed no clear effects on firing frequency and did not abolish spontaneous 

electrical activity in rat corticotrophs (Kuryshevet al., 1997).  
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-80 mV 
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Figure 5.1  
TTX-sensitive and -insensitive inward current in 

corticotrophs 

Figure 5.1 TTX-sensitive and -insensitive inward current in 

corticotrophs. Representative voltage-clamp recording in the 

perforated patch-clamp mode of a corticotroph cell depolarised 

from a holding potential of -80 mV to 0 mV (left) or -20 mV (right) 

in the presence of 2 µM TTX. 

TTX-sensitive TTX-insensitive 

30 pA 
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Figure 5.2  
No significant effects of TTX-sensitive sodium 

channel on corticotroph excitability 

2 µM TTX 

20 s 

10 mV 

10 

2 s 

10 mV 

Figure 5.2 No significant effects of TTX-sensitive sodium 

channel on corticotroph excitability. A representative current-

clamp recording of metabolically intact corticotroph before and 

during exposure to 2 µM TTX (horizontal open bar). Grey shading 

indicates membrane potential between -50 to +10 mV.  
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5.2.2 NMDG
+
-sensitive current controls corticotroph resting 

membrane potential 

In previous investigations, a TTX-insensitive inward sodium conductance was 

suggested to be responsible for the control of the resting membrane potential in 

several types of pituitary cells (Simasko, 1994; Takano et al., 1996; Tomic et al., 

2011). In the extracellular solution, the extracellular Na
+
 ion was replaced with the 

large organic cation NMDG
+
 and applied to cells displaying spontaneous action 

potentials. In the presence of NMDG
+
,
 

the membrane potential quickly 

hyperpolarized and abolished the spontaneous action potential activity. This process 

was rapidly reversed after washout (Figure 5.3). The membrane potential 

hyperpolarized to near the K
+
 reversal potential. Corticotrophs (n = 5) from WT 

showed a dramatic membrane hyperpolarization of -25 ± 7.5 mV from the resting 

membrane potential measured at 3 minutes after NMDG
+ 

addition, and -27 ± 6.9 mV 

for BK
-/-

 mice (n = 5). There was no significant difference in the extent of 

hyperpolarization between genotypes.  

 

In voltage-clamp recordings, the replacement of extracellular Na
+ 

with NMDG
+
 

resulted in the inhibition of a standing inward current, when recorded cells were held 

at the K
+
 reversal potential (-85.6 mV) (Figure 5.4). This inhibition was similar in 

both WT and BK
-/-

 corticotrophs. The Na
+
 channel component contributing to the 

TTX-insensitive Na
+
 component was not clear, so we termed it as background 

sodium (Nab) channel. These observations suggest that Nab channel current  



NMDG+

20mV 

100 s 

Figure 5.3  
NMDG+ controls corticotroph resting membrane potential 

Figure 5.3 NMDG+ controls corticotroph resting membrane 

potential. A representative current-clamp recording of 

metabolically intact corticotroph before and during replaced the 

extracellular Na+ with NMDG+ (horizontal lines filled bar), causing 

hyperpolarization and abolishing action potential generation. 
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Figure 5.4  
NMDG+-sensitive inward current at K+ reversal potential 

Figure 5.4 NMDG+-sensitive inward current at K+ reversal 

potential. Representative voltage-clamp trace at the K+ reversal 

potential reveals a standing inward conductance that is eliminated 

during NMDG+ substitution for Na+ (horizontal lines filled bar). 

NMDG+
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component is responsible for maintaining the resting membrane potential of native 

murine corticotrophs at a depolarised potential around -55 mV.  

 

5.2.3 The regulation of CRH/AVP in corticotroph excitability 

To investigate the regulation of CRH and AVP on murine corticotrophs, we applied 

physiological concentrations of the combined CRH (0.1 nM) and AVP (2 nM) to 

spontaneously activate or silent corticotrophs. The concentrations applied are similar 

to the concentrations reported in the portal circulation in response to stress (Sullivan, 

1995). 

 

Cells with stable spontaneous action potentials or cells silent for over 10 minutes 

were exposed to combined secretagogues: 0.1nM CRH and 2nM AVP for 3 minutes. 

After bath application, corticotrophs displayed a rapid increase in the firing 

frequency associated with a sustained membrane depolarization of 14.6 ± 5.5 mV for 

WT corticotrophs (n = 5) from the resting membrane potential measured at 2 minutes 

after CRH/AVP addition. The depolarized membrane potential reached a plateau in 

2-3 minutes after the stimulation. The percentage increase in the firing frequency of 

WT corticotrophs was 98 ± 5.2% (firing frequency was defined as no. of spikes/min 

before and in the presence of CRH/AVP). The membrane potential depolarization 

and enhanced firing frequency lasted even after secretagogues washout (Figure 5.5). 

The mean time of recovery back to the initial membrane potential was 20.3 ± 4.2 

minutes (n = 4). Some cells only showed partial reversibility even after 1 hour bath 

wash. For the few silent cells recorded, CRH/AVP initiated action potentials.  



10 mV 

20 s 

4 s 

Figure 5.5 Stimulation of murine corticotrophs by CRH/AVP. 

A, representative current-clamp recording of a metabolically intact 

corticotroph before and during exposure to a 3 minutes pulse of 

0.1 nM CRH and 2 nM AVP (horizontal open bar). B, expanded 

traces of panel A. Grey shading indicates membrane potential 

between -50 to +10 mV.  

Figure 5.5 

Stimulation of murine corticotrophs by CRH/AVP 

10 mV 

0.1 nM CRH + 2 nM AVP A 

B 
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Corticotrophs from BK
-/-

 mice showed similar responses to CRH/AVP stimulation. 

Cells had a mean depolarization from the resting membrane potential of 13.6 ± 6.5 

mV (n = 4) measured at 2 minutes after CRH/AVP. The percentage increase in the 

firing frequency of BK
-/-

 corticotrophs was 89 ± 7.42% (firing frequency was defined 

as no. of spikes/min before and in the presence of CRH/AVP). The average reversal 

time was 24.3 ± 4.9 minutes (n = 3) from the depolarized potential to the initial 

resting membrane potential after washout. Again, some BK
-/-

 cells displayed 

incomplete recovery after wash. Full recovery only occurred both in WT and BK
-/-

cells when exposed to a brief (< 2 minutes) pulse of combined CRH/AVP. The 

recovered membrane potential was 90.2 ± 4.56% (n = 3) of the initial membrane 

potential for WT cells, and 88.9 ± 7.23% (n = 3) for BK
-/-

 cells. No significant 

differences in the response to CRH/AVP were detected between WT and BK
-/-

 cells. 

 

5.2.4 Independent effects of CRH and AVP on corticotrophs 

Among the secretagogues which trigger corticotroph ACTH secretion, CRH is the 

most potent. AVP is released with CRH in vivo, but acts as a relatively weak 

stimulator. In an attempt to clarify their functions in the regulation of corticotroph 

activity, we applied CRH or AVP independently to the recorded cells.  

 

We applied 0.1 nM CRH alone to the stably spontaneous firing cells through bath 

perfusion. After exposure to 0.1 nM CRH for 3 minutes, WT corticotrophs displayed 

the enhanced frequency of action potentials with a concomitant membrane 

depolarization from the initial membrane potential of 13.3 ± 3.5 mV (n = 4) 
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measured at 2 minutes after CRH application. The cell response to CRH alone was 

consistent with that to the combined secretagogues. The cell depolarization reached 

the plateau in 2 minutes after the depolarization started (Figure 5.6). The percentage 

increase in the firing frequency of WT corticotrophs was 92 ± 5.7% (firing frequency 

was defined as no. of spikes/min before and in the presence of CRH). The mean time 

for recovery back to the resting membrane potential was 19.8 ± 4.7 minutes (n = 3). 

BK
-/-

 corticotroph cells showed a similar response to CRH stimulation. Examined 

cells displayed a mean cell depolarization of 13.1 ± 5.5 mV (n = 3) measured at 2 

minutes after CRH application associated with an increase in firing frequency. The 

percentage increase in the firing frequency of BK
-/-

 corticotrophs was 99 ± 8.3% 

(firing frequency was defined as no. of spikes/min before and in the presence of 

CRH). The average recovery time was 25.3 ± 4.3 minutes (n = 3) from the 

depolarized potential back to the resting membrane potential. No significant 

difference between WT and BK
-/-

 cell response to CRH stimulation was observed.
 

 

AVP is co-localized with CRH in vivo and co-released from the mpPVN. Although 

AVP alone is a weak trigger for corticotroph ACTH secretion, its main effects are 

synergistic with CRH significantly enhancing the effects of CRH on ACTH secretion.  

 

In an attempt to determine the role of AVP in corticotroph electrical excitability, we 

applied 2 nM AVP alone to cells showing stable spontaneous action potentials. After 

exposed to AVP, cells initiated a fast membrane depolarization associated with an 

increase in firing frequency of action potentials. The percentage increase in the firing  



Figure 5.6 Stimulation of murine corticotrophs by AVP and 

CRH separately. Representative current clamp recording of a 

metabolically intact corticotroph before and following exposure to 

a 3 minute pulse of 2 nM AVP (horizontal open bar), then washout 

before exposure to 0.1 nM CRH (horizontal open bar). Grey 

shading indicates membrane potential between -50 to +10 mV.  

Figure 5.6  
Stimulation of murine corticotrophs by AVP and CRH 

separately  

20 mV 

100 s 

2 nM AVP 0.1 nM CRH 
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frequency of WT corticotrophs was 93 ± 9.9% (firing frequency was defined as no. 

of spikes/min before and in the presence of AVP). The mean depolarized membrane 

potential was 6.3 ± 2.5 mV in WT corticotrophs (n = 3), which was approximately 

half the size of that triggered by CRH/AVP or CRH alone, measured at 2 minutes 

after AVP application. The membrane depolarization reached a plateau in 2 minutes 

after its application. The enhanced firing frequency disappeared and the depolarized 

membrane potential went back to the resting membrane potential after AVP washout 

(Figure 5.6). The mean washout time for fully recovery to the resting membrane 

potential was 5.3 ± 0.4 min (n = 3), which was significantly shorter than that 

following exposure to CRH/AVP or CRH alone (P< 0.01, ANOVA with post doc 

Dunnett’s test). BK
-/-

corticotrophs similarly responded to AVP alone, with the mean 

depolarization being 5.8 ± 1.9 mV (n = 3) measured at 2 minutes after AVP applied 

with a significantly increased action potential frequency. The percentage increase in 

the firing frequency of BK
-/-

 corticotrophs was 98 ± 9.1% (firing frequency was 

defined as no. of spikes/min before and in the presence of AVP). The mean time for 

washing out the effects of AVP was 5.5 ± 0.5 min (n = 3). There was no significant 

difference found when comparing the response to AVP of WT and BK
-/-

 cells. All 

examined WT and BK
-/-

 cells showed a fully and relatively fast recovery after 

washout. 
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5.2.5 Rapid CRH/AVP-induced depolarization is dependent on the 

NMDG
+
-sensitive current 

CRH/AVP strongly depolarised the resting membrane potential and enhanced action 

potential frequency in murine corticotrophs. Previous analysis (section 5.2.2) showed 

that when the external Na
+
 was replaced with NMDG

+
, corticotrophs displayed a fast 

membrane hyperpolarization and the spontaneous action potentials were abolished 

suggesting a Na
+
-dependent conductance was important for maintaining the 

depolarised corticotroph resting membrane potential (Figure 5.3). We thus wondered 

whether CRH and AVP were still able to depolarise corticotrophs in the absence of 

this sodium conductance and whether this sodium conductance was important for 

CRH/AVP-induced excitability. 

 

Replacement of Na
+
 with NMDG

+
 prevented the CRH/AVP-induced rapid 

membrane depolarization or an increase in the firing frequency of spontaneous action 

potentials (Figure 5.7). Furthermore, CRH/AVP did not prevent the NMDG
+
-induced 

cell membrane hyperpolarization. When measured at 2 minutes after CRH/AVP 

applied in the presence of NMDG
+
, the mean membrane depolarization was only 2 ± 

3.3 mV in WT cells (n = 5), which was significantly smaller than that detected in the 

physiological extracellular Na
+
 solution (P < 0.01, Student’s t-test, Figure 5.5 & 5.7). 

In the continued presence of CRH/AVP along with  NMDG
+
, there was a delayed 

and slow depolarization of 18.1 ± 2.7 mV after 12.9 ±1.7 min (n = 3) in WT 

corticotrophs. BK
-/-

 cells showed a similar response to the CRH/AVP application in 

the presence of NMDG
+
. The mean cell membrane potential depolarized less than  



Figure 5.7  
Effects of CRH/AVP in the presence of NMDG+

- 
-60 

300 s 

20 mV 

Figure 5.7 Effects of CRH/AVP in the presence of NMDG+. 

Representative current-clamp recording of metabolically intact 

corticotroph cell before and during exposure to CRH/AVP 

(horizontal open bar) in the presence of the NMDG+ solution 

(horizontal lines filled bar). CRH/AVP do not rapidly depolarise 

corticotrophs or stimulate action potential generation in Na+-free 

external solution. Grey shading indicates membrane potential 

between -50 to +10 mV.  

0.1 nM CRH + 2 nM AVP 

NMDG+
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5 ± 0.2 mV measured at 2 minutes after CRH/AVP applied in the presence of with 

NMDG
+ 

(n = 3), which was significantly smaller than that detected in the 

physiological extracellular Na
+
 solution (P < 0.05, Student’s t-test). Furthermore, 

continued application of CRH/AVP in the presence of NMDG
+
 resulted in a long 

term membrane depolarization at 15.1 ± 3.2 mV after 15 ± 1.7 min (n = 3) in BK
-/- 

corticotrophs. No significant differences were observed between WT and BK
-/-

 cells. 

 

These data suggest that the rapid depolarisation (within 2 minutes) of resting 

membrane potential by CRH/AVP is dependent upon a functional TTX-insensitive 

background Na
+
 conductance. However, with extended exposure to the 

secretagogues CRH/AVP could induce delayed membrane depolarisation with a 

much slower time course suggesting there are additional conductances involved in 

the long-term membrane depolarisation. 
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5.3 Summary 

5.3.1 A background sodium conductance controls corticotroph 

resting membrane potential 

Consistent with previous studies in rat corticotrophs, the inhibition of TTX-sensitive 

voltage-dependent sodium channels caused no significant effects on the generation of 

action potentials in murine corticotrophs (Surprenant, 1982; Kuryshev, 1997). 

However, the replacement of extracellular sodium ions with the large organic cation 

NMDG
+
 led to a dramatic hyperpolarization of murine corticotroph resting 

membrane potential. In addition, a background sodium conductance was recorded at 

the potassium reversal potential revealing that a background sodium conductance is 

responsible for maintaining the resting membrane potential of murine corticotrophs. 

Although the molecular identify of the background sodium conductance has not been 

determined, the canonical transient receptor potential (TrpC) family of sodium and 

calcium ion channels has been suggested showing similar role in other pituitary cells 

(Tomic et al., 2011). However, studies of the replacement of sodium ions with 

NMDG
+
 in human corticotrophs derived from patients with Cushing’s disease and in 

the murine AtT20 corticotroph cell line reported no significant effects on the resting 

membrane potential or electrical excitability (Mollard, 1987; Surprenant, 1982). 

Channels responsible for maintaining the resting membrane potential may also allow 

the entry of other ions expect of Na
+
, and for corticotrophs from different species 

there may be different current components that regulate the resting membrane 

potential. 
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5.3.2 Lentiviral labelled corticotrophs respond to physiological 

concentrations of CRH/AVP 

The concentrations of CRH and/or AVP used in the vast majority of previous studies 

in various pituitary corticotroph models researches were several orders of magnitude 

higher than physiological levels in the portal circulation (Gibbs & Vale 1982; 

Sheward & Fink, 1991). Together with the similar in vitro ACTH secretion detected 

in the lentiviral labelled corticotrophs to normal controls these data demonstrate that 

the lentiviral labelling approach does not compromise native murine corticotroph 

responses during the time scale of this investigation (Liang et al., 2011). This 

approach thus promises to allow an efficient method for genetic manipulation, such 

as knockdown with siRNA lentiviral transduction or overexpression. It also may 

allow identification of native corticotrophs in other species, as well as other types of 

pituitary cells or tissues using their respective cell-specific promoters.  

 

The metabolically intact native murine corticotrophs labelled by the lentiviral 

transduction system used in this thesis were spontaneously excitable and responded 

to physiological concentrations of CRH/AVP with a rapid and sustained increase in 

the frequency of action potentials associated with a depolarisation of the membrane 

potential. Applying CRH or AVP independently in the same physiological 

concentration triggered cell depolarization and increased infiring frequency as well. 

The cell depolarization caused by AVP alone (2 nM) was less effective compared 

with CRH (0.1 nM) separately, and after wash the stimulatory effects of AVP 

reversed much faster. It is consistent with previous reports that AVP alone is a weak 
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secretagogue. For example, in male rat corticotrophs, the initial AVP-induced ACTH 

release was related with the elevation of [Ca
2+

]i from IP3-sensitve stores via a GTP 

binding protein-coupled phosphoinositide pathway (Tse & Lee, 1998). The elevation 

of [Ca
2+

]i from intracellular Ca
2+ 

stores is limited which may explain that AVP 

induced cell depolarisation is less effective and also reversed more quickly. CRH 

triggered [Ca
2+

]i elevation was dependent on Ca
2+

 entry through voltage-gated Ca
2+ 

influx (VGCI), leading a more effective and sustained cell depolarization (Tse & Tse, 

1998). When AVP was applied with CRH, AVP evoked an extracellular Ca
2+

 influx 

via L-type voltage-gated calcium channels activated by the PKC pathway as well, 

which enhanced the cell depolarization and duration (Tse & Lee, 1998). 

 

Compared with the fast depolarization in response to CRH and AVP in the normal 

physiological solutions, the effects of CRH and AVP were limited in NMDG
+
 

extracellular solution. No rapid depolarization or increase in firing frequency was 

detected, which may suggest that under this condition, the fast component directly 

activated by CRH and AVP are inhibited. For example, Cav channels would be 

largely inactive at this hyperpolarized membrane potential in the presence of 

NMDG
+
. Alternatively, the NMDG

+
-sensitive Nab channels might normally be one 

target that activated by CRH/AVP to promote rapid depolarization in the 

physiological extracellular solution. However, for sustained stimulation by 

CRH/AVP in NMDG
+
 extracellular solution, CRH and AVP induced a delayed 

depolarization from the hyperpolarized membrane potential, but not enough to force 

the cell membrane back to the resting membrane potential or initiate action potentials. 

These results reveal that there are slow-response components activated by CRH and 
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AVP in the presence of NMDG
+
 extracellular solution that contribute to the 

sustained corticotroph depolarization.  

 

Ion channels regulated by CRH and AVP in native murine corticotroph remain to be 

defined. Studies about how CRH and AVP regulate specific ion conductances using 

voltage-clamp recordings are needed.  
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This thesis achieved three primary aims: 

1) To develop an efficient method to specifically identify native murine pituitary 

corticotrophs for their electrophysiological characterisation. 

2) To profile the major potassium and sodium conductances expressed in native 

murine corticotrophs and analyze their role in controlling membrane excitability. 

3) To clarify whether native murine corticotrophs generate spontaneous action 

potentials and the effects of CRH/AVP on corticotroph electrical activity. 

 

I developed a high efficient and cell specific lentiviral transduction system to identify 

native murine corticotrophs by expressing eYFP under the control of a minimal 

rPOMC promoter in isolated primary pituitary cell culture. This method not only 

allowed long-term and stable labeling, but also specified the labeling in corticotrophs. 

Secondly, using electrophysiological analysis of the labeled corticotrophs, I 

established the profile of potassium and sodium conductances expressed in murine 

corticotrophs. In addition, with a pharmacological approach I revealed the 

contributions of different conductances to corticotroph cellular excitability. Thirdly, I 

found native murine fluorescent corticotrophs have spontaneous action potentials 

with highly heterogeneous firing patterns, and corticotrophs respond to the 

physiological concentrations of CRH/AVP. Together, these data provide the first 

systematic analysis of native murine corticotroph cell electrical activity and also 

provide information for further investigation of corticotroph physiological properties. 
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6.1 Development of lentiviral transduction system for native 

corticotrophs identification 

6.1.1 The use of lentiviral transduction system in native murine 

corticotrophs 

Comparing with previous labeling methods, the main advantage of lentiviral 

transduction labeling system is to identify cells in an intact physiological way. The 

high transduction efficiency of lentiviral vectors ensure the fluorescent gene 

efficiently delivery into the native corticotrophs. Together with the lentiviral high 

integrative ability, the delivered gene showed stable and long-term expression 

providing a wide investigation time window. In addition, the design of cell specific 

expression allowed the fluorescent eYFP protein specifically expressed in 

corticotrophs. Lentiviral labeled corticotrophs displayed spontaneous action 

potentials and responded to physiological in vivo concentration of CRH/AVP. ACTH 

release levels from lentiviral transduced native pituitary cell culture under basal and 

CRH/AVP-induced conditions both showed no significant difference compared with 

un-transduced control groups (Liang et al., 2011). Altogether, rPOMC-driven 

lentiviral transduction system provided a highly efficient and specific way for native 

murine corticotrophs identification, and this labeling approach gives a stable and 

relatively long period for other investigations without causing any significant effects 

on cell physiological properties. 
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6.1.2 Future use of lentiviral transduction system 

In this thesis, only a fluorescent reporter EYFP gene was delivered and expressed as 

a label for native live corticotrophs, which gave the opportunity to investigate the 

basic electrophysiological properties of corticotrophs. In addition, the same approach 

could now be used to genetically manipulate specific channel conductances. This 

would be a particular advantage for those channels in which the genes are known, but 

the pharmacology is poorly understood. The lentiviral transduction system may be 

used to either overexpress a channel gene of interest or knock-down the endogenous 

expression level of the channel by delivering the siRNA of the channel gene. In this 

thesis, SK4 channels were found to be highly expressed in native murine 

corticotrophs and controlling their spontaneous action potentials. Together with the 

stress-hyperresponsiveness observed in global Kcnn4
-/-

 knockout mice, SK4 channels 

are revealed to have an important role in ACTH secretion and stress axis regulation 

(Liang et al., 2011). Using the lentiviral transduction system to knock-down SK4 

channel expression level could be performed specifically in native corticotroph cells 

to examine their role in corticotrophs in the absence of potential other compensatory 

effects in the global knockout animals. Lentiviral transduction is also very reliable 

for in vivo transduction (Goldman et al., 1997), so the knock-down of SK4 channels 

could also be achieved specifically in pituitary corticotrophs in vivo with lentiviral 

carrying siRNA injection into WT animals. Conversely, expressing the SK4 channels 

through the lentiviral delivery of SK4 channels genes in corticotrophs in Kcnn4
-/-

 

knockout mice in vivo is also possible to establish whether the expression of SK4 

only in the corticotrophs rescues the stress axis defect in the SK4
-/-

 mice. Thus, 

lentiviral transduction system provides multiple opportunities for gene investigation 
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and the use of appropriate cell-specific promoters may be applicable to other 

pituitary cell types. For any disease caused by gene overexpression or deficiency, the 

lentiviral transduction system may also provide possible clinic therapy (Goldman et 

al., 1997).  

 

6.2 Potassium conductances found in native murine corticotrophs 

and their roles in spontaneous action potentials 

Various potassium conductances were detected in native murine corticotrophs 

(Figure 6.1).The majority of recorded potassium conductances have been reported in 

other corticotroph models or other types of pituitary cells. BK currents that showed 

high expression level in the AtT20 mouse corticotroph cell line displayed low 

expression in native murine corticotrophs, and without showing any significant role 

in the control of spontaneous action potentials. However, in single channel 

recordings from inside-out patches exposed to 5 µM intracellular free calcium, there 

was significantly paxilline-sensitive component during a step pulse to +60mV, 

suggesting BK channels were inactivated under normal resting membrane potential 

in metabolically intact murine corticotrophs (Liang et al., 2011). In contrast, SK4 

channels, which have never previously identified in any pituitary cell type, 

dominated the outward potassium conductance in native murine corticotrophs with 

an important role in controlling corticotroph excitability. Together with the effects in 

vivo on ACTH and CORT secretion in the HPA axis in Kcnn4
-/-

 knockout mice, SK4 

channels were revealed to play a novel role in modulating ACTH secretion and stress 

axis function (Liang et al., 2011). This role may be through the effects at both levels  



Figure 6.1  
Ion channels in native murine pituitary corticotrophs 

Figure 6.1 Ion channels in native murine pituitary 

corticotrophs. Intermediate-conductance, Ca2+-activated K+ 

(SK4) channel and A-type potassium channel conductances 

dominate the whole-cell outward current in native murine 

corticotrophs. High-conductance, voltage- and Ca2+-activated K+ 

(BK), small-conductance, Ca2+-activated K+ (SK) and inwardly 

rectifying K+ (Kir) channels also contribute a small component to 

the corticotroph whole-cell outward current. Background Na+ (Nab) 

channels maintain the corticotroph resting membrane potential, 

and together with TTX-sensitive Na+ channels contribute to the 

inward sodium current of native murine corticotrophs. 

native murine 

anterior pituitary 

corticotrophs 

SK4 
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of the pituitary corticotroph as well as the regulation of hypothalamic PVN neuronal 

excitability (Liang et al., 2011). The 4-AP sensitive A-type potassium channel 

conductance was another dominant potassium current component found in native 

murine corticotrophs, and in some recorded cells A-type potassium channels 

regulated cell excitability (Figure 6.1). 

 

The expression level of Kir current conductance was significantly different between 

WT and BK
-/-

 corticotrophs. However, inhibition of Kir channels exhibited no clear 

effects on corticotroph excitability, although Kir channels have been suggested to be 

important in generation of action potentials in rat corticotrophs (Kuryshevet al., 

1997). More studies of whether this reflects different genders of corticotrophs 

analysed and the activation status of Kir channels are needed to examine the potential 

difference (Figure 6.1). 

 

6.3 The resting membrane potential of native murine corticotrophs 

The resting membrane potential of native murine corticotrophs typically ranged from 

-55 to -60 mV and this depolarised potential was dependent upon a background 

sodium conductance (Nab), consistent with other types of pituitary cells 

(Sankaranarayanan & Simasko, 1996; Kwiecienet al., 1998; Kuckaet al., 2010). Nab 

is crucial in maintaining the resting membrane potential and the replacement of 

external sodium ions with NMDG
+
 lead to a significant hyperpolarization and 

cessation of action potentials in native murine corticotrophs. The Nab is insensitive to 
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TTX inhibition and the molecular identity of this background sodium component is 

not clear yet. One potential candidate is the sodium and calcium permeable ion 

channels of the transient receptor potential TrpC family that have been reported to 

exert a similar role in other pituitary cells (Tomic et al., 2011). 

 

A TTX-sensitive fast inward sodium current component was detected in many native 

murine corticotrophs as well, while the inhibition of the TTX-sensitive sodium 

conductance caused no significant effect on the cell excitability.  

 

6.4 Spontaneous action potentials and the response to CRH/AVP 

More than 99% of recorded native murine corticotrophs showed spontaneous action 

potentials. The heterogeneity of firing patterns may reflect the heterogeneity of 

expression levels of various ion channels. Single spikes and “pseudo plateau 

bursting” action potentials with different firing frequency were discovered in native 

murine corticotrophs, similar to what observed in other types of pituitary cells. 

Spontaneous transitions among various firing patterns were found in native murine 

corticotrophs. The recording mode is crucial to record stable spontaneous action 

potentials. The perforated patch-clamp recording mode is required for maintaining 

stable cell excitability, while the whole-cell mode abolishes the spontaneous 

electrical activity. 
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Native murine corticotrophs showed responses to the in vivo physiological 

concentrations of CRH and AVP with a significant depolarization and elevation of 

firing frequency in spontaneously active cells, or initiating action potentials in 

previously silent cells. CRH or CRH and AVP together exerted prolonged effects 

after washout for several minutes compared with AVP alone, supporting previous 

suggestions that AVP is a weak secretagogue and can enhance and prolong the 

influence of CRH. However, we have not specified the target ion channels that CRH 

and AVP regulate in corticotrophs. 

 

Taken together, this thesis exploited an efficient and specific lentiviral labeling 

method, which allowed electrophysiological studies to build an initial profile of ion 

channels and their roles in the electrical activity of native murine corticotrophs. This 

work will allow the analysis of corticotroph excitability to be studies in further 

details. Further investigations may focus on the control of ACTH secretion and its 

regulation by SK4 channels, the importance and molecular identity of the 

background sodium conductance, the exploration of ion channels regulated by 

CRH/AVP and the negative feedback of glucocorticoid in native murine 

corticotrophs. 
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Control of hypothalamic–pituitary–adrenal stress axis
activity by the intermediate conductance calcium-activated
potassium channel, SK4
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Non-technical summary Our ability to respond to stress is critically dependent upon the release
of the stress hormone adrenocorticotrophic hormone (ACTH) from corticotroph cells of the
anterior pituitary gland. ACTH release is controlled by the electrical properties of corticotrophs
that are determined by the movement of ions through channel pores in the plasma membrane. We
show that a calcium-activated potassium ion channel called SK4 is expressed in corticotrophs and
regulates ACTH release. We provide evidence of how SK4 channels control corticotroph function,
which is essential for understanding homeostasis and for treating stress-related disorders.

Abstract The anterior pituitary corticotroph is a major control point for the regulation of
the hypothalamic–pituitary–adrenal (HPA) axis and the neuroendocrine response to stress.
Although corticotrophs are known to be electrically excitable, ion channels controlling the
electrical properties of corticotrophs are poorly understood. Here, we exploited a lentiviral trans-
duction system to allow the unequivocal identification of live murine corticotrophs in culture.
We demonstrate that corticotrophs display highly heterogeneous spontaneous action-potential
firing patterns and their resting membrane potential is modulated by a background sodium
conductance. Physiological concentrations of corticotrophin-releasing hormone (CRH) and
arginine vasopressin (AVP) cause a depolarization of corticotrophs, leading to a sustained
increase in action potential firing. A major component of the outward potassium conductance was
mediated via intermediate conductance calcium-activated (SK4) potassium channels. Inhibition
of SK4 channels with TRAM-34 resulted in an increase in corticotroph excitability and exaggerated
CRH/AVP-stimulated ACTH secretion in vitro. In accordance with a physiological role for SK4
channels in vivo, restraint stress-induced plasma ACTH and corticosterone concentrations were
significantly enhanced in gene-targeted mice lacking SK4 channels (Kcnn4−/−). In addition,
Kcnn4−/− mutant mice displayed enhanced hypothalamic c-fos and nur77 mRNA expression
following restraint, suggesting increased neuronal activation. Thus, stress hyperresponsiveness
observed in Kcnn4−/− mice results from enhanced secretagogue-induced ACTH output from
anterior pituitary corticotrophs and may also involve increased hypothalamic drive, thereby
suggesting an important role for SK4 channels in HPA axis function.

C© 2011 The Authors. Journal compilation C© 2011 The Physiological Society DOI: 10.1113/jphysiol.2011.219378



5966 Z. Liang and others J Physiol 589.24

(Received 24 August 2011; accepted after revision 28 October 2011; first published online 31 October 2011)
Corresponding author M. J. Shipston: Centre for Integrative Physiology, Hugh Robson Building, University of
Edinburgh, Edinburgh, Scotland, UK. Email: mike.shipston@ed.ac.uk

Abbreviations ACTH, adrenocorticotrophin hormone; AVP, arginine vasopressin; BK, large conductance calcium-
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Introduction

The ability to respond to external stressors as well as
perturbations of the internal environment is essential
to the long term survival and healthy ageing of
organisms. The hypothalamic–pituitary–adrenal axis
(HPA axis) represents the major neuroendocrine response
to stress, by coordinating appropriate responses to
sensory input. Stressors ultimately activate hypothalamic
neuroendocrine neurones in the paraventricular nucleus,
releasing corticotrophin releasing hormone (CRH) and
arginine vasopressin (AVP) into the portal circulation.
CRH and AVP act on the anterior pituitary corticotrophs
to stimulate release of adrenocorticotrophin hormone
(ACTH). ACTH is released into the systemic circulation to
control release of the powerful glucocorticoid hormones
(cortisol in man, corticosterone in rodents) from the
adrenal gland. Glucocorticoids in turn feedback at
multiple levels of the HPA axis to terminate the stress
response. Acute activation of the HPA axis is required for
stress adaptation, but prolonged and/or excessive levels
of stress hormones, in particular glucocorticoids, may
predispose to major metabolic, immune, cardiovascular
and affective disorders (Antoni, 1986; Dallman et al. 1987;
Sapolsky et al. 2000; McEwen & Wingfield, 2003).

The anterior pituitary corticotroph represents a major
‘hub’ in the control of the HPA axis function, integrating
efferent signals from the brain with feedback control
from circulating steroid hormones to coordinate ACTH
release. Stimulatory (e.g. CRH and AVP) and inhibitory
factors controlling ACTH output from pituitary cortico-
trophs are well characterised. Furthermore, it is now well
established that anterior pituitary corticotrophs in many
species are electrically excitable, as are other cells of the
anterior pituitary gland (Stojilkovic et al. 2010). However,
ion channels and mechanisms controlling corticotroph
excitability and its coupling to calcium-dependent ACTH
secretion in corticotrophs remain poorly understood
(Kuryshev et al. 1997; Lee & Tse, 1997). Considerable
insight has been gained from a variety of tumour models,
including variants of the mouse anterior pituitary cell
line AtT20 (Surprenant, 1982; Pennington et al. 1994;
Shipston et al. 1996) and cells from human pituitary
corticotroph tumours (Mollard et al. 1987; Takano et al.

1996). However, the extent to which ionic mechanisms
in these models truly reflect corticotroph function
remains unclear. In part, this is a result of the major
challenge of unequivocally distinguishing live cortico-
trophs from the variety of different anterior pituitary cell
populations.

To address these issues several previous
identification/labelling approaches have been exploited,
including: (i) biotinylated CRH peptides to label
corticotrophs (Childs et al. 1987), (ii) purification of
corticotrophs following volume expansion in response
to high doses of CRH by centrifugal elutriation (Ritchie
et al. 1996; Kuryshev et al. 1997), (iii) identification based
on ACTH release detected by haemolytic plaque assay
(Lee & Tse, 1997), and (iv) post hoc staining of fixed
cells for ACTH immunoreactivity or responsiveness to
CRH or AVP (Brunton et al. 2007). Finally, a recent study
has exploited transgenic mice constitutively expressing
green fluorescent protein (GFP) under the control of
the proopiomelanocortin (POMC; the precursor for
ACTH synthesis) promoter (Lee et al. 2011), although
analysis of spontaneous activity was not studied. Such
studies have implicated a number of different ion
channels and mechanisms in controlling corticotroph
electrical excitability. However, in most cases analysis
was performed with supramaximal concentrations
of CRH or AVP several orders of magnitude greater
than those reported in the portal circulation (Gibbs
& Vale, 1982; Sheward & Fink, 1991). The difficulty
in routine identification of living corticotrophs has
precluded the systematic analysis of the spontaneous
electrical excitability of these cells in the absence of
secretagogues.

In this report, we have applied a highly efficient and
selective labelling approach using lentiviral mediated
transduction of primary murine pituitary cells in vitro
with a fluorescent (enhanced yellow fluorescent protein;
eYFP) construct driven by a minimal POMC promoter.
Using this approach, we have characterised the electrical
properties of unstimulated and secretagogue-evoked
murine corticotrophs in metabolically intact cells that are
responsive to physiological concentrations of CRH and
AVP. Importantly, our studies reveal a novel role for inter-
mediate conductance calcium-activated potassium (SK4)
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channels in corticotroph function, and reveal that mice
genetically deficient for the channel display stress hyper-
responsiveness.

Methods

Ethical approval

All experiments and tissue collection were performed
between 08.00 h and 11.00 h and performed in accordance
with accepted standards of humane animal care, UK
Home Office requirements and the German legislation
on protection of animals.

Lentiviral transduction of primary corticotrophs

Generation of POMC-eYFP lentiviral reporter. The
POMC-eYFP lentiviral vector was constructed in the
pLenti6/V5-D-TOPO vector. To facilitate subcloning
steps we first generated new SpeI and SfuI restriction sites
flanking eYFP in the pEYFP-N1 vector. The subsequent
SpeI and SfuI restriction fragment containing eYFP
from the mutant pEYFP-NI vector was then ligated
into the pLenti6/V5-D-TOPO vector (Invitrogen)
generating a construct (pLenti-CMV-eYFP) in which
eYFP expression is driven by the CMV promoter.
To generate a construct for expression restricted to
POMC-expressing cells we amplified the rat minimal
POMC promoter (−707 to +64 bp, a generous gift
from Prof. Malcolm Low (University of Michigan
Medical School); Hammer et al. 1990) from the pGEM
TZ vector using forward and reverse primers (5′-
TCATATCGATGCTTCCACTTCCCTCCACAG-3′ and 5′-
CTGGACTAGTTGTTCAGTGGCCTCTCTTAG-3′)
engineered to create ClaI and SpeI restriction
sites, respectively. Amplicons were cloned into the
pCRII-TOPO vector and the ClaI and SpeI fragment
was ligated into the pLenti-CMV-eYFP construct to
generate the pLenti-pomc-eYFP (available to academic
laboratories on request) construct in which the minimal
POMC promoter replaces the CMV promoter. To
generate lentiviral particles the pLenti-CMV-eYFP or
pLenti-pomc-eYFP plasmids were co-transfected with
the psPAX2 packing plasmid (a generous gift from Prof.
D. Trono, EPFL, Lausanne) and the pLP/VSVG envelope
plasmid (Invitrogen) into HEK293FT cells. HEK293FT
cells were seeded and cultured in a area correct,
75 cm2 flask in growth medium 1 day before transient
transfection at approximately 70% confluency. Before
transfection, culture medium was replaced with fresh
growth medium and the respective plenti6-POMC-eYFP,
pLenti6-CMV-eYFP, psPAX2 and pLP/VSVG plasmids
at a 4:3:2 ratio using ExGen 500 transfection reagent
(Fermentas). After 24 h, the medium was replaced with
20 ml fresh growth medium, and the cells were harvested

at 72 h post-transfection. The collected medium was spun
at 4860 g for 15 min and the supernatant filtered through
a 0.45 μm syringe filter (25 mmGD/X, Whatman)
into a 15 ml Amicon Ultra-15 centrifugal filter device
(Millipore, UK) and concentrated by spinning at 4860 g
for 40–50 min. Lentivirus titre was determined using
HEK293FT cells and defined as transduced Unit/ml
lentiviral particles (TU ml−1).

Transduction of primary murine anterior pituitary cells in
vitro. Three to four female mice (mixed sv129/Bl6 back-
ground age range 2–5 months) were killed by cervical
dislocation and the pituitaries were rapidly removed; the
outer edges of the anterior lobes of the gland were removed
to ensure no contamination from the intermediate lobe
(which contains POMC-expressing melanotrophs). The
anterior pituitary lobes were chopped with a single
edged razor blade mounted on a McIlwain chopper
(setting 0.7 mm) in both directions (rotated plate by
90 deg) and placed in Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen) containing 25 mM Hepes, 0.25%
trypsin and 10 μg ml−1 DNAse I, and incubated at 37◦C
for 20–25 min in a water bath. The tube was shaken
every 5 min to achieve a complete and equal digestion.
At the end of the digestion, tissue pieces settled to the
bottom of the tube, and supernatant was aspirated. One
millilitre of inhibitor solution (DMEM containing
0.5 mg ml−1 lima bean trypsin inhibitor, 100 kallikrein
units aprotinin (200 × dilution of Sigma stock),
10 μg ml−1 DNAse I) was added and the tissue bits
were triturated with a 1 ml Pipetman tip (Gilson) for
approximately 40 times. The resulting suspension was
filtered over a cell strainer with 70 μm nylon mesh (BD
Biosciences (Franklin Lakes, NJ, USA)), diluted with an
equal volume of culture medium (DMEM containing
25 mM Hepes, 5 μg ml−1 insulin, 50 μg ml−1 transferrin,
30 nM sodium selenite, 0.3% BSA (w/v), 4.2 μg ml−1

fibronectin and spun in a centrifuge at 100 g for 10 min.
The pellet was triturated in 1 ml culture medium with 1%
antibiotic/mycotic solution (Sigma), in order to disperse
single cells. Cells from three to four anterior pituitaries
were plated on 24 × 12 mm coverslips in a 6-well plate
(4 coverslips per well) and incubated at 37◦C in 5%
CO2. Pituitary cells were transduced 24 h after plating
in antibiotic free culture medium. The culture medium
was replaced with fresh medium 24 h post-transduction,
culture medium was changed every 2 days, and fluorescent
cells were typically used 48–72 h post-transduction.

Immunohistochemical co-labelling of transduced primary
cells for ACTH. Primary mouse pituitary cells cultured
on poly-D-lysine coated glass coverslips 2–4 days after
lentiviral transduction were gently washed 3 times
with phosphate buffered saline (PBS) containing 2 mM
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CaCl2 and 1 mM MgCl2, and then fixed with 4%
paraformaldehyde in PBS for 30 min at room temperature
(RT). Following a quench step with 50 mM NH4Cl for
10 min at RT, cells were washed, permeabilised with
0.3% (v/v) Triton X-100 in PBS (PBS-T) for 10 min
and blocked with blocking solution (3% BSA in PBS-T)
for 1 h at RT. Primary anti-ACTH antibody (1:500
in blocking solution, Sigma-Aldrich) was applied and
incubated at 4◦C overnight. Subsequently, cells were
washed 3 times with PBS, rinsed in dH2O and then
incubated with Alexa-594 conjugated secondary anti-
body (1:1000) (Invitrogen, USA) in blocking solution
for 1 h at RT. Cells were finally washed with PBS
3 times and mounted with Mowiol 4-88 mounting
medium(Calbiochem, Damstadt, Germany)containing
1,4-diazabizyclo[2.2.2]octane (DABCO, Sigma) as anti-
fade. Cells were imaged using a Zeiss LSM510 laser
scanning confocal microscope equipped with a 63× (NA
1.4) oil immersion objective lens in multitracking mode.

Animals

Experiments with lentiviral-transduced cells were
performed using virgin female mice (age range
2–5 months) on a mixed sv129/C57Bl6 background. In
a limited number of experiments (predominantly to
confirm aspects of pharmacological characterisation of
potassium conductances) recordings were also performed
using transgenic mice expressing GFP under control
of the POMC promoter in a C57Bl6 background (a
generous gift from Prof. J. Friedman (The Rockefeller
University, NY, USA); Pinto et al. 2004). No significant
differences in potassium conductances were observed
between lentiviral transduced and transgenic cortico-
trophs (for example 1 μM clotrimazole inhibition of
outward current was 38.4 ± 2.4 (n = 5) and 41.1 ± 3.8%
(n = 4), respectively). Mice lacking the pore exon of the
Kcnn4 channel α-subunit (Kcnn4−/−), were generated
previously (Sausbier et al. 2006). Wild-type (WT) and
Kcnn4−/− mice on the hybrid SV129/C57BL6 back-
ground were used. Litter- and age-matched (F2 hybrid)
adult female mice (age range 2–5 months, generated
from F1 hybrid parents) were randomly assigned to each
experimental condition. Mice were caged in groups of two
to four under standard laboratory conditions (lights on
at 07.00 h, lights off at 19.00 h, 21◦C, with chow and tap
water available ad libitum).

Electrophysiology

The perforated patch clamp configuration of the
whole-cell recording technique was used for all whole
cell current- and voltage-clamp recordings. Amphotericin

was used at a final pipette concentration of 200 μg ml−1

with uncompensated access resistances between 15 and
30 M�, routinely achieved within 5–15 min of giga-
ohm seal formation and stable for up to 1 h. The
standard bath solution contained (in mM): 140 NaCl,
5 KCl, 2 CaCl2, 0.1 MgCl2, 10 Hepes and 10 glucose;
pH 7.4 adjusted with NaOH, 300 mosmol l−1. The
standard pipette solution contained (in mM): 10 NaCl,
30 KCl, 60 K2SO4, 1 MgCl2, 10 glucose, 10 Hepes and
50 sucrose; pH 7.2 adjusted with KOH, 290 mosmol l−1.
Cells were perfused using a gravity-driven perfusion
system with flow rates <1.5 ml min−1 to minimise
flow-induced artefacts.

Electrophysiological measurements in the inside-out
configuration were made on corticotrophs from
POMC-GFP transgenic mice. Experiments were
conducted at 20–22◦C. Patch electrodes (3–5 M�)
were pulled from borosilicate glass (World Precision
Instruments, Sarasota, FL, USA) and coated with silicone
elastomer (Sylgard 184, Dow Corning). Data were
collected using a List EPC-9 patch clamp amplifier,
Bessel filtered at 10 kHz, and stored on a Power
Macintosh G3 using Pulse 8.5 software (Heka Electro-
nik, Lambrecht/Pfalz, Germany). Offline analysis was
conducted with custom software written for Igor Pro
(WaveMetrics, Inc., Lake Oswego, OR, USA). For
inside-out patches, symmetrical K+ solutions were used
to eliminate potassium driving force and allow DC
offset to be cancelled at 0 mV. The pipette and bath
saline solutions contained (in mM): 160 KCl, 10 Hepes,
1 MgCl2, 1 HEDTA, 0.188 CaCl2, pH adjusted to 7.2 with
KOH to obtain approximately 5 μM free [Ca2+]. The free
[Ca2+] was calculated with MAXCHELATOR software
(WEBMAXC v2.1; Bers et al. 1994). Zero-Ca2+ solution
contained an additional 5 mM EGTA (Sigma). Paxilline
(Sigma) was dissolved in 100% DMSO and stored at
−20◦C until the day of experiment, when it was diluted
at least 1000× before use. The osmolarity of the saline
solutions was measured by a dew point osmometer and
adjusted to 300 mosmol l−1.

Double immunofluorescence histochemistry of
pituitary sections

Adult wild-type and Kcnn4−/− mice were deeply
anaesthetized with 150 mg (kg body weight)−1 thiopental
(25 mg ml−1; Sandoz) and immediately perfused via the
left cardiac ventricle with PBS (pH 7.4) for 1 min, followed
by ice-cold 4% paraformaldehyde in PBS for 10 min
(approximately 45 ml) and PBS for 1 min. Pituitary glands
were dissected and transferred into 20% sucrose in PBS
for 18 h at 4◦C. Thereafter, pituitary glands were snap
frozen in prechilled (−70◦C) isopentane (Merck) for 90 s
and stored at −70◦C. Sections of 10 μm were cut using
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a cryostat and transferred onto polylysine coated slides
and stored at −20◦C for up to 8 weeks. Pituitary glands
sections of 10 μm were washed twice in Tris-buffered
saline (TBS; pH 7.4) for 5 min and permeabilized in 0.2%
Triton X-100 in TBS (TBS-T) for 10 min. Slices were pre-
incubated in 2% normal goat serum, 2% bovine serum
albumin and 0.2% milk powder in TBS-T for 1 h at room
temperature and incubated overnight with rabbit poly-
clonal anti-SK4 whole serum (Abcam Inc., Cambridge,
MA, USA; no. 83740) diluted 1:1000 in 1% BSA in
TBS-T. Sections were washed 10 min with TBS-T and
incubated with mouse monoclonal anti-ACTH antibody,
clone 02A3 (Dako, Carpenteria, CA, USA) diluted in 1%
BSA in TBS-T 1:100 for 2 h at room temperature. Sections
were washed with TBS-T for 30 min and incubated with
secondary antibodies goat anti-rabbit Alexa-488 and goat
anti-mouse Alexa-594 (both Invitrogen, nos A-11034
and A-11032) diluted 1:1000 in 2% BSA in TBS-T for
1 h at room temperature. Sections were washed with
TBS-T for 10 min followed by TBS for 20 min. Nuclei
were stained using 0.5 μg ml−1 DAPI (Sigma-Aldrich)
for 5 min. Afterwards, sections were washed with TBS
and mounted in p-phenylenediamine-glycerol to prevent
photobleaching. The sections were coverslipped and sealed
with nail polish. The slides were stored in a dark box
at 4◦C for up to 72 h with stable signal to noise ratio.
Images were taken using a Zeiss Axioplan 2 imaging system
equipped with Apotome stepper, Axiocam camera system
and AxioVision 4.8 software.

Restraint stress protocol, tissue collection and plasma
ACTH and corticosterone measurements

Restraint stress was used as a mixed physical and
psychological stressor (Pacak & Palkovits, 2001). Mice
were randomly assigned to one of two experimental
groups assayed in parallel: control, non-stressed (basal)
and restraint for 30 min (restraint). For restraint, mice
were placed individually in a clear plastic restraint tube
(CH Technologies (USA) Inc., Westwood, NJ, USA) of
internal diameter 31 mm with a variable pusher, adjusted
based on animal size. Mice were decapitated and trunk
blood collected in chilled Eppendorf tubes containing 5 μl
of 5% EDTA. Brains were rapidly isolated in ice-cold
Hanks’ buffered salt solution (HBSS, Invitrogen) and
1 mm coronal sections cut using a fresh razor blade.
Hypothalamic blocks were then prepared by cutting along
the top of the third ventricle and diagonally towards the
ventral aspect to either side of the major hypothalamic
nuclei, and then bisected in a sagittal plane. Anterior
pituitary glands were sectioned on ice to produce two
anterior lobes, removing the posterior and intermediate
lobes, and individual adrenal glands were trimmed of
fat. One half of each tissue or individual adrenal gland

was stored at 4◦C in RNAlater (Ambion Inc., Austin,
TX, USA) overnight to ensure tissue penetration and
then frozen at −80◦C until use. Blood samples were
chilled on ice and centrifuged at 1000 g for 10 min, and
plasma was separated and stored at −80◦C until sub-
sequent radioimmunoassay for ACTH and corticosterone.
Plasma ACTH and corticosterone concentrations were
determined by radioimmunoassay using commercially
available kits (MP Biomedicals, Solon, OH, USA). ACTH
was measured in unextracted plasma samples using a
two-site immunoradiometric assay (Hodgkinson et al.
1984). Corticosterone was measured in unextracted
plasma (diluted 1:200 in assay buffer) using a double
antibody radioimmunoassay with 125I-labelled cortico-
sterone as the tracer (Keith et al. 1978). Sensitivities were
5 pg ml−1 and 0.5 ng ml−1 and the intra-assay variation
<8% and <6%, for the ACTH and corticosterone assays,
respectively.

qRT-PCR

Tissue samples stored at −80◦C in RNAlater were rapidly
thawed at room temperature, weighed, and disrupted
through a 21G needle using ∼20 strokes for hypothalamus
and pituitary and ∼40 strokes for adrenal glands. RNA
was then purified using RNeasy Mini Kit (Qiagen) or
High Pure RNA Tissue Kit (Roche Applied Science) as
per the manufacturer’s instructions. RNA concentrations
were determined using a Nanodrop (Thermo Scientific).
cDNA was synthesised using Transcriptor High Fidelity
cDNA Synthesis Kit (Roche Applied Science) using ∼2 μg
of RNA. Reactions were primed with a 1:2 ratio mix of
oligo-dT and random hexamers and incubated at 50◦C
for 30 min before inactivation at 85◦C for 5 min. Control
cDNA syntheses were performed in parallel including no
reverse transcriptase enzyme control and no template RNA
control.

qRT-PCR was performed on an Applied Biosystems
Prism 7000 real-time PCR machine using SYBR Green
JumpStart Taq Ready Mix (Sigma) in a 25 μl total volume
reaction. Reactions were performed in triplicate with
cycling as follows: 50◦C for 2 min, 95◦C for 10 min then
40 cycles of 95◦C for 15 s and 60◦C for 1 min under
standard cycling conditions. PCR controls (no template,
no enzyme, no primer, etc.) and template from cDNA
synthesis controls were performed in parallel. mRNA
expression was quantified relative to β-actin using the
��Ct method (Livak & Schmittgen, 2001; Yuan et al.
2006; Bustin et al. 2009). Commercially available qRT-PCR
primers were used (Qiagen) except for Kcnn1–4 that
were designed and validated in-house with the following
sequences:

Kcnn1 fwd CATCAgCCTgTCCACTgTCATCTTg;
Kcnn1 rev gTCgTCggCACCATTgTCCAC; Kcnn2 fwd
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ATCTTCggCATgTTCggCATCg; Kcnn2 rev ATCgTggAg
AgACTgATAAggCATTTC; Kcnn3 fwd gCTTgTCCATCC
TggTCTgTTgC; Kcnn3 rev ATggCggTAgAgTTgg
CTgAAgTg; Kcnn4 fwd ggTTCTgCACgCTgAgATgTTg;
Kcnn4 rev AAggCAgTggACAgggTgATC

Single cell RT-PCR

The cellular contents of single, fluorescently labelled
corticotrophs that had been maintained in culture for
4 days were aspirated into RNAse free borosilicate
patch-pipettes containing 7 μl of RNAse-free water.
Aspirant was immediately transferred to an Eppendorf
tube for cDNA synthesis using Sensiscript reverse
transcriptase (Qiagen), RNasin ribonuclease inhibitor
(Promega, Madison, WI, USA) and a mix of random
and poly-dT primers in a final volume of 20 μl at 37◦C
for 1 h. For single cell PCR analysis, a two-stage PCR
amplification strategy was used. Firstly, 2.5 μl of cDNA
generated from the single cell aspirate was used in a 25 μl
reaction using the SYBR Green JumpStart Taq Ready Mix
and primers as for qRT-PCR. Samples were heated to 50◦C
for 2 min followed by 10 min at 95◦C before performing 40
cycles at 95◦C for 15 s and 60◦C for 1 min standard cycling
conditions on an ABI 7000. An aliquot (2.5 μl) of the first
round amplification was then diluted into a new 25 μl PCR
reaction and subjected to a further 10 amplification cycles
using the conditions above. Multiple negative controls
including control cell aspirants for which no reverse trans-
criptase was added (no-RT), aspiration of extracellular
medium adjacent to intact cells (bath) and PCR controls
were run in parallel with no detectable amplicon under
identical conditions. Amplicons from the end-point PCR
analysis were run on a 2% agarose gel and visualised using
RedSafe (iNtRON Biotechnology, Kyungki-Do Korea).
The predicted amplicon size (bp) for each primer set
was: Kcnn1 = 94, Kcnn2 = 119, Kcnn3 = 75, Kcnn4 = 93,
Kcnma1 = 106, Pomc = 99.

ACTH secretion in vitro

ACTH secretion in vitro was evaluated using dispersed
anterior pituitary cells in static incubation assays.
Dispersed anterior pituitary cells were prepared and
transduced with lentivirus as above and plated in
96-well cluster dishes. Forty-eight to seventy-two hours
post-transduction, cells were washed in Dulbecco’s
modified Eagle’s medium (Invitrogen) containing 25 mM

Hepes (Sigma-Aldrich) and 0.1% bovine serum albumin
(BSA; Sigma-Aldrich) (DMEM-BSA), incubated for 2 h
at 37◦C in a water bath. Cells were then exposed to
vehicle (basal) or 0.1 nM CRH + 2 nM AVP in the pre-
sence or absence of the respective ion channel inhibitor
for 30 min. Plates were then placed on ice and the super-

natant removed, spun briefly at 100 g , snap frozen on
dry ice and stored at −70◦C until radioimmunoassay.
ACTH was determined, in duplicate, using a commercial
radioimmunoassay kit (ACTH kit RK-001–21, Phoenix
Pharmaceuticals Inc., Belmont, CA, USA) following
appropriate dilution in radioimmunoassay buffer.

Corticotroph action potential model

The model is adapted from the original corticotroph action
potential model from LeBeau et al. (1997), incorporating
some of the adaptations made by Shorten et al. (2000). The
original model simulates membrane potential using a set
of Hodgkin–Huxley-type equations representing L-type
and T-type voltage sensitive Ca2+ currents, a delayed
rectifier (K-DR), a Ca2+ activated K+ current (K-Ca),
and a leak current representing the remaining ionic
currents. It does not include a voltage-activated sodium
conductance. It includes a basic representation of intra-
cellular Ca2+, sufficient to model the calcium-activated
channels, assuming uniform spatial distribution of Ca2+.
We have developed the Le Beau model by adding a voltage
sensitive A-type K+ current (K-A) and replacing the leak
current with a background, non-selective predominantly
conducting Na+ current (NS-Na) and an inward rectifying
K+ current (K-IR). The modelled K-A current is based on
Tabak et al. (2007) and the NS-Na current is based on
the formulation of Tsaneva-Atanasova et al. (2007). Our
K-IR current uses a different formulation from Shorten
et al. (2000), based instead on the somatotroph model
of Tsaneva-Atanasova et al. (2007). In each case we have
used their parameter values as a base and then adjusting
to match our own recordings, looking at the detailed
form of the action potentials. We have also added some
Gaussian noise to the model’s membrane potential, in
order to more closely compare with the irregular recorded
data. The noise is generated using an Ornstein–Uhlenbeck
process (essentially integration step size scaled Gaussian
noise with exponential decay), controlled by amplitude
and decay parameters, oA and od.

Parameters controlling calcium- and voltage-dependent
time courses were shifted in order to match the time scale
of our observed action potentials. The action potentials
in the LeBeau model are very much slower, on a scale of
∼100 ms compared to our in vitro action potentials of
∼20 ms. To shorten these we increased the Ca2+ buffering
factor from 0.01 to 0.2, reduced the Ca2+ exchange time
constant from 500 ms to 110 ms, and shifted the voltage
dependence of Ca2+ channel (L-type and T-type) gating
in the negative direction (LeBeau et al. 1997).

Model equations for K-IR, NS-Na and K-A. The K-IR
current is described by:

IK−IR = g KIR K IR∞�K
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where �K is the K+ driving force described in LeBeau et al.
(1997) and the steady state activation KIR,∞ is described:

K IR∞ = αIR

αIR + βIR

αIR = 0.1

1 + exp (0.06(Vm − VIR − 200)

βIR

= 3 exp[0.0002(Vm − VK IR
+ 100)] + exp[0.1(Vm − VK IR

− 10)]

1 + exp[−0.5(Vm − VK IR
)]

The non-selective predominantly Na+-conducting
current (NS-Na) uses a very simple form:

INSNa = g NSNa(Vm − VNSNa)

The fast-inactivating, voltage sensitive A-type K+

current is described by:

IA = g A mA∞hA�K

with steady state activation mA,∞ and inactivation hA,∞ is
described:

mA∞ = 1

1 + exp[(VmA − Vm)/kmA ]

dhA

dt
= hA∞(V) − hA

τhA

hA∞(V) = 1

1 + exp[(VhA − V)/khA ]

Adding these currents to the LeBeau et al. (1997) model
and removing the leak current gives the new membrane
potential (V) equation:

dV

dt

= (ICa−L + ICa−T + IK−DR + IK−Ca + IK−IR + IA + INSNa) + noise

cm

The equations were integrated with the Runge–Kutta
method, using a 0.1 ms step size.

Statistics

All data are expressed as means ± SEM with n = number
of individual experiments or cells. Data were analysed
using a parametric one-way ANOVA with post hoc
Dunnett’s test or non-parametric Kruskal–Wallis test
as appropriate using Igor Pro v6.0 (Wavemetrics) or
GraphPad Prism 5 (GraphPad Software Inc., La Jolla, CA,
USA) with significant differences between groups defined
at ∗P < 0.05 or ∗∗P < 0.01.

Reagents

Salts and biochemical reagents for electrophysiological
analysis, including channel inhibitors, were from
Sigma-Aldrich Co. (Poole, UK) and of the highest
analytical grade unless specified otherwise in the methods.
CRH and AVP were from Bachem Ltd (Weil am Rhein,
Germany). Cell culture media including DMEM, HBSS,
PBS and fetal calf serum were from Gibco Invitrogen Ltd
(Paisley, UK)

Results

Labelling of corticotrophs in vitro using a
lentiviral-driven POMC-eYFP reporter

To allow specific labelling of corticotrophs in vitro for
patch clamp electrophysiological analysis we expressed
eYFP under the control of a minimal POMC promoter
using lentivirus-mediated cell transduction of isolated
anterior pituitary cells in vitro (Fig. 1A). Using the
minimal POMC promoter greater than 95% of cortico-
trophs that were immunohistochemically identified
as ACTH-expressing cells from the murine anterior
pituitary gland expressed the eYFP reporter. In contrast,
using the constitutive CMV promoter less than 30%
of the ACTH positive cells expressed eYFP (Fig. 1B)
demonstrating the efficiency of lentiviral-mediated
expression of eYFP in corticotrophs. The specificity of
the minimal POMC-promoter driven expression of eYFP
for ACTH positive cells was greater than 99.5% (Fig. 1C),
presenting an ideal approach for the unequivocal
identification of living murine anterior pituitary cortico-
trophs. Importantly, lentiviral mediated-transduction of
corticotrophs with eYFP did not compromise basal or
secretagogue-induced ACTH secretion, as measured by
RIA (Fig. 1D), indicating that corticotroph viability and
function were not compromised by our identification
approach.

Murine corticotrophs are spontaneously active with
heterogeneous firing patterns

The specific labelling of corticotrophs with eYFP allowed
us to examine the spontaneous electrical activity of naive
cells. Preliminary experiments using conventional whole
cell recording resulted in a rapid (within a few minutes)
cessation of spontaneous firing, and thus all subsequent
analyses were performed using the perforated patch-clamp
version of the whole-cell recording technique. Under these
conditions of metabolically intact cells more than 95% of
all cells displayed spontaneous electrical excitability that
was maintained for the duration (typically>30 min) of the
recording. The mean cell capacitance was 4.56 ± 0.32 pF,
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mean resting membrane potential −55.0 ± 1.7 mV, and
typical input resistance >3 G� (n > 100 cells).

The high input resistance of these cells would imply
that small fluctuations in membrane current would have
a significant impact on membrane potential. Accordingly,
there was very considerable variability in action potential
firing patterns between cells even from the same batch
of cells recorded on the same day (Fig. 2). Furthermore,
similar heterogeneity was also observed in corticotrophs
isolated from POMC-GFP mice in current clamp using
the perforated patch mode of recording (not shown). Pre-
vious studies analysing spontaneous action potentials in
corticotrophs are conflicting. For example, rat cortico-
trophs are reported to be either spontaneously active
(Kuryshev et al. 1997) or electrically silent (Lee & Tse,
1997). This might reflect either the recording conditions
(perforated patch vs. whole-cell respectively) or cell iso-
lation procedure used. Indeed, we found that in pilot
studies conventional whole-cell approaches led to rapid
run-down of spontaneous activity. This is in agreement
with a recent study (Lee et al. 2011) using whole-cell
recording from corticotrophs isolated from transgenic

mice overexpressing GFP under control of the POMC
promoter, in which corticotrophs appear to be pre-
dominantly electrically silent.

The majority of cells in our perforated-patch clamp
studies displayed large amplitude single action potential
spikes of variable frequency (Fig. 2A and B). Analysis
of single spikes from different corticotrophs revealed
a bimodal distribution in the amplitude of the after-
hyperpolarisation following the spike (Fig. 3A and B). We
thus categorised single spikes as either type A (Fig. 2A),
in which the AHP was >25 mV, or type B (Fig. 2B)
with AHP amplitude <20 mV. The proportion of cells
displaying type A spikes was similar to that displaying
type B spikes (∼40%). Cells displaying type A or B
spikes typically had similar resting membrane potentials
in the range of −50 mV with no significant differences
in spike threshold or spike amplitude (Fig. 3A, C, D
and F). In addition, the mean cell capacitance (type A:
4.58 ± 0.31 pF, type B: 4.55 ± 0.38 pF) or input resistance
(type A: 5.28 ± 0.51 G�, type B 5.25 ± 0.43 G�) of cells
that displayed type A or type B spikes was not significantly
different. However, type B spikes displayed a slower time

Figure 1. Labelling of murine corticotrophs in vitro
using lentiviral transduction of a POMC-eYFP
fluorescent reporter
A, representative confocal sections of dispersed anterior
pituitary cells in primary culture 4 days following
transduction with pomc-eYFP (top panels) or CMV-eYFP
(bottom panels). The eYFP signal (left panels), ACTH
immunoreactivity (middle panels) and merged images
are shown. Scale bar is 10 μm. B, quantification of
percentage of cells immunoreactive for ACTH (ACTH+)
that are also labelled with eYFP (eYFP+) using either the
POMC- or CMV- promoter lentiviral constructs. C,
quantification of percentage of cells labelled with eYFP
(eYFP+) that are also immunoreactive for ACTH
(ACTH+) and that are also using either the POMC- or
CMV-promoter lentiviral constructs. D, ACTH release
from control (Cont) and POMC-eYFP (POMC)
transduced cultures under basal and stimulated
(CRH/AVP, 0.1 and 2 nM respectively) expressed as a
percentage of the basal release in control
(non-transduced) cultures. All data are means ± SEM,
n > 3 independent experiments.

C© 2011 The Authors. Journal compilation C© 2011 The Physiological Society



J Physiol 589.24 Stress hyperresponsiveness in Kcnn4−/− mice 5973

to peak (Fig. 3E), increased spike width (Fig. 3G) as well
as a smaller afterhyperpolarisation amplitude (Fig. 3H)
compared to type A spikes.

While cells rarely spontaneously converted between
type A and type B action potentials, spike frequency during
recordings varied considerably, ranging from <0.1 Hz
to several hertz. Furthermore, cells with type A or B
spikes also displayed spontaneous, reversible transitions
to ‘pseudo-plateau bursting modes’, in which action
potentials, of variable amplitude may be superimposed
on periodic depolarized potentials (e.g. Fig. 2C–H) as
described in other anterior pituitary cells (Tabak et al.

2007; Tsaneva-Atanasova et al. 2007). In a low proportion
(<5%) of cells ‘pseudo-plateau bursts’ were observed
during recordings (∼30 min) devoid of single spike events.

Exposure of corticotrophs to a brief pulse (3 min) of
the combined secretagogues CRH and AVP (at 0.1 nM

and 2 nM respectively, concentrations approximating
those released into the portal circulation in response
to stress; Gibbs & Vale, 1982; Sheward & Fink, 1991)
resulted in a rapid increase in the frequency of action
potential firing, with a concomitant steady depolarisation
from rest of 14.6 ± 5.5 mV (n = 5), measured at 2 min
after CRH/AVP application (Fig. 4A–C). The membrane

Figure 2. Heterogeneity of spontaneous electrical activity in murine corticotrophs
Waveforms and firing patterns differed widely between cells, and individual cells could transition between firing
patterns. In perforated-patch clamp recordings the majority of cells exhibited spontaneous tall spikes, falling into
one of two categories, as depicted in A (Type A; >30% of cells) and B (type B; >40% of cells). Detailed differences
between these waveform types are elaborated upon in Fig. 3. Cells spontaneously and reversibly transitioned to
other firing patterns represented by panels C–H, including ‘pseudo-plateau potential’ bursting behaviours. Grey
shading indicates membrane potential between −50 and +10 mV.
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depolarisation and increase in action potential frequency
were maintained upon washout of the secretagogues. The
mean time to full recovery to the preceding (unstimulated)
membrane potential was 20.3 ± 4.2 min (n = 4).

A background sodium conductance controls resting
membrane potential

In a proportion of cells we could detect TTX-sensitive fast
inactivating inward currents; however current amplitude
was highly variable. TTX modified the amplitude of the
tallest spike events but had no significant effect on spikes
that did not reach above 0 mV (data not shown). On
the whole, TTX (1–2 μM) did not typically alter the
probability or frequency of spike generation in these cells,
in agreement with previous studies in rat corticotrophs
(Kuryshev et al. 1997).

In several pituitary types, spontaneous activity is
dependent on a non-voltage gated (and TTX-insensitive)
inward sodium conductance (Simasko, 1994; Takano et al.
1996; Tomic et al. 2011). In our studies, replacement

of external Na+ ions with the large impermeant
organic cation N-methyl-D-glucamine (NMDG+) was
accompanied by a rapid and reversible hyperpolarisation
of the membrane potential resulting in cessation of
spontaneous action potential firing (Fig. 5A). In voltage
clamp recordings, in which cells were held at the
potassium reversal potential, replacement of external
Na+ with NMDG+ resulted in inhibition of a standing
inward current (Fig. 5B). This suggests that a back-
ground inward sodium conductance maintains the resting
membrane potential of murine corticotrophs in a relatively
(∼−55 mV) depolarised state. As removal of extracellular
Na+ prevents any inward sodium conductance, we
cannot, however, exclude that other voltage-dependent,
TTX-insensitive sodium conductances also contribute to
the rising phase of spontaneous action potentials.

Replacement of external Na+ with NMDG+ also pre-
vented the rapid CRH/AVP-induced depolarisation of
the cell and increases in CRH/AVP-stimulated action
potential firing. At 2 min following addition of CRH/AVP,
in the continued presence of NMDG, the mean

Figure 3. Characterisation of type A and type B action potentials.
Several features of type A and type B action potential waveforms differed concurrently between cells. A, averaged
traces from type A (continuous line, open square) and type B (dashed line, filled square) action potentials as in Fig.
2. B, histogram of afterhyperpolarisation (AHP) amplitude from single spikes demonstrates a bimodal distribution.
Spikes with an AHP amplitude >25 mV were defined as type A spikes. C–H, mean resting membrane potential
(C), threshold for action potential generation (D), time to action potential peak (E), spike amplitude (F), spike
width (G) and afterhyperpolarisation amplitude (H) for type A and B spikes. I and J, modelling of type A (I) and
type B (J) action potentials using a revised formulation of a corticotroph action potential model that incorporates
additional conductances identified in this study. Grey shading indicates membrane potential between −50 and
+10 mV. Data are means ± SEM, n = 19 per group. ∗∗P < 0.01, ANOVA with post hoc Dunnett’s test compared
to type A spikes.
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Figure 4. Stimulation of murine corticotrophs by CRH/AVP
A, representative current clamp recording of a metabolically intact corticotroph before and following exposure
to a 3 min pulse of 0.1 nM CRH and 2 nM AVP. B and C, expanded traces before application of CRH/AVP (B) and
immediately following washout of secretagogue (C). Grey shading indicates membrane potential between −50
and +10 mV.

depolarisation was only 2 ± 3 mV, n = 5, significantly
smaller than that observed in physiological extracellular
Na+ solutions (Fig. 5C). In the continued presence of
NMDG and CRH/AVP there was, however, a significantly

delayed depolarisation, peaking to 18.1 ± 2.7 mV after
12.9 ± 1.7 min. The identity of this CRH/AVP-regulated
conductance is unknown. However, the time course
suggests it may contribute to the sustained depolarisation

Figure 5. A background sodium conductance contributes to resting membrane potential
Effects of substitution of external Na+ with the impermeant ion NMDG+, indicated by the horizontal hatched bar,
during perforated patch recordings. TTX at 2 μM is present throughout. A, NMDG+ substitution for Na+ causes
hyperpolarization and cessation of action potential generation. B, voltage clamp at the K+ reversal potential
reveals a standing inward conductance that is eliminated during NMDG+ substitution. C, CRH/AVP does not
rapidly depolarise corticotrophs or stimulate action potential generation in Na+-free external solutions. D, in the
mathematical model of a corticotroph, elimination of the background Na+ conductance simulates the recording
shown in A.
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and increase of action potential firing upon washout of
CRH/AVP under physiological conditions.

Modelling spontaneous activity of murine
corticotrophs

In previous models of corticotroph excitability (LeBeau
et al. 1997; Shorten et al. 2000), some key aspects of
action potential properties and bursting were studied
that do not accurately predict the observed resting
membrane potential of murine corticotrophs or the
variability in duration of action potential waveform.
For example, mean resting potential is at or below
−70 mV in these models, potentials rarely reached in
murine corticotrophs. This is likely to reflect that current
models do not include the NMDG-sensitive background
sodium conductance that maintains the resting membrane
potential of murine corticotrophs around −55 mV.
We thus modified the LeBeau model to incorporate
a sodium-dependent non-selective inward conductance
(NS-Na) with additional conductances (including an
inactivating A-type conductance (K-A) and inwardly

rectifying conductance (K-IR), based on our analysis
of potassium conductances in murine corticotrophs as
below). In our revised model, the K-IR and NS-Na
currents act against each other to control the cell’s resting
membrane potential and excitability. To simulate our
recordings their conductances were balanced against each
other and we introduced Gaussian noise to simulate the
variability in firing patterns. In the model, too much K-IR
prevents firing, and too much NS-Na prevents the cell from
repolarising, maintaining a high plateau potential. We
could thus simulate typical resting membrane potentials
in murine corticotrophs (range −60 to −50 mV), with
concomitant action potential firing, by increasing NS-Na
and then increasing K-IR in parallel to preserve firing
activity. Under these conditions, the shift from type A to
type B action potentials could be accurately modelled by
reducing both the A-type and calcium-sensitive potassium
channel conductances (Fig. 3I and J). Furthermore, in
agreement with our electrophysiological recordings from
spontaneously active cells, inhibition of the inward sodium
conductance (NS-Na) resulted in cell membrane hyper-
polarisation and cessation of action potential firing
(Fig. 5D).

Figure 6. A-type voltage-gated potassium channels and large conductance calcium-activated potassium
(BK) channels are expressed in corticotrophs.
A, representative voltage-clamp recording of a metabolically intact corticotroph displaying significant inactivating
outward current when depolarised from a holding potential of −50 mV to +60 mV before (cont, circles) during
(4-AP, squares) and after washout (wash, triangles) with 4-aminopyridine (4-AP, 1 mM) an inhibitor of A-type
potassium channels. B and C, current–voltage relationship for the cell in A determined at the peak outward
current shown by the open symbols in A (B) or during the sustained phase (180–200 ms into pulse) shown by
the filled symbols in A (C). D, single channel recordings from inside-out membrane patches exposed to 5 μM

intracellular free calcium determined during a step pulse to +60 mV before (Cont) and after application of the
specific BK channel inhibitor paxilline (pax, 1 μM). E, ensemble average traces in the presence and absence of
paxilline from 15 recordings as in D.
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Murine corticotrophs express multiple potassium
channels

Murine corticotrophs display large outward currents
at positive potentials under the perforated patch
conditions used with inactivating and non-inactivating
components dominating in different cells (compare,
for example, Fig. 6A and Fig. 7A). To investigate the
contribution of different potassium conductances we took
a pharmacological approach and analysed the effects of
various potassium channel inhibitors on the outward
current.

Previous studies in murine AtT20 D16:16, as well as
rat, corticotrophs have reported an A-type inactivating
potassium conductance sensitive to 4-aminopyridine
(4-AP) (Pennington et al. 1994; Lee & Tse, 1997). At
1 mM, 4-AP is relatively selective for A-type potassium
channels. At this concentration it inhibited the peak
outward current (Fig. 6B) during the pulse by 36.7 ± 2.8%
(n = 16, determined at +40 mV) whereas the sustained

current (Fig. 6C) was only reduced by 15.1 ± 6.0%
(n = 16). Raising 4-AP to 10 mM resulted in an inhibition
of sustained and peak outward potassium current by
73.1 ± 2.8% (n = 5) and 75.3 ± 3.1% (n = 5), respectively.

Application of 1 mM TEA inhibited the outward
sustained current by 31.9 ± 4.6% (n = 6). This
concentration is relatively selective for large conductance
calcium activated potassium channels in some systems.
However, application of 1 μM paxilline, the specific BK
channel inhibitor, blocked only a small and variable
proportion of the outward sustained current (mean
11.5 ± 2.3%, range 5–28%, n = 14) and 18.3 ± 3.2%
(n = 14) of the peak current, suggesting a relatively
modest contribution of BK channels to the outward
current under the recording conditions used. In inside-out
patch recordings, in the presence of 5 μM intracellular
free calcium, a step depolarisation to +60 mV, from
a holding potential of −140 mV, revealed activation of
large conductance (∼300 pS) BK channels, at the start

Figure 7. TRAM-34 sensitive intermediate
conductance calcium-activated potassium
channels (SK4) control corticotroph
excitability
A, representative voltage-clamp recording of a
metabolically intact corticotroph depolarised
from a holding potential of −50 mV to
+ 40 mV before (cont, open circle) during
(TRAM-34, filled square) and after washout
(wash, open triangle) of the specific inhibitor of
intermediate conductance calcium activated
potassium (SK4) channels, TRAM-34 (1 μM). B,
current–voltage relationship of the whole cell
outward current from the cell in A. C–E,
representative current-clamp recording of a
metabolically intact corticotroph before and
during exposure to TRAM-34 (C), with
expanded traces before (D), and during
exposure to TRAM-34 (E). Grey shading
indicates membrane potential between −50
and +10 mV.
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of the pulse that inactivated (thalf of 51.5 ± 6.0 ms over
the time course of the pulse (Fig. 6D). Paxilline (1 μM)
blocked 89.4% of this current, as determined from
ensemble averages from 15 individual sweeps (Fig. 6D
and E). Furthermore, BK channel activity was essentially
abolished under these conditions upon perfusion of a
nominally (EGTA buffered) calcium free intracellular
solution to the intracellular face of the patch (not shown).
Thus, while BK channels are expressed in murine cortico-
trophs their contribution to the outward current is
modest under normal resting membrane conditions in
metabolically intact corticotrophs.

To test whether other calcium-activated potassium
conductances are expressed in murine corticotrophs we
first examined the effect of 500 nM apamin. Apamin
blocks a variety of small conductance calcium-activated
potassium (SK) channels that are reported to be activated
by AVP in rat corticotrophs (Tse & Lee, 1998). In 8/9
cells application of apamin elicited a small but significant
(mean inhibition was 11.3 ± 8.4%, n = 9, P < 0.05
Student’s paired t test) inhibition of the sustained outward
current. In contrast, 1 μM clotrimazole, at a concentration
that blocks intermediate conductance calcium-activated
(SK4) potassium channels, inhibited the sustained
outward current by 39.8 ± 3.5% (n = 9). However, at
concentrations above 1 μM clotrimazole has been reported
to be non-selective for SK4 channels (Wulff et al. 2000);
thus we examined the effect of the selective SK4 inhibitor
1-[(2-chlorophenyl)diphenylmethyl]-1H-pyrazole
(TRAM-34; Fig. 7A and B). TRAM-34 inhibited the
sustained outward current, determined at +40 mV, by
37.6 ± 3.8% (n = 5), a value similar to that observed with
clotrimazole.

Taken together these data demonstrate that murine
corticotrophs express multiple outward potassium
conductances and that in perforated patch recordings the
calcium-activated intermediate conductance potassium

channel, sensitive to TRAM-34, mediates a significant
proportion of the outward current.

Murine corticotrophs also express an inwardly
rectifying potassium conductance (Fig. 8A) that is blocked
more than 50% by 100 μM external Ba2+, as previously
reported in rat corticotrophs (Kuryshev et al. 1997). In
corticotrophs from male rats, the Ba2+-sensitive inwardly
rectifying potassium conductance has been implicated in
controlling both spontaneous and CRH-induced cortico-
troph depolarisation and enhanced action potential
frequency. However, 100 μM Ba2+ had no significant effect
on murine corticotroph depolarisation or action potential
frequency in any cell (6/6) examined (Fig. 8B).

Intermediate conductance calcium-activated
potassium channels regulate corticotroph excitability
and ACTH secretion in vitro

Since a large component of the outward potassium current
was carried via the TRAM-34 sensitive current in murine
corticotrophs, we further analysed whether SK4 channels
control corticotroph excitability and/or ACTH secretion.
In 4/6 corticotrophs, exposure to TRAM-34 resulted in
a significant increase (4.7 ± 1.8-fold, n = 4 determined
from the 2 min immediately preceding and following
TRAM-34 exposure) in action potential frequency that was
typically associated with a transition to a pseudo-plateau
bursting phenotype (Fig. 7C–E). In the presence of
TRAM-34 the duration of the plateau burst, the number
of spikes per burst and interspike interval across the
spontaneous bursts were highly variable even in the same
cell as well as between responding cells. Furthermore, in
contrast to the effect of CRH/AVP, the change in action
potential frequency and ‘pseudo-plateau bursting’ seen
with TRAM-34 was not associated with a significant
and sustained depolarisation of the resting membrane
potential. In the four cells that responded with an

Figure 8. Barium-sensitive inwardly rectifying potassium conductance does not control action potential
generation in murine corticotrophs
A, representative voltage-clamp recording of a metabolically intact corticotroph in the presence of elevated (20 mM)
extracellular potassium and step hyperpolarised from −50 mV to −100 mV before (Cont) and after addition of
100 μM BaCl2 to the bath. B, current-clamp recording of corticotroph in physiological extracellular solution exposed
to 100 μM BaCl2 (horizontal open bar). Note lack of Ba2+ on firing. Grey shading indicates membrane potential
between −50 and +10 mV.
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increase in activity following exposure to TRAM-34
the mean resting membrane potential increased by
only 1.7 ± 2.1 mV compared to the pretreatment control
period.

To examine whether SK4 channels affect ACTH
secretion in vitro, we assayed basal and CRH/AVP
stimulated ACTH release in static cultures in the pre-
sence and absence of clotrimazole or TRAM-34. Both
clotrimazole and TRAM-34 alone induced a small,
but significant (P < 0.05, Kruskal–Wallis with post hoc
Dunnett’s test) increase in basal ACTH output and
induced a small potentiation of CRH/AVP stimulated
ACTH release in vitro. A 30 min exposure to 0.1 nM CRH
and 2 nM AVP stimulated basal ACTH release in static
cultures 4.1 ± 0.3-fold (n = 6). TRAM-34 (1 μM) alone
had a small but significant effect (Kruskal-Wallis with post
hoc Dunnett’s test, P < 0.05) increasing ACTH release
to 1.4 ± 0.2 fold above basal levels. In the presence of
TRAM-34 the effect of CRH and AVP was significantly
potentiated compared to the effect CRH and AVP alone
(to 5.2 ± 0.4-fold above basal levels in the absence of
TRAM-34). As TRAM-34 potentiated rather than reduced
the CRH/AVP-induced release of ACTH, this suggests that
CRH/AVP does not regulate corticotroph excitability by
inhibiting the TRAM-34 sensitive SK4 channels per se.
Taken together these data support a role for SK4 channels
as negative regulators of corticotroph excitability and
ACTH secretion and point to a role for these channels
in determining corticotroph and stress axis function.

Stress hyperresponsiveness in mice deficient for
Kcnn4

To address whether SK4 channels play an important role
in corticotroph function in vivo we examined the stress
response in female mice lacking the SK4 channel (Kcnn4)
(Sausbier et al. 2006). If SK4 channels play a significant
role in ACTH release from the corticotroph in vivo we
would predict that mice deficient for SK4 would display
an exaggerated ACTH and corticosterone (CORT) release
in response to an acute stress, i.e. a stress hyperresponsive
phenotype in accordance with the exaggerated release of
ACTH from corticotrophs in vitro. In mice with a global
deletion of the pore exon of the Kcnn4 gene encoding SK4
channels (Kcnn4−/− mice) basal release of ACTH was not
significantly different from wild-type (WT) age and litter
matched female mice (Fig. 9A). Thirty minutes of restraint
resulted in robust stimulation of plasma ACTH levels in
WT by more than 3-fold. However, stress-induced plasma
ACTH levels were significantly enhanced in Kcnn4−/−

mice compared to WT controls, resulting in a more
than 4-fold increase in plasma ACTH levels following
restraint (Fig. 9A). These stress-induced changes in plasma
ACTH were paralleled by changes in plasma CORT

(Fig. 9B). Again, no significant difference in basal CORT
levels was observed between genotypes. However, restraint
stress-induced plasma CORT levels were significantly
higher in Kcnn4−/− mice than in WT. Thus, both the
ACTH and CORT response to restraint stress, but not basal
output, are significantly enhanced in mice deficient for
the Kcnn4 gene encoding the SK4 channel. This suggests
that SK4 channels are more important for damping stress
responses than for inhibiting basal HPA-axis function.

These data are in agreement with the in vitro effects of
SK4 inhibition on evoked ACTH release, suggesting that
the stress hyperesponsiveness observed in the Kcnn4−/−

mice results, in part at least, from the loss of SK4 channels
from corticotrophs. However, to examine whether Kcnn4
deletion may additionally exert effects at other levels of the
HPA axis, or through additional mechanisms at the level of
the anterior pituitary corticotroph, we used qRT-PCR to
test for changes in gene expression in key HPA components
in WT and Kcnn4−/− mice under basal and restraint stress
conditions.

A

B

Figure 9. Enhanced restraint stress-induced plasma ACTH and
corticosterone concentration in Kcnn4−/− knockout mice
A and B, plasma ACTH (A) and corticosterone (CORT) (B)
concentrations under resting conditions (basal) and following 30 min
of restraint stress (restraint) in wild-type (WT, open bar) and mice
genetically deficient for the gene (Kcnn4) encoding SK4 channels
(Kcnn4−/−, filed bar). Data are means ± SEM, n = 7/group.
∗∗P < 0.01, ANOVA with post hoc Dunnett’s test compared to WT.
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First, we examined tissue mRNA expression of Kcnn4
to confirm that Kcnn4 is expressed in the anterior
pituitary and determine whether Kcnn4 is also expressed
in the hypothalamus and adrenal gland. Kcnn4 mRNA
was expressed in the hypothalamus, anterior pituitary
and adrenal gland (Fig. 10A). However, mRNA levels
were at least an order of magnitude below the mRNA
expression for the related genes (Kcnn1–3) encoding
small conductance calcium activated potassium channels
(SK1–3). As expected, a qRT-PCR approach that was

based on sequences, which have not been deleted in
construction of the Kcnn4−/− mice resulted in a significant
reduction (by approximately an order of magnitude) of
Kcnn4 mRNA detected in all analysed tissues from the
Kcnn4−/− mice. Importantly, knockout of Kcnn4 did
not significantly affect mRNA expression of the related
small conductance calcium activated channels SK1–3
in the hypothalamus, pituitary or adrenal (Fig. 10A).
To verify that mRNA encoding for SK4 channels was
expressed in corticotrophs we undertook single cell PCR.

Figure 10. Expression of SK4 in HPA axis and anterior pituitary corticotrophs
A, mRNA expression encoding for SK4 channels (Kcnn4) and the related small conductance calcium-activated
potassium channels SK1–3 (Kcnn1 to 3) determined by qRT-PCR in hypothalamus, anterior pituitary and adrenal
gland from wild-type (WT, open bar) and Kcnn4 knockout mice (Kcnn4−/−, filled bar). For each tissue, data
are expressed as a fraction of the mRNA expression for Kcnn1. Data are means ± SEM, n = 7. ∗∗P < 0.01,
Kruskal–Wallis with post hoc Dunnett’s test compared to WT. B, PCR amplicons from end-point single cell RT-PCR
analysis from a fluorescently labelled corticotroph (cell) and negative sampling control (control) using primers to
amplify Kcnn1–4, Kcnma1 and Pomc mRNA. –ve indicates PCR control. C, representative fluorescence images of
anterior pituitary sections from wild-type (WT, top panels) and SK4 knockout (Kcnn4−/−, bottom panels) mice
probed for ACTH (left panels, red), and SK4 (middle panels, green) immunoreactivity with merged images shown
at the right. Scale bars are 10 μm.
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mRNA encoding for SK4 channels, as well as mRNA
encoding small (SK1–3) and large (BK) conductance
calcium-activated potassium channels, were detectable
in cellular aspirates from single, fluorescently labelled
corticotrophs positive for POMC mRNA (Fig. 10B).
To examine whether SK4 protein is detectable in
corticotrophs of the anterior pituitary we undertook
dual-labelling immunohistochemistry in sections of the
murine pituitary gland. Low levels of SK4 expression
were detectable in wild-type animals (Fig. 10C), and
quantitative distribution analysis demonstrated that
87.5 ± 9.3% of all ACTH-positive cells also expressed
SK4 immunoreactivity. Conversely, 83.5 ± 7.7% of
SK4-positive pituitary cells were also ACTH-positive.
Therefore, the majority of SK4 expression in the anterior
pituitary occurs in corticotrophs. While robust ACTH
immunoreactivity was still evident, only non-specific
background staining was detectable for SK4 in Kcnn4−/−

mice.
To address whether global deletion of Kcnn4 function

may result in additional stress hyperresponsiveness
through enhanced excitation at the level of the hypo-
thalamus we first examined the mRNA expression levels
of the two early-immediate genes (c-fos and nurr77) as
markers of hypothalamic activation (Chan et al. 1993;
Brunton et al. 2007) in WT and Kcnn4−/− mice under
control and restraint stress conditions (Fig. 11A). Control
levels of c-fos mRNA expresssion were not significantly
different between genotypes. Restraint stress induced a
robust increase in c-fos mRNA expression in WT and
Kcnn4−/− mice, as expected. However the increase in
expression was significantly enhanced in the knockout.
For nurr77 there was a small but significant increase in
basal mRNA expression in the Kcnn4−/− mice compared
to WT, an effect that was also maintained under stress
conditions (Fig. 11A). Kcnn4−/− mice also displayed a
significant increase in expression of both CRH and AVP
mRNA. Under basal conditions, CRH mRNA expression
in Kcnn4−/− mice was 2-fold higher than WT basal, and
similar to that observed after 30 min restraint in WT
mice. CRH mRNA levels in Kcnn4−/− mice were further
increased following restraint, suggesting that CRH mRNA
expression was not maximal, but remained sensitive to
stress inputs. For AVP mRNA expression, basal levels in
Kcnn4−/− mice were again higher than in WT basal, and
similar to those seen after restraint in WT. However, no
further increase in AVP mRNA expression was observed
following restraint in Kcnn4−/− mice. This suggests that
either AVP mRNA levels are maximally stimulated under
basal conditions, or that stress-induced regulation of AVP
mRNA levels is attenuated in the Kcnn4−/− mice.

Although there was a small (<40%) increase in
mineralocorticoid receptor (MR) mRNA expression
(Fig. 11A) no significant changes in glucocorticoid
receptor (GR) mRNA expression were observed between

genotypes under control or stress conditions. This suggests
that the stress-induced negative feedback circuitry is
largely unaffected. Taken together, these data suggest
that enhanced stress-induced activation of the hypo-
thalamus, as well as elevated expression of the major ACTH
secretagogues, CRH and AVP, may contribute to the stress
hyperresponsiveness observed in the Kcnn4−/− mice.

We next asked whether additional mechanisms might
contribute to the stress hyperresponsive phenotype at the
level of the anterior pituitary. Kcnn4−/− mice displayed
a significantly elevated expression of mRNA for the
G-protein coupled receptors for AVP (AVPR1b) and
CRH (CRHR1) respectively in the anterior pituitary. This
suggests that increased CRH and AVP receptor density
may, in part, contribute to the enhanced evoked ACTH
output in Kcnn4−/− corticotrophs in vivo and in vitro.
There was no significant difference in POMC mRNA
expression between genotypes under basal conditions
(Fig. 11B) although levels after stress were modestly
increased in the Kcnn4−/− mice. As for the hypothalamus,
a small (∼40%), but significant, increase in MR, but
not GR, mRNA expression was observed. Whether such
modest increases in MR abundance at hypothalamic
and/or pituitary levels could contribute to stress hyper-
sensitivity is not known.

Although the plasma CORT responses in Kcnn4−/−

mice followed the changes in plasma ACTH, suggesting
that adrenal function per se was not compromised, we
examined whether significant changes in adrenal function
may contribute to the stress hyperresponsive phenotype
in the Kcnn4−/− mice (Fig. 11C). No significant changes
in mRNA expression for the ACTH receptor, MR or
GR were observed under control or stress conditions.
Furthermore, no significant changes were observed in
mRNA expression of the two major enzymes required
for CORT biosynthesis in the adrenal gland: cyto-
chrome P450 side chain cleaving enzyme (Cyp11a1)
required for synthesis of pregnenolone from cholesterol,
and 3-β-hydroxysteroid dehydrogenase/�-5–4 isomerase
(Hsd3b2), required for conversion of pregnenolone to
progesterone.

Taken together these data suggest that SK4 channels
may contribute to HPA axis function at multiple levels,
including the anterior pituitary corticotroph and hypo-
thalamic neural circuitry.

Discussion

In this paper we present a highly specific and efficient
approach for labelling murine anterior pituitary cortico-
trophs using a lentiviral driven fluorescent eYFP
reporter. This has allowed the first systematic analysis
of the spontaneous and stimulated electrophysiological
properties of murine corticotrophs. Importantly, our
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Figure 11. Enhanced hypothalamic activation and increased CRH and AVP mRNA expression in Kcnn4−/−
mice
A–C, mRNA expression of selected genes in hypothalamus (A), anterior pituitary (B) or adrenal gland (C).
mRNA expression was determined by qRT-PCR, under resting conditions (Basal) and following 30 min of
restraint stress (Stress), from wild-type (WT, open bar) and SK4 knockout mice (Kcnn4−/−, filled bar). mRNA
expression was determined for: the markers of neural activation c-fos and nurr77; the peptides CRH and AVP;
glucocorticoid (GR) and mineralocorticoid (MR) receptors; the G-protein coupled receptors for AVP (AVPR1b)
and CRH (CRHR1); proopioiomelanocortin (POMC); the ACTH receptor (ACTHR); and the two major rate limiting
enzymes in the corticosterone biosynthesis pathway, cytochrome P450 side chain cleaving enzyme (Cyp11a1)
and 3-β-hydroxysteroid dehydrogenase/�-5–4 isomerase (Hsd3b2). Data are expressed as a percentage of the
respective WT basal value (100%) with means ± SEM, n = 7. ∗P < 0.05 and ∗∗P < 0.01, Kruskal–Wallis with post
hoc Dunnett’s test compared to respective WT basal or WT restraint stress mRNA expression.
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studies reveal a novel role for intermediate conductance
calcium-activated potassium (SK4) channels in cortico-
troph function and demonstrate that mice deficient for
this channel display stress hyperresponsiveness, at least in
part, due to exaggerated CRH/AVP-evoked ACTH release
from corticotrophs.

Specific and high efficiency labelling of murine
corticotrophs

By exploiting lentiviral-mediated transduction of murine
corticotrophs using eYFP driven by a minimal POMC
promoter we have been able to label anterior pituitary
corticotroph cells with >95% efficiency and >99%
specificity without compromising corticotroph function.
Perforated patch clamp recordings of labelled cells
revealed that the large majority of murine cortico-
trophs tested displayed spontaneous electrical activity,
and that frequency and patterns of spontaneous
action potentials varied widely between cells. In the
majority of cells, spontaneous activity was dominated
by single action potential spikes. Single spikes displayed
a bimodal distribution in the amplitude of the after-
hyperpolarisation (AHP) following the spike. We thus
classified spikes as either type A or type B where type
A spikes had the larger AHP amplitude (>25 mV).
In individual cells, single spikes rarely transitioned
between the type A and type B phenotype. However,
cells spontaneously transitioned from type A or type B
spikes to more complex ‘pseudo-plateau bursting modes’
during recordings, reflecting spontaneous fluctuations in
depolarising and hyperpolarising conductances with time.
A major challenge for the future will be to determine
whether such heterogeneity in corticotroph spontaneous
activity exists in the intact pituitary and, more importantly,
understand the relationship between different action
potential firing patterns and the control of both ‘basal’
and stimulated ACTH secretion.

Importantly, metabolically intact murine cortico-
trophs used in our studies were spontaneously active
and responded to physiological (low or subnanomolar)
concentrations of CRH and AVP with a rapid and
sustained increase in action potential firing and an
associated depolarisation of the membrane potential.
The vast majority of previous studies in various models
have typically used CRH and/or AVP concentrations
several orders of magnitude (typically 10–100 nM CRH,
20–100 nM AVP) higher than physiological levels in the
portal circulation (Gibbs & Vale, 1982; Sheward & Fink,
1991).

A number of different transgenic mouse lines expressing
fluorescent proteins under control of the POMC promoter,
including that used in aspects of our study (Pinto
et al. 2004), have very recently begun to be exploited

to understand corticotroph regulation (Lee et al. 2011)
and development (Budry et al. 2011) although the
electrical or secretory properties of corticotrophs from
these transgenic models have not been explored. Our
lentiviral-labelling approach should complement these
models and, in addition, allow rapid genetic manipulation
(e.g. knockdown and/or overexpression of multiple genes)
as well as interrogation of corticotrophs in other species
in which transgenic models are not readily available.

A background sodium conductance controls resting
membrane potential

In accordance with most previous studies in cortico-
trophs, inhibition of low micromolar tetrodotoxin
(TTX)-sensitive voltage-dependent sodium channels had
no consistent effect on generation of spontaneous action
potentials (Surprenant, 1982; Kuryshev et al. 1997).
However, replacement of extracellular Na+ ions with the
large organic cation NMDG+ resulted in a robust hyper-
polarisation of the cell membrane potential and cessation
of spontaneous action potentials. Furthermore, a back-
ground Na+ conductance was recorded at the potassium
reversal potential, suggesting that a background Na+

conductance is import in setting the resting membrane
potential of murine corticotrophs. CRH has been reported
to activate a non-selective cation current in human
corticotrophs derived from both an ACTH-secreting
adenoma as well as from non-adenoma tissue (Takano
et al. 1996). This conductance was blocked by the large
cation tetramethylammonium (TMA+) but supported
by lithium ions. These are characteristics shared with
cAMP-activated non-selective cation conductances that
also maintain a depolarised resting membrane potential
of many other pituitary cell types, from both rat and mouse
(Tomic et al. 2011). Although the molecular identity
of this conductance has not been determined, recent
pharmacological data support the role for members of the
canonical transient receptor potential (TrpC) family of
sodium and calcium permeable ion channels (Tomic et al.
2011). However, in human corticotrophs derived from
patients with Cushing’s disease (Mollard et al. 1987), and
in the murine AtT20 corticotroph cell line (Surprenant,
1982), replacement of sodium with large organic blockers
is reported to have no significant effect on resting
membrane potential or electrical excitability. Whether
murine corticotrophs represent a closer model to normal
human corticotrophs, or whether these differences might
result from distinct recording or isolation approaches,
or perhaps differences in sex of corticotrophs analysed
remains to be examined.

Murine and rat corticotrophs appear to differ in the
contribution of inwardly rectifying potassium channels
to the control of spontaneous electrical activity. While
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we observed robust Ba2+-sensitive inwardly rectifying
conductances in female murine corticotrophs used in these
studies, inhibition of these conductances with Ba2+ had
no significant effects on spontaneous activity, unlike the
effects reported in male rat corticotrophs (Kuryshev et al.
1997). For example, in male rat corticotrophs 100 μM

Ba2+ depolarised the membrane potential by ∼6 mV
from a mean resting membrane potential ∼−60 mV
(Kuryshev et al. 1997). Our modelling studies suggest
that the inwardly rectifying potassium conductance and
non-selective sodium conductance act antagonistically to
control action potential firing. The observed differences
in rat vs. murine corticotrophs may reflect the more
depolarised resting potential of the murine corticotrophs
and/or differences in the relative expression or rectification
properties of these channels between the two species, or
sexes, of corticotroph.

Intermediate conductance calcium activated channels
control corticotroph function in vivo and in vitro

Surprisingly, a large component of the outward potassium
conductance of murine corticotrophs was mediated by
a TRAM-34- and clotrimazole-sensitive conductance,
indicative of the intermediate calcium activated potassium
(SK4) channel encoded by the Kcnn4 gene. Although
clotrimazole has been reported to regulate potassium
conductances in other anterior pituitary cells (Wu et al.
1999), clotrimazole may inhibit a variety of channels. At
the concentrations used here, TRAM-34 is reputed to
be highly selective for SK4 channels (Wulff et al. 2000,
2007) (although one report has suggested effects on other
conductances; Schilling & Eder, 2007). Kcnn4 mRNA
was expressed at low levels relative to other Kcnn1–3
genes encoding the small conductance calcium-activated
potassium channels in the anterior pituitary. However,
we could detect SK4 protein expression co-localised with
ACTH positive cells in the murine anterior pituitary
gland. Inhibition of SK4 channels with TRAM-34
resulted in an increased frequency of action potentials
in corticotrophs, although this was not associated
with a significant depolarisation in resting membrane
potential of the cell like that routinely observed with
CRH/AVP. TRAM-34 potentiated CRH/AVP-stimulated
ACTH secretion in vitro, and genetic deletion of functional
SK4 channels resulted in enhanced stress-evoked plasma
ACTH levels in vivo. Taken together, these data suggest
that CRH/AVP does not stimulate ACTH release through
inhibition of SK4 channels per se, even though SK4
channels are regulated for example by reversible protein
phosphorylation (Gerlach et al. 2000). In humans, the
SK4 channel inhibitor clotrimazole is widely reported to
elevate plasma cortisol levels (Wojtulewski et al. 1980),
although this may result in part from the effects of

clotrimazole on cytochrome P450 enzymes. SK4 inhibitors
are being developed as treatments for a range of disorders,
including as potent immunosuppressants (Wulff et al.
2007). Clearly, if SK4 channels also play a role in
controlling human corticotroph function, parallel changes
in HPA-axis reactivity must be considered. Speculatively,
concurrently elevated cortisol levels could contribute to
the immunosuppressant effects of the drugs.

The above data clearly point to a significant role of SK4
channels in controlling corticotroph function; however
we also observed changes in stress-induced hypothalamic
excitability and drive. In these studies, we used restraint
stress as a mixed physical and psychological stressor that
activates multiple higher brain centres (Pacak & Palkovits,
2001) ultimately converging on the CRH and/or AVP
expressing neurones in the paraventricular nucleus (PVN)
of the hypothalamus. To examine whether the stress hyper-
responsiveness of the Kcnn4−/− mice may also result
from changes at the hypothalamic level, we examined
mRNA expression for the immediate early genes c-fos
and nurr77, markers for enhanced hypothalamic neuronal
activation (Chan et al. 1993; Brunton et al. 2007). Restraint
stress-induced c-fos mRNA and nurr77 mRNA expression
were elevated in the Kcnn4−/− mice compared to WT
controls. In addition, CRH and AVP mRNA expression in
the hypothalamus were significantly elevated in Kcnn4−/−

mice. If these translate to increases in CRH and AVP
peptide content and release, they should result in an
enhanced drive to the anterior pituitary corticotroph. We
also observed a significant increase in CRH and AVP
receptor mRNA expression in the anterior pituitary of
Kcnn4−/− mice. POMC mRNA expression did not differ
from control mice. Taken together, these data suggest that
increased hypothalamic drive, as well as increased cortico-
troph sensitivity to CRH and AVP, may also contribute
to the stress hyperresponsiveness observed in Kcnn4−/−

mice. The enhanced activation of hypothalamic PVN CRH
and AVP neurones may result from either changes in
intrinsic excitability of the neurones per se or through
changes to the afferent inputs. Intriguingly, mice deficient
for BK channels show a decrease in hypothalamic CRH
mRNA expression, without significant effects on nurr77
expression in PVN neurones. This suggests that large- and
intermediate-conductance calcium activated potassium
channels exert opposite effects on hypothalamic PVN
function (Brunton et al. 2007).

The increased hypothalamic drive observed in the
Kcnn4−/− mice might result from deletion of SK4 channels
from hypothalamic PVN neurones, or their inputs, per
se. However, the HPA axis is controlled by complex
feed-forward as well as feedback mechanisms operating
at multiple levels of the axis (Sapolsky et al. 2000). Thus,
the changes in the hypothalamus could potentially be
secondary, positive feedforward responses to elevations in
ACTH and CORT output resulting from SK4 channel loss
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from pituitary corticotrophs. In support of this, Kcnn4
mRNA in the hypothalamus (as well as whole brain) is
expressed at very low levels (at least an order of magnitude
lower) compared to other calcium-activated potassium
channels. Moreover, as SK4 channels play a role in a
wide variety of physiological processes in the CNS and in
the periphery, ranging from control of T-cell and micro-
glial activation, cell proliferation, to vasodilatation and
epithelial ion transport (Kaushal et al. 2007; Wulff et al.
2007; Köhler & Ruth, 2010), a global deletion of Kcnn4
may affect other homeostatic mechanisms that influence
HPA axis function and compromise allostasis (McEwen &
Wingfield, 2003).

In conclusion, we have exploited a high efficiency
lentiviral-mediated transduction system to allow the
routine identification and first systematic analysis of
the electrophysiological properties of murine cortico-
trophs. Our data reveal a novel role for intermediate
conductance calcium-activated potassium (SK4) channels
in controlling corticotroph excitability and ACTH
secretion in vitro and in vivo. Furthermore, our data also
suggest that SK4 channels may play additional roles in
controlling stress axis function through the control of
hypothalamic PVN neuronal excitability and drive.
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