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 During a stressful event, the adrenal cortex increases the secretion of stress 

steroid hormones, known as glucocorticoids. Glucocorticoids have a variety of 

physiological effects aimed to rectify the disruption in homeostasis caused by a 

stressor. These effects are regulated through genomic mechanisms, but increasing 

evidence has supported the role of rapid (non-genomic) actions of steroid hormones in 

the regulation of physiology and behavior.  BK channels are prominent regulators of 

cellular excitability, and are expressed in many different types of tissues including 

muscle and the brain. In the HPA stress response axis, BK channels could be vital in 

the control of the feedback mechanisms of the stress response. Stress steroids 

modulate BK channel splicing and other steroids including estrogens, xenoestrogens, 

and the androgen DHEA rapidly alter BK channel gating. By rapidly modulating 

adrenal chromaffin cells and anterior cotricotropes, steroid hormones can regulate and 

fine-tune the stress response.  

 In the present study, I investigated the role of stress hormones in the rapid 

modulation of BK channels in different components of the HPA axis. Glucocorticoids 

released from the adrenal cortex during the stress response rapidly modulate BK 

channel gating and can facilitating or limit chromaffin cell excitability. By acutely 

modulating BK channels in chromaffin cells, glucocorticoids can affect adrenaline 

secretion. I used the heterologous expression system of HEK293 cells to investigate 

the mechanism responsible for the rapid modulation of BK channels. BK β2 and β4 

subunits are differentially sensitive to the steroids corticosterone and DHEA. 



 

Targeting auxiliary subunits of an K+ ion channel is a novel mechanism for rapid 

modulation by steroid hormones and could give rise to differential modulation in 

tissues. Finally, I  characterized BK channels that are present in anterior pituitary 

corticotropes and explored their role as important regulators of excitability. The 

anterior pituitary in addition to adrenal chromaffin cells could be a target for the acute 

modulation of stress steroids. Steroids can have both acute and genomic effects to 

regulate physiology and behavior. Understanding the mechanisms that modulate 

neuroendocrine interactions will provide valuable insight for stress related disorders.  
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CHAPTER 1 

INTRODUCTION 

 

An organism’s response to stress involves two seemingly independent 

physiological systems acting on different time scales. The most immediate response, 

occurring within seconds, involves the activation of the sympathetic nervous system 

and the release of adrenaline from adrenal medullary chromaffin cells. Adrenaline 

immediately affects heart rate, vasoconstriction and metabolism. The other component 

of the stress response involves the HPA axis (hypothalamic- pituitary- adrenal) and the 

secretion of glucocorticoids from the adrenal cortex. Glucocorticoids directly affect 

metabolism, cardiovascular function, immune function, and reproduction on a slow 

time scale (minutes to hours) involving the transcription of a variety of genes.  

In addition to the classic genomic mechanism of action by steroid hormones, 

evidence from the last 30 years show that steroids can modulate sexual behavior, 

hormone release, and intracellular Ca2+, through rapid (nongenomic) mechanisms 

(Ramirez and Dluzen, 1987; Orchinik et al., 1991; Morley et al., 1992). Each 

component of the HPA axis (the hypothalamus, pituitary and adrenal gland) could be 

potential targets for rapid modulation by stress steroids. One of the potential targets 

includes adrenal medullary cells. Due to the unique structure of the adrenal gland, 

medullary chromaffin cells are episodically bathed by high concentrations of steroid 

hormones from the adrenal cortex. Glucocorticoids have well-established genomic 

effects on chromaffin cells (described in detail below), but their rapid effects have not 

been fully investigated. Anterior pituitary corticotropes are another potential target for 

rapid steroidal modulation. They are modulated genomically by glucocorticoids, but 

their electrophysiological characterization and rapid modulation by steroids remains 

largely unknown. Taken together, steroid hormones are promiscuous molecules that 
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target cytoplasmic steroid receptors in addition to membrane bound receptors to 

regulate the stress response. 

In this dissertation, I provide evidence that steroid hormones produced from 

the adrenal cortex rapidly modulate BK channels through a non-genomic mechanism. 

This modulation is achieved through the differential sensitivity of BK β-subunits to a 

variety of stress and sex steroids. BK channels are important regulators of excitability 

in adrenal medullary chromaffin cells, and in anterior pituitary corticotropes. Steroids 

target BK channels in these cells to rapidly modulate the excitability and hormone 

release of these cells. The acute actions of steroids on components of the HPA axis 

contribute to complex feedback and feed-forward mechanisms of the stress response 

that tailor an indivudual’s behavior.  

 

Two Systems of the Stress Response: 

 Stressors in everyday life come in many forms. They range from physical 

stressors like hunger and cold to psychosocial stressors such as aggressive encounters, 

financial pressures, finding a potential mate, and public speaking. All of these 

stressors share one common theme, they disrupt the body’s homeostasis (a state of 

optimal physiological processes). To rectify this disruption, the body has developed 

two physiological processes known together as the stress response. The most 

immediate response to stress is the activation of the sympathetic nervous system, also 

known as the “fight or flight response” (Cannon, 1929). During this response, there is 

activation of the sympathetic nervous system which innervates the adrenal medulla via 

the splanchnic nerve, triggering the release of adrenaline (or epinephrine) into the 

general circulation. Within seconds to minutes the physiological effects of adrenaline 

begin to take effect. These effects include an increase in heart rate, constriction of 

blood vessels, and mobilization of energy to muscles. The other branch of the stress 
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response operates on a relatively slower temporal scale, involves the hypothalamus, 

anterior pituitary, and adrenal gland and commonly referred to as the HPA axis. Once 

a stressor is perceived by the brain, there is activation of the hypothalamus, 

specifically, cells in the paraventricular nucleus (PVN) release corticotropin releasing 

hormone (CRH) into the portal blood system (Nelson, 2000). CRH then activates 

release of adrenocorticotropic hormone (ACTH) from anterior pituitary corticotropes 

into the general circulation. Once ACTH reaches the adrenal glands it stimulates 

synthesis and release of the glucocorticoids from the adrenal cortex (in most rodents, 

birds and reptiles, the primary glucocorticoid is corticosterone; in most primates and 

carnivores it is cortisol, both will be abbreviated CORT) (Stratakis and Chrousos, 

1995). Glucocorticoids regulate a variety of physiological actions including increasing 

carbohydrate, protein and lipid metabolism, increasing blood glucose levels, 

suppression of reproductive systems, and complex interactions with immune function 

(Munck and Naray-Fejes-Toth, 1994; Sapolsky et al., 2000).  

 

Actions of Steroids 

 To mediate these physiological changes, glucocorticoids act through the 

classical mechanism of binding to cytosolic receptors, which act as transcription 

factors. There are two receptors that glucocorticoids bind to, the mineralocorticoid 

receptor (MR) and the glucocorticoid receptor (GR). MRs have a ten fold higher 

affinity for GCs than GRs (Reul and de Kloet, 1985). MR and GR expression occur 

throughout the brain, including the hippocampus and the cortex. The highest 

expression of GRs occurs in the CRH secreting cells of the hypothalamus and anterior 

pituitary corticotropes. MRs are hypothesized to be activate during basal secretion of 

GCs, and GRs become activated with stress induced rises in GC concentration. 

Activation of GRs with increased levels of GCs are thought to account for 
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physiological responses aimed to restore an organism’s homeostasis (De Kloet and 

Reul, 1987). Once steroids are bound to their cytosolic receptors, the steroid-receptor 

complex translocates to the nucleus and binds to a specific nucleotide sequence of a 

gene, and facilitates or inhibits transcripton.  

 The view that steroid hormones act primarily through classic genomic 

mechanisms is under constant revision as evidence emerges from rapid non-genomic 

effects on physiology and behavior.  Recent evidence has shown that putative 

membrane receptors for steroids can be activated within seconds of exposure to 

steroids, are resistant to transcriptional inhibitors, and change cellular physiology and 

behavior (Orchinik et al., 1991; Wehling, 1994; Falkenstein et al., 2000) (Zinder and 

Dar, 1999). 

 

The Adrenal Gland 

 At the intersection of these two systems of the stress response is the adrenal 

gland. The outer cortical layer of the gland, develops from the mesodermal region of 

the developing embryo, and is responsible for secreting various steroid hormones 

including stress steroids. The cortex is divided into 3 zones, and each produces its own 

type of steroid hormone. The zona glomerulosa produces mineralocorticoids such as 

aldolsterone, the zona fasciculata produces and secretes glucocorticoids, and the zona 

reticularis produces sex steroids (Moon, 1961). Chromaffin cells, which make up the 

medullary region of the adrenal gland, are modified postganglionic sympathetic 

neurons that have lost their axons and dendrites (Hodel, 2001). Their name is related 

to the fact that these cells stain brown with chromium salts (Moon, 1961).  

 Chromaffin cells are prime targets for modulation by glucocorticoids. Their 

close proximity to the adrenal cortex exposes them to at episodic pulses of steroids at 

higher concentrations than in systemic blood. Glucocorticoids mediate genomic 
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effects on chromaffin cells by increasing and maintaining enzymes that regulate the 

production of adrenaline (Ross et al., 1990; Hodel, 2001), and by increasing current 

through voltage gated Ca2+ channels (Fuller et al., 1997). More rapid effects have 

briefly been described for glucocorticoids and chromaffin cells. Dexamethasone (a 

synthetic glucocorticoid) was found to directly bind to the acetylcholine receptor, 

decreasing the cation flux into cultured chromaffin cells (Inoue and Kuriyama, 1989). 

Other rapid effects on chromaffin cells have not been explored. 

   

The Structure and Function of the BK channel: 

 Ion channels are key regulators of cellular excitability. Complex interactions 

between Na+, Ca2+ and K+ channels help shape the intrinsic electrical properties of 

chromaffin cells. Large conductance Ca2+ and voltage activated potassium (BK) 

channels are the most prominent voltage-gated K+ channel in chromaffin cells. They 

enhance repetitive firing by facilitating Na+ and Ca2+ channel de-inactivation, and 

show species specific differences in gating kinetics (Lovell et al., 2000).  

The potassium ion channel family represents the largest, most diverse group of 

ion channels (Coetzee et al., 1999). They play important roles in setting the resting 

membrane potential, determining the shape and duration of the action potential, and 

regulating the firing rates and excitability of cells. For a subset of the K+ ion channel 

family, an increase in K+ permeability is enhanced by an increase in the cytosolic free 

Ca2+ (Latorre et al., 1989). These Ca2+ sensitive channels can subsequently be 

categorized by their unitary conductances.  There are “small” conductance (<20 pS) 

Ca2+ activated K+ channels (Blatz and Magleby, 1986; Lang and Ritchie, 1987), that 

contribute to the generation of long lasting hyperpolarizations (Vergara et al., 1998). A 

second category includes intermediate conductance Ca2+ sensitive K+ (IK) channels, 

first identified in red blood cells (Gardos, 1958), with unitary conductances between 
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20-80 pS (Ishii et al., 1997). Finally, there are large conductance Ca2+- and voltage- 

activated K+ (BK for “Big” K) channels (Marty, 1981) that are characterized by single 

channel conductances of 200-300 pS in symmetrical 100-200 mM K+ (Latorre et al., 

1989). BK channels are expressed in a variety of tissues, including chromaffin cells, 

and play important roles in regulating cellular excitability (Vergara et al., 1998). Their 

large single channel conductance allows for the rapid repolarization of the membrane 

potential.  The pore forming α-subunit of the BK channel was first cloned from 

Drosophila Slowpoke (Slo) (Atkinson et al., 1991). The Slo gene appears to be highly 

conserved across mammals (Butler et al., 1993; Pallanck and Ganetzky, 1994). 

Functional BK channels are formed by a tetramer of α-subunits encoded by the Slo 

gene. BK channels share a structural similarity to the voltage –gated K+ channel 

extended family in the S1-S6 transmembrane regions, yet have an additional 

transmembrane region (S0) which places the NH2 terminus on the extracellular side, 

and an extended carboxyl terminus, where the Ca2+ sensitive domain is located 

(Schreiber and Salkoff, 1997; Salkoff et al., 2006).  

The physiological roles of BK channels have been explored through several 

genetic studies. In the nematode C. elegans, a null mutation of the slo gene increases 

the duration of neurotransmitter release (Wang et al., 2001). Also in C. elegans, Slo-

mutants are highly resistant to ethanol, implicating their role in alcohol tolerance 

(Davies et al., 2003). Studies with Slo knockout mice have revealed anomalies at 

several levels, including locomotor deficiencies due to cerebellar ataxia, erectile 

dysfunction, incontinence, progressive deafness, and disruption of circadian rhythms 

(Meredith et al., 2004; Ruttiger et al., 2004; Sausbier et al., 2004; Werner et al., 2005; 

Meredith et al., 2006). BK channels have also been implicated in epilepsy. Mutations 

in the pore forming α-subunit lead to increased excitability, with generalized epilepsy 

and paroxysmal movement disorder (Du et al., 2005). It is not surprising that BK 
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channels have a wide range of physiological effects, since they are widely expressed 

throughout the body, including the brain. 

 Alternative splicing of BK channels, as well as the association with auxiliary 

β- subunits and modulation by intracellular messengers alters gating kinetics, Ca2+ 

sensitivity, voltage dependence and sensitivity to toxins (Xie and McCobb, 1998; 

Schubert and Nelson, 2001; Shipston, 2001; Tian et al., 2001).  

 

Regulatory β-subunits of the BK channel 

Accessory β-subunits are encoded by four different genes (β1-β4). All are 

comprised of two membrane spanning segments (Knaus et al., 1994; Brenner et al., 

2000a; Meera et al., 2000; Uebele et al., 2000). Each β-subunit has distinct effects on 

BK channel properties, and is expressed in different tissues.  The BK β1-subunit was 

the first to be discovered and is expressed in smooth muscle, hair cells, and neurons 

(Knaus et al., 1994; Wallner et al., 1999; Orio et al., 2002). BK channels in cells that 

co-express β1 along with α exhibit a relative negative shift in the voltage dependence 

of activation compared with cells expressing only the α-subunit. The presence of the 

β1-subunit also slows the kinetics of activation and deactivation. BK channels in 

smooth muscles play an important role in vasoregulation. The targeted deletion of the 

BK β1-subunits in smooth muscles leads to an increase in arterial tone and blood 

pressure (Brenner et al., 2000b). BK channels that include β2 subunits exhibit an 

inactivating phenotype and are found in the brain as well as the adrenal medulla 

(Wallner et al., 1999; Xia et al., 1999). In chromaffin cells, BK channels that express 

the β2-subunit and exhibit an inactivating phenotype facilitate the recovery of Na+ 

channels from inactivation and allow for repetitive firing (Solaro et al., 1995). Cloning 

and expression of the BK β3 subunit revealed that it also confers inactivation, but that 

inactivation properties differ between different splice variants of the subunit. BK β3 
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subunits are expressed in the testis, pancreas and spleen (Xia et al., 1999; Behrens et 

al., 2000; Zeng et al., 2001). The β4 subunit of the BK channel has high expression in 

the brain and decreases the apparent Ca2+ sensitivity of the channel (Brenner et al., 

2000a; Meera et al., 2000). Studies using chimeric β-subunits also reveal that the 

extracellular loop of the β4-subunit alters the sensitivity of the channel to toxins such 

as charybdotoxin and iberiotoxin by decreasing toxin binding (Meera et al., 2000). β4-

subunits have also been proposed to have a regulatory role in excitability and help 

protect the hippocampus from seizures (Brenner et al., 2005). BK channel functional 

diversity is greatly enhanced by association with β-subunits. With their effects on Ca2+ 

sensitivity, gating kinetics and differential tissue expression, they are poised to be 

prime targets for modulation by a variety of molecules. 

Previous research has shown that BK channels are acutely modulated by 

steroids such as DHEA (dehydroepiandrosterone, an androgen produced by the 

adrenal cortex), estrogen, xeno-estrogens, and bile acids (steroidal anions) (Farrukh et 

al., 1998; Valverde et al., 1999; Behrens et al., 2000; Dick and Sanders, 2001; Fukao 

et al., 2001; Dopico et al., 2002; Sade et al., 2005). Other steroids could potentially 

target BK channels and have the potential to alter cellular excitability and the 

physiology of a wide variety of cells. 

Rapid modulatory actions of the stress response by glucocorticoids remain 

largely unknown. By examining the immediate effects of stress steroids we can begin 

to understand how different stressors can exert both acute as well as chronic effects on 

the physiological response to stress. Since chromaffin cells reside in such close 

proximity to the cortex, we examined the effects that the stress steroids CORT and 

DHEA (both produced by the adrenal cortex) have on chromaffin cells. In chapter 2 of 

this dissertation, I present evidence that glucocorticoids released during the stress 

response have rapid effects on the electrical excitability of adrenal chromaffin cells, 
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and can facilitate or limit the firing of action potentials. By targeting BK channels in 

chromaffin cells, glucocorticoids can modify catecholamine secretion on a rapid time 

scale. 

 With evidence emerging that steroids such as estradiol target BK β1-subunits 

(Valverde et al., 1999; Behrens et al., 2000), along with evidence showing that β-

subunits are expressed in the adrenal medulla (King et al., 2006), we decided to test 

whether different β-subunits were differentially sensitive to steroids. In chapter 3, I 

describe how I used the heterologous expression system of HEK 293 cells to test the 

hypothesis that different BK β-subunits are sensitive to different steroid hormones.  

BK channels that express only the pore forming α-subunit are not sensitive to steroid 

hormones. The differential tissue expression of β-subunits could give rise to diverse 

rapid steroid actions. 

 

The Pituitary Gland 

 A potential target of the HPA axis for rapid modulation of steroid hormones 

are corticotropes of the anterior pituitary gland. The pituitary gland is an endocrine 

gland that sits at the base of the brain and is connected to the hypothalamus through a 

vascular connection in the pituitary stalk. The gland is composed of the posterior 

pituitary (neurohypophysis- developmentally derived from the neural ectoderm) and 

the anterior pituitary gland (adenohypophysis- derived from Rathke’s pouch). The 

anterior pituitary is comprised of multiple hormone secreting cells, including  

gonadotropes, thyrotropes, lactotropes, somatotropes and corticotropes. The excitable 

properties of some anterior pituitary cell types have been examined previously (for 

review see (Stojilkovic et al., 2005)). However, the excitable properties and 

characterization of K+ channels in corticotropes have not been fully examined due to 

the difficulty in isolating corticotropes from other cell types in the anterior pituitary. In 
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chapter 4 of this dissertation, I present the first characterization of BK channels in 

“real”, non-tumor derived pituitary corticotropes. As in chromaffin cells, BK channels 

are the prominent voltage-gated K+ channel present and contribute to the electrical 

activity of corticotropes. Steroid hormones could exploit the presence of BK channels 

in corticotropes to rapidly modulate excitability and hormone secretion. 

 The stress response encompasses an array of physiological processes that have 

been studies for decades (Selye, 1976). Over-activation of the HPA axis by stressors 

can lead to negative health consequences. Both genomic and non-genomic effects of 

stress steroid hormones are known to regulate physiology and behavior. Investigating 

the feedback mechanisms that tailor the stress response will provide valuable insight 

into organismal health. 
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CHAPTER 2 

ACUTE MODULATION OF ADRENAL CHROMAFFIN CELL BK CHANNEL 

GATING AND CELL EXCITABILITY BY GLUCOCORTICOIDS* 

 

Although adrenal glucocorticoids cortisol and corticosterone (CORT) have 

numerous ‘genomic’ effects on adrenomedullary chromaffin cells, acute modulatory 

actions remain largely unknown, despite rapid stress-related changes in secretion. We 

report that 1µM glucocorticoids rapidly modulate gating of chromaffin cell BK 

channels and action potential firing. In general, CORT, or the analog dexamethasone 

(DEX), increased channel activity in inside-out bovine patches, an effect not blocked 

by the glucocorticoid receptor (GR) antagonist RU38486. By contrast, these steroids 

profoundly inhibited BK activation in many rat patches, while facilitating activation in 

others. We show that BK inhibition arises from a negative shift in the voltage-

dependence of BK inactivation paralleling that for activation. We report that rat cells 

characteristically exhibit greater repetitive firing ability than bovine cells in the 

absence of glucocorticoids. In both species, steroid application typically increased 

firing responses to smaller current injections, attributable to BK-enhanced 

repolarization and Na+ channel deinactivation. However in rat cells, where BK 

inactivation is generally faster and more complete, glucocorticoids tended to dampen 

responses to stronger stimuli. Thus in the context of natural variation in BK gating, 

glucocorticoids can either promote or limit firing responses. We suggest that steroids 

exploit BK gating variety to tailor catecholamine output in species- and context-

specific fashion.   

 
*Used with permission. Originally published as Lovell PV, King JT and McCobb DP.  
Acute modulation of adrenal chromaffin cell BK channel gating and cell excitability by glucocorticoids. 
J Neurophys. 91: 561-570, 2004  
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INTRODUCTION 

Regulation of protein expression by steroid hormones has long been 

recognized as an important mechanism underlying cellular plasticity (for review see 

McEwen, 1991). However, increasing evidence for much more rapid steroid-

dependent modulation of voltage- and ligand-gated ion channels has begun to reshape 

our view of the physiological roles of steroids in the short-term (Falkenstein et al., 

2000, Wehling, 1999; Moore, 1999; Makara and Haller, 2001). Among these are the 

glucocorticoids produced by the adrenal cortex, especially cortisol (in bovine and 

human) and corticosterone (in rat), together abbreviated CORT. CORT synthesis is 

under the regulatory control of pituitary adrenocorticotropic hormone (ACTH), and 

represents the most important link between stress-related hypothalamic function and a 

myriad of body and brain responses. CORT secretion exhibits wide diurnal and stress-

related fluctuations, and has an enormous variety of regulatory effects on, for example, 

metabolism, storage, and mobilization of nutrients, cardiovascular function, growth 

and reproductive function, and hippocampal structure and function (Sapolsky et al., 

2000).     

Historically, glucocorticoids have been credited with ‘genomic’ effects that 

initiate and maintain the phenotypic differences distinguishing chromaffin cells from 

sympathetic postganglionic neurons, for example, spherical shape (lack of axon 

outgrowth) and epinephrine versus norepinephrine synthesis (Hodel, 2001). Stress 

experience-related “tuning” of chromaffin cell protein expression by CORT, initially 

described for enzymes (Tank et al., 1986; Stochowiak et al., 1998; Betito et al., 1992, 

1994) has begun to be extended to ion channels, including Ca2+ channels (Fuller et al., 

1997a,b) and BK channel splice variants (Lai and McCobb, 2002). However, rapid 

surges in CORT release from adrenal cortex, to which underlying chromaffin cells are 

immediately exposed, may produce peak concentrations as high as 100 µM within the 
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rat adrenal medulla (Betito et al., 1992; Betito et al., 1994). Potential acute effects of 

these surges have received very little attention. Dexamethasone has been shown to 

decrease the amplitude of nicotinic acetylcholine-induced currents in porcine adrenal 

chromaffin cells (Inoue and Kuriyama, 1989), dramatically reducing nicotine-induced 

catecholamine secretion (Wagner et al., 1999).  

In chromaffin cells, large conductance calcium- and voltage-dependent 

potassium channels (BK for Big K+) are uniquely positioned to influence features of 

electrical excitability (Solaro et al., 1995; Lingle et al., 1996; Lovell and McCobb, 

2001). Glucocorticoids have been shown to regulate BK channel sensitivity to 

phosphatase activity in pituitary-related cells, however this regulatory effect requires 

changes in protein synthesis (Tian et al., 2001b; Tian et al., 2001a). In contrast, BK 

channels expressed in smooth muscle can be modulated immediately by 17b-estradiol 

(Valverde et al., 1999; Dick et al., 2001) and dehydroepiandrosterone (DHEA; 

Farrukh et al., 1998; Peng et al., 1999). To our knowledge similar modulation of BK 

channels by corticosteroids has not been shown in chromaffin cells or any other cells. 

We demonstrate here that these steroids provide a proximate link through which the 

principle endocrine stress-response system, the hypothalamic-pituitary-adrenocortical 

(HPA) axis, can exert a rapid, fine-control of the adrenomedullary branch of the 

sympathetic response system. Heterogeneity in BK activation and inactivation gating 

shape the repertoire of CORT responses at cell and species levels.  

 

MATERIALS AND METHODS 

Chromaffin Cell Isolation and Culture 

Bovine and rat chromaffin cells were isolated and cultured using procedures 

described by Lovell et al., (2000) and Lai and McCobb (2002). Briefly, bovine adrenal 

glands (Cudlin's Meat Mkt., Newfield, NY) were perfused for 30 min. at 20°C with a 
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Ca2+- and Mg2+-free Locke’s buffer (recipe in mM: 154 NaCl, 5.6 KCl, 3.6 NaHCO3, 

5.6 Glucose, and 5mM HEPES at pH 7.4) followed by perfusion with a modified Ca2+- 

and Mg2+-free Locke’s solution containing an additional 1X MEM vitamins (GIBCO), 

1X MEM Amino Acids (GIBCO), Na-Pyruvate (11g/L), L-Glutamine (0.2M), 

penicillin (80U/ml), streptomycin (80µg/ml), nystatin (0.8%), collagenase B (1mg/ml; 

Boehringer Mannheim) and 0.0875% bovine serum albumin (BSA) for 1 hour at 37°C. 

For perfusion steps an O2 and CO2 (Carbogen 41%/4.92%) mix was continuously 

bubbled into solution. Following digestion, medullary tissue was manually removed 

from the adrenal, minced, and filtered through a plastic mesh strainer (13mm pore 

size). Tissue was placed in a second saline containing collagenase B (see above) for 1 

hour at 37°C, filtered through cheesecloth, and washed several times using pellet 

centrifugation (120 x g for 10 minutes) and a modified Locke’s with 0.5% added BSA. 

Isolated chromaffin cells were filtered through a 70µM nylon mesh filter (Falcon 

2350, Fisher Scientific, Pittsburgh, PA), resuspended in pre-warmed cell culture 

medium (GIBCO; RPMI 1640 with 10% horse serum, 5% fetal calf serum, 2U/ml 

penicillin-G, 2µg/ml streptomycin sulfate, 100U/ml nystatin). 100µl aliquots of cells 

were then plated either into the center of ~15 mm glue rings in 35 mm plastic dishes 

(Falcon 3001) coated with collagen (Vitrogen, Collagen Corporation, Carlsbad, CA; 

0.6 mg/ml in ddH2O), or onto the glass bottom of a 35mm plastic dish (Plastek 

Cultureware) coated with 0.1% poly-D-lysine (Sigma) in water. Cell cultures were 

maintained at 37°C in a 5% CO2 atmosphere and used for several days. 

 

Electrophysiological Methods 

Single channel and macroscopic currents were recorded using standard patch 

clamp recording techniques (Hamill et al., 1981; Sakmann and Neher, 1985). 

Borosilicate glass patch electrodes (World Precision Instruments, Sarasota, FL; 
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inside/outside 1.5/ 1.12 mm; 3-6 MΩ) were pulled and coated with Sylgard 184 (Dow 

Corning, Midland, OH) to decrease capacitance. Voltage clamp and current clamp 

electrophysiology data were collected as described previously (Lovell et al., 2000; 

Lovell and McCobb, 2001) using a List EPC-7 or EPC-9 patch clamp amplifier and 

standard clamp protocols designed with Pulse software (Heka Elektronik, Lambrecht, 

Germany) for the Macintosh G3. Data was acquired and digitized at 20 kHz for 

voltage-clamp data and 10 kHz for current-clamp traces. Offline analysis of clamp 

data was performed using custom software written for Igor Pro (Wavemetrics, Lake 

Oswego, OR). 

All experiments were conducted at room temperature, 20°C. As described 

previously (Lovell et al., 2000), seals with resistances of 3-6 GΩ were obtained, 

following which 0 Ca2+ saline was perfused onto the cell for excision of inside-out 

patches. Solution exchange was accomplished with a seven-barrel gravity fed 

perfusion pipette. 

Current clamp recordings were made using the perforated patch technique as 

described by Lovell and McCobb (2001). Briefly, high resistance seals were achieved 

as described above and recordings were made when the apparent input resistance had 

dropped to between 50-150 MΩ. For some cells, a small holding current was used to 

maintain cell resting potentials between -65 and -75 mV. To verify that the perforated 

patch was not ruptured during recording, input resistance was monitored during 

deliberate rupture at the end of the recording. For excitability measurements, a series 

of 2-second current pulses of increasing strength was used to elicit repetitive firing. 

The magnitude of current and serial increment of steps was adjusted by trial and error 

to fit the varying input resistances of the cells.  
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Solutions 

For inside-out patches, symmetrical K+ solutions were used to eliminate a 

potassium driving force and allow any DC offset to be cancelled at zero mV. The 

usual pipette and bath saline solutions contained (in mM): 160 KCl, 10 HEPES, 1 

HEDTA, 0.0375 CaOH, pH adjusted with KOH to 7.2 to make ~500 nM free [Ca2+]. 

The free [Ca2+] was calculated using MaxChelator software (WebMaxC v2.10; Bers et 

al., 1994). Zero Ca2+ solution contained an additional 5 mM EGTA (Sigma). When 

pharmacology experiments were performed, iberiotoxin (IBTX; 10 nM; Alomone 

Labs, Jeruselum, Israel), was added to the bath perfused salines and pH adjusted to 

7.2. Dexamethasone and corticosterone (Sigma) were dissolved in 100% 

dimethylsulfoxide (DMSO), stored in small aliquots at –20° C, and added fresh to 

recording salines as needed. In previous experiments, inclusion of DMSO in the 

recording saline did not appreciably alter BK channel activity. The osmolarity of 

salines was measured by dew point osmometer and adjusted to 300 osmM. 

For current clamp recordings, the bath solution contained the following (in 

mM): 145 NaCl, 5 KCl, 10 HEPES, 2 CaCl2, 1 MgCl2, pH adjusted to 7.4 with 2M 

NaOH. The technique used for obtaining perforated patches has been described 

elsewhere (Lovell and McCobb, 2001). Briefly, the tips of patch electrodes (2-4 MΩ) 

were first filled with whole-cell saline containing (in mM): 140 KCl, 5 MgCl2, 10 

EGTA, 10 HEPES, pH 7.4. The electrode barrel was then back-filled with a solution 

containing 20 µl of fresh stock amphotericin B (6mg/ 100µl DMSO; GIBCO) and 40 

µl of stock Pluronic acid F-127 (2.5 mg/ 100µl DMSO; Molecular Probes) added to 

1ml of whole-cell recording saline. To maintain perforating efficacy, fresh aliquots 

were used during each hour of recording.  
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Data Collection and Statistical Analysis 

Single and multi-channel currents were linear leak subtracted as previously 

described (Lovell and McCobb, 2001). The fraction of inactivated current (BKi/BKtotal) 

was estimated by calculating a ratio of the BK current at 350 ms as a function of the 

estimated peak BK current. The calcium-/voltage-dependence of activation (G-V) and 

inactivation (Hinf) were evaluated by measuring peak amplitudes at increasing voltage 

steps of 20 mV, converting these to conductances by dividing out the driving force, 

and fitting G-V and Hinf curves to a single term Boltzmann of the form:  

 

GVm = Gmax / (1 + exp((Vm - V0.5 )/ s) 

 

with parameters for maximum conductance (Gmax), voltage of half-activation (V0.5), 

and slope (s; the steepness of the voltage-dependence of activation, in mV/e-fold 

change in voltage).  Effects of steroids on currents were normalized by dividing 

currents after exposure by currents before. Natural logs of fractional changes were 

taken for averaging and statistical comparisons, to avoid the confounding effects of 

averaging unbounded values for increases with values for decreases bounded between 

0 and 1. Means were compared using a standard student t-test that assumed either 

equal or unequal variances as appropriate (α = 0.05). Statistical outcomes on non-

transformed data did not alter conclusions drawn.  

 

RESULTS 

Rapid Modulation of Chromaffin BK Channel Function by Corticosteroids 

In inside-out patch recordings from bovine or rat adrenal chromaffin cells, BK 

channels overshadow any other voltage-gated potassium channels when a low 

micromolar Ca2+ concentration is present on both sides of the patch and K+ is the only 
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permeant cation (Lovell et al., 2000; Solaro et al., 1995). This has been confirmed by 

pharmacological block with 1 mM TEA+, and with iberiotoxin and charybdotoxin. In 

the bovine patch in Figure 1, a small number of channels were activated by 350ms 

voltage-steps to +80mV from a holding potential of -100mV (Vhold), including both 

inactivating and non-inactivating BK channels (BKi and BKs; Lovell et al., 2000; 

Solaro et al). Such patches typically exhibit very little other channel activity in the 

absence or presence of Ca2+, with the exception of infrequent, very brief openings in 

the 50-75 pS range, or channels too small to resolve at this gain. The BK channels 

seen here open with a low probability when exposed to zero-Ca2+ solution buffered 

with EGTA. In the center and right panels, the perfusion solution contains 500 nM 

Ca2+ and 0.1% DMSO, the vehicle used to dissolve steroids. Addition of 10µM 

cortisol resulted in an immediate increase in the number of channel opening events, 

with no observable change in the types of channel events observed.  No significant 

change in the amplitude of single channel currents was noted, making it unlikely that 

effects on more macroscopic or ensemble-averaged currents described below resulted 

from a change in single channel conductance, as has been suggested for the effect of 

estradiol-like tamoxifen (Dick and Sanders, 2001; Dick et al., 2001).  

The modulation of BK current by CORT is very rapid; a sharp increase in 

channel activity is detectable within seconds of exposure (Figure 1A). Similar results 

were obtained with cortisol in 6 of 8 patches tested. In 6 of 7 patches tested, current 

was increased by simultaneous exposure to 10µM CORT and 10µM RU38486 (Figure 

1B). The latter is a selective antagonist of the cytosolic glucocorticoid receptor (GR, 

also known as GR-II, to distinguish it from the mineralocorticoid receptor, MR or GR-

I). These observations and the fact that many isolated, continuously-perfused patches 

responded to CORT or DEX (to which MR is not sensitive) argue strongly that these 

steroid effects are mediated via a novel, membrane-associated receptor, or on the  
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Figure 1. Glucocorticoids modulate BK channel gating in chromaffin cells.  A) 

Cortisol (10 µM) increases BK channel opening events elicited by a step to +80mV 

from a holding potential of –100mV in an inside-out patch from a bovine chromaffin 

cell. Channel openings with a conductance of approximately 280pS occur infrequently 

during a step to –80 mV in the absence of Ca2+.‘Control’ solution contains 500nM 

Ca2+ plus 0.1% DMSO, the vehicle used to dissolve steroids. B) Cortisol produced an 

immediate (< 4 sec after switching perfusion lines) increase in openings of both 

rapidly inactivating (BKi) and sustained (BKs) channels, as evidenced by the ensemble 

averages of 30 traces. Concurrent application of RU38486 (10µM), an antagonist of 

the classic cytoplasmic glucocorticoid receptor (GRII), does not reduce the effect of 

CORT on the same patch.  C) Dose-dependent response to dexamethasone (DEX), a 

synthetic glucocorticoid and selective GRII agonist. This patch contains only sustained 

(BKs). D) 1µM DEX produced a strong negative shift in the voltage-dependence of 

activation in a bovine patch similar to that shown in C. Peak conductance 

measurements of the currents in the inset were plotted against the appropriate 

conditioning potentials (G-V plot) and fit to a standard Boltzmann equation. In 

contrast to their effects on bovine cells, DEX (E) or CORT (F) sometimes profoundly 

inhibited BK current at +80 mV in rat chromaffin cells. The effect of either was 

readily reversed by washing. Reduced channel activity during the test step was often 

accompanied by increased channel activity at the holding potential (arrows). 
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channel directly. 

In the top panel of Figure 1C, a multi-channel patch containing predominantly 

non-inactivating BK channels showed nearly a 70% increase in amplitude in response 

to application of the synthetic glucocorticoid, dexamethasone (DEX) at a 

concentration of 1µM. Increasing DEX to 10 and then 100µM led to further increases 

to 130 and 200% above control. This progressive effect of increasing doses was 

typical of patches exposed to multiple concentrations. DEX effects could be partially 

reversed with a brief washout, though reversal of the sustained component was 

typically less efficacious. Figure 1D illustrates the negative shift in the voltage-

dependence of activation of BK channels by DEX. Further evidence for a negative 

shift, as opposed to an increase in the maximum achievable Po, or the number of 

channels participating in the current, is provided by currents in rat chromaffin patches, 

where the plot of conductance as a function of test potential (G-V curve) typically 

plateaus in a more negative range, allowing more accurate determination of Gmax and 

the half-activation point (V0.5; Figure 3B and C).  

 

Glucocorticoid Effects on BK Channels in Rat Chromaffin Cells 

Starting at the high end of the concentration range, we made the seemingly 

paradoxical observation that 100µM DEX or CORT tended to have an effect on rat 

patches that was the opposite of that seen on bovine patches, profoundly inhibiting BK 

channel activity (Figure 1E and F). This effect was usually largely reversed by 

washing, and was repeatable. Of 18 rat patches tested at 100µM, a net decrease in 

current was observed in 14 (Figure 2B). By contrast, only 3 of 21 bovine patches 

showed a decrease in peak current at this DEX concentration, whereas 16 showed an 

increase. As explained in the Methods section, drug responses were averaged after 

natural log-transformation of fractional changes in current. Thus in rat, 100µM DEX  
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reduced peak current amplitude by an average of 57.1%, whereas it increased peak 

current in bovine by 47.7%.    

1 and 10 µM concentrations of DEX had more varied and complex effects. In 

the majority of patches representing both species, DEX increased peak BK current (38 

out of 54 patches, see Figure 1B for a breakdown). Average peak currents in 1 and 10 

µM DEX were increased by 35.7 and 29.6% in bovine, and 8.9 and 39.8% in rat. 

However, the quantitative variation was sufficient that net responses did not differ 

statistically between doses. Changes in peak current amplitudes in the negative 

direction, as well as in the positive direction, were typically at least partially reversed 

by washout, and qualitatively reproduced upon reintroduction of DEX.  

BK currents of both species are very heterogeneous with respect to the rate and 

voltage range of activation, and the rate, extent, and the voltage range of inactivation. 

Though both species exhibit cells covering the full range from BKs to BKi channels 

exclusively, bovine currents are much more likely to be of the former type, or to have 

a mix of channels with a resultant macroscopic or ensemble current that is slowly 

and/or incompletely inactivating (Lovell, et al., 2000; Lovell, et al., 2001). Moreover, 

a relatively negative voltage-dependence of activation correlates with a greater 

proportion of BKi channels, and faster inactivation, across patches of both species 

(Lovell, et al., 2000). 

Differential responses of inactivating and sustained subcomponents of BK 

current can explain much of the variation within and between species; subdividing 

revealed a more consistent pattern of DEX responses. In the present study, we 

subdivided currents from both species before and after DEX: inactivation was virtually 

complete well before 350 ms, thus the current remaining at that point was taken as the 

BKs current, with the difference between it and the total representing BKi current. In 

absolute terms, the BKs component of current in bovine patches was increased by  
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Figure 2. Glucocorticoids at lower concentrations typically increased peak BK current 

in rat chromaffin cells, though substantial variability was seen at all concentrations in 

both species. Importantly, sustained (BKs) and inactivating (BKi) components were 

differentially affected. In A, representative traces from rat (left) and bovine (right 

panel) are shown. Pie diagrams (right of traces) illustrate the relative proportion of the 

BK subcomponents. Note the tendency of BKs and BKi components to increase and 

decrease, respectively, regardless of species, net effect on peak current, or relative 

sizes of the two components prior to DEX. B) Summary of direction of change in 

absolute size of peak current and two subcomponents following exposure to 3 DEX 

concentrations. Black bars represent that proportion of patches showing increases, and 

grey bars that showing decreases, with total numbers of patches tallied for each 

category given on the right. Note that some patches lacked one or the other of the two 

subcomponents. C) The relative proportion of the peak current that was non-

inactivating was much more likely to increase with DEX exposure for both rat (filled 

circles) and bovine patches (unfilled circles). The diagonal line represents no change.  
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DEX in 42 of 48 cases, while it was reduced in 2 and unaffected in 4. Rat BKs current 

was increased in 22 of 34 patches having a sustained component, reduced in 8, and 

unaffected in 4 (Figure 2). 5 of the 8 reductions were in 100µM DEX. Compared with 

currents from the same patches before DEX, BKs currents after 1, 10, and 100µM 

DEX, respectively, exhibited an average increase in amplitude of 187, 269, and 5.4% 

for rat and 84, 102, and 101% for bovine. In contrast to the BKs component, the 

absolute amplitude of the BKi component was reduced in 28 of 45 and 23 of 41 bovine 

and rat patches, respectively. As illustrated in Figure 3C, the proportion of BKs current 

was much more often increased than decreased by DEX.  

Experiments with very negative “prepulse” potentials preceding BK activation 

steps further demonstrate the confounding effects introduced by BK channel 

inactivation. Inactivation, a process conferred by one or more accessory ‘β’ subunits 

interacting with the Slo gene-encoded α subunit, is voltage-dependent. Inactivation 

more rapidly follows activation (elicited by a depolarizing voltage step) at more 

depolarized step potentials, deinactivation is faster at more negative return potentials, 

and the number of channels inactivated at a ‘steady state’ holding potential is a 

sigmoidal function of that potential.  

In the top panel of Figure 3A, the membrane potential was stepped from –100 

mV to +80 mV before and after application of 100µM DEX. DEX reduced peak 

current amplitude dramatically. However, when the membrane potential was stepped 

briefly to –140 before stepping to +80,  we observed that 1) the peak current was 

slightly greater (610 pA vs. 550 pA, or about 10%), demonstrating that some channels 

remain inactivated even at a steady state of –100mV, and 2) the negative effect of 

DEX was virtually eliminated. With a series of test potentials stepping from –140mV, 

it was clear that DEX, even  at 100µM on rat cells, shifted the half-activation voltage 

strongly in the negative direction (by ~25mV), and without affecting the maximum  
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Figure 3. Negative effects of DEX on BK currents are best explained by concurrent 

negative shifts in the voltage-dependence of activation and inactivation. A) Rat BK 

currents showing a more negative response to 10 µM DEX from a prepulse potential 

of –100mV (top traces) than from a prepulse potential of –140 mV (bottom traces). B 

and C) Conductance-voltage (G-V) and steady state inactivation (h∞) curves from a 

similar patch, illustrating the leftward shifts of roughly 20 and 40 mV, respectively, 

with exposure to 100µm DEX. Left shifting the inactivation curve dramatically 

reduces the channels available for activation from –100mV. D) Opposite effects of 

DEX on a single patch, and involving a more physiological range of voltages. From –

60 mV, DEX slowed channel activation kinetics and reduced peak current, whereas 

from –100mV, DEX increased activation and inactivation rates and increased peak 

current. This suggests that the more rapidly activating channel subset is inactivated at 

–60mV in DEX, while a slower-gating subset is activated to a greater extent.  
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activatible current (Gmax; Fig. 3B). Furthermore, as seen in the bottom panel of 3C, a 

full series of steps to +80mV from prepulse potentials as low as –140mV revealed that 

DEX shifted the voltage-dependence of inactivation dramatically; in this case by about 

40mV. This clearly indicates that the apparent negative effect of DEX is explained by 

a reduction in the number of channels available for activation from starting potentials 

positive to –140mV. There is no compensatory increase in channels activated during 

the test step to +80mV, despite the negative shift in the G-V curve, because the 

plateau had been reached even without the DEX. While in bovine cells we could not 

conclusively rule out that DEX acted to increase Gmax independently of the shift in the 

G-V curve because the curve was shifted too far right to reach saturation, the 

consistent observation in rat cells that Gmax was not increased provides strong support 

for a common mechanism of action involving a negative shift in channel open 

probability.   

In the experiment shown in 3D, DEX has a small negative effect on peak 

amplitude when the current is elicited from –60 mV, though when it is elicited from –

100mV it has a strong positive effect. Because the range of voltages spanned in this 

case encompasses that of probable physiological “resting membrane potential”, the 

opposite effects of DEX on one patch argues strongly that the impact of DEX on 

channel function in vivo will depend critically on the starting membrane potential, as 

it interacts with channel gating parameters.  

In summary, the combination of inherent complexity in BK gating and the 

intra- and inter-species heterogeneity in various aspects of this gating, as observed in 

chromaffin cells from two species, ensures a complex landscape upon which 

glucocorticoids can have quite varied effects. The more frequent occurrence of 

inhibitory effects of DEX on rat cells than bovine cells, and the detailed patterns of 

current changes in cells of different BK channel compositions (particularly with 
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respect to inactivation), are consistent with a relatively simple effect of 

glucocorticoids in facilitating the activation (and inactivation) of BK channels at more 

negative potentials.  

 

Bovine Chromaffin Cells Tend to Fire at Lower Frequencies Than Rat Cells  

Before studying the effects of steroids on action potential generation, we 

characterized responses to current injection using perforated-patch current clamp 

recording  in the absence of glucocorticoids. Prior rat-bovine comparisons of BK 

gating in voltage clamp revealed striking differences (Lovell et al., 2000), thus we 

characterized chromaffin cell excitability in the two species in parallel.      

Trains of action potentials (APs) could be elicited reliably by 2-second supra-

threshold depolarizing current injections in bovine and rat cells (Figure 4). For 

uniformity in our quantitative comparisons, a small holding current was applied, 

where necessary, to maintain membrane potentials between –65 and –70 mV, thereby 

minimizing variation in pre-existing Na+ or Ca2+ channel inactivation. Cell to cell 

variation in input resistance was controlled for by altering the initial amplitude and 

serial increment of the injected current. Solaro et al., (1995) and Lovell et al., (2001) 

have shown previously that incremental increases in the amount of depolarizing 

current injected increases the number of action potentials fired (or average frequency) 

up to a peak, after which further increases in current produced fewer and fewer spikes. 

We were therefore careful to increment currents finely enough, and over a wide 

enough range, to determine the point of peak response accurately. Because studies 

have suggested that Ca2+ action potentials, relatively broad action potentials that do 

not necessarily cross the zero mV axis, produce calcium transients that elicit 

catecholamine exocytosis (as do Na+ action potentials; Artalejo et al., 1994; López et 

al., 1994), they were counted  (after Lovell et al., 2001). 
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Figure 4. In the absence of glucocorticoids, features of chromaffin cell repetitive 

firing differ markedly between species. A) Trains of action potentials (APs) elicited 

from  4 representative bovine and rat chromaffin cells with 2-second depolarizing 

current injections delivered using perforated patch recording methods. These spike 

trains illustrate the wide range of spiking abilities in both species. B) On average,  

fewer than half as many spikes per 2-second depolarizing pulse could be evoked from 

bovine cells at optimum pulse size, as compared with rat cells (P < 0.0001, N = 55). 

Asterisk indicates significance using Student’s T-test. C, Frequency distributions of 

maximum spike frequencies that could be elicited from individual chromaffin cells.  
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Action potential response patterns of bovine and rat chromaffin cells varied over a 

wide range. While it was not uncommon for bovine cells to respond with a single 

action potential over a wide range of inputs, most were able to vary their response 

with current amplitude. Examples of maximal responses to graded series of inputs are 

shown in Figure 4. Relationships between input current and response frequency were 

roughly parabolic in virtually all cases. Examples are shown in Figure 5. Under the 

parameters defined above, rat cells were consistently found to fire many more spikes 

at the peak of the curve than bovine cells (Figure 4) in the absence of steroids. On 

average, the number of spikes that could be elicited during a 2-sec pulse was 4.49 ± 

0.39 (Mean ± SEM; n = 55) for bovine cells, as compared with 9.96 ± 0.67 for rat cells 

(Figure 5B; n = 58; P < 0.0001). The frequency distributions in Figure 4C illustrate 

characteristic differences between the rat and bovine chromaffin cell populations.  

 

Corticosteroids Enhance and Depress Features of Excitability in Bovine and Rat 

Chromaffin Cells 

Using the techniques described above to assess excitability, multiple series of 

AP trains were elicited from bovine and rat chromaffin cells before and after exposure 

to corticosteroid or DEX for approximately 2 minutes. The bovine traces presented in 

Figure 5A illustrate the effects of various concentrations of DEX on repetitive firing 

elicited by an intermediate intensity current step of 9pA. At this stimulus intensity, the 

cell fired 4 distinct spikes in control saline (Figure 5A; top trace). Relatively low 

concentrations of DEX (1 and 10µM) favored improved firing of 5 and 7 spikes 

respectively. In contrast, 100µM DEX dramatically reduced the ability of this cell to 

sustain firing. Figure 5B shows the frequency of spikes elicited from the same cell in 

response to representative series of test current pulses (frequency values represent the  
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Figure 5. Corticosteroids alter chromaffin cell responses to stimulation.  A and 

C) Trains of action potentials (APs) recorded from one representative bovine and one 

rat cell illustrating the effects of varying concentrations of DEX or CORT on spikes 

elicited by 2-sec current pulses (of 9pA and 2pA, respectively). B and D) Stimulus-

response plots constructed by fitting three term polynomials to plots of spike 

frequencies elicited by a broad range of stimulus intensities. Fits are overlain in the 

bottom plots of B and D, for easy comparison. For the bovine cell in B, both 1 and 

10µm substantially increased the number of spikes elicited by stimuli in the lower end 

of the amplitude range, while also decreasing the number elicited in the upper range. 

100µM had little effect in the lower end of the range, but clearly suppressed firing in 

the upper range. Steroid effects on rat cells were very similar in most respects. For the 

cell in D, responses to stimuli were also augmented and suppressed in the low and 

high stimulus input ranges, respectively. In this particular case, all three 

concentrations (of corticosterone in this case) shifted the threshold for spiking towards 

smaller stimuli. E and F) Overlain fits like those in B and D are shown for an 

additional bovine and rat cell, respectively. In the bovine cell, higher doses of DEX 

progressively raised the maximum number of spikes that could be elicited from the 

cell.  For the rat cell in F, as well as D, 10µm did not produce a bigger effect than 1 

µm, as was typically seen in the bovine cells. 
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number of spikes elicited by the two second steps, divided by 2 seconds). To better 

characterize the responses, we fit stimulus-response plots to a standard three term 

polynomial function using a Levenburg-Marquardt least-squares search algorithm. 

These parabola-shaped fits typically approximated the characteristic shape and 

dynamics of AP generation adequately over most of the range of input values. The 

bottom panels of 5B overlay the fits obtained in the plots above them, for easier 

comparison. For the bovine cell shown, it is clear that the lower concentrations of 

DEX improved spike generation in the lower range of injected current amplitudes, 

though at higher amplitudes response frequencies reach the maximum and decline 

faster. This predicts that cortisol in vivo will trigger chromaffin cells to respond more 

vigorously to inputs over a significant range, while at the same time potentially 

reducing responses in a range of higher amplitude inputs, and potentially capping the 

maximum obtainable frequency at a lower level than possible in the absence of the 

steroid. Both suppressive and capping effects are dramatically evident on application 

of 100µM DEX in this experiment.  

In 10 of 12 bovine cells subjected to the full range of steps, action potential 

firing was enhanced by DEX at some range of stimulus intensity, whereas it was 

unaffected in one, and decreased in another. In the case illustrated in 5E progressive 

increases were seen 1, 10, and 100µM DEX concentrations. Similar results were 

obtained in 4 additional cells exposed to DEX or CORT.  In the other 5 cells, response 

frequencies were increased in absolute terms by DEX at low concentrations, whereas 

100µM DEX had a suppressive effect similar to that in 5B. In these cells, lower DEX 

concentrations also had the effect of decreasing the range of input intensities to which 

the cell would respond. 

Rat chromaffin cells were consistent in exhibiting complex responses to 

glucocorticoids not unlike those in most of the bovine cells described above.  
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However, 1 or 10µM DEX or corticosterone in all cases increased the number of 

action potentials that could be elicited with low stimulus strengths (N = 6). In some 

cases there was also a decrease in the minimum current needed to elicit action 

potentials (e.g., 5D and F). The traces in 5C show responses of a rat cell to 2pA 

current pulses in various DEX concentrations. In DEX at 1, 10, and even 100µM, the 

same stimulus elicited multiple spikes. 1 and 10 µm DEX also enhanced responses to 

several larger inputs. In rat cells, the effect of 10µm DEX was typically no bigger than 

that to 1 µM. As observed in most bovine cells, all DEX concentrations shifted the 

peak of the frequency response curve towards lower values, substantially decreasing 

below control levels the number of spikes elicited by larger inputs. The cell in 5F 

exhibited a pattern of responses similar to that in 5D.  

 

DISCUSSION 

Immediate effects of glucocorticoids on chromaffin cells have been reported 

only for nicotinic acetylcholine receptor activation and catecholamine secretion (Inoue 

and Kuriyama, 1989; Wagner et al., 1999). We report that physiological 

concentrations of glucocorticoids have immediate effects on BK-type K+ channels in 

chromaffin cells, and that these impact directly on action potential firing. With this 

discovery, we add to the short list of steroids, including 17β-estradiol and 

dehydroepiandrosterone (DHEA), known to acutely modulate BK channels (Valverde 

et al., 1999; Farrukh et al., 1998). Whether BK channels in any of the many other 

tissues in which they are expressed are influenced by glucocorticoids will be of 

interest to determine.  
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Steroid Effects on BK Currents in Voltage Clamp Mode 

The opposite effects of high glucocorticoid concentrations on rat and bovine 

BK channels presented an initial paradox. However, further analysis suggested a 

common mechanism, in which activation gating of channels in both species is 

enhanced by exposure to the steroids in a roughly dose-dependent manner, while the 

inhibition is an important consequence of facilitated channel inactivation. In the many 

records where individual channel events were easily measured, no change in single 

channel conductance was observed. The possibility that new channels could be 

recruited from an otherwise inactive pool of channels cannot be excluded in some 

cases, because Gmax was out of range (too positive) in control saline. Nevertheless, in 

those in which Gmax was determined, the full curve was shifted left substantially, with 

no significant change in Gmax or in the steepness of the voltage-dependence.  

Accompanying the negative shift in the G-V curve in the case depicted in 

Figure 3C was a robust negative shift (~40mV) in the curve defining the voltage-

dependence of inactivation at steady state (the h∞ curve). Such a shift can dramatically 

reduce the number of channels available for activation, an effect that directly 

counteracts the effect of shifting the G-V curve left, and leads to an underestimation of 

activation-promoting effects of glucocorticoids. Even in control saline, a substantial 

number of BK channels were inactivated at Vhold = -100mV in some cells, and a few at 

–120 and even –140 mV,  ([Ca2+]i = 500nM). It is not surprising therefore, that a 

profound inhibition of current was observed at this holding potential in patches with 

predominantly inactivating BK channels, nor by extension, that a reduction was seen 

in the inactivating fraction of the current in many additional patches from both 

species. 

 BK channels differ from 0 to four in the number of inactivation-conferring 

subunits associated with them (Wang et al., 2002). They also vary widely, within and 
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between cells, as well as between species, in the voltage dependence of activation and 

inactivation gating, reflecting diverse factors such as subunit and splice variant 

composition, phosphorylation state, redox state and other unknowns. By differentially 

altering the subset of a heterogeneous population of channels that respond to a 

stimulus, different concentrations of steroids are likely to have markedly non-linear 

dose-dependent effects. Moreover, patch-to-patch heterogeneity can be expected to 

obscure any dose-dependency in averaged voltage-clamp data. In our experiments, 

dose-sensitivity was evident in individual patches and in current clamp recordings, 

despite the increasingly negative effects of higher doses seen particularly in averaged 

rat patches.  

Based on comparisons between patches from bovine, rat, and 

hypophysectomized rat chromaffin cells, we suggested that BKi channels tend to have 

a more negative voltage-dependence of activation than BKs channels (Lovell et al., 

2000, Lovell and McCobb, 2001). This must derive in part from the negative shift in 

the voltage-dependence and kinetics of activation conferred by inactivation-conferring 

β subunits (Wallner et al., 1999; Xia et al., 1999; Wang et al., 2002). One consequence 

is that steroid exposure will increase the relative representation of slowly activating, 

and slowly inactivating and non-inactivating channels. This view explains kinetic 

changes seen in many patches (see Figures 2 and 3).  

There may be a closer link between steroid sensitivity and β subunits. Rapid 

effects on isolated patches, and failure of classical GR antagonists to block them, 

suggest a membrane-associated receptor. Steroids can interact with members of 

several super-families of membrane proteins, including G-protein coupled receptors, 

ligand-gated ion channels, and voltage-gated channels (Evans, 2000; Falkenstein et al., 

2000, Wehling, 1999; Moore, 1999; Makara and Haller, 2001). The discovery that 

estradiol modulates smooth muscle BK channel gating by interacting with the Slo β1 
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subunit makes related members of the Slo-β family particularly attractive candidate 

glucocorticoid receptors. 

 

Steroid Effects on Cellular Excitability 

Chromaffin BK channels are very prominent, and contribute heavily to shaping 

intrinsic excitability. Rapid BK activation minimizes action potential duration and 

augments the brief afterhyperpolarization. These effects minimize Na+ channel entry 

into an inactivated state and optimize deinactivation, thus preparing the cell to fire 

again (Figure 4, above; Lovell and McCobb, 2001; Lingle et al., 1996). Our data 

suggest that glucocorticoid augmentation of BK channel activation will increase the 

number of spikes elicited by a wide range of stimulus intensities in vivo, and thus 

augment catecholamine secretion.   

The effect of CORT on BK channel inactivation raises the provocative 

hypothesis that CORT may, under some circumstances, suppress firing. We report 

negative effects of even lower concentrations of CORT or DEX, including 1) 

reduction in the number of action potentials that could be elicited at peak, and 2) 

narrowing of the range of stimulus strengths that effectively elicit spikes.  

The strongest arguments that the aforementioned effects will have 

consequences in vivo come from species comparisons. Both species’ channels are 

heterogeneous, however, 1) rat cells have more inactivating BK channels than their 

bovine equivalents, and 2) rat channels tend to activate at more negative voltages and 

more rapidly at equivalent voltages (Lovell et al., 2000). In the present study, we 

report that rat cells are substantially more effective at repetitive firing. While channels 

other than BK channels probably enter into the species difference, the general picture 

is consistent with the idea that greater ease of activation of rat BK channels outweighs 

the potentially negative effect of easier BK inactivation, in the absence of steroids. 
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However, suppressive effects of steroids on firing were clearly more pronounced in rat 

cells. The maximum number of action potentials that could be elicited was reduced 

more, and reduced by lower concentrations, whereas even 100µm DEX could raise the 

maximal spiking frequency in bovine cells. The range of stimulus strengths that could 

effectively elicit spikes was, though shifted to a lower intensity range, also more 

consistently narrowed in rat cells at all concentrations.  

Are in vivo firing and secretion suppressed at the peak of large episodic swings 

in rat (or bovine) CORT levels, which may exceed 100µM within the rat adrenal 

medulla (Betito, et al, 1992, 1994)? 5- to 10-fold higher levels make suppression more 

likely in rats than cows (el-Nouty et al., 1978; Koehl et al., 1999; Manzanares et al., 

1999; Veissier et al., 1999; Viau et al., 1999). Bovine chromaffin cells generally reside 

lower on the scale of responsiveness, but have more room for increase. Rat cells, 

comparatively speaking, may be on chronic high alert. While speculative, a damping 

effect on potential “runaway firing” may be offered by BK channel inactivation. This 

could serve to pace, or restrain, catecholamine output to protect against too rapid 

exhaustion of stores, especially under intense stress.  

Moderating effects of corticosteroids at high concentrations or stimulus 

intensities are not incompatible with a facilitatory role at lower concentrations or 

stimulus intensities; glucocorticoids could exert important modulatory effects at both 

ends of the firing range. Relative emphasis probably differs between species. From 

another vantage point, the relative lack of inactivation in bovine BK channels allows 

more channels to be open at rest. The low input resistance will then make the cells 

harder to bring to threshold (with the converse true in rat cells). In this context, BK 

channels would be playing an “anti-excitatory” role, and glucocorticoids, by shifting 

inactivation of rat channels in the negative direction, would help ensure that the 

negative effects of BK channels can still be overridden. Roles in threshold regulation 
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of BK or CORT are not necessarily incompatible with  roles in regulation of repetitive 

firing, but would apply in a different range of voltage (or [Ca2+]i).  

It seems likely that HPA-driven diurnal and stress-related increases in CORT 

synthesis will rapidly prime epinephrine-secreting chromaffin cells to respond more 

efficaciously to sympathetic stimulation than they would otherwise. Given the gating 

complexity of BK channels and their relationship to excitability, we suggest that a 

capping or suppressive effect is also likely to accrue in the high end of the response 

range. How moment-to-moment changes in CORT affect cellular excitability and 

catecholamine output in vivo remains an open and challenging question. Species 

comparisons will continue to help elucidate the electrophysiological, molecular, and 

ultimately, the adaptive significance of acute BK channel interactions with stress 

steroids. 
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CHAPTER 3 

β2 AND β4 SUBUNITS OF BK CHANNELS CONFER DIFFERENTIAL 

SENSITIVITY TO ACUTE MODULATION BY STEROID HORMONES* 

 

 Membrane-associated receptors for rapid, steroidal neuromodulation remain 

elusive. Estradiol has been reported to facilitate activation of voltage- and Ca2+-

dependent ‘BK’ potassium channels encoded by Slo, if associated with β1 subunits. 

We demonstrate here that 1) multiple members of the β family confer sensitivity to 

multiple steroids on BK channels, 2) that β subunits differentiate between steroids, 

and 3) that different βs have distinct relative preferences for particular steroids. 

Expressed in HEK 293 cells, inside-out patches with channels composed of Slo-α 

alone showed no steroid sensitivity. Cells expressing αβ4 exhibited potent, rapid, 

reversible, and dose-dependent potentiation by corticosterone (CORT, a 

glucocorticoid), and were potentiated to a lesser degree by other sex and stress 

steroids. In contrast, αβ2 channels were potentiated more strongly by 

dehydroepiandrosterone (DHEA, an enigmatic, stress-related, ‘adrenal androgen’), and 

to a lesser extent by CORT, estradiol, testosterone, and DHEA-S. Cholesterol had no 

effect on any BK channel compositions tested. Conductance-voltage plots of channels 

composed of α plus β2 or β4 subunits were shifted in the negative direction by 

steroids, indicating greater activation at negative voltages. Thus our results argue that 

the variety of Slo-β subunit coexpression patterns occurring in vivo expands the 

repertoire of Slo channel gating in yet another dimension not fully appreciated,  

 
* Used with permission. Originally published as King JT, Lovell PV, Rishniw M Kotlikoff MI, Zeeman 
ML, McCobb DP. β2 and β4 subunits of BK channels confer differential sensitivity to acute modulation 
by steroid hormones. J. Neurophys. 95: 2878-2888, 2006 
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rendering BK gating responsive to dynamic fluctuations in a multiple of steroid 

hormones. 

 

INTRODUCTION 

 While some immediate, non-genomic effects of steroid hormones on 

electrophysiological function have been known for 50 years, many rapid effects are 

still being discovered, as potential players are identified and characterized (Wehling, 

1997; Falkenstein et al., 2000; Makara and Haller, 2001). Ion channels, G-protein-

coupled receptors, phospholipases, and protein kinases are modulated acutely, but 

primary receptors and transducing intermediates are mostly unknown. 

Big-conductance calcium- and voltage-activated potassium (BK) channels are 

prominent in nerve, muscle, endocrine and exocrine cells. Their functions vary widely 

with context. In smooth muscle they counteract depolarization and contraction.  

In presynaptic nerve terminals they can limit secretion by speeding rapid 

repolarization. Rapid repolarization and brief afterhyperpolarization mediated by BK 

current can increase or decrease neuronal repetitive firing rates. These channels can 

also make interesting and sometimes paradoxical contributions to firing patterns, 

affecting threshold, spike frequency adaptation, and burst firing patterns (Brayden and 

Nelson, 1992; Lingle, 1996; Vergara et al., 1998; Fettiplace and Fuchs, 1999; Jin et 

al., 2000; Van Goor et al., 2001; McCobb, 2004). BK channels have a pore formed 

from a tetramer of α-subunits encoded by the Slo gene. β subunits encoded by at least 

4 related genes differentially co-occur with Slo, and have distinctive and sometimes 

dramatic effects on channel gating (Orio et al., 2002). β1, prominent in smooth 

muscle, shifts BK activation to more negative voltages for a given Ca2+ concentration, 

while slowing activation (McManus et al., 1995; Dworetzky et al., 1996). β2 

negatively shifts activation, but also confers rapid inactivation through a ‘ball-and-
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chain’ mechanism (Wallner et al., 1999; Xia et al., 1999; Uebele et al., 2000). One 

splice variant of β3 confers extremely rapid but incomplete inactivation (Xia et al., 

2000). β4, prevalent in brain, increases the steepness of Ca2+ sensitivity and 

dramatically slows activation and deactivation kinetics (Behrens et al., 2000; Brenner 

et al., 2000). Temporal lobe seizures reported in β4 knockout mice show that β4’s 

effects are critical for damping excessive firing frequencies in granule cells of the 

dentate gyrus (Brenner et al., 2005).    

Several steroids modulate BK channels. Estradiol, testosterone, and bile salts, 

(steroidal anions) can relax smooth muscle by potentiating BK channels (Deenadayalu 

et al., 2001; Rosenfeld et al., 2001; Dopico et al., 2002; Salom et al., 2002). We have 

recently shown that adrenal glucocorticoids cortisol and corticosterone (together 

abbreviated CORT), and their synthetic analog dexamethasone, facilitate BK 

activation in adrenal chromaffin cells, promoting rapid action potential repolarization, 

repetitive firing, and presumably augmenting catecholamine secretion under stress 

(Lovell et al., 2004). Similar effects of CORT on pituitary corticotrope- and 

somatotrope-like cell lines have also been reported (Huang et al., 2005). Whether 

CORT modulates BK channels in hippocampus, pituitary, or other native tissues 

controlling stress responses is not yet known. 

DHEA (dehydroepiandrosterone) is another steroid that has been proposed to 

regulate BK channels in vivo. DHEA, with its sulfated form DHEA-S, is the most 

abundant, but perhaps least understood, steroid hormone. Produced in the adrenal 

cortex and elsewhere, including the brain, serum DHEA levels are increased by stress 

in humans (Oberbeck et al., 1998; Kroboth et al., 1999; Zinder and Dar, 1999). An 

age-related decline in serum levels has prompted widespread therapeutic use, despite 

very limited understanding of its natural role(s) or mechanisms of action (Vermeulen, 

1995; Wolkowitz et al., 1997; Allolio and Arlt, 2002). There is evidence for 
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neuroprotective effects of DHEA in hippocampus (Kimonides et al., 1998; Bastianetto 

et al., 1999). DHEA or DHEA-S modulates CNS GABAA receptors and calcium 

channels (Majewska et al., 1990; Ffrench-Mullen and Spence, 1991). Importantly, BK 

channel activation in pulmonary vascular smooth muscle is acutely potentiated by 

DHEA, reducing vasoconstriction under hypoxia (Farrukh et al., 1998; Peng et al., 

1999).  

Coexpression of β1 and Slo in Xenopus oocytes or HEK-293 cells confers both 

estradiol binding and channel facilitation (Valverde et al., 1999; Behrens et al., 2000). 

The response mimics that of BK channels in vascular smooth muscle cells. Here we 

test the possibility that other related β subunits mediate modulation of BK channels by 

other steroids. We report that β4, prominent in hippocampus and other brain regions 

(Brenner et al., 2000), confers particular sensitivity to CORT. On the other hand, 

inactivation-conferring β2, expressed in lung, adrenal medulla, and brain, confers 

preferential sensitivity to DHEA. We submit that distinct, multi-steroidal interaction 

profiles add another nuance to β subunit-related diversification of BK channel 

function in vivo. 

 

MATERIALS AND METHODS 

Plasmid Constructs and Expression 

 A human BK channel α-subunit cDNA (hSlo; accession no. U13913) was 

excised as a HindIII-SalI fragment and cloned into the expression vector pcDNA3.1 

(InVitrogen) under the control of a CMV promoter. The human BK channel β1 

subunit cDNA (accession no. NM004137) was excised with BamHI, and NotI and 

subcloned into pcDNA3.1. The human β2 subunit cDNA (from American Type 

Culture Collection; accession no. AF099137) was excised with HindIII, and XhoI and 

subcloned into pcDNA3.1. β2NI, a non-inactivating β2 mutant lacking the inactivation-
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conferring amino terminal residues FIW in positions 2 - 4 (Xia et al., 2003) was 

created by incorporating a HindIII site followed by an intial methionine and residues 

5-9 into the forward primer, and XhoI in the reverse primer, and amplifying from the 

full length cDNA using a proof-reading polymerase (Pfu). The amplicon was then 

digested with HindIII and XhoI, gel purified and cloned into the corresponding sites in 

pcDNA3.1(+).  Rat β4 subunit was amplified by reverse-transcription PCR from rat 

adrenal RNA, and TA cloned into pCR2.1, excised with HindIII and Xho1, and 

subcloned into pcDNA3.1. Directional orientation and sequence of the inserts was 

determined by DNA sequencing at the BioResource Center (Cornell University). 

 HEK-293 cells (ATCC: CRL-1573) were transiently transfected using 

lipofectamine 2000 (Gibco) following the manufacturer’s protocols. Briefly, HEK 

cells were grown to 70-80% confluency in DMEM (Dulbecco’s modified Eagle 

medium) + 2mM glutamine supplemented with 10% fetal bovine serum. The cells 

were grown at 37°C in a humidified atmosphere of 5% CO2 and 95% air. After DNA-

lipid complexes were allowed to form, cells were transfected with either cDNAs 

encoding Slo-α alone (1 µg DNA) or cotransfected with cDNAs for Slo-α and Slo-β 

subunits in a 1:1 ratio. An additional plasmid containing a modified green fluorescent 

protein (pBFP-N1; Clontech, Palo Alto, CA) was also cotransfected into the cells for 

identification. Cells were plated on 35 mm culture dishes (Falcon) coated with 

collagen (0.53 mg/mL; Vitrogen, Palo Alto, CA) and lifted with a solution containing 

in mM: 0.5 EDTA, 38 sucrose, 34 D-glucose, 156 NaCl, 5 KCl, 4 NaHCO3, 9 HEPES, 

pH 7.2. Transfected cells were patched between 2 and 5 days after re-plating.  

 

Chromaffin Cell Isolation and Culture 

 Rat chromaffin cells were isolated and cultured as described previously (Lovell 

et al., 2000). Briefly, Sprague Dawley rats (Charles River Laboratories, Wilmington, 
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MA) were anesthetized with CO2 and euthanized by cervical spinal dislocation. 

Adrenomedullary tissue was dissected from surrounding cortical tissue, minced, 

washed in sterile saline, and incubated for 60 minutes in collagenase B (Boehringer 

Mannheim, Indianapolis, IN; 1.5 mg/ml; pH 7.0), at 37°C. Tissue was washed in Ca2+- 

and Mg2+-free saline, and incubated for 30 min. at 37°C in trypsin (Gibco; 0.125% in 

Hank’s Ca2+ and Mg2+-free saline). Chromaffin cells were triturated through fire-

polished pipettes and plated in sterile culture medium (Gibco; RPMI 1640 with 10% 

horse serum, 5% fetal calf serum, 2 U/ml penicillin-G, 2 µg/ml streptomycin sulfate, 

100 U/ml nystatin) in glass-bottom dishes coated with Poly-D-Lysine (Sigma, St. 

Louis, MO; 0.01% in ddH2O). Cell cultures were maintained in a 5% CO2 atmosphere 

at 37°C for 1-4 days.  

 

Electrophysiological Methods 

 Single channel and macroscopic currents were recorded in the inside-out 

configuration. Patch electrodes (3-5 MΩ) were pulled from borosilicate glass and 

coated with silicone elastomer (Sylgard 184; Dow Corning, Midland, OH). Data were 

collected using a List EPC-9 patch clamp amplifier (Heka Electronik, Lambrecht, 

Germany) Bessel filtered at 10 kHz, and stored on a Power Macintosh G3 using Pulse 

8.5 software (Heka Electronik, Lambrecht, Germany). Offline analysis was done with 

custom software written for Igor Pro (Wavemetrics, Lake Oswego, OR). 

 Experiments were conducted at 20-22°C. After attaining GΩ seals, calcium-

free saline was perfused on the cell and inside-out patches were pulled. Exchange of 

solutions was accomplished with eight computer-controlled, gravity-fed lines 

converging near the tip of a large perfusion pipette. 

 For inside-out patches, standard patch clamp recording techniques were used. 

HEK cells were typically held at –80 mV and stepped to +80 mV for 450 ms after a 
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prepulse to –140 mV for 450 ms, with a 2 sec interval between sweeps. For the 

determination of the voltage dependence of BK channels, a series of increasing 

voltage steps was applied in 20 mV increments from –140 mV to +140 mV for 350 

ms. For the voltage dependence of inactivation, the steady state current after activation 

was measured by a second voltage step to +80 mV for 350 ms. 

 

Solutions 

 To eliminate a potassium driving force and allow DC offset to be cancelled at 

0 mV, symmetrical K+ solutions were used. The pipette saline and perfusion solutions 

were comprised of (in mM): 160 KCl, 10 HEPES, 1 HEDTA, 0.0375 CaOH, pH was 

adjusted with KOH to 7.2 to make ~500 nM – 1 µM free [Ca2+]. Calculations of free 

[Ca2+] were made through MaxChelator software (WebMaxC v2.10; Bers et al., 1994). 

Zero-Ca2+ solution contained 5 mM EGTA (Sigma). Rodent ringers contained (in 

mM): 145 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, pH 7.2. The osmolarity of all 

solutions before the addition of steroids was measured by dew point osmometry and 

adjusted to 300 ± 10 mosM with ddH20 or NaCl. Steroids were dissolved in 100% 

dimethyl-sulfoxide (DMSO), stored in small aliquots, and added fresh to recording 

salines. DMSO vehicle in the control saline (0.1%, same concentration as steroid 

solution) did not alter BK channel activity. 

 

Data and Statistical Analysis 

Single and multi-channel currents were linear leak subtracted and ensemble 

currents fit using a Levenberg-Marquardt search algorithm to estimate kinetic 

parameters. Percent changes in steroids were measured by comparing the maximum 

peak amplitudes of the current traces before and after treatment with steroid. Ensemble 

currents were usually averages of 15-30 individual current traces taken 30-60 seconds 
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after switching perfusion lines to allow patches to stabilize. Patches where BK current 

was not stable after 3 minutes were excluded from analysis. Patches used in analysis 

showed stable BK currents throughout the experiment (refer to Figs. 2B & 4B). Dose 

response curves were generated with mostly patches exposed to only one 

concentration of steroid. In a few cases, patches were included where complete 

washout was observed following the previous application of a lower concentration of 

steroid. 

The voltage-dependence of activation (G-V) was determined by measuring 

either peak current activation, or peak amplitudes of tail currents, and dividing by the 

respective driving force. Plotted values of conductance (G) as a function of test 

potential (Vm) were fit to a single term Boltzmann function of the form: 

           

    G = Gmax / (1 + exp((Vm - V0.5 )/ s)) 

 

with parameters for maximum conductance (Gmax), voltage of half-activation (V1/2), 

and slope (s; the steepness of the voltage-dependence of activation, in mV/e-fold 

change in voltage). Median peak current amplitudes were compared using the 

Kruskal-Wallis nonparametric test. ANOVA was conducted on rank transformed data. 

Tukey’s  conservative pairwise comparisons, with a family error rate (combined P 

value) of 0.05, were then made to determine which categories differed. Inactivation 

and deactivation time constants, V1/2 measurements, and rat chromaffin cell peak 

current amplitudes were compared using a Student’s T-test (p < 0.05). 

 

RNA Extraction and RT-PCR 

Total RNA was harvested from quick-frozen tissues using the Qiagen RNeasy 

kit. 2 µg RNA was added to each standard 20 µl reverse transcription reaction (Allolio 
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and Arlt, 2002) with Superscript II reverse transcriptase (GibcoBRL) and 10 µM 

oligo-(dT). 1.5 µl of the RT product was transferred to each 30 µl PCR reaction with 

Taq DNA polymerase). Primers for rat β2 (rβ2s 5’ AATCACACTGCTGCGCTCATA 

CAT 3’ and rβ2as 5’ TTCTGTGTGGTAGAGGAGGAGC 3’) gave a predicted 

product of 319bp (accession no. AF209747). Primers for β4 (rβ41s 5’ CGGCTCG 

GCTTGTTCCTCA 3’, rβ42as 5’ GCTGGTGCTGGTCGCTGT 3’) gave a predicted 

product of 265bp (Accession no. AF207992). Following 3 minutes at 95°C, 30 cycles 

were run with 30 s at 95° C and 55° C, and 45 s at 72° C. 6 µl of PCR product was 

then run on a 2% agarose gel. Ethidium bromide stained gels were UV trans-

illuminated and images captured with a Cohu camera and an LG-3 digitizer, controlled 

using modified NIH image software (Scion, Frederick, MD).  

 

RESULTS 

HEK-293 cells were transiently transfected with cDNA plasmids encoding 

hSlo-α alone or in combination with β1, β2, or β4 cDNAs, in addition to GFP. Inside-

out patches were pulled from green-fluorescing cells after 48-72 hours (Fig. 1). 

Representative ensemble-averaged current traces obtained in the presence of 500 nM 

[Ca2+]i show fast activating and deactivating BK current from cells expressing the α 

Slo subunit alone. Ca2+ and voltage-sensitivity and kinetics were altered by 

coexpression with β subunits. Thus β1 and β4 slow the activation and the deactivation 

kinetics of the channel, and rapid inactivation is conferred by coexpression with β2. 

 

β4 Confers Sensitivity to Corticosterone on Slo Channels 

 Inside-out patches with varying numbers of BK channels were pulled from 

HEK 293 cells expressing Slo-α and β4 subunits. In control saline (500 nM [Ca2+]i),  
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Figure 1. Heterologous expression of Slo-α and β subunits in HEK-293 cells. A) HEK 

cells transfected with α and β2 subunits and a modified-GFP protein, viewed under 

bright-field (top panel; scale bar = 50 µm) and fluorescence (bottom). B) Schematic 

representation of the membrane topology of the Slo-α and β-subunits. C) 

Representative current traces from patches containing BK channels with and without 

β-subunits. Currents were elicited by stepping the membrane voltage to +80 mV from 

a prepulse potential of –140 mV in the presence of 500 nM [Ca2+]i. Slo-α subunits 

alone produced fast activating and deactivating outward currents that showed no 

apparent inactivation during the 450 ms voltage-step (top trace). The β1-subunit (αβ1) 

slowed both activation and deactivation kinetics (second trace). Cells expressing αβ2 

subunits conferred rapid and complete inactivation upon BK channels (third trace). 

Currents elicited from αβ4 subunits characteristically activated and deactivated more 

slowly than Slo-α alone (bottom trace). 
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large-conductance (~ 300 pS) openings were often discernible in individual sweeps at 

+80 mV (450 ms duration; Fig. 2A). BK currents were allowed to stabilize for 3-5 

minutes before application of steroid. Ensemble traces best illustrate the average 

relative increase in current amplitude produced by the steroid. Channel opening events 

increased in number within tens of seconds after the application of steroid with 

concentrations as little as 10 nM CORT (Fig. 2B). Though responses at 10 nM were 

not observed for every patch, washoff and repeat application in specific cases provided 

compelling proof of the effect at this low dose. Effects at 100 nM, while still variable, 

were statistically significant on average, as described further below. The potentiation 

did not diminish appreciably with time over 30 minutes or more of continuous 

exposure, and could be at least partially reversed by washout, typically fully at lower 

concentrations. 1 µM CORT had minimal effect on α alone, as detailed below.  

CORT effects could not be explained by a change in single channel 

conductance. Single channel current amplitude at +80 mV in control saline and 1 µM 

CORT averaged 25.2 ± 0.5 pA and 24.4 ± 0.7 pA, respectively (n = 9 each; p = 0.4 

students t-test). Reversibility was observed to be more complete at lower 

concentrations of CORT: at 0.01, 0.1, and 1 µM, cases of complete washout of steroid 

effect (100%) were observed with an average washout of 81.8 ± 8.0% (n = 13), 81.6 ± 

24.9% (n = 7), and 63.7 ± 10.6% (n = 7). At concentrations of 10 and 100 µM CORT, 

an average washout of 53.1 ± 8.6% (n = 12) and 63.0 ± 6.8% (n = 15) was observed. 

To rule out effects of switching between perfusion lines, switches between two lines 

with control saline were performed. This had no significant effect on peak current 

amplitudes (mean change = 1.7 ± 1.2%, n = 16, data not shown).  

CORT was found to increase BK current measured at test potentials of +80 

mV in a roughly dose dependent manner in inside-out patches expressing αβ4 

channels (Fig. 2C). Mean (± SEM) increases in current elicited with steps to +80 mV  
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Figure 2.  Rapid modulation of αβ4 channels by corticosterone. A) In an 

inside-out patch, containing at least 6 channels, BK currents were activated by a test 

pulse to +80 mV from a holding potential of –80 mV. Application of 1 µM 

corticosterone (CORT) to the patch rapidly increased the number of BK channels open 

during successive sweeps. Ensemble averages of 30 such sweeps are shown below. B) 

Timescale plot from an inside-out patch showing the acute potentiation of BK current 

(within 30 seconds) at 10 nM CORT, the reproducibility, and the reversibility of the 

steroid effect. Each point on the time scale represents a running average of 5 trace 

samples. C) Dose-dependent increases are evident in different concentrations of 

CORT covering 6 orders of magnitude (mean ± SEM). Current amplitudes were 

measured from tails at –80 following a test potential of +80 mV. A significant increase 

compared with perfusion of control saline (* p < 0.001, Kruskal-Wallis test) was seen 

at concentrations of 0.01, 0.1, 1, 10 and 100 µM CORT. Effects at 1, 10 and 100 µM 

were significantly greater than at 0.001 and 0.01 µM CORT. 10 µM CORT had a 

significantly greater effect on αβ4 channels than 10 µM cholesterol, a steroid 

precursor (p < 0.05, students t-test, denoted by #). The dose response curve was fit by 

a Hill equation with a Hill coefficient of 1.4, and a half maximal point of 0.182 µM. 

D) Timescale plot from whole-cell patch configuration showing the acute potentiation 

of BK current at 1 µM CORT (left panel). BK current elicited in whole-cell mode by a 

test potential to +80 mV is potentiated after the application of 1 µM CORT (right 

panel). 
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were measured for CORT concentrations covering 6 orders of magnitude. Increases 

were 10.2 ± 5.5 % (n = 10), 20.2 ± 4.3% (n = 21), 38.4 ± 4.9% (n = 15), 88.2 ± 28.2% 

(n = 18), 101.9 ± 38.4% (n = 23), and 88.4 ± 20.0% (n = 21), for 0.001, 0.01, 0.1, 1, 

10, and 100 µM CORT respectively. Responses to 0.01, 0.1, 1, 10, and 100 µM CORT 

were significantly different than switching between control solutions. Additionally, 1, 

10 and 100 µM were significantly different than 0.001 and 0.01 µM CORT (One Way 

ANOVA, F statistic with 6 and 122 degrees of freedom for between treatment and 

within treatment variation, F6,122 = 20.13; p < 0.001, means compared with Tukey’s 

pairwise post-hoc comparisons, family error rate of 0.05). 10 µM cholesterol, a steroid 

precursor, had a significantly smaller effect on αβ4 channels than 10 µM CORT (2.0 ± 

9.3%, n = 5, p < 0.05 students t-test). The dose response curve was fit by a Hill 

equation with a Hill coefficient of 1.4, and a half maximal effect at 182 nM. Under the 

whole-cell recording configuration 1 µM CORT also potentiated αβ4 BK channels 

within seconds of application (Fig. 2D, left panel). In the example shown (Fig. 2D, 

right panel), 1 µM CORT potentiated BK current by 57.3%. In whole-cell mode, the 

average potentiation by 1 µM CORT was 52.3 ± 5.1% (n = 2). 

For a subset of patches, the effects of steroids were tested with a full series of 

test potentials (Fig. 3A), revealing that steroids produce a simple parallel shift of the 

G-V curve in the negative direction. In the example shown in Fig. 3A, 1 µM CORT 

shifted V1/2 by -10.0 mV. On average V1/2 was shifted by –13.0 ± 2.8 mV by 1 µM 

CORT (Fig. 3B, n = 4; note [Ca2+]i = 1 µM in these experiments). The average V1/2 

was significantly different in control conditions than in 1 µM CORT (V1/2 = 83.4 ± 7.3 

mV and 70.4 ± 5.5 mV in control and in 1µM CORT, n = 4 and 4, respectively, p = 

.019, students t-test). At other concentrations, V1/2 was also shifted to more negative 

potentials. At 10 µM and 100 µM CORT (with [Ca2+]i = 500 nM), V1/2 was shifted on 

average by –10.8 ± 0.8 mV and by –17.4 ± 4.1 mV, n = 5 and 4, respectively).  
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Figure 3.  CORT shifts the voltage dependence of activation and slows 

deactivation. A) For patches containing αβ4 channels, test potentials were stepped in 

10 mV increments in control saline and in the presence of 1 µM CORT. Conductance-

voltage (G-V) plots were generated from tail currents, and fit with a Boltzman 

function. In 1 µM CORT a shift of -10 mV was seen for the half activation voltage 

(V1/2) in one particular patch.  B) On average, 1 µM CORT produced a -13.0 mV shift 

in V1/2. Under control conditions, V1/2 (83.4 ± 7.3 mV, n = 4) was significantly 

different than V1/2 in 1 µM CORT (70.4 ± 5.5 mV, n = 4, * p < 0.05, Students t-test). 

C) For a subset of patches, dose response curves showed higher percent increases at 

lower test potentials (+40 mV and +60 mV). When each dose response curve was fit 

with a Hill function (upper left), Hill coefficients were approximately 1.0, and half 

maximal response values ranged from 183 nM to 367 nM. D) Higher concentrations of 

CORT also slowed the deactivation kinetics of αβ4 channels. At a concentration of 1 

µM CORT, the average time constant of deactivation at a test potential of +80 mV was 

increased significantly (p < 0.01, Students t-test). 
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For one set of patches, the effects of CORT were measured at +40, 60, and 80 

mV, and mean percentage increases computed over the 6 orders of concentrations 

(Fig. 3C). Despite wide variation related to the aforementioned complications, mean 

dose responses at +40, 60, and 80 were each fit well by a Hill equation, yielding three 

curves with strikingly similar Hill coefficients of approximately 1.0, and half-maximal 

response values of 183 nM, 278 nM, and 360 nM (for +40, +60, and +80 mV 

respectively). 

CORT also reduced the rate of current deactivation (τdeact estimated by a single 

exponential fit to the tail current). On average, the time constant of deactivation at a 

test potential of +80 mV was increased significantly from 3.3 ± 0.3 ms in control 

saline to 10.6 ± 2 ms in 1 µM CORT (n = 15 and 8, respectively, p = 0.008; Fig. 3D). 

This effect was observed at several CORT concentrations, and several test potentials. 

The dose-response of this effect could also be well approximated by a Hill function 

with a coefficient of 1.0 and a half-maximal point below 500 nM. 

 

β2 Confers Sensitivity to DHEA on Slo Channels 

Inside-out patches with varying numbers of channels were pulled from cells 

expressing Slo α plus β2 subunits. In control saline (500 nM [Ca2+]i), large-

conductance (~260 pS) openings were often discernible in individual sweeps at +80 

mV (450 ms duration) after a brief prepulse to –140 mV to relieve all inactivation 

(Fig. 4A). Ensemble averages of 25 traces show the average relative increase in 

current amplitude produced by the steroid. As with CORT on β4 channels, channel 

openings increased in number within tens of seconds after application of 10 µM 

DHEA (Fig. 4B). Mean responses (± SEM) were measured at concentrations covering 

4 orders of magnitude (Fig. 4C). The average increase at 100 nM DHEA was not 

significant, 7.9 ± 3.6% (n = 7). However, 1 µM DHEA significantly increased current,  
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Figure 4. Rapid modulation of αβ2 channels by dehydroepiandrosterone (DHEA). A) 

In an inside-out patch containing at least 14 channels, steps to +80 mV activates 

rapidly- and completely-inactivating BK channels. Treatment of the patch with 10 µM 

DHEA increased the average number of channels open during successive sweeps. 

Ensemble averages of 25 such sweeps are shown below. B) A timescale plot shows 

that 10 µM DHEA rapidly potentiates BK channel opening within 10 seconds of 

application. Each point on the timescale represents a running average of 3 points. C) 

Exposure of BK channels to DHEA resulted in dose-dependent increases in mean 

current amplitude (± SEM), expressed as a percentage of pretreatment amplitude for 

respective patches. * denotes significant difference from vehicle perfusion 

experiments, # denotes significant difference from 1 µM result shown. (n = 7, 17, 18, 

and 11 for 0.1, 1, 10, and 100 µM DHEA, respectively, p < 0.001). The curve has a 

Hill coefficient of ~1.0 and a half-maximal dose at ~2 µM. D) Representative traces 

from one patch with steps to +40 or +80 mV in the presence of 10 µM DHEA (top 

panel). DHEA shifts the voltage-dependence of BK channel activation and 

inactivation to more negative voltages (bottom panel). Conductance-voltage (G-V) 

plots were generated from traces as in top panel. Steady-state inactivation (H/HMax) 

plots were generated from steps to +80 mV from varying inactivating-prepulse 

voltages of 350 ms duration. E) At lower test potentials, inactivation time constants 

(τi) obtained with single exponential fits were smaller in DHEA than control saline. F) 

The mean time constant of inactivation at +40 mV was significantly decreased by 10 

µM DHEA (n = 6; p = 0.01). G) Traces from a single patch expressing the non-

inactivating mutant form of β2, showing dose-dependent increases in current in 

response to 1, 10, and 100 µM DHEA (left panel). Currents produced by αβ2NI 

channels were potentiated to the same extent by 1, 10, and 100 µM DHEA as αβ2 

channels (no significant difference, right panel). 
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as compared with control saline, by an average of 17.9 ± 4.5% (n = 17). 10 and 100 

µM DHEA increased current by 36.9 ± 6.8% and 42.5 ± 12.2%, respectively (n = 18 

and 11; F4,64 = 19.18; p < 0.001). Responses at 10 and 100 µM were significantly 

greater than at 1 µM, but not significantly different from each other. The dose-

response curve was fit with a Hill equation having a coefficient of 1.03 and a half-

maximal concentration at 2.2 µM. Responses at all concentrations were quite variable 

in size among patches. However, in individual patches, higher concentrations typically 

produced bigger responses (e.g., Fig. 4G).  

Conductance-voltage (G-V) plots were constructed from peak amplitudes of 

currents elicited by an incremental series of depolarizing steps before and after 

application of one or more concentrations of DHEA (Fig. 4D, bottom panel). In the 

example in 4D, 10 µM DHEA shifted V1/2 by -15.1 mV. Similar shifts were seen in an 

additional 5 cases, with an average V1/2 shift of –14.3 ± 3.5 mV. 10 µM DHEA also 

produced a negative shift in the voltage-dependence of steady-state inactivation (Vinact; 

Fig. 4D bottom panel). In this example, Vinact was shifted -13.9 mV. The average shift 

was –10.5 ± 1.9 mV (n = 3). In all patches, DHEA increased the rate of inactivation at 

relatively negative voltages. The rate was sharply voltage-dependent, particularly at 

potentials in the range of +20 to +60 mV (Fig. 4E; τ estimated from a single-

exponential fit to the current decay during steps from the –140 mV prepulse). At +40 

mV, control traces had an average τ of 72.9 ± 3.8 mV, whereas in 10 µM DHEA the 

average was 58.3 ± 1.9 ms (n = 6 patches; p = 0.01, Student’s t-test; Fig. 4F).  

To rule out any possible confounding effects of inactivation on apparent 

steroid sensitivity we removed the inactivation domain. Deletion of the amino terminal 

residues FIW in positions 2 - 4 from the β2 construct as detailed in methods and 

reported previously (Xia et al., 2003) completely eliminated functional inactivation. 

The effects of DHEA on non-inactivating αβ2NI BK current were very similar to those  
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Figure 5. Different β subunits show different sensitivities to steroids. A) At 1 µM 

CORT, BK currents elicited at +80 mV, from αβ4 channels (n = 18) showed 

significantly greater potentiation than currents from αβ2 channels (n = 5) or α 

channels (n = 3). Potentiation of BK current at 10 µM CORT was also significantly 

greater for αβ4 channels (n = 23) than αβ2 (n = 16) and α-only (n = 7, * p < 0.01, 

Kruskal-Wallis test). B)  For 1 µM DHEA, αβ2 channels (n = 12) were more 

responsive than α-only (n = 5) or αβ4 channels (n = 6, αβ2 and αβ4 differed 

significantly, * p < 0.05).  αβ2 channels (n = 19) were significantly more sensitive to 

10 µM DHEA than α-only (n = 12) and αβ4 (n = 15, * p < 0.001, Kruskal-Wallis 

test). 
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seen with the fully intact β2 construct (Fig. 4G). From inside-out patches, at 1 µM 

DHEA, peak current at +80 mV was increased by 17.9 ± 4.5% (n = 17) for αβ2 

channels, and 21.9 ± 6.3% (n = 12) for αβ2NI channels (p = 0.60, Students t-test). At 

10 µM DHEA, peak current was increased by 37.0 ± 6.8% (n = 13) for αβ2 channels, 

and 29.8 ± 14.2% (n = 7) for αβ2NI channels (p = 0.61, Students t-test). At 100 µM 

DHEA peak current was increased by 42.5 ± 12.2% (n = 8) for αβ2 channels, and 45.7 

± 27.1% (n = 7) for αβ2NI channels (p = 0.91, Students t-test). 

 

β Subunits Confer Distinct Steroid Sensitivities 

 Steroid responses were different for different channel subunit compositions. 

With a test potential of +80 mV, the application of 1 or 10 µM CORT on HEK cells 

expressing only the Slo-α subunit had little effect on BK currents. On average, 1 or 10 

µM CORT altered current amplitude in α channels by 14.3 ± 3.2% and 12.4 ± 9.8% 

and (n = 3 and 7, respectively). αβ2 channels (both the full construct and non-

inactivating construct) were typically potentiated by 1 and 10 µM CORT (0.2 ± 5.5%, 

n = 5 and 17.6 ± 4.8%, n = 16, respectively), but to a lesser extent than αβ4 channels 

(88.2 ± 28.2 %, n = 18 for 1 µM CORT, and 101.9 ± 38.4%, n = 23 for 10 µM CORT, 

Fig. 5A). Cells expressing αβ4 channels were significantly more responsive to 1 µM 

CORT than α-only or αβ2 channels (F2,23 = 16.46, p < 0.01). At 10 µM CORT αβ4 

channels responded significantly more than αβ2 or α−only channels (F2,43 = 8.21, p < 

0.01, Fig. 5A). The application of 1 or 10 µM DHEA also had little effect on α 

channels, current was altered by 4.6 ± 6.2% (n = 5) for 1 µM DHEA, and -2.1 ± 8.8% 

(n = 12) for 10 µM DHEA (Fig. 5B). Patches expressing αβ2 channels were 

potentiated to a greater extent by 1 or 10 µM DHEA (22.2 ± 6.2%, n = 12, and 36.3 ± 

6.5%, n = 19, respectively) than patches expressing αβ4 channels (-6.5 ± 16.5%, n = 6 

for 1 µM DHEA, and 9.6 ± 10.4%, n = 15 for 10 µM DHEA, Fig. 5B). At 1 µM  
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Figure 6. Multiple steroids modulate Slo αβ2 and αβ4 channels. A) Flow chart 

illustrating the synthesis relationships between steroids used in this study. B) Bar 

graphs of cells expressing αβ2 or αβ4 channels, showing mean (± SEM) peak current 

amplitudes expressed as a percentage of pretreatment amplitudes, after exposure to 10 

µM steroid. (n shown in parentheses, * denotes significant difference from responses 

to control saline, # denotes significant difference from cholesterol, ** denotes 

significant difference from cholesterol and DHEA, p < 0.001, Kruskal Wallis test). 
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DHEA, αβ2 channels were significantly more sensitive to DHEA than αβ4 channels 

(F2,20 = 4.82, p < 0.05). At 10 µM DHEA αβ2 channels responded significantly more 

than αβ4 or α−only channels (F2,43 = 12.71, p < 0.01, Fig. 5B).  

 

β2 and β4 Confer Sensitivity to Multiple Steroids 

 We examined the possibility that several other related steroids might also 

modulate BK channels (Fig. 6A). For αβ2 channels, mean percentage increases in 

peak current amplitude at 10 µM were 5.3 ± 2.5% for cholesterol, 36.3 ± 6.5% for 

DHEA, 18.2 ± 4.9% for DHEA-S, 17.6 ± 4.8% for corticosterone, 5.6 ± 8.9% for 

androstenedione, 19.9 ± 9.5% for testosterone, and 29.6 ± 5.1% for 17β-estradiol (Fig. 

6B top panel; n = 5, 19, 14, 16, 3, 6, and 6 patches, respectively). Effects of DHEA, 

CORT, and estradiol were significantly different from control saline. In addition, the 

effects of DHEA and estradiol were significantly different than cholesterol (F7,73 = 

6.42; p < 0.001).  For αβ4 channels, mean percentage increases in 10 µM steroid were 

2.0 ± 9.3% for cholesterol, 9.6 ± 10.4% for DHEA, 17.7 ± 4.9% for DHEA-S, 101.9 ± 

38.4% for corticosterone, 18.1 ± 4.3% for progesterone, 30.9 ± 8.3% for testosterone, 

and 40.6 ± 3.2% for 17β-estradiol (Fig. 6B bottom panel; n = 5, 15, 9, 23, 11, 8, and 7 

patches, respectively). Effects of CORT, testosterone, and estradiol were significantly 

different from control saline, effects of DHEA and CORT were significantly different 

from each other, and effects of estradiol and CORT were significantly different from 

10 µM cholesterol (F7,82 = 7.89; p < 0.001).  

 

CORT and DHEA Affect Chromaffin Cell BK Channels 

 We have recently shown that glucocorticoids modulate BK gating and 

chromaffin cell excitability in rat and bovine chromaffin cells (Lovell et al., 2004). 

The gating effects of CORT and DHEA on heterologously expressed channels  
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Figure 7. Voltage-dependent activation of native BK channels in chromaffin cells is 

potentiated by 10 µM CORT and 10 µM DHEA. BK currents were elicited by voltage 

steps to +80 mV in the presence of 500 nM [Ca2+]i. A) Current from a bovine 

chromaffin cell was increased by 103.2% by 10 µM CORT in the example shown, and 

by an average of 48.5 ± 10.8% (n = 6) (top panel). 10 µM DHEA potentiated BK 

current from rat chromaffin cells by 40.2% in the example shown, and by an average 

of 42.5 ± 13.2% (n = 6, bottom panel). B) RT-PCR analysis reveals robust expression 

of β2 and β4 subunit mRNA in rat adrenal medulla. β2 and β4 were both expressed in 

hippocampus. β2 was expressed primarily in the posterior pituitary; weak expression 

in anterior pituitary may reflect imperfect separation from posterior pituitary, however 

the assay is not quantitatively accurate. β4 expressed strongly in anterior pituitary. The 

results are representative of tissue samples from at least 4 rats. 
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described above are very similar. Inside-out patches were pulled from bovine 

chromaffin cells and stepped from –80 mV to +80 mV. BK currents were recorded 

before and after application of 10 µM CORT (Fig. 7A). 10 µM CORT caused a rapid 

increase in BK current, in the trace shown, a 103.2% increase. An average increase (± 

SEM) of 48.5 ± 10.8% was observed in 5 additional patches. While full 

characterization of net effects of DHEA on native channel gating, and its 

consequences, remain to be investigated, we have made an initial test to determine 

whether DHEA has any effect on rat chromaffin BK channels. In this study, 

complications from inactivation were minimized by stepping for 450 ms to –140 mV 

prior to the test step to +80 mV, as was done with HEK-293 patches. The magnitude 

of ensemble current from inside-out patches from dissociated cells was robustly 

increased by DHEA. Peak current in this case (Fig. 7A; bottom panel) was increased 

by 40.2%. Current was increased similarly in 6 of 6 patches (mean increase of 42.5 ± 

13.2%). Both inactivating and sustained components of the current were increased 

similarly, compared to control experiments where patches were reperfused with 

control saline (p < 0.05, Student’s t-test).  

 RT-PCR primers were used to test for expression of Slo β2 and β4 mRNA in 

adrenal medulla and a small sample of other tissues. Both were robustly represented in 

RNA acutely extracted from medullary tissue (Fig. 7B). Both were expressed in 

hippocampus and both anterior and posterior pituitary, though β2 signal was weak in 

anterior pituitary, possibly reflecting contamination from posterior tissue. As 

discussed below, the results are consistent with the hypothesis that these β subunits 

participate in transducing DHEA responses of native chromaffin BK channels.  
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DISCUSSION 

 Our findings, taken with the observations that estradiol interacts with β1 and 

β4 subunits to potentiate BK channel gating (Valverde et al., 1999; Behrens et al., 

2000; Dick and Sanders, 2001), suggest that all products of the family of mammalian 

Slo-β subunit genes should be considered candidate receptors for rapid BK modulation 

by multiple steroids. We show that physiologically relevant concentrations of 

corticosterone facilitate gating of BK channels in HEK-293 cells comprised of α plus 

β4 subunits, acting within tens of seconds of application to cell-free inside-out 

patches, and under whole-cell conditions. CORT acts in a rapid and reversible manner, 

ruling out transcriptional mechanisms. Its effects were dose-dependent, and consistent 

with a Hill coefficient of approximately 1.0 (no co-operativity between effector sites) 

and a half-maximal dose below 400 nM. Percentage increases in current amplitude 

depend on test potential, reflecting the fact that CORT acts primarily by shifting the 

voltage-dependence of gating in the negative direction, under conditions of constant 

[Ca2+]i. CORT’s effects on αβ4 channels were significantly different than on BK 

channels with αβ2-encoded subunits, demonstrating that β subunits differentiate 

between steroids. The difference was not an artifact of αβ2 channel inactivation; a 

non-inactivating mutant β2 also conferred only weak sensitivity to CORT. While αβ2 

channels did not respond as strongly to any of the steroids yet tested, robust, rapid, and 

dose-dependent potentiation was elicited by exposure to DHEA, an androgen-related 

steroid produced in large quantities by the adrenal cortex. The DHEA sensitivity 

conferred by αβ2 was significantly greater than that conferred by αβ4. Both channel 

types showed modest potentiation by several other steroids, as tested with test 

potentials of +80 mV, but no response to the common precursor steroid cholesterol. 

BK channels comprised of only α subunits were completely insensitive to any steroids 

at all levels tested. 
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The results indicate that the previously known modifying effects of the various 

β subunits on BK gating seen in the absence of steroids must represent only part of 

their biological significance; the shared ability of β subunits to confer sensitivity to 

changes in steroid concentrations broadens their potential relevance to cellular 

excitability in many contexts. Moreover, while β subunits tend to react to more than 

one steroid, they clearly discriminate between steroids; different members of the 

family confer distinct profiles of relative affinity for specific steroids. This 

heterogeneity implies a greater dynamic repertoire of BK functional nuances than 

previously postulated, warranting further investigation in vivo. 

 Increasing concentrations of CORT (from 10-9 to 10-4 M) and DHEA (from 10-7 

to 10-4 M) had progressively stronger effects, suggesting a wide dynamic range of 

steroid modulation, encompassing physiologically relevant concentrations, as 

discussed below. Nevertheless, variability in the percentage increase in current was 

substantial at all concentrations. Some of this can be attributed to the stochastic nature 

of BK channel activity, given their relatively small number in patches and large unit-

conductance, and the irregular bursting and mode-shifting behaviors for which BK 

channels are known. Variation in steroid sensitivity per se also probably arises from 

variation in the number of β subunits associated with each Slo-α tetramer (1 to 4); 

variation in this stoichiometry is suggested by variation in the kinetics of inactivation, 

a property also conferred by β2 (Wang et al., 2002). We observed a modest positive 

correlation between the DHEA effect and the rate of inactivation (reciprocal of the 

inactivation time constant). Additional heterogeneity almost certainly derives from 

unknowns in both α and β functional status, including phosphorylation, glycosylation, 

redox state, and accessory protein associations (Gong et al., 2000; Tang et al., 2001; 

Jin et al., 2002a; Jin et al., 2002b; McCobb, 2004).  
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 Previous research has shown that BK channel activation by DHEA or 

estrogens was not mediated by the production of cAMP and cGMP, or by the 

activation of cyclic nucleotide dependent protein kinases (Farrukh et al., 1998; Peng et 

al., 1999; Dick and Sanders, 2001). The demonstration that expression of β1 by itself 

confers estradiol binding on either oocytes or HEK-293 cells argued that estradiol-

binding capacity is inherent in the β structure (Valverde et al., 1999). Most of our 

experiments were conducted on inside-out patches (to control [Ca2+]i), steroids are 

highly lipophilic and can easily pass through the membrane. However, application of 

CORT to the outside of the cell in whole-cell experiments also resulted in rapid 

potentiation of αβ4 BK channels. Thus our results are not inconsistent with action at 

binding sites in extracellular domains of the β-subunits, as has been suggested for 

estradiol, xenoestrogens, and fatty acids (Valverde et al., 1999; Dick et al., 2001; 

Clarke et al., 2002). However the steroids could also act at a site that depends on the 

presence of both α and β (Korovkina et al., 2004), or to an intermediate membrane 

protein that interacts with the β subunit to confer a conformational change in the 

channel (Dick and Sanders, 2001). To formally eliminate the possibility that the 

subunit induces a steroid binding capacity that is extrinsic to the subunit itself, direct 

binding of steroids to purified β subunits must be demonstrated. The observation that 

similar but distinct binding-specificities to multiple steroids are conferred by different 

β’s, which have 21-43% amino acid identity (Wallner et al., 1999; Xia et al., 1999; 

Behrens et al., 2000; Brenner et al., 2000; Uebele et al., 2000), further supports the 

idea that binding per se is inherent in the subunits. Several segments of conserved 

residues interspersed with numerous non-conserved regions in the extracellular 

domains of the β2 and β4 subunits could be responsible for overlapping but distinct 

steroid sensitivities. Cross-comparisons and targeted mutagenesis experiments with  
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these gene products should elucidate relationships between steroid and protein 

structural and functional interactions.  

  The proximity of chromaffin cells to the source of adrenal steroid synthesis 

exposes them to at least episodic pulses of steroids at much higher concentrations than 

in systemic blood. Systemic CORT levels may not greatly exceed 1 µM, but adrenal 

blood concentrations may reach concentrations as high as 100 µM (Betito et al., 1992; 

Betito et al., 1994). Androgen levels in adrenal blood are not known, but systemic 

DHEA and DHEA-S levels are on the order of 10 nM and 10 µM, respectively 

(Baulieu, 1996). BK channels shape the intrinsic excitability of chromaffin cells, 

particularly repetitive firing properties, and thus shape catecholamine secretory 

responses to input (Lingle, 1996; Lovell and McCobb, 2001; Lovell et al., 2004). In 

addition to data presented here, molecular and functional expression studies suggest 

that β2 (Solaro and Lingle, 1992; Xia et al., 1999; Behrens et al., 2000; Ding and 

Lingle, 2002) and β4 (Behrens et al., 2000; Brenner et al., 2000) are expressed in 

chromaffin cells. Channel inactivation very similar to that conferred by β2 is seen in 

both rat and bovine cells, though viewed across the respective chromaffin populations, 

there are striking species differences (Lovell et al., 2000). Thus inactivation is more 

common, and tends to be faster and more complete in rat than bovine cells. We 

hypothesize that β2 and β4 subunits constitute at least part of the mechanism for both 

DHEA and corticosterone effects on chromaffin BK channels (Lovell et al., 2004). It 

seems probable that differential expression within one gland, between individuals, and 

between species, also confers differential stress-related tuning on cell excitability.  

DHEA (50 µM) acutely facilitates BK channel activation in patches from ferret 

pulmonary vascular smooth muscle cells by shifting the voltage-dependence of 

activation 20-25 mV in the negative direction (Farrukh et al., 1998; Peng et al., 1999). 

In addition to β1, β2 is strongly expressed in rat lung, if perhaps less strongly in 
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human (Wallner et al., 1999; Xia et al., 1999; Behrens et al., 2000). β4 is apparently 

expressed in human lung as well (Behrens et al., 2000). Given the similarities between 

the ferret lung and our patch clamp results, we postulate that β2 and/or β4 are 

involved, and speculate that stress-evoked rises in DHEA promote vasodilation to 

facilitate oxygen uptake.  

Roles played by glucocorticoids in stress responses have been studied in some 

detail. The ability of CORT to both, reduce neuronal firing rate in celiac ganglion 

cells, and enhance firing rate in cardiovascular neurons located in the rostral 

ventrolateral medulla (Hua and Chen, 1989; Rong et al., 1999) demonstrates the 

importance of rapid steroid modulation in neuronal excitability. Most recently, the 

acute application of dexamethasone has been shown to increase BK channel activity in 

pituitary GH3 and AtT-20 cells, and reduce the firing of action potentials in GH3 cells 

(Huang et al., 2005). However, rapid modulation of BK channels and repetitive firing 

properties of adrenomedullary chromaffin cell by steroids synthesized in the adrenal 

cortex had not been considered until recently (Lovell et al., 2004). The “strategic” 

significance of DHEA and adrenal androgens in relation to stress responses or other 

aspects of physiology remains enigmatic. Chronic effects of DHEA on alternative 

splicing of the Slo-α subunit at the ‘STREX’ site in chromaffin cells were recently 

reported to be directly opposite those of glucocorticoids (Lai and McCobb, 2002). In 

contrast, acute effects of the two classes of steroids on BK gating appear to run in 

parallel (Lovell et al., 2004). This sort of multidimensional complexity of steroid 

functionality (elegantly reviewed by Sapolsky et al., 2000) ultimately bears on the 

complexities of organismal survival. Differential expression of Slo-β subunits has 

already been suggested to spawn species-differences in nuanced BK gating and cell 

excitability (Solaro et al., 1995; Lovell et al., 2000; Wang et al., 2002). We suggest 

that differences in the multi-steroidal sensitivity conferred by the β variants allow for 
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the fine tuning of BK dynamics by different steroids, and provide yet another level of 

flexibility to the coupling between excitatory input to the adrenal medulla and 

catecholamine output.  
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CHAPTER 4 

CHARACTERIZATION AND MODULATION OF K+ CHANNELS IN ANTERIOR 

PITUITARY CORTICOTROPES  

 

 The secretion of ACTH from anterior pituitary corticotropes is a vital step in 

the activation of the stress response. Potassium ion channels are key determinants of 

cellular excitability and secretion in neuroendocrine cells. Here we report the first 

characterization of BK channels from identified “real” anterior pituitary corticotropes. 

Perforated patch, whole cell and inside out patch experiments with specific ion 

channel blockers reveal BK channels (with conductance of ~300 pS) as the prominent 

voltage- gated K+ channel, accounting for over 50% of the peak outward K+ current. 

Other Ca2+ sensitive K+ channels, including SK and IK channels, were also detected. 

Corticotrope electrical excitability was also examined in this study. Spontaneous 

plateau bursting action potentials were observed in the majority of corticotropes 

tested. Application of TEA or paxilline altered the firing of patterns of corticotropes, 

implicating BK channels as important regulators of excitability. Burst duration was 

increased with the application of the secretagogue CRH and the stress steroid 

corticosterone. The modulation of K+ channels in corticotropes could elucidate their 

role in the regulation of the stress response.  

 

INTRODUCTION 

 An overactive stress response has detrimental consequences on physical and 

mental health in our society. The hypothalamic pituitary adrenal (HPA) – axis directs 

the body’s response to external stressors. Corticotrope cells in the anterior pituitary are 

central players in the feed-forward and feedback networks that regulate the magnitude 

and duration of the stress response. They secrete adrenocorticotropic hormone 
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(ACTH) in response to corticotropin releasing hormone (CRH) produced by the 

hypothalamus. ACTH triggers the release of stress steroids (cortisol in humans and 

corticosterone in rodents, together abbreviated CORT) from the adrenal cortex. 

Extensive research in corticotrope-like cells has examined the biochemistry and 

regulation of ACTH release. CRH stimulates ACTH release through mechanistic steps 

including: stimulating adenylate cyclase, activating protein kinase A, depolarizing 

membrane potential increasing action potential firing, and increasing [Ca2+]i (Labrie et 

al., 1982; Aguilera et al., 1983; Abou-Samra et al., 1987; Childs et al., 1987; 

Guerineau et al., 1991; Kuryshev et al., 1996). However, the electrophysiological 

characterization of corticotropes remains incomplete. Corticotropes comprise about 

10-15% of the cells in the anterior pituitary (Horvath and Kovacs, 1994). Selection 

and sorting of corticotropes can be achieved through a complex counter flow 

centrifugation method (Childs et al., 1988). Such difficulty in isolating pituitary cell 

types has lead the majority of corticotrope research to focus on the mouse pituitary 

tumor AtT20 cell line (Woods et al., 1992). Determining the ionic currents present in 

non-tumor corticotropes is key for understanding the role of excitability in regulating 

ACTH secretion.  

Large conductance Ca2+ and voltage activated potassium (BK) channels are 

prominent players in neuroendocrine cellular excitability (Solaro et al., 1995; Vergara 

et al., 1998; Lovell et al., 2000). Their large single channel conductance allows for 

rapid repolarization and brief afterhyperpolarization of the membrane potential. BK 

channels have been examined in cultured anterior pituitary cells, such as 

melanotropes, somatotropes, gonadotropes and lactotropes (Kehl and Wong, 1996; 

Van Goor et al., 2001a; Van Goor et al., 2001b) but not in cultured corticotropes. The 

majority of information regarding BK channels in corticotropes stems from the AtT20 

cell line (Woods et al., 1992). In AtT20 cells, BK channels participate in the 
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regulation of ACTH release by glucocorticoids (Shipston et al., 1996; Lim et al., 

1998). Furthermore, the steroid dexamethasone (a synthetic glucocorticoid) regulates 

the phosphorylation of BK channels present in AtT20 cells (Shipston et al., 1996) 

(Tian et al., 1998) (Shipston et al., 1999) (Tian et al., 2001). BK channels are 

important regulators of cellular excitability and their characterization in corticotropes 

could further elucidate their importance in the stress response. 

 Corticotropes are capable of firing action potentials (Guerineau et al., 1991), 

but their excitability has not been aggressively studied in vitro. The majority of 

research has focused on the firing properties of other cells located in the anterior 

pituitary (i.e. gonadotropes, somatotropes, and lactotropes). Anterior pituitary cells 

can fire tall single action potential spikes and plateau bursts of action potentials. BK 

channels in somatotropes contribute to the spontaneous plateau bursting activity by 

limiting the activity of delayed rectifier K+ channels. Gonadotropes predominately fire 

tall single action potentials due to a low expression of BK channels, but are capable of 

firing plateau bursts through the activation of SK channels (Van Goor et al., 2001a; 

Stojilkovic et al., 2005). It is thought that plateau bursting controls hormone secretion 

in anterior pituitary cells. Whether BK channels also contribute to cellular excitability 

in corticotropes has not been explored. To address the issues of excitability and the 

presence of various K+ channels we have used a transgenic mouse line with GFP 

labeled corticotropes to facilitate the first characterization of “real” non-tumor 

corticotropes. 

In the present study, we determined the types of different K+ channels present 

in corticotrope membranes by using the K+ channel blockers, 4-aminopyridine, 

clotrimazole, TRAM-34, paxilline, and apamin. We found that the Ca2+ sensitive K+ 

channels BK, SK and IK channels are present in corticotropes, with BK channels 
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being the most prominant. Additionally we examined corticotrope excitability and the 

role that BK channels play in shaping the firing properties of corticotropes. 

 

MATERIALS AND METHODS 

Corticotrope Isolation and Cell Culture 

 Corticotropes were isolated and cultured from transgenic POMC-GFP 

C57/BL6 mice (courtesy of Jeff Friedman, Rockefeller University). Transgenic mice 

were generated by using a bacterial artificial chromosome expressing topaz GFP under 

the transcriptional control of POMC 5’regulatory gene sequence (Pinto et al., 2004). 

Mice were anesthetized with CO2 and sacrificed by cervical spinal dislocation. The 

anterior lobes of the pituitary gland were removed from the whole pituitary, minced 

and placed in a solution of Locke’s buffer (in mM: 154 NaCl, 5.6 KCl, 5 HEPES, 3.6 

NaHCO3, and 5.6 glucose, at pH 7.4) with collagenase B (1.5 mg/ml; Boehringer 

Mannheim, Indianapolis, IN) and incubated at 37°C with gentle agitation. After 10 

minutes the tissue was washed several times in Locke’s buffer, transferred to a 

Locke’s solution with DNAse (1 mg/ml; Sigma, St. Louis, MO), and incubated for an 

additional 5 minutes at 37°C. Pituitaries were then triturated through fire polished 

pipettes and plated on 0.02% poly-D-lysine coated glass cover-slips. Cultures were 

maintained in a humidified 5% CO2 incubator at 37°C in sterile culture medium 

(Gibco; DMEM with 10% FBS, 2 U/ml penicillin-G, 2 µg/ml streptomycin sulfate). 

Cells were used between 1-5 days in culture. 

 

Immunocytochemistry 

 Dissociated corticotropes were washed several times in a PBS solution 

containing bovine serum albumin (BSA; 0.1% Life Technologies) and fixed in 4% 

paraformaldehyde solution (PFA: 4% in PBS) for 60 min at room temperature. Cells 
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were washed a second time in PBS-BSA and permeabilized with a Triton X-100 

solution (0.2% Triton X-100 in PBS; Fisher Scientific) for 10 min at room 

temperature. Cells were then incubated overnight with a primary antibody directed 

against ACTH (1:1000 dilution in PBS-BSA). The next day, corticotrope cultures 

were washed several times with PBS and incubated for 60 min with fluorophore 

conjugated Texas Red (1:1000 dilution in PBS, Vector Laboratories, Burlingame, CA) 

and anti-GFP Alexa Fluor 488 conjugated (1:500 dilution in PBS, Invitrogen) 

secondary antibodies. Images were captured with MetaMorph (MDS, Toronto, CA) at 

the Cornell Microscopy and Imaging Facility, and further processed by ImageJ (NIH, 

Bethesda, Md) (Abramoff et al., 2004). 

 

Electrophysiology 

 Electrophysiological measurements were carried out in inside-out, perforated 

patch, or whole cell configurations using standard patch clamp techniques (Hamill et 

al., 1981). Patch electrodes (3-5 MΩ) were pulled from borosilicate glass (World 

Precision Instruments, Sarasota, Fl) and coated with silicone elastomer (Sylgard 184, 

Dow Corning, Midland, OH). Data were collected using a List EPC-9 patch clamp 

amplifier (Heka Electronik, Lambrecht, Germany), Bessel filtered at 10 kHz and 

stored on a Power Macintosh G3 using Pulse 8.5 software (Heka Electronik, 

Lambrecht, Germany). Offline analysis was conducted with custom software written 

for Igor Pro (Wavemetrics, Lake Oswego, OR). 

 Experiments were conducted at 20-22°C. For inside-out patches, after attaining 

a gigaohm seal, calcium free saline was perfused on the cell and inside-out patches 

were pulled. For perforated patch recordings, a series resistance < 40 MΩ was reached 

within 10-30 min after formation of a gigaohm seal (seal resistace > 2 GΩ) and 

remained stable for up to 1 hour. For some cells, a small holding current was used to 
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maintain cell resting potentials between -60 and -65 mV. For measurements of 

electrical activity, most cells were not injected with any depolarizing current and fired 

spontaneous action potentials. Some cells required a series of 2 sec depolarizing 

current pulses of increasing strength to elicit spikes or plateau bursting.  An average 

membrane capacitance (Cm) of 9.6 ± 0.7 pF was recorded for corticotropes. Solution 

exchange was achieved through five computer controlled, gravity-fed lines converging 

near the tip of a large perfusion pipette. Corticotropes were typically held at -60 mV 

and stepped to +60 mV for 450 ms after a prepulse to -140 mV for 200 ms, with 8 s 

intervals between sweeps. For the determination of the voltage dependence of K+ 

channels, a series of increasing voltage steps was applied in 10 mV increments from    

-140 to +100 mV. For the voltage dependence of inactivation, the steady state current 

after activation was determined by a two pulse protocol consisting of a series of 

increasing voltage steps applied in 10 mV increments from -140 to 100 mV followed 

by another voltage step to +80 mV for 350 ms. 

 

Solutions 

 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). For 

experiments in the perforated patch and whole cell mode, the pipette solution 

contained (in mM): 140 KCl, 10 HEPES, 10 EGTA, 5MgCl, pH 7.4. The bath solution 

contained (in mM): 145 NaCl, 5 KCl, 2 CaCl2, 1 MgCl, 10 HEPES, pH 7.2. To obtain 

perforated patches, the tips of each electrode were backfilled with pipette solution, and 
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then the barrel was filled with a previously prepared solution containing 20 µl of fresh 

stock amphotericin B (6 mg/100 µl DMSO; Sigma) and 20 µl of stock Pluronic acid F-

127 (2.5 mg/ 100 µl DMSO; Sigma), and 3 ml of pipette recording saline. Pipette 

solution containing amphotericin B was refreshed every hour. For all pharmacology 

experiments, drugs were diluted from a stock solution and added to bath perfused 

saline. Paxilline (pax), apamin, clotrimazole, 4-aminopyridine (4-AP), and 

tetraethylammonium (TEA) were all purchased from Sigma, and dissolved in 100% 

DMSO (for paxilline and clotrimazole) or saline solution (for 4-AP, TEA and 

apamin), made into stock solutions (10 mM for paxilline, clotrimazole, 4-AP, and 

TEA, and 500 µM for apamin) and stored at -20°C until the day of experiment. The 

inclusion of the vehicle DMSO did not alter K+ channel activity. The osmolarity of the 

saline solutions was measured by a dew point osmometer and adjusted to 300 OsmM.  

  

Data and Analysis 

 Potassium currents were linear leak subtracted using a Levenberg-Marquardt 

search algorithm to estimate kinetic parameters. Percent block by various drugs was 

measured by comparing the maximum peak amplitudes (or the sustained current 

amplitudes at the end of the voltage step) before and after drug treatment. Data are 

presented as the mean ± SEM. The voltage dependence of activation (G-V) and 

voltage dependence of steady state inactivation (Hinf) were determined by measuring 

peak current and dividing by the respective driving force. Plotted values of 

conductance (G) as a function of test potential (Vm,)  or steady state inactivation (Hinf) 

as a function of test potential (Vm,)  were fit to a single Boltzmann function of the 

form: 

 

GVm = Gmax / (1 + exp((Vm – V1/2 )/ s) 
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with parameters for maximum conductance (Gmax), voltage of half activation (V1/2), 

and slope (s; the steepness of the voltage dependence of activation, in mV/e-fold 

change in voltage).  

For voltage clamp experiments, ensemble currents were generated from 

averages of 10-15 individual traces.  For current clamp experiments, burst duration 

was calculated as the length of time that a burst lasted at a given threshold (-50 mV or 

55 mV). Instantaneous frequency was calculated as the reciprocal of the interburst 

interval (time between the start of each burst at a given threshold). Sliding box running 

averages were calculated for 5 individual points over the duration of the trace. 

 

RESULTS 

 Anterior pituitary corticotropes were isolated from POMC-GFP transgenic 

mice, and subsequent experiments were conducted on green-fluorescing cells. Post 

translational processing of the POMC protein yields different hormones ACTH, α-

melanocyte stimulating hormone (αMSH), endorphins, and lipotrophin (Jacobson and 

Drouin, 1994). Antibody staining revealed that most cells (~95%) expressing GFP 

predominately express ACTH. Figure 1A is a brightfield micrograph showing 

dissociated anterior pituitary cells. Localization of ACTH and GFP was accomplished 

by fluorescent labeling of ACTH with mouse anti-ACTH and labeling of GFP was 

achieved with Anti-GFP alexa 488. Fig. 1B show GFP staining in green, and Fig. 1C 

show ACTH staining after using primary antibody anti-ACTH and secondary antibody 

anti mouse Texas Red. A merged image of both the green and red channels is shown 

in Fig 1D.    
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Figure 1. Primary cultures of non-tumor anterior pituitary corticotropes from POMC-

GFP transgenic mice. A) Dissociated anterior pituitary cells viewed under bright-field 

optics. B) Immunoflourescence image of pituitary cells stained with Anti-GFP Alexa 

488. C) Pituitary cells stained for the corticotrope secreting hormone ACTH. D) 

Merged immunoflourescent image overlaying the GFP positive and ACTH positive 

cells. 
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BK Channels are Prominent in Corticotropes 

 Perforated patch and whole cell recordings conducted on green-fluorescing 

pituitary corticotropes revealed that K+ channels sensitive to the toxin paxilline 

represented the most prominent K+ channel. Outward K+ currents were elicited by a 

series of voltage steps from a holding potential of -60 mV to +100 mV in 10mV 

increments (Fig. 2A- left panel). Bath application of the BK channel blocker paxilline 

(10 µM) (Knaus et al., 1994; Sanchez and McManus, 1996) reduced K+ currents 

substantially (Fig. 2A- right panel). A single voltage step to +60 mV from a holding 

potential of -60 mV was used to characterize the contribution of BK channels to the 

overall K+ current. Subtracting the paxilline sensitive current from the overall K+ 

current revealed the BK current present in corticotropes (Fig. 2B). The average 

percent block of total K+ current by paxilline was 54.9 ± 5.8% (n = 9) measured from 

the peak amplitude, and 71.2 ± 5.0 % for the sustained current component (n = 9, Fig. 

2C). For a subset of corticotropes, the current was measured with a full series of test 

potentials from -60 mV to 100 mV (Fig. 2D). The resulting current-voltage 

relationship is shown (n = 3). The difference current plot represents the subtraction of 

the total outward K+ current (control) and the remaining current after application of 

10 µM paxilline (Fig. 2D). By using the BK specific blocker, paxilline, we were able 

to dissect out the BK component of the overall outward K+ current.  

 Inside-out patches with varying numbers of channels were pulled from 

corticotropes and examined for BK channels. In control saline (5 µM [Ca2+]i), current 

openings were often discernable in individual sweeps at +60 mV (450 ms duration; 

Fig. 3A). Currents were allowed to stabilize 3-5 min before application of drugs. In the 

example shown in Fig. 3A, 1 µM paxilline blocked the majority of the outward K+ 

current (94.5%), indicating the presence of BK channels in this patch. Single channel 

conductance was measured to be ~300 pS for the paxilline sensitive channels.   
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Figure 2. Characterization of BK current from anterior corticotropes. A) Perforated 

patch recordings of outward K+ current activated by voltage steps from -60 mV to 

+100 mV. Application of 10 µM paxilline reduces overall outward K+ current. B) 

Outward K+ current elicited by a voltage step to +60 mV from a holding potential of   

-60 mV. K+ current was reduced by the addition of 10 µM paxilline to the bath. 

Subtracting the paxilline blocked current trace from the control current trace results in 

the BK current measured from this cell. C) Average decrease of peak K+ current 

(black bars, n = 9) and sustained K+ current (grey bars, n = 9) after the application of 

10 µM paxilline. D) Current-voltage (I-V) plots were constructed from current traces 

elicited by a series of voltage steps from -60 mV to +100 mV in 10 mV increments. 

The difference IV curve () was calculated by subtracting the paxilline sensitive 

current from the control current at each test potential.  
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Ensemble traces best show the average relative decrease (89.4%) in the amplitude of 

the current conferred by paxilline (shown below the single channel records represents 

an average of 15 traces). Exposure to a zero Ca2+ saline was found to decrease K+ 

current measured at a test potential to +60 mV. An inside out patch is shown in Fig. 

3B, under control conditions, a voltage step to +60 mV elicited a large outward 

current, and after exposure to a zero Ca2+ saline (buffered with EGTA, grey line) the 

outward current is completely abolished indicating the presence of Ca2+ sensitive K+ 

current. Currents from an inside-out patch were elicited with a series of voltage steps 

(Fig. 3C) to determine the voltage dependence of steady state inactivation and voltage 

dependence of activation. In the inside-out patch example in Fig. 3D, Hinf and G-V 

curves were constructed from current peak amplitudes and fitted with a Boltzman 

function, yielding a value for Vinact (voltage at half inactivation) of -54.2 mV and V1/2 

(voltage at half activation) of 6.8 mV. An additional cell produced similar Hinf and GV 

curves with a Vinact of -54.9 mV and V1/2 of 16.6 mV.  

In summary, K+ current from inside out patches blocked with paxilline and a 

zero Ca2+ saline solution further support the presence of BK channels in anterior 

pituitary corticotropes.  

 

Corticotropes Contain Other K+ Channels 

 Other pharmacological agents were used to help identify other K+ channels 

present in anterior pituitary corticotropes (Fig. 4). Apamin was used to test for the 

presence of small conductance Ca2+-activated K+ (SK) channels (Blatz and Magleby, 

1986), clotrimazole (CLT) was used to test for intermediate Ca2+-activated K+ (IK) 

channels (Wulff et al., 2000), and 4-aminopyridine (4-AP) was used to determine the 

presence of A-type K+ ion channels. Apamin (500 nM) on average, blocked 11.2 ± 

5.3% of the peak current and 17.6 ± 7.4% of the sustained current (n = 3, for peak and  
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Figure 3. Characterization of BK channels in inside-out patches. A) In an inside-out 

patch, containing ≥ 4 channels.  BK currents were activated by a test pulse to +60 mV 

from a prepulse potential of -140 mV. Application of 1 µM paxilline to the patch 

rapidly decreased the number of channels open during successive sweeps. Ensemble 

averages of 15 sweeps are shown below. B) Exposure of an inside out patch to a zero 

Ca2+ solution rapidly decreased the activity of K+ channels. C) Representative current 

traces from an inside out patch elicited by a two step protocol, with initial voltage 

steps from -130 mV to +100 mV and a second voltage step to +80 mV. D) 

Conductance-voltage (GV) plots were generated from traces in C. Steady state 

inactivation (Hinf) plots were generated from the second step to +80 mV after the 

varying prepulse potentials shown in C. 
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sustained). Clotrimazole (1 µM) on average, blocked 24.2 ± 2.2 % of the peak current 

and 41.1 ± 3.8% of the sustained current (n = 4, for peak and sustained). On average, 

4-AP (5 mM) blocked 65.5 ± 3.1% and 63.6 ± 2.3% of the peak and sustained current, 

respectively (n = 3 for each). 10 mM 4-AP on average blocked 76.1 ± 3.2 % of the 

peak and 72.8 ± 2.7% of the sustained current. Recent studies suggest that CLT at 

concentrations ≥ 1 µM is not selective for IK channels only and has some effects 

blocking voltage sensitive K+ channels (Wulff et al., 2000). A more potent blocker of 

IK channels is TRAM-34, which is derived from clotrimazole (Wulff et al., 2001), and 

more  studies are needed to clarify the contribution of IK channels to the overall K+ 

current and the selectivity of IK blockers to BK channels. 4-aminopyridine was 

initially used in this study to characterize A-type K+ channels, but 4-AP can also 

block BK channels at concentrations of 1 mM (Khan et al., 1997). Additional studies 

are needed to clarify the selectivity of high concentrations ( > 1mM) of 4-AP on BK 

channel block. 

 

Corticotropes Display a Variety of Firing Patterns 

 Our studies show that corticotropes display a variety of firing patterns. Under 

whole-cell conditions, slow membrane potential oscillations (spontaneous plateau 

bursting with no current injection), with average durations that lasted seconds were 

observed in 57% of the cells that were examined (n = 14). Plateau potentials typically 

consisted of multiple small amplitude fast spikes during the duration of the burst. Of 

the spontaneously active cells, one fired tall single spike actions potentials with a 

duration of several milliseconds (Fig. 5A). Other corticotropes displayed plateau 

bursting along with tall single spike action potentials (Fig. 5B; 3 of 8 cells). Another 

subset of corticotropes fired plateau bursts of action potentials only (Figs. 5C and 5D; 

5 of 8). The burst duration of spontaneously active corticotropes could be shortened  
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Figure 4. Different K+ channels are present in anterior corticotropes. Outward K+ 

current was elicited in the perforated patch mode with voltage steps to +60 mV. 

Average percent changes for the drugs apamin, 4-AP, and clotrimazole are shown for 

the peak current (black bars) and for the sustained current (grey bars). Sample sizes 

are shown in parentheses below each bar. 



 

 114 

with 1 mM tetraethylammonium (TEA; Fig. 5E) a potent blocker of BK channels at 

low concentrations (Lovell and McCobb, 2001). Another subset of corticotropes were 

not spontaneuolsy active, and required current injection to elicit action potentials (3 of 

14 cells). In the example in Fig. 5F, 14 pA of injected current elicited a burst of action 

potentials. After the application of 1 mM TEA to the bath, the plateau bursting 

behavior was turned into single tall action potentials, implicating the role of BK 

channels in plateau bursting. Other cells when injected with current displayed single 

action potentials. Fig. 5G-H show a corticotrope injected with 6 pA of current and the 

resulting action potentials. After the application of 1 mM TEA or 10 µM paxilline, the 

number of action potentials was reduced. These experiments indicate that BK channels 

play prominent roles in the excitability of corticotropes as shown in chromaffin cells 

and somatotropes (Solaro et al., 1995; Lovell and McCobb, 2001; Stojilkovic et al., 

2005). 

 In summary, out of a total of 14 cells tested, 8 were spontaneously active, 3 

required current injection to elicit action potentials, and 3 cells were inexcitable (data 

not shown). This variety in the excitability profiles may be an indication for the need 

of in vivo cell to cell interactions or constant hormone activation for corticotrope 

excitability to occur, and need to be addressed in future studies.  

 

The Activity of Corticotropes is Acutely Modulated by Hormones 

 Spontaneous bursts were recorded from corticotropes using the conventional 

whole cell technique. Stable recordings could be made from individual cells for 20-30 

min. To reduce variability in recordings, a small holding current was applied, when 

necessary, to maintain membrane potentials between -60 and -65 mV. Burst duration 

and shape were altered by the application of the natural secretagogue CRH (10 nM), 

and the application of 10 nM CRH + 10 µM CORT to the bath (Fig. 6A; 3 out of 6  
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Figure 5. Anterior corticotropes exhibit a wide range of firing patterns. A-D) 

Membrane potential oscillations were recorded in the whole cell mode from 

corticotropes. Trains of tall single action potentials and slower plateau bursts could be 

observed from spontaneously active corticotropes (0 pA current injection). E) 

Application of 1 mM TEA to a spontaneously active cell reduces the duration of 

plateau bursts. F) Depolarizing current of 14 pA was injected for 2 sec to elicit a burst 

of action potentials. Application of 1 mM TEA altered the brusting behavior. G-H) A 

different cell was injected with 6 pA of depolarizing current to elicit a train of action 

potentials. The application of 1 mM TEA or 10 µM paxilline reduced the number of 

action potentials during a 2 sec depolarizing pulse. The grey band represents a voltage 

range of 40 mV. 
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cells). Example bursts in Fig. 6A taken from a longer record of bursting activity (from 

the brackets shown in Fig. 6B; top panel). The spontaneous bursting activity along 

with the average burst duration and the instantaneous frequency are all plotted on the 

same timescale for easy comparison (Fig. 6B & 6D). Each burst duration was 

measured and a running sliding box average of 5 burst durations was plotted. The 

instantaneous frequency plot is a representation of a running average of 5 individual 

frequencies. After application of CRH, burst durations decreased during washout, and 

then slightly increased in response to the application of CRH + CORT. An additional 

example of bursting activity is shown in Fig. 6C & 6D, which showed a more 

pronounced effect of CRH + CORT on burst duration. The application of 10 nM CRH 

+ 10 µM CORT prolonged the average burst duration (Fig. 6D; middle panel) and 

slightly decreases the instantaneous frequency (Fig. 6D; bottom panel) when 

compared to control. The variability of the response to CRH + CORT in the two cells 

shown may indicate the importance of prior exposure to hormones (application of 

CRH first then CRH + CORT), and can be resolved with a longer wash between 

applications. Also further studies are needed to examine whether the modulation by 

CORT is separate from the CRH effect. Some cells were exposed to CORT only (data 

not shown) and no change in burst duration was observed, but application of CRH and 

CORT together have a synergistic effect on burst duration (seen in Fig, 6C and 6D). 

Examining each effect separately will lead to a better understanding of rapid steroid 

modulation on  excitability and hormone release in anterior pituitary corticotropes.  
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Figure 6. Corticotrope excitability is modulated by hormones. A) Representative 

voltage traces from a spontaneously active cell, under whole cell patch clamp mode. 

Action potential bursts were modulated when the cell was exposed to 10 nM CRH (a 

natural secretagouge) and 10 nM CRH + 10 µM CORT. Traces are expanded time 

traces from the longer record of activity below (denoted by brackets). B) Plots of the 

membrane potential, burst duration and instantaneous frequency before and during the 

exposure to different hormones. All are plotted on the same timescale for easy 

comparison. Duration of hormone exposure is represented with a grey box. Burst 

durations were measured at a threshold of -50 mV, and are plotted as a running 

average of 5 durations. The frequency of bursts is plotted as a running average of 5 

individual frequencies. C) Representative voltage traces from a different cell exposed 

only to 10 nM CRH + 10 µM CORT. D) An expanded plot of the bursting activity, 

average burst duration and average frequency in control saline and after exposure to 

10 nM CRH and 10 µM CORT.  
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DISCUSSION 

 The mouse pituitary corticotrope tumor AtT20 cell line has been a key system 

in studying the physiology and regulation of anterior pituitary corticotropes. The  

dissociation of corticotropes is difficult and AtT20 cells provide an easy alternative to 

study. This study is the first characterization of the complement of K+ ion 

channels present in non-tumor “real” corticotropes. The isolation and characterization 

of corticotopes was facilitated in this study by the use of a transgenic mouse line, 

where GFP is under the control of the POMC promoter. Our results agree with 

previous research from AtT20 cells showing that BK channels are prominent in 

anterior pituitary corticotropes and play a vital role in shaping the firing properties and 

the secretion of ACTH. In the pituitary, the POMC gene is expressed primarily by 

anterior pituitary corticotropes as well as intermediate lobe melanotropes (Jacobson 

and Drouin, 1994). During our dissociation we tried to exclude any cells from the 

intermediate lobe. We show that the majority of GFP expressing cells dissociated from 

fresh anterior pituitary glands express the main hormone secreted by corticotropes, 

ACTH (Fig. 1).  The majority of the outward K+ current from corticotropes is sensitive 

to the drug paxilline (Fig. 2), which is a potent blocker of BK channels. In inside-out 

patches, paxilline was observed to block the majority of K+ current obtained from 

corticotropes, and the unitary conductance of channels blocked was measured to be 

~300 pS (Fig. 3). Additionally, inside-out patches revealed that the majority of K+ 

channels present in corticotropes are Ca2+ sensitive (Fig. 3B), and exhibited a rapid 

inactivation phenotype characteristic of BK channels expressing the β2- subunit (Xia 

et al., 1999). The ensemble records of the K+ current in inside out patches have an 

average inactivation time constant of 51.5 ± 6.0 ms. Other Ca2+ sensitive K+ channels 

were also detected in corticotropes with the use of various pharmacological agents. 

The presence of SK and IK channels were detected with the drugs apamin and 
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clotrimazole (Fig. 4). Additionally, the blocker 4-AP was used to test for the presence 

of A-type K+ channels. Previous research in AtT20 cells has identified A-type K+ 

channels, and SK channels (Pennington et al., 1994). Our study is the first to show that 

non-tumor corticotropes also contain an array of different K+ channels. From inside-

out experiments, we estimate approximately 90% of the outward K+ current is 

sensitive to Ca2+. However, perforated patch experiments show at least a 65% block of 

outward K+ current by 5 mM 4-AP. It has been shown that 1 mM 4-AP blocks BK 

channels in uterine myocytes (Khan et al., 1997).  The concentrations of 5 mM and 10 

mM 4-AP could non-selectively block BK, IK, and SK channels. Detailed 

experiements examining the cross reactivity of 4-AP with BK, IK, and SK channels 

need to be conducted to interpret our results.  

The membrane excitability of corticotropes has not been extensively studied. 

In the current study, we have recorded action potential bursts from primary cultured 

corticotropes. The spontaneous plateau bursting action potentials observed in this 

study are similar to those seen in other studies of non-tumor corticotropes (Kuryshev 

et al., 1995, 1996). Additionally, corticotropes show plateau bursting similar to that 

observed in anterior pituitary somatotropes and lactotropes (Van Goor et al., 2001a; 

Stojilkovic et al., 2005). However, our recordings show that corticotropes can display 

different firing patterns (Fig. 5).  The majority (57%) of the corticotropes displayed 

slow membrane potential oscillations (spontaneous plateau bursting with no current 

injection), with average durations that lasted seconds.  However, some corticotropes 

displayed different spontaneous firing patterns. Specific blockers for BK channels 

altered the firing pattern of corticotropes. Application of 1 mM TEA to spontaneously 

active corticotropes shortened the burst duration, and in a different cell converted 

bursting behavior into tonically firing behavior. The application of 10 µM paxilline 

also decreased the number of action potentials elicited by a 2 sec depolarizing current 
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pulse (Fig. 5). This implicates BK channels having a prominent role in repetitive firing 

properties in anterior corticotropes, which has been previously shown in chromaffin 

cells and somatotropes (Solaro et al., 1995; Lovell and McCobb, 2001; Stojilkovic et 

al., 2005). 

Differences in the expression of ion channels could account for the differences 

in the patterns of action potentials observed in corticotropes. Prior studies have found 

that somatotropes and lactotropes both have high expression of BK channels while 

gonadotropes have low expression levels (Stojilkovic et al., 2005). In their model they 

propose that the activation of BK channels by the influx of Ca2+ through voltage gated 

Ca2+ channels truncates the amplitude of the initial spike and limits the activation of 

delayed rectifier K+ channels, leading to the generation of plateau bursting (Van Goor 

et al., 2001a). BK channels then deactivate quickly to allow for the generation of the 

sustained plateau potential. BK channels could play a similar role in corticotropes. 

Differences in BK channel expression and association with β-subunits could also 

account for the variability seen in the firing patterns of corticotropes. It should be 

noted that the amount of total K+ current contributed by SK and IK current was not 

fully characterized in this study. SK and IK currents are voltage insensitive and 

additional studies examining their activation by Ca2+ should be performed to clarify 

their role in shaping the properties of membrane excitability. 

The natural secretagouge CRH prolongs the burst duration of spontaneously 

active corticotropes (Fig. 6). A combination of CORT and CRH also prolongs the 

burst duration when compared with control traces. The prolonged burst duration could 

drive an increase in Ca2+ influx, as suggested by previous research (Kuryshev et al., 

1995, 1996). We have observed an acute effect of CORT on membrane excitability 

that may help to enhance ACTH secretion. Glucocorticoids have been reported to have 

genomic effects on different ion channels found in AtT20 cells. Thus, they block the 
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PKA mediated inhibition of BK channels (Tian et al., 2001), as well as inhibit 

stimulated, as opposed to, basal ACTH secretion by limiting Ca2+ influx through Ca2+ 

channels (Antoni et al., 1992). They also enhance the A-type K+ current through a 

mechanism requiring protein synthesis (Pennington et al., 1994). Glucocorticoids have 

recently been shown to increase BK channel activity in AtT20 cells through a non-

genomic mechanism (Huang et al., 2006). Molecular studies have suggested that BK 

α-subunits do not couple to BK β-subunits in AtT20 cells (Shipston et al., 1999). 

However, the mouse pituitary as a whole exhibits expression of β-subunits (Behrens et 

al., 2000; Chatterjee et al., 2007), and it is unknown whether β-subunits are associated 

with BK channels in native mouse corticotropes. However, the BK inactivation 

described here suggest that BK β2-subunits are abundantly expressed. We have 

previously shown that the rapid modulation of adrenal chromffin cell excitability by 

steroid hormones is attributed to the presence of BK β2 and β4-subunits (Lovell et al., 

2004; King et al., 2006). Furthermore, β2 and β4-subunits expressed in the whole 

pituitary are upregulated in response to social stress (Chatterjee et al., 2007). Further 

studies are needed to determine whether acute modulation of BK channels by steroid 

hormone has a role in the regulation of ACTH release. 

We postulate that steroid hormones released during the stress response can 

have acute (non-genomic) effects on native corticotropes in the anterior pituitary 

altering ionic current, excitability, and hormone secretion, as well as the more studied 

genomic actions. BK channels are present in pituitary corticotrope tumor cells, and our 

study confirms their presence in native corticotropes. Moreover, the regulation of 

excitability in native corticotropes is not completely understood. Steroid hormones 

have well-established genomic effects on each component of the HPA axis. The role 

that steroids may play in the acute modulation of each component will aid our 

knowledge of cellular mechanisms in action during the stress response.
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