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Abstract 

 Ion channel regulation is key to the control of excitability and behaviour.  In the 

bag cell neurons of Aplysia californica, a voltage- and Ca2+-dependent nonselective 

cation channel drives a ~30-minute afterdischarge, culminating in the release of egg-

laying hormone.  Using excised, inside-out single channel patch-clamp, this study tested 

the hypothesis that inositol 1,4,5-trisphosphate (IP3), which is produced during the 

afterdischarge, and channel-associated protein kinase C (PKC), which is activated 

throughout the afterdischarge, cause a left-shift (enhancement) in both the voltage- and 

Ca2+-dependence of the cation channel.   

Kinetic analysis of bag cell neuron cation channel voltage-dependence revealed 

that, with depolarization, the channel remained open longer and reopened more often.  A 

cation channel subconductance was also observed, and found to be 13 pS vs. the typical 

23 pS full-conductance.  The cytoplasmic face of cation channel-containing patches was 

exposed to 1 mM ATP, as a phosphate source for channel-associated PKC, and/or 5 μM 

IP3.  Apparent PKC-dependent phosphorylation left-shifted voltage-dependence by -3 

mV, although this effect was more prominent at negative voltages (between -90 and  

-30 mV).  Conversely, IP3 right-shifted voltage-dependence (change in V1/2 of 6 mV).  

Cation channel Ca2+-dependence was similar to that previously reported, with a control 

EC50 of 3-5 μM.  This was right-shifted by PKC (EC50 = 30 μM) and even more so by IP3 

(apparent EC50 = 20 M).  PKC largely rescued the Ca2+ responsiveness in the presence of 

IP3 (EC50 = 20 μM).  Unexpectedly, IP3 plus ATP resulted in an increase in channel 

unitary conductance at more positive voltages. 
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The multi-faceted regulation of the bag cell neuron cation channel suggests 

sophisticated modulatory control.  Upregulation, such as depolarization and the left-shift 

in voltage-dependence with PKC, would drive the afterdischarge, while counteracting 

effects, such as IP3 right-shifting voltage-dependence, as well as PKC and IP3 

suppressing Ca2+-dependence, would simultaneously or subsequently attenuate the 

channel, thus preventing an interminable afterdischarge.   
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Chapter 1: Introduction 
 
Excitability 
  
 Like all cells, neurons maintain a membrane potential: a charge separation across 

the lipid-bilayer plasma membrane due to differential permeability of ions.  The key 

feature that separates neurons, along with myocytes and gland cells, from other cells is an 

excitable membrane: the ability to transmit information in the form of action potentials.  

These rapid, transient changes in membrane potential can activate neighbouring neurons 

through chemical or electrical transmission (Hille, 2001; Levitan & Kaczmarek, 2002). 

 Neurons receive both depolarizing and hyperpolarizing input, and respond by 

firing an action potential if the depolarization reaches threshold, or remaining quiescent 

otherwise.  As such, little detail can be encoded in the amplitude of the action potential; 

instead, activity – the frequency and pattern of spiking – relays information about 

stimulus strength.  Neuronal excitability complements this by determining activity in 

response to a stimulus (Levitan & Kaczmarek, 2002; Magoski & Kaczmarek, 2004). 

 There are several neuronal firing patterns, including bursting and beating, which 

do not adapt to a maintained depolarization, and regular spiking, which accommodates to 

a stimulus (Steriade, 2004).  While these classifications were thought to be fairly 

absolute, more recent evidence suggests that slight changes in membrane potential prior 

to a stimulus can shift the neuron from one class to another (Aksay et al. 2001).  In 

neocortex, modest depolarization of an intrinsic burster can cause it to respond to a 

prolonged depolarization with regular spiking (Steriade, 2004).  This offers the nervous 

system flexibility.  For example, instead of having a separate pathway for each possible 

direction of a saccade from a fixation point (Aksay et al. 2001), changes in neuronal 
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input based on the fixation point can alter excitability and the frequency/pattern of 

response without the need for different circuitry.  Such sophistication increases the 

computational value of a set number of connections by giving each several possible 

states. 

 Recruitment or elimination of currents is key in changing excitability through 

manipulation of membrane potential.  Neurons which burst or have the potential to burst, 

show a negative-slope conductance around threshold, due to activation of inward current 

followed by an outward current.  This negative slope cycles the membrane potential and 

resets the currents involved in spiking (Wilson & Wachtel, 1974; Partridge et al. 1979).  

Activation of inward currents, which bring the membrane potential closer to threshold, is 

a common means of increasing excitability (Levitan & Kaczmarek, 2002).  Such current 

may be carried by voltage-dependent channels, which selectively pass Na+ or Ca2+, or 

nonselectively pass Na+ and K+, as well as Ca2+, on occasion (Stafstrom et al. 1985; 

Alonso & Llinás, 1989; Washburn et al. 2000; Guinamard et al. 2004; Kononenko et al. 

2004; Liu et al. 2005; Kononenko & Dudek, 2006; Bui et al. 2008).  Their activation can 

provide the depolarizing drive for changes in excitability, and thus determine neuronal 

firing patterns (Partridge & Swandulla, 1987, 1988; Launay et al. 2002).  Fundamentally, 

however, it is the voltage-dependence of these conductances that gives rise to the 

profound influence they have on electrical properties. 

Voltage-gating of ion channels 

Most voltage-gated ion channels show an increased open probability (Po) with 

depolarization and have a highly conserved structure (Favre et al. 1996; Armstrong & 

Hille, 1998).  These channels have several major components: the pore, which contains 
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the ion selectivity filter within the ion conduction pathway, the gate and the voltage 

sensor.  The latter two components are discrete, yet functionally linked.  As the name of 

the family suggests, the voltage sensor controls the gating of the pore (Ahern & Horn, 

2004; Doyle, 2004; Swartz, 2004).  Voltage-gated channels are well-known for the role 

they play in action potential generation; Hodgkin and Huxley (1952b) postulated that the 

opening of the Na+ conductance during an action potential was due to movement of 

positive charge through the membrane.  It is now understood that the basic structure of a 

voltage-gated channel includes four domains, each with six transmembrane segments.  

For K+ channels, each of these domains is a separate protein, whereas for Na+ and Ca2+ 

channels the four domains are highly conserved repeats in a single protein (Noda et al. 

1984; Guy & Seetharamulu, 1986; Armstrong & Hille, 1998; Swartz, 2004).  The fourth 

transmembrane segment within each domain contains several positively-charged arginine 

and lysine residues – the voltage sensor that Hodgkin and Huxley predicted.  This 

segment moves through the plasma membrane in some capacity (the shape of the sensor 

and the nature of the movement is controversial) in response to changes in the membrane 

potential, which opens or closes the pore (Noda et al. 1984; Guy & Seetharamulu, 1986; 

Ahern & Horn, 2004; Doyle, 2004; Swartz, 2004).  The selectivity of an ion channel is 

determined by the residues lining the pore, and varies from precise conserved motifs, 

such as Na+ channels which do not allow permeation of K+ or Ca2+, to far less rigid 

specifications, such as those seen in nonselective cation channels (Favre et al. 1996; 

Doyle, 2004; Voets et al. 2004b; Obukhov & Nowycky, 2005; Liu et al. 2007). 
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Nonselective cation channels 

Nonselective cation channels pass multiple species of cations, at least Na+ and K+, 

and are impermeable to anions (Partridge & Swandulla, 1988; Partridge et al. 1994).  

This permeability is determined by the pore structure, which is wider than that of Na+ or 

K+ channels, as well as the selectivity filter, which often includes negative residues on the 

cytoplasmic side to electrostatically attract cations (Voets et al. 2004b; Obukhov & 

Nowycky, 2005; Shi et al. 2006; Liu et al. 2007).  Though they have a wide range of 

reversal potentials, it is always more positive than rest, so when open the net current is 

inward and the membrane potential depolarizes (Partridge & Swandulla, 1988; Leech & 

Habener, 1998).  The range in reversal potentials is due to variation in ion permeability.  

According to the Goldman-Hodgkin-Katz voltage equation, the reversal potential of a 

whole-cell membrane or single ion channel is determined by the relative ionic 

permeability and concentrations on either side of the membrane (Hodgkin, 1951; Hille, 

2001).  If a channel is equally permeant to K+ and Na+ the reversal potential will be close 

to 0 mV.  However, channels with multi-ion pores can hold more than one ion 

simultaneously, exhibiting anomalous mole-fraction behaviour: the conductance changes 

due to dynamic permeability, and reaches a maximum or a minimum as a function of 

relative permeant ion concentrations (Hille, 2001).   

Cation channel gating 

The most common gating mechanisms of cation channels are voltage and 

intracellular Ca2+.  Voltage-dependent cation channels exhibit half-maximal activation 

(V1/2) across a wide range of voltages, between -70 and 200 mV (Haj-Dahmane & 

Andrade, 1999; Voets et al. 2004a).  This likely reflects their role in the cell; for example, 
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channels open at rest contribute to the membrane potential (Darvish & Russell, 1998; 

Miyashita et al. 2001; González-Perrett et al. 2002; Guinamard et al. 2002; Launay et al. 

2002; Liman, 2003; Guinamard et al. 2004; Voets et al. 2004a; Nilius et al. 2005).  

Comparatively, Kv3.1, a voltage-dependent K+ channel, has a V1/2 of 17 mV (Macica & 

Kaczmarek, 2001), and the Na+ channel in the squid giant axon a V1/2 of -7 mV (Hodgkin 

& Huxley, 1952a; Vandenberg & Bezanilla, 1991).  Equally important is the slope factor 

of voltage-dependence, k, i.e. the amount of voltage required to shift the V1/2 e-fold.  For 

example, the slope factor of NaV1.1, a voltage-dependent Na+ channel involved in 

generating action potentials, is ~ 5 (Vanoye et al. 2005).  While nonselective cation 

channels also have a range of k values, most are higher than this; such as the cation 

channel in vomeronasal neurons, which is less intensely voltage-sensitive, with a slope 

factor of 37 (Liman, 2003).  Nonselective cation channels generally drive slower, more 

moderate depolarizations (Darvish & Russell, 1998; Launay et al. 2002; Nilius et al. 

2003; Liman, 2003; Guinamard et al. 2004).   

Ca2+-dependent cation channels are ubiquitous, with activation in the nM-μM 

range (Kass et al. 1978; Colquhoun et al. 1981; Yellen, 1982; Swandulla & Lux, 1985; 

Partridge & Swandulla, 1987, 1988; Currie & Scott, 1992; Razani-Bouroujerdi & 

Partridge, 1993; Partridge et al. 1994; Van den Abbeele et al. 1994; Chen & Simard, 

2001; Bobkov & Ache, 2005).  Channels can also be simultaneously voltage- and Ca2+-

dependent, often in an interdependent manner (Miyashita et al. 2001; Guinamard et al. 

2002; Csanády & Adam-Vizi, 2003; Liman, 2003; Guinamard et al. 2004; Bödding, 

2005).  Less common are voltage-dependent channels without any sensitivity to Ca2+ 



 6

(Alzheimer, 1994; Darvish & Russell, 1998; Haj-Dahmane & Andrade, 1999; 

Kononenko et al. 2004).   

Ca2+-dependent cation channels are activated by increased intracellular Ca2+ due 

to influx through other channels (Currie & Scott, 1992) or release from the 

sarcoplasmic/endoplasmic reticulum (Ishibashi et al. 2003; Liu et al. 2005), lysosomal 

acidic stores (Christensen et al. 2002) and mitochondria (Hoth et al. 2001).  Ca2+-

dependence can be an endogenous property of the channel, or, more commonly, is 

mediated by closely-associated calmodulin (Levitan, 1999).  Furthermore, calmodulin 

can also mediate Ca2+-dependent inactivation, like that seen in the N-methyl-D-aspartate 

(NMDA) receptor, a ligand-gated cation channel.  Binding of glutamate to this receptor 

activates an inward current, in part carried by Ca2+, which provides negative feedback 

through channel-associated calmodulin (Zhang et al. 1998; Rycroft & Gibb, 2004).  

Along with Ca2+-activated cation channels, conductances opened by stimulation of G-

protein-coupled receptors and/or release of Ca2+ from intracellular stores are often termed 

receptor operated channels (Guerineau et al. 1995; Crawford et al. 1997). 

Transient receptor potential channels 

A well-studied group of nonselective cation channels is the transient receptor 

potential (TRP) super-family.  Originally discovered as a mutation in Drosophila 

photoreceptors (Minke et al. 1975), TRP channels have been found in many species.  

Like K+ channels, TRP channel subunits have six transmembrane domains and form 

homo- or heterotetramers.  There are several groups within the super-family, as 

determined by amino acid sequence: with the three best known being canonical (TRPC), 

vanilloid (TRPV) and melastatin (TRPM), as well as ankyrin (TRPA), polycystin 
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(TRPP), mucolipin (TRPML), NO-mechano-potential (TRPN) and TRP-like (TRPL) 

channels (Birnbaumer et al. 2003; Nilius & Voets, 2005; Hardie, 2007).  TRP channels 

are expressed in a diversity of systems, with many different activating mechanisms, 

including receptor-operation and Ca2+/calmodulin (Lan et al. 1996; Boulay et al. 1997; 

Zitt et al. 1997; Strubing et al. 2001; Gee et al. 2003;  Liu & Liman, 2003; Prawitt et al. 

2003; Bödding & Flockerzi, 2004; Lambers et al. 2004; Shi et al. 2004; Nilius et al. 

2005; Ordaz et al. 2005; Flemming et al. 2006; Tong et al. 2006).  As with Na+, K+, 

cyclic nucleotide-gated and IP3 receptor channels, calmodulin can act as a physical 

subunit of TRP channels (Liu et al. 1994; Xia et al. 1998; Saimi & Kung, 2002; Herzog 

et al. 2003; Kasri et al. 2006).  Rarely, channels such as TRPA1, can also be directly 

activated by Ca2+ (Zurborg et al. 2007).  TRP channels have diverse biological roles 

(Montell et al. 2002; Nilius & Voets, 2005), including sensory transduction (Hardie & 

Minke, 1992; Liu & Liman, 2003; Bobkov & Ache, 2005; Liu & Qin, 2005), vasomotor 

function (Watanabe et al. 2003; Albert et al. 2005) and control of growth cone 

morphology (Y. Li et al. 2005; Wang & Poo, 2005). 

Physiological functions of cation channels 

Because cation channels affect neuronal excitability, their regulation potentially 

impacts behaviour, such as fine tuning response to high frequencies in the cochlea (Van 

den Abeele et al. 1994), neural plasticity in CA1 pyramidal neurons (Congar et al. 1997) 

and selective amplification of strong synaptic inputs in the olfactory bulb (Hall & 

Delaney, 2000).   

Cation channels often play a role in bursting, where their activation maintains the 

depolarization necessary for rhythmic and/or continuous activity.  This is seen in 
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pacemaker neurons of Aplysia (Kramer & Zucker, 1985) and Helix (Swandulla & Lux, 

1985).  In neuron R15 of Aplysia, a Ca2+-dependent cation conductance mediates both a 

depolarizing aftercurrent, activated by increased intracellular Ca2+, and a slow inward 

current, activated by depolarization (Lewis, 1984).  Similarly, cation channels often 

contribute to plateau potentials; for example, depolarization-induced Ca2+ influx activates 

a cation conductance that drives a characteristic plateau potential in rat dorsal horn 

neurons (Morisset & Nagy, 1999).  In addition, phasic bursting in mammalian 

neurosecretory cells is seen in the absence of synaptic input, suggesting an endogenous 

positive feedback mechanism involving inward current (Andrew & Dudek, 1983).  It is 

important to note that changes in excitability leading to changes in activity (or vice 

versa), involve many interacting systems; for example, activity causes Ca2+ influx, which 

can alter second messenger cascades such as adenylate cyclase/cyclic adenosine 

monophosphate (cAMP), through changes in the Ca2+/calmodulin balance.  This feedback 

and/or interaction allows a change in one component to affect the others.   

Cation channels are also found in neurosecretory cells, where changes in 

excitability can affect hormone output.  For example, cation channels in the supraoptic 

nucleus are activated by loss of membrane tension, which couples increased osmolarity to 

increased activity, leading to vasopressin release to effect a change in osmolarity (Oliet & 

Bourque, 1993; Chakfe & Bourque, 2000).  On a similar theme of homeostasis, insulin 

secretion is determined by spontaneously active cation channels contributing to the 

resting membrane potential of pancreatic β-cells (Leech & Habener, 1998).  Circadian 

rhythms are also affected by cation channels; a Ca2+-permeable cation channel in the 

chicken pineal gland is only active at night – increasing intracellular Ca2+ and possibly 
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playing a role in melatonin release (D’Souza & Dryer, 1996).  Similarly, voltage-

dependent cation channels in suprachiasmatic neurons contribute to circadian oscillations 

in excitability (Kononenko et al. 2004).  In the bag cell neurons of Aplysia, the 

preparation used in the present study, activation of both voltage-dependent and  

-independent cation currents contribute to the afterdischarge – a prolonged period of 

firing which results in the secretion of egg-laying hormone (Arch, 1972a; Conn & 

Kaczmarek, 1989; Lupinsky & Magoski, 2006; Hung & Magoski, 2007). 

Phasic changes in intracellular Ca2+ levels are necessary to maintain intracellular 

pathways, but Ca2+ overload can lead to cell injury and death.  Because of this, cation 

channels which pass Ca2+ must be carefully regulated.  During anoxia, reactive oxygen 

species activate TRPM7 channels, leading to intracellular Ca2+ overload and cell death 

(Aarts et al. 2003).  Similarly, secondary activation of a cation conductance, leading to  

increased intracellular Ca2+, can cause NMDA-induced toxicity (Chen et al. 1997).  

Hydrogen peroxide-induced toxicity also occurs through Ca2+ overload, mediated in part 

by a voltage-independent cation channel (Smith et al. 2003).  In reactive rat astrocytes, 

pathological swelling is caused by the activation of a cation conductance through a 

hypoxia-induced rise in intracellular Ca2+ and decrease in intracellular ATP (Chen & 

Simard, 2001).  Arrhythmias may also be linked to a Ca2+ overload in atrial myocytes, 

due to activation of a cation current (Guinamard et al. 2004). 

However, mere opening of these channels is not the only consideration, as they 

may also be modulated.  Modulation changes channel characteristics, such as Po.  A 

switch from low to high Po has the same implication as simply activating a channel, but 

the variety of both regulatory molecules and sites on the channel protein allow for greater 
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sensitivity, i.e. slight changes in channel properties can create a graded response to a 

stimulus, as seen in entorhinal cortex neurons thought to be involved in short-term 

memory (Egorov et al. 2002).   

Cation channel modulation – phosphorylation and nucleotides  

Phosphorylation of ion channels has long been recognized as a means of 

modulation (Hille, 2001; Magoski & Kaczmarek, 2004).  Protein kinases transfer a 

phosphate group from a donor, typically ATP, to a serine, threonine or tyrosine residue 

on the channel.  Furthermore, phosphorylation by different protein kinases may have 

differential effects.  There are three major protein kinases which act in this capacity: 

protein kinase A (PKA), protein kinase C (PKC) and Ca2+/calmodulin-dependent kinase 

II (Simon et al. 1991; Battaini, 2001; Magoski & Kaczmarek, 2004).  For example, 

Guinamard et al. (2004) found that phosphorylation of a Ca2+-activated cation channel in 

atrial cardiomyocytes by PKC increased the functional channel number – little channel 

activity is regularly recorded in normal conditions, but preincubation with a PKC 

activator caused an increase.  TRPM4 is a Ca2+-activated cation channel that undergoes 

rapid desensitization to Ca2+ after activation (Launay et al. 2002).  This sensitivity is 

increased by PKC activation, but not when PKC-specific phosphorylation sites on the 

channel are mutated, indicating that PKC increases Ca2+ sensitivity (Nilius et al. 2005).  

PKC upregulates the activity of a cation channel in uncontacted pressure-sensitive leech 

neurons; interestingly, this modulation is itself regulated, and formation of serotonergic 

synapses on these neurons abolishes the modulatory effect of PKC (Catarsi & Drapeau, 

1992). 
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 Phosphorylation by PKA lowers cation channel Po in embryonic chick sensory 

neurons by decreasing both the open state duration and the upregulating effect of Ca2+ 

(Razani-Boroujerdi & Partridge, 1993).  In the bag cell neurons of immature Aplysia, a 

high density of PKA-insensitive K+ channels (encoded by the Slo gene, splice isoform a) 

prevents bursting, but channels from the alternatively spliced Slo gene (isoform b) in the 

adult are inhibited by PKA, thereby promoting bursting (Zhang et al. 2004).  

Interestingly, this same current is oppositely modulated by PKC phosphorylation (Zhang 

et al. 2002).  Thus, activity can be fine-tuned by interactions between multiple protein 

kinases and one channel type. 

Each kinase can phosphorylate a myriad of targets, which raises the question of 

how channel-specific modulation occurs.  One solution is protein complexes that form 

with the channel itself, such that modulatory kinases and phosphatases directly associate 

with the channel.  For example, both PKA and a phosphatase associate with L-type Ca2+ 

channels, through A-kinase anchoring proteins (Davare et al. 2000, 2001).  In addition, 

N-type Ca2+ channels have associated PKC and a phosphatase (D. Li et al. 2005).  A-

kinase anchoring proteins also play a role in modulation of KCNQ voltage-gated K+ 

channels.  Long Q-T syndrome is linked to mutations in KCNQ1 which prevents the 

binding of the anchoring protein, and the modulatory effects of PKA or a phosphatase 

(Marx et al. 2002; Levitan, 2006).  Furthermore, the scaffolding protein, INAD, links 

PKC to TRP in Drosophila eye (Popescu et al. 2006).  However, scaffolding proteins are 

not mandatory, and direct binding to the channel can also occur.  For instance, PKA binds 

directly to large conductance, Ca2+-activated K+ channels in Drosophila, modulating their 

activity by phosphorylation (Wang et al. 1999). 
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Channel modulation – membrane lipids and their metabolites 

Membrane lipids have more recently been identified as ion channel modulators 

(Hardie, 2007).  G-protein-coupled receptor stimulation leads to activation of a number of 

second-messenger pathways, including triggering phospholipase C to cleave the 

membrane lipid, phosphatidylinositol 4,5-bisphosphate (PIP2), into the soluble second 

messengers inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG) (Hille, 2001).  

Each of these three components can effect changes in channel activity, individually or 

synergistically.  Membrane lipids can also be used for coincidence detection, such that 

changes in ion channel properties, and thus neuronal excitability, only occur when more 

than one component is present (Delmas et al. 2005).  For example, IP3 alone has no effect 

on a cation channel in portal vein myocytes, but once the channel is activated by 

depletion of Ca2+ stores, its activity is enhanced by IP3 (Liu et al. 2005). 

Many TRP channels are regulated by lipids and lipid metabolites.  Activation of 

TRPC2, TRPC3, and TRPC6 is DAG-sensitive (Hofmann et al. 1999; Hardie, 2007).  

Furthermore, while DAG itself opens some TRPC and TRPL channels, subsequent 

activation of PKC by DAG may be inhibitory (Albert et al. 2005; Hardie, 2007).  PIP2 

also activates TRPM4, TRPM5 (Liu & Liman, 2003), TRPM7 and TRMP8 (Liu & Qin, 

2005) in a steady-state manner.  Loss of PIP2 following receptor stimulation effectively 

inhibits these channels.   

Because of the many pathways potentially activated by a G-protein-coupled 

receptor, it can be challenging to determine which molecules cause the modulation of an 

ion channel by a receptor.  For example, TRPC6-like channels in rabbit portal vein 

myocytes are activated by noradrenaline, and to a lesser extent by a DAG analog.  While 
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IP3 itself does not activate TRPC6, it does potentiate the current seen with the DAG 

analog, suggesting that noradrenaline produces both DAG and IP3 (Albert & Large, 

2003).  IP3 can also regulate cation channels itself; such as in dopaminergic substantia 

nigra neurons, where neurotensin causes IP3 synthesis, which then opens a cation 

conductance and increases firing (Wu et al. 1995; Chien et al. 1996). 

The bag cell neurons of Aplysia californica 

Because nonselective cation channels are ubiquitous, they can be studied in a 

model which is well-understood, and the knowledge applied elsewhere.  Aplysia 

californica (Fig. 1) a widely-used marine mollusc in which behaviours can be linked to 

specific populations of neurons, is one such model (Kupfermann & Kandel, 1970; 

Kandel, 1976).  From the perspective of studying cation channel modulation, of particular 

interest are the bag cell neurons.  These neuroendocrine cells are located at the rostral end 

of the abdominal ganglia, and control reproductive behaviours, principally egg-laying, 

through an afterdischarge (Kupfermann, 1967; Kupfermann & Kandel, 1970).  This burst 

of synchronous action potentials, driven by a sustained depolarization, lasts on the order 

of 30 minutes, after which the cells become refractory and respond to stimulation only 

with single spikes, but not with a second afterdischarge (Kupfermann & Kandel, 1970; 

Kaczmarek et al. 1978).  The control of bag cell neurons over egg laying is unequivocal.  

It has been shown that bag cell neurons release egg-laying hormone, and that egg-laying 

hormone induces egg-laying.  Furthermore, the afterdischarge precedes egg-laying, and 

stimulating the afterdischarge causes release of egg-laying hormone and  
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Figure 1.  Egg-laying and the bag cell neurons of Aplysia californica. A, Egg-laying 
behaviour in Aplysia californica.  Eggs are depicted as the stringy mass in the middle 
panel.  B, Dorsal view of Aplysia, noting the major organs and the central nervous 
system.  C, Dorsal view of the abdominal ganglion showing the location of the two bag 
cell neuron clusters.  Pleural connectives descending caudally to each cluster are the path 
for transmission of in vivo stimuli.  Axons from the bag cell neuron in turn project a short 
distance rostrally along these connectives to secrete peptides into the blood at a neural 
haemal area.  All modified from Kandel, 1976.
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egg-laying behaviour (Kupfermann 1967, 1970; Arch 1972a,b; Pinsker & Dudek, 1977;  
 
Dudek et al. 1979; Stuart et al. 1980; Loechner et al. 1990; Michel & Wayne, 2002). 
 

The afterdischarge is triggered by stimulation of the pleuroabdominal connectives 

(Kupfermann & Kandel, 1970; Kaczmarek et al. 1978).  Several small clusters of neurons 

in both the cerebral and pleural ganglia also express egg-laying hormone, and are 

functionally coupled to the bag cell neurons, possibly in a descending pathway that 

initiates the afterdischarge (Brown et al. 1989; Hatcher & Sweedler, 2008).  The bag cell 

neurons are electrotonically coupled, such that all cells in both clusters fire 

synchronously during the afterdischarge (Blankenship & Haskins, 1979; Kaczmarek et al. 

1979; Conn & Kaczmarek, 1989).  This produces maximal hormone secretion, a 

phenomenon seen in other neurosecretory cells, such as vasopressin neurons (Bicknell & 

Leng, 1981; Loechner et al. 1990).  There is evidence that the refractoriness of the bag 

cell neurons is due to Ca2+ entry through a nonselective cation channel, as either evoking 

the afterdischarge in low Ca2+ or blocking the cation channel do not result in a refractory 

period (Kaczmarek et al. 1982; Magoski et al. 2000).   

Egg-laying hormone is a 36 residue peptide (Chiu et al. 1979).  The gene coding 

for this hormone also codes for α, β and γ bag cell neuron peptides, as well as 

neuropeptides A and B, which have 90% homology with egg-laying hormone and induce 

other reproductive behaviours (Scheller et al. 1983; Conn & Kaczmarek, 1989).  Egg-

laying hormone acts directly on the ovotestis – contraction of which extrudes the egg 

mass (Dudek & Tobe, 1978; Rothman et al. 1983), but also affects other behaviours, 

including cessation of feeding and locomotion (Stuart & Strumwasser, 1980; Mackey & 

Carew, 1983), enhanced respiratory pumping (Schaefer & Brownell, 1986) and 
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redistribution of blood flow to the reproductive organs (Ligman & Brownell, 1985).  

Egg-laying hormone has electrical effects on other Aplysia neurons, though the 

behavioural consequences of these responses have not been fully characterized (Mayeri et 

al. 1979a,b; Stuart & Strumwasser, 1980; Conn & Kaczmarek, 1989). 

A cation channel in the bag cell neurons 

The afterdischarge represents a long-term change in neuronal excitability, which 

is brought on, in part, by activation of a nonselective cation channel.  The channel is both 

Ca2+- and voltage-dependent, with an EC50 for Ca2+ activation of ~10 μM (Wilson et al. 

1998; Lupinsky & Magoski, 2006).  The Ca2+ signal is transduced by calmodulin, which 

closely associates with the channel (Lupinsky & Magoski, 2006).  An in vitro analog of 

the afterdischarge can be initiated with a venom from a snail-hunting mollusc of the 

Conus genus (Olivera et al. 1990; Wilson et al. 1996; Kachoei et al. 2004) (Fig. 2).  This 

Conus textile venom (CtVm) triggers the cation channel through a presumed receptor-

activated intracellular pathway.  CtVm contains many peptides, and though the specific 

peptide that causes the afterdischarge remains unknown, such treatment appears to trigger 

production of IP3 and DAG (Magoski et al. 2002).  Injection of IP3 into bag cell neurons 

causes Ca2+ release from intracellular stores (Fink et al. 1988).  Consistent with this, the 

afterdischarge itself is associated with an increase in IP3 turnover and intracellular Ca2+, 

the latter of which would further stimulate the cation channel (Fink et al. 1988; Fisher et 

al. 1994; Michel & Wayne, 2002).   

Phosphorylation of the cation channel by both PKA and PKC modulates its 

activity.  Furthermore, these kinases and at least two phosphatases are known to associate 

with the channel in a dynamic protein complex (Wilson et al. 1998; Magoski, 2004).   
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Figure 2.  Response to Conus textile venom – an analog of the afterdischarge.   
A, Extracellular recording from an entire bag cell neuron cluster.  Synchronous spiking 
begins within five minutes of Conus textile venom (CtVm) application.  Afterdischarges 
elicited by CtVm are indistinguishable from those produced by synaptic input (Wilson et 
al. 1996).  B, Intracellular recording from an isolated bag cell neuron showing how CtVm 
causes marked depolarization.  C, Single cation channel recording from an isolated bag 
cell neuron.  The patch was first excised, then crammed back into the neuron.  CtVm 
application causes drastically increased channel Po, seen as upward events from the 
closed state baseline at the bottom of the trace.  This patch contains three cation channels.  
Panels A & C modified from Wilson & Kaczmarek (1993).  Panel B courtesy of Dr. N.S. 
Magoski. 
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Phosphorylation by PKA decreases channel Po (Magoski, 2004), while 

dephosphorylation by a PKA-regulated tyrosine phosphatase can switch the gating mode 

from infrequent burster to continuously active (Wilson et al. 1993).  Conversely, 

phosphorylation by PKC increases cation channel activity, which is reversed by a 

microcystin-sensitive phosphatase (Wilson et al. 1998).  There are two types of PKC in 

Aplysia, Ca2+-dependent AplI and Ca2+-independent AplII (Kruger et al. 1991).  AplI 

translocates to the membrane in response to increased intracellular Ca2+, a change that 

often corresponds with long-term modifications such as learning and memory, and of 

course, the afterdischarge (Sossin et al. 1993).  Accordingly, PKC activity is upregulated 

during the afterdischarge (Wayne et al. 1999). 

It appears that calmodulin is always associated, as the channel always shows 

Ca2+-dependence (Fig. 3A).  Furthermore, using Ba2+ as a charge carrier (which does not 

bind to calmodulin) or inhibiting calmodulin pharmacologically, decreases Po, suggesting 

Ca2+ influx through the channel acts as a regulator (Lupinsky & Magoski, 2006).  Prior 

studies have shown that if application of ATP to the cytosolic face of cation channel-

containing, excised, inside-out patches causes an increase in Po at -60 mV, the channel 

has an associated PKC (Fig. 3B, C) (Wilson et al. 1998; Magoski et al. 2002; Magoski & 

Kaczmarek, 2005).  Conversely, a decrease in Po at -60 mV in the presence of a 

phosphate source indicates that PKA is associated with the channel (Magoski, 2004).  

Finally, the channel may also be bare, and lack either kinase or phosphatase altogether, in 

which case no change in Po is seen with ATP application at -60 mV (Fig. 3D) (Magoski 

& Kaczmarek, 2005).  These two phosphorylated states of the cation channel likely 

correspond to different neuronal excitabilities seen in vivo: PKC-phosphorylated channels  
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Figure 3.  The bag cell neuron cation channel is Ca2+-dependent and can be 
modulated by closely-associated PKC-like kinase.   
A, The cation channel shows higher Po with increased cytoplasmic-face Ca2+ in a 
reversible manner.  The closed state is at the top of each trace, designated by – C, and the 
open state is at the bottom, designated by – O.   B, At a holding potential of -60 mV, 
addition of ATP to the cytoplasmic face, as a phosphate source, increases channel Po.  
This effect is reversible with wash, suggesting the involvement of a protein phosphatase.  
C, In the presence of PKC19-36, a PKC inhibitor peptide, application of ATP no longer 
increases channel activity.  D, Application of ATP in the absence of channel-associated 
PKC (bare) results in no change in activity.  E, Model of channel-associated proteins 
based on previous work.  The channel exhibits Ca2+-dependence, mediated by closely-
associated calmodulin (CaM).  Further, PKC can associate with the channel increasing its 
activity at -60 mV when present.  When channels lack associated PKC, they are called 
bare channels.Panel A modified from Lupinsky & Magoski (2006), panel B modified 
from Wilson et al. (1998), panel C courtesy of Dr. N.S. Magoski, panel D modified from 
Magoski & Kaczmarek (2005). 
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occur at the onset or during an afterdischarge, while channels are PKA-phosphorylated 

when the cells are refractory (Magoski & Kaczmarek, 2005).  The current model is that 

these phosphorylation states are achieved by different kinases associating with the 

channel.   

Hypotheses 

 Because the current model (Fig. 3E) suggests that PKC associates with the 

channel during, or in preparation for the afterdischarge (Wilson et al. 1998), I 

hypothesize that PKC-dependent phosphorylation will left-shift the voltage- and 

Ca2+-dependence of the channel.  A left-shift implies that the same level of channel 

activity will be reached at a less depolarized voltage, or lower Ca2+ concentration.  This is 

a gain-of-function, which increases the likelihood that channels will be recruited at 

voltages/internal Ca2+ concentrations closer to rest. 

Further, based on the knowledge that IP3 is produced during the afterdischarge 

(Fink et al. 1988), I hypothesize that it too will left-shift both voltage- and Ca2+-

dependence.  Together, these would act to upregulate channel activity, increase the 

inward current, and drive the afterdischarge.  I will use excised, inside-out single channel 

recording to test these hypotheses. 
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Chapter 2: Materials and Methods 

Animals and cell culture 

Adult Aplysia californica weighing 150–300 g were obtained from Marinus Inc. 

(Long Beach, CA, USA).  Animals were housed in an ~300 l aquarium containing 

continuously circulating, aerated sea water (Instant Ocean; Aquarium Systems, Mentor, 

OH, USA or Kent sea salt; Kent Marine, Acworth, GA, USA) at 14-16°C on a 12:12 h 

light:dark cycle, and fed Romaine lettuce five times a week. A few animals were housed 

at 18-20°C. 

For primary cultures of isolated bag cell neurons, animals were anaesthetized by 

an injection of isotonic MgCl2 (50% of body weight), the abdominal ganglion removed 

and treated (for 18 h at 20–22°C) with neutral protease (13.33 mg ml–1; Roche 

Diagnostics, Indianapolis, IN, USA) dissolved in tissue culture artificial sea water 

(tcASW) (composition in mM: 460 NaCl, 10.4 KCl, 11 CaCl2, 55 MgCl2, 15 HEPES, 1 

mg ml–1 glucose, 100 U ml–1 penicillin, and 0.1 mg ml–1 streptomycin, pH 7.8 with 

NaOH).  The ganglion was then transferred to fresh tcASW for 1 h, after which time the 

bag cell neuron clusters were dissected from their surrounding connective tissue. Using a 

fire-polished Pasteur pipette and gentle trituration, neurons were dispersed in tcASW onto 

35 mm x 10 mm polystyrene tissue culture dishes (Corning, Corning, NY, USA).  

Cultures were maintained in tcASW in a 14°C incubator, and used for experimentation 

within 1–3 days. Salts were obtained from Fisher Scientific (Ottawa, ON, Canada), ICN 

(Aurora, OH, USA) or Sigma-Aldrich (St Louis, MO, USA). 
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Excised, patch-clamp recording 

 Single cation channel current was measured using an EPC-8 amplifier (HEKA 

Electronics, Mahone Bay, NS, Canada), and the excised, inside-out patch-clamp method. 

Microelectrodes were pulled from 1.5 mm internal diameter, borosilicate glass capillaries 

(TW 150 F-4; World Precision Instruments, Sarasota, FL, USA) and were fire polished to 

a resistance of 2–5 MΩ when filled with normal artificial sea water (nASW) (composition 

as per tcASW but lacking glucose, penicillin, and streptomycin) with 20 mM tetraethyl 

ammonium (TEA).  The TEA was added to reduce outward currents, likely through Ca2+-

activated K+ channels, which interfered with resolving cation channel inward current at 

depolarized potentials.  To lower the root mean squared noise of the current, 

microelectrode capacitance was reduced by coating the shank and half of the shoulder 

with dental wax (Heraeus Kulzer, South Bend, IN, USA) under a dissecting microscope.  

Following excision, the cytoplasmic face was bathed with artificial intracellular saline 

(composition in mM: 500 potassium aspartate, 70 KCl, 1.2 MgCl2, 10 HEPES, 11 

glucose, 5 EGTA, 10 reduced glutathione, pH 7.3 with KOH).  In experiments examining 

voltage-dependence of the channel, CaCl2 was added for a free Ca2+ concentration of 10 

µM. The experiments examining Ca2+-dependence were performed using intracellular 

saline with Ca2+ concentrations ranging from 300 nM to 300 µM.  In all cases, the added 

and free Ca2+ concentration was calculated using the WebMaxC program 

(http://www.stanford.edu/~cpatton/webmaxc/webmaxcE.htm).  Current was low-pass 

filtered at 1 kHz using the EPC-8 Bessel filter and acquired at a sampling rate of 10 kHz 

using an IBM-compatible personal computer, a Digidata 1322 analog-to-digital converter 

(Axon Instruments, Union City, CA, USA), and the Clampex acquisition program of 
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pCLAMP (version 8.0; Axon Instruments).  Data were gathered at room temperature 

(~22°C). 

Patch perfusion array, drug application and reagents 

 A multi-barrel perfusion array was constructed by tightly aligning borosilicate 

square tubing (outer diameter: 0.75 mm, internal diameter: 0.5 mm; #8250; VitroCom 

Inc., Mountain Lakes, NJ, USA) attached to one another using superglue.  The section of 

the array that was submerged into the bath did not come in contact with superglue.  The 

barrels at the opposite end of the array were fitted with silicone tubing (outer diameter: 

3.3 mm, internal diameter: 0.8 mm; Cole Parmer, Vernon Hills, IL, USA).  Each of these 

perfusion lines was connected to a 5 ml syringe.  Gravitational flow was controlled by an 

alligator clip over the tubing and setting the level of the syringes to a fixed height. When 

the clip was released, the result was a flow of ~1 ml min–1.  Any greater rate disturbed the 

patch and led to mechanical-based noise or seal failure.  The perfusion system allowed 

patches to be moved from the mouth of one barrel to the next, permitting an almost 

instantaneous change in solutions at the face of the channel.  During perfusion, the culture 

dish was gently drained as required using a plastic Pasteur pipette. 

 Drugs were made up as concentrated stock solutions and frozen at -20°C.  They 

were introduced to the patch at the indicated working concentration, either with the 

perfusion array or by pipetting a small volume of stock solution into the culture dish.  In 

the latter case, care was taken to pipette the stock near the side of the dish and as far away 

as possible from the patch at the tip of the microelectrode. 

 The experiments examining the effects of nucleotides or phosphorylation on 

voltage-dependence were performed by adding a 100 mM stock solution of ATP in water 
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(Sigma-Aldrich, # A3377) or adenosine 5’-(β,γ-imido)trisphosphate (AMP-PNP) (Sigma, 

# A2647) to the bath for a final concentration of 1 mM.  A 20 mM stock solution of GTP 

in water (Sigma, # G8877) was added for final concentration of 100 μM.  A final 

concentration of 5 mM ATP was applied at the end of experiments using AMP-PNP to 

ensure that AMP-PNP was not acting as a phosphate donor.  Magoski & Kaczmarek 

(2005) showed that an increase in Po of >25% indicated the presence of channel-

associated PKC.  This same criterion was used in the present study. 

 The experiments examining the effects of IP3 on voltage- and Ca2+-dependence 

were performed using D-myo-inositol 1,4,5-trisphosphate (Sigma, # I7012) which was 

dissolved in water at 5 mM.  This was added to the bath to give a final concentration of 5 

μM.  

Data analysis 

 To determine channel Po, events lists were made from data files using the half-

amplitude threshold criterion (Colquhoun & Sigworth, 1995) of the Fetchan analysis 

program of pCLAMP.  Fetchan was also used to generate all-points histograms for 

determining channel amplitude.  Data at +30, 0, -15, -30, -60 and -90 mV were filtered 

using the Fetchan digital Gaussian filter, to a final frequency of 100, 150, 200, 250, 250 

and 500 Hz, respectively.  The Pstat analysis program of pCLAMP was used to read 

events lists and determine Po, either automatically or manually, using the formula: 

Po = (1 x t1 + 2 x t2 + … n x tn) / (N x ttot) 

where t = the amount of time that n channels are open, N = the number of channels in the 

patch, and ttot = the time interval over which Po is measured.  The number of channels in 

the patch was determined by counting the number of unitary current levels, particularly at 
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more depolarized potentials (typically –15 mV).  For patches containing only one 

channel, two open- and three closed-state time constants were determined in Pstat, by 

fitting probability density functions to the logarithmic distribution of event dwell-times 

using the minimum likelihood estimation method and a simplex search.  Pstat was also 

used to determine the mean open- and closed-state current level by fitting all-points 

histograms with Gaussian functions using the least-squares method and a simplex search.  

Channel current amplitude was then calculated by subtracting the mean closed current 

level from the mean open current level at a given voltage. 

 Concentration–response curves were constructed using Po values obtained at each 

concentration of Ca2+, normalized by dividing by the Po at 300 µM Ca2+, averaged, and 

plotted vs. Ca2+ concentration using Origin (version 7; OriginLab Corporation, 

Northampton, MA, USA).  Curves were then fitted with a Hill function to yield the EC50 

and Hill coefficient.  To make Po vs. voltage relationships, Po was normalized to Po at 

+30 mV and then plotted against patch holding potential using Origin.  This relationship 

was then fitted with a Boltzmann function to derive the half-maximal voltage (V1/2) and 

the slope factor (k), which is the change in voltage required to move the Po e-fold.  

Channel current vs. voltage relationships were produced in Origin by plotting channel-

current amplitude against patch-holding potential, and single-channel conductance was 

then determined by linear regression. 

 Data are presented as the mean ± the standard error of the mean (SEM).  Statistics 

were performed using Instat (version 3.0; GraphPad Software, San Diego, CA, USA).  

The Kolmogorov-Smirnov method was used to test data sets for normality.  To compare 

multiple means, a standard one-way analysis of variance (ANOVA) with Student-
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Newman-Keuls post-hoc test was used.  To compare a single mean to that of zero, a one-

sample t-test was used.  In all cases, data were considered significant if the two-tailed p-

value was <0.05. 
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Chapter 3: Results 

 The excised, inside-out patch clamp technique was used to examine modulation of 

a cation channel in cultured bag cell neurons (Fig. 4).  A patch of plasma membrane was 

excised and the cytoplasmic face of the patch exposed to the bath solution (artificial 

intracellular saline) and the extracellular face to the pipette solution (nASW).  The cation 

channel in question has been described previously, and is easily recognized: at a holding 

potential of -60 mV the channel passes ~2 pA of inward current, and has a Po, or amount 

of time spent in the open state, that increases with positive potentials (Wilson et al. 1998, 

Magoski, 2004; Lupinsky & Magoski, 2006). 

Bag cell neuron cation channel voltage-dependence   

 For experiments examining voltage-dependence, the cytoplasmic face of the patch 

was bathed with intracellular solution containing 10 μM free Ca2+, and initially held at     

-60 mV.  If a drug was applied, it was done at this voltage, which corresponds to the 

resting membrane potential.  Subsequently, the patch voltage was manipulated to 

examine voltage-dependence.  The bag cell neuron cation channel shows higher activity, 

seen as an increasing number of openings, at more positive potentials (Fig. 5A).  Plotting 

the normalized Po vs. patch voltage produced a single-channel activation curve (Fig. 5B; 

n = 6).  A Boltzmann fit of this curve gave a V1/2 of -33 mV, well within the physiological 

range of channel activity.  The slope factor (k) of voltage-dependence was 15; suggesting 

a voltage change of 15 mV is required to move along the curve e-fold.  Every point from 

the recordings was then plotted in histogram form; Gaussian fits to the peaks of these 

histograms represent the current during channel open and closed states (Fig. 5C).  

Plotting the difference between these peaks at each voltage gave the single-channel I/V  
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Figure 4.  Excised, inside-out patch clamp technique.   
A, The excised, inside-out patch configuration is achieved by obtaining a high resistance 
(GΩ) seal between the glass pipette and the cell membrane, then gently pulling away 
from the cell.  The patch of membrane remains attached to the pipette with the 
cytoplasmic face exposed to the bath solution.  B, Expanded view of the boxed region in 
panel A.  When working in the excised, inside-out configuration, the pipette solution is 
normal artificial seawater (nASW), to which the extracellular face of the patch is 
exposed.  The bath solution is intracellular saline, which bathes the cytoplasmic face of 
the patch.  Panel A modified from Hille (2001). 
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Figure 5.  The cation channel is voltage-dependent.   
A, Cation channel activity in an excised, inside-out patch, voltage-clamped at different 
holding potentials.  The closed state is at the top of each trace, and is designated by – C, 
while the open state is at the bottom, designated by – O.  As the patch is depolarized, 
more time is spent open (downward deflections) and less closed.  B, Voltage-dependence 
of cation channel open probability, Po, in 10 μM Ca2+.  Channel activity is normalized 
within each experiment to the Po at +30 mV.  C, The two peaks on each all-points 
histogram depict current flow during channel open (O) and closed (C) states at various 
voltages.  Gaussian fits to these peaks are used to derive channel amplitude plotted in 
panel D.  D, The single-channel I/V relationship shows rectification at potentials >0 mV.  
A conductance of 22.5 pS is derived from a linear fit of -90 to -15 mV. This represents 
the physiological range of the channel and avoids the region of rectification.  For this and 
all subsequent figures, data are presented as the mean ± SEM. 
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relationship (Fig. 5D), which shows rectification at more positive voltages.  As such, only 

data between -90 and -15 mV were used for the linear regression fit, which yielded a 

conductance of 22.5 pS.   

 Changes in channel activity can be linked to specific changes in channel kinetics 

(Colquhoun & Sigworth, 1995).  While the voltage-dependence of the cation channel has 

been examined previously (Wilson et al. 1996, Magoski, 2004; Lupinsky & Magoski, 

2006), the kinetics describing its voltage sensitivity remain unknown.  The kinetic states 

of an ion channel can be described by its dwell-time – the amount of time the channel 

spends in a particular open- or closed-state.  As originally determined by Wilson & 

Kaczmarek (1993), a best-fit probability density function of the closed- and open-state 

histograms of true single-channel recordings (i.e. patches containing only one cation 

channel) gave three closed-state and two open-state time constants.  Figure 6 shows each 

closed-state time constant as a peak (sometimes overlapping) on the histogram.  τC3, the 

longest closed-state time constant (right-most peak on each histogram), shifted linearly 

and became shorter with depolarization (n = 4).  This shift represented less time spent in 

this closed conformation.  Figure 7 provides the open-state histogram and shows the 

longer of the two open-state time constants, τO2 (right peak on each graph), became 

longer with depolarization, thereby increasing the time spent in that state (n = 5).     

 On a number of occasions, recordings were found to contain very brief (on the 

order of tens of ms) shifts to a subconductance of the cation channel.  This appeared to be 

independent of channel modulation, as these shifts occurred in the presence/absence of 

various modulators and at most voltages.  The state can be recognized as a 

subconductance, as opposed to a different species of channel, because clear transitions  
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Figure 6.  The cation channel favours reopening with depolarization.   
A, True single-channel closed-state dwell-times at three voltages are plotted as 
histograms.  Each histogram is best fit with a probability density function containing 
three time constants (τC1, τC2 and τC3) for the closed state.  The longest of these, τC3, 
changes with voltage, while the other closed time constants do not change appreciably.  
This is best seen in the shift of the right-most peak towards shorter durations.  B, The 
length of τC3 decreases linearly with depolarization – the data is normalized to -90 mV 
(the maximal τC3 duration).  The shortening of τC3 has the effect of decreasing the 
amount of time the channel spends in the third closed state, and increasing the number of 
reopenings. 
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Figure 7.  The cation channel stays open longer with depolarization.   
A, As in figure 6, channel open-state dwell-times are also fit with a probability density 
function.  In this case, the best fit is with two time constants (τO1 and τO2) for the open 
state.  The longer of these, τO2, also changes with voltage, while the other open time 
constant does not change appreciably.  This is seen in the shift of the right-most peak 
towards longer durations with depolarization.  B, The length of τO2 increases linearly 
with depolarization – the data is normalized to +30 mV (the maximal τO2 duration).  The 
lengthening of τO2 has the effect of increasing the amount of time the channel spends in 
the open state. 
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between sub- and full-conductance were apparent (Fig. 8A).  Were there two channels, 

this would require the exact, simultaneous opening of one channel and closing of the 

other – a very unlikely possibility.  The subconductance was determined in the same 

manner as the full-conductance; both are plotted for comparison in figure 8B.  The 

subconductance of the channel, based on the linear fit from -90 to -15 mV, was 13.3 pS.  

There was a paucity of data at the more depolarized potentials (due to resolution 

difficulties), and more hyperpolarized potentials (due to fewer channel openings overall). 

Phosphorylation by channel-associated PKC left-shifts voltage-dependence  

 It has been shown that a closely-associated PKC modulates the bag cell neuron 

cation channel in the presence of a phosphate source (presumably due to phosphorylation 

of the channel or some nearby protein) (Wilson et al. 1998).  Application of 1 mM ATP 

to the cytoplasmic face of the cation channel in excised, inside-out patches, provides such 

a phosphate source.  PKC produces a characteristic, dramatic increase in Po at -60 mV 

(Fig. 9A inset), resulting in an ~250% increase in activity (Fig. 10).  This increase in 

activity is taken as an indicator that PKC is present; a bare channel (lacking known 

associated protein kinase) presents no change in Po at -60 mV with the addition of ATP 

(Magoski & Kaczmarek, 2005).  As the cation channel is upregulated during the 

afterdischarge, when PKC is thought to be associated, the kinase may play a role in this 

enhancement, possibly through an effect on voltage-dependence.  Using this assay, cation 

channel voltage-dependence was compared before and after addition of ATP.  PKC-

dependent phosphorylation left-shifted the voltage-dependence of the cation channel, 

with a change in V1/2 of -3 mV (Fig 9A; n = 6).  The difference in V1/2 does not fully 

capture the shift, however.  The two curves, while close together at the positive  
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Figure 8. A rare cation channel subconductance.   
A subconductance for the bag cell neuron cation channel occurs independent of channel 
kinetic or modulatory state.  A, representative current traces of the subconductance 
(demarcated by *) at various voltages, showing clear transitions between sub- and full-
conductance states.  These are true single-channel patches.  The – O refers to the full-
conductance open state.  B, single-channel I/V relationship of channels in the 
subconductance state (closed circles) (at 0 through -90 mV; n = 8, 9, 9, 2 and 1, 
respectively; 28 patches in total) fitted between -90 and -15 mV, gives a conductance of 
13.3 pS.  The subconductance cannot be resolved at voltages more positive than 0 mV.  
The control graph (open circles) is replotted from figure 5. 
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Figure 9.  Phosphorylation of the cation channel by closely-associated PKC left-
shifts voltage-dependence.   
A, Voltage-dependence of the channel is left-shifted (ΔV1/2 = -3.0 mV) in the presence of 
a phosphate source (1 mM ATP) when PKC is associated with the channel.  The left-shift 
is even more prominent in the normal operating range of the channel, i.e. between -90 
and -30 mV.  Inset, application of ATP to the cytoplasmic face of an excised, inside-out 
patch containing three cation channels, voltage-clamped at -60 mV, increases Po from 
0.1044 in control (top) to 0.6446 (bottom), which is consistent with PKC-dependent 
phosphorylation.  B, When no PKC is present, ATP right-shifts the voltage-dependence 
of the channel (ΔV1/2 = 14.0 mV).  Inset, ATP has no effect on channel Po (from 0.1503 
in control to 0.1371 with ATP) when the channel is bare (i.e. PKC is not associated).  C, 
A non-hydrolyzable analog of ATP, AMP-PNP, has less effect on channel voltage-
dependence than ATP itself (ΔV1/2 = 7.0 mV).  Inset, AMP-PNP does not significantly 
change Po from control.  D, Application of GTP has no effect on channel voltage-
dependence.  Inset, GTP does not significantly change Po from control. 
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Figure 10.  Phosphorylation by PKC increases cation channel Po while nucleotides 
alone do not.  
The summary data show that only phosphorylation by PKC causes a significant change in 
channel Po at -60 mV (ANOVA, Student-Newman-Keuls post-hoc test).  The numbers in 
brackets above, below, or within each bar designate the n value of that set, for this and all 
ensuing bar graphs. 
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potentials, are far more disparate between -90 and -30 mV, in the normal operating range 

of the channel.  Thus, while the shift in V1/2 is minimal, the apparent change in voltage-

dependence caused by PKC-dependent phosphorylation at resting potential, or during the 

afterdischarge, would be greater. 

 Interestingly, application of ATP to bare channels (no change in Po at -60 mV; 

Figs. 9B inset, 10) also shifted the voltage-dependence, but to the right, with a change in 

V1/2 of 14 mV (Fig. 9B; n = 9).  To examine if this shift was due to the direct effect of the 

nucleotide, AMP-PNP was applied in the same manner.  AMP-PNP is non-hydrolyzable 

and can act as an adenine nucleotide without serving as a phosphate donor (Yount et al. 

1971).  Application of 1 mM AMP-PNP had no effect at -60 mV, with an ~3 % decrease 

in Po (Figs. 9C inset, 10), consistent with that reported by Wilson et al. (1998); moreover, 

it caused a more modest right-shift in voltage-dependence (a change of 7 mV in V1/2; Fig. 

9C; n = 9).   To ensure that the AMP-PNP was definitely not acting as a phosphate 

source, the cytoplasmic face of the patch was exposed to 5 mM ATP at the end of 

experiments with AMP-PNP.  In 3 of 9 patches, the channels showed an increased Po at -

60 mV with ATP, indicating that PKC-dependent phosphorylation had not taken place in 

the presence of AMP-PNP alone.  Parenthetically, application of 100 μM GTP did not 

affect the voltage-dependence or activity (~20 % decrease at -60 mV) of the cation 

channel (Figs. 9D, 10; n = 10).  Further, the unitary conductance of the cation channel 

was not affected by any of the nucleotides: ATP (21.1 vs. 21.9 pS), AMP-PNP (21.6 

vs.22.7 pS) or GTP (22.2 vs.21.9 pS).  Phosphorylation by PKC did decrease the 

conductance (from 23.5 to 20.6 pS), though this was largely due to a drop in current 

amplitude at -90 mV only. 
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IP3 and ATP right-shift voltage-dependence and increase unitary conductance 

 IP3 is produced in the bag cell neurons during the afterdischarge (Fink et al. 1988) 

and could, therefore, affect the cation channel.  Application of 5 μM IP3, while having 

minimal effect on activity alone at -60 mV (~30 % increase; Fig. 11A inset, C), right-

shifted voltage-dependence, with a change in V1/2 of 6 mV (Fig. 11A; n = 7).  Addition of 

1 mM ATP to bare channels (~5 % decrease in Po at -60 mV; Fig. 11B inset, C) in the 

presence of IP3 further right-shifted the voltage-dependence, with a 10 mV change in V1/2 

from the IP3 alone curve (Fig. 11B; n = 8).  This overall effect was similar to that of ATP 

alone on bare channels.  The discrepancy in the size of the shift may be attributable to the 

initial effect of IP3; such that the shift with IP (6 mV) and subsequent shift with ATP (10 

mV), are approximate to the shift with ATP alone. 

 Interestingly, IP3 and ATP together altered unitary channel conductance, 

regardless of whether or not PKC was present. Particularly at depolarized potentials, the 

current amplitude of the cation channel in the presence of IP3 decreased with addition of 

ATP (Fig. 12A).  While the current was smaller, however, the conductance at the 3 most 

positive voltages examined increased by 0.5 pS because of a steeper slope of the linear fit 

(Fig. 12B; n = 11).  Unlike the altered conductance with PKC, the change in current with 

IP3 plus ATP was not significant at hyperpolarized voltages (-60 and -90 mV), but 

reached significance at +30, 0, -15 and -30 mV (Fig. 12C). 

PKC-dependent phosphorylation right-shifts Ca2+-dependence 

 The present study confirmed cation channel Ca2+-dependence, where increased 

activity was seen with higher cytoplasmic face Ca2+ concentrations (Fig. 13A).  Ca2+-

dependence was examined at a holding potential of -60 mV, with the patch being initially 



 39

 

 

 

 
 
Figure 11.  IP3 modestly right-shifts channel voltage-dependence.   
A, Application of 5 μM IP3 right-shifts the voltage dependence of the cation channel 
(ΔV1/2 = 6 mV).  Inset, At -60 mV, IP3 has no effect on channel Po.  B, In the absence of 
PKC, application of 1 mM ATP exacerbates the IP3-induced right-shift in voltage-
dependence (ΔV1/2 = 10 mV).  This effect is consistent with effect of ATP alone on bare 
channels.  Perhaps because of the IP3-induced right shift to begin with, ATP does not 
push the V1/2 as far right as seen with naïve channels.  Inset, At -60 mV in the presence of 
IP3, addition of ATP has no effect on Po if the channel is bare (from 0.0103 in IP3 alone 
to 0.0102 in IP3 + ATP).  C, The summary data show that neither IP3 nor ATP cause a 
significant change in channel Po at -60 mV (one sample t-test).   
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Figure 12. In the presence of IP3 and ATP, unitary channel conductance changes 
modestly.  A, Single channel recordings at +30 mV, in 5 μM IP3, show decreased current 
flow with the addition of 1 mM ATP.  B, The single-channel I/V relationship at the 3 
most positive potentials (+30, 0 and -15 mV) show increased unitary conductance from 
12.8 pS in IP3 alone, to 13.3 pS with the addition of ATP.  Although the current is 
smaller, because the slope is steeper, the conductance increases.  C, Summary data for 
each voltage indicate significant or near significant changes in current amplitude at +30, 
0, -15 and -30 mV in the presence of both IP3 and ATP. 
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Figure 13.  Cation channel Ca2+ dependence following PKC-dependent 
phosphorylation.   
A, Excised, inside-out patch held at -60 mV and exposed to different cytoplasmic face 
Ca2+ concentrations as indicated.  This patch contains three cation channels.  Channel 
activity increases with increasing Ca2+.  The scale bar applies to both A & B.  B, 
Exposing a different patch to the same Ca2+ concentration, but with channels in the 
phosphorylated state (1 mM ATP, channel-associated PKC).  The Ca2+-dependent 
increase in Po is again apparent, though as is typical of PKC phosphorylated channels, the 
Po is greater at all concentrations.  This patch contains five cation channels.  
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excised into intracellular solution containing 30 μM free Ca2+.  The patch was then 

moved between the barrels of a gravity-fed perfusion system, exposing the cytoplasmic 

face first to 300 μM Ca2+ (peak concentration; used for subsequent normalization), then 

30 μM, 3 μM, and 300 nM in random order, in the presence/absence of 5 μM IP3 and/or 1 

mM ATP.   

 When PKC was associated with the channel (~250% increase in Po at -60 mV in 

30 μM Ca2+ with ATP), phosphorylation increased the activity of the channel at every 

Ca2+ concentration (Figs. 13B, 14A, 15C).  However, despite this increase, channel-

associated PKC actually right-shifted the Ca2+-dependence, moving the EC50 from 5 μM 

(n = 14) to 30 μM (n = 9), with a slight change in Hill coefficient from 0.89 to 0.77 (Fig. 

14B). 

IP3 severely right-shifts Ca2+-dependence and this is largely rescued by PKC 

 As seen with voltage-dependence, application of IP3 had no effect on channel 

activity at -60 mV in 30 μM Ca2+ (~3 % decrease; Fig. 15A, C; n = 6).  Similarly, 

phosphorylation by PKC, in the presence of IP3, still caused the characteristic increase in 

Po (~160 % at -60 mV) (Fig. 15B, C; n = 7).  Also like its effect on voltage-dependence, 

IP3 caused a right-shift in the Ca2+-dependence of the cation channel (Fig. 16A, C), 

though this was a far more marked change, to an apparent EC50 of ~20 M Ca2+ (the shift 

is so dramatic that the fit of the IP3 curve should be interpreted judiciously). Addition of 

ATP to IP3-exposed channels, and subsequent phosphorylation by associated PKC 

rescued this shift, returning the EC50 to 20 μM, compared to the 3 μM of the control 

curve (Fig. 16B, C). 
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Figure 14.  PKC-dependent phosphorylation right-shifts cation channel Ca2+-
dependence.  A, Compared to control (closed circles), channels that have undergone 
phosphorylation (open circles) show an increase in Po at every Ca2+ concentration.  Inset, 
For the PKC-phosphorylated channels, each patch is first held at -60 mV in 30 μM Ca2+, 
and the cytoplasmic face exposed to ATP.  This patch has two cation channels, and Po 
increased in the presence of ATP from 0.0098 in control (top) to 0.0886 in ATP (bottom).  
B, The Ca2+-dependence of the channel is right-shifted following the actions of PKC, 
with a shift in EC50 from 5.1 μM to 30.0 μM, and a small change in the Hill coefficient 
(0.89 vs. 0.77). 
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Figure 15.  IP3 and PKC modulate cation channel Ca2+-dependence.   
A, Voltage-clamp recordings of an excised, inside-out patch at -60 mV in intracellular 
solution containing 30 μM Ca2+.  Application of 5 μM IP3 to the cytoplasmic face of the 
patch has no effect on Po.  B, In a different patch, containing two channels and exposed to 
30 μM Ca2+ and 5 μM IP3, addition of 1 mM ATP increases Po, consistent with PKC-
dependent phosphorylation.  C, The summary data of cation channel Po in 30 μM Ca2+ at 
-60 mV shows that phosphorylation by PKC causes a significant increase in activity, 
while application of IP3 alone has no effect.  Phosphorylation by PKC of channels 
already exposed to IP3 elevates the Po to near the same levels seen with phosphorylation 
of naïve channels (ANOVA, Student-Newman-Keuls post-hoc test). 
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Figure 16.  IP3 right-shifts cation channel Ca2+-dependence – this effect is largely 
negated by PKC-dependent phosphorylation.   
A, Exposing the same patch to varying Ca2+ concentrations with 5 μM IP3 reveals that 
Ca2+-dependence is still apparent, although not as obvious (compare to fig. 13A).  B, The 
same patch, exposed to varying Ca2+ concentrations with 5 μM IP3 and 1 mM ATP 
displays a more typical Ca2+-dependence (similar to fig. 13A).  Scale bar applies to both 
A & B.  C, The Ca2+-dependence of cation channel Po is strongly right-shifted by IP3 
alone (closed triangles; apparent EC50 = 20.0 M, Hill = 0.49) compared to control (open 
circles; EC50 = 3.4 μM, Hill = 1.67).  However, phosphorylation of the channel in the 
presence of IP3 (closed squares; EC50 = 20.0 μM, Hill = 0.65) results in recovery of the 
curve towards control.    
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Pretreatment with Conus textile venom decreases occurrence of channel-containing 
patches 
 Conus textile venom (CtVm) produces an analog of the afterdischarge in cultured 

bag cell neurons, complete with a subsequent refractory period (Wilson et al. 1996; 

Magoski et al. 2000).  To determine if this process impacts cation channel density, 

neurons were pretreated with 100 μg/ml CtVm for ~35 minutes (which should outlast the 

afterdischarge and render the cells refractory).  The number of cation channel-containing 

patches excised from the plasma membrane decreased, as compared with those that did 

not (null patches) in neurons exposed to CtVm (Fig. 17).   
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Figure 17.  CtVm decreases the occurrence of cation channels excised from the 
membrane.  A, Compared to control, pretreatment with Conus textile venom (CtVm) 
significantly decreases the ratio of channel-containing:null patches (patches that do not 
contain cation channels) (p<0.05, Fisher’s Exact Test).  B, Examples, at -60 mV, of a 
cation channel-containing patch (top) from a control cell, and a null patch (bottom) from 
a cell exposed to 100 μg/ml CtVm for ~35 minutes. 
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Chapter 4: Discussion 

The voltage- and Ca2+-dependence of a nonselective cation channel in Aplysia bag 

cell neurons are regulated by PKC and IP3.  Both of these modulators are prominent 

during the afterdischarge.  The overall effect of IP3 is downregulatory, right-shifting both 

voltage- and Ca2+-dependence, while PKC is mixed, upregulating activity and left-

shifting voltage-dependence, but right-shifting Ca2+-dependence.  This complex means of 

channel modulation may act to drive the afterdischarge, but also allow its cessation. 

 The afterdischarge in Aplysia bag cell neurons has been well characterized over 

the past four decades.  A brief synaptic stimulus to these neurons causes an ~30-minute 

period of depolarization and synchronous firing, following which the cells become 

refractory and respond to further stimuli with only single spikes (Kupfermann & Kandel, 

1970; Kaczmarek et al. 1982).  The resting membrane potential of these cells is generally 

about -60 mV, depolarizing to between -40 and -20 mV during the afterdischarge (Conn 

& Kaczmarek, 1989).  The afterdischarge has two components: a fast phase of spiking 

with a frequency of 2-6 Hz lasting < 1 minute, and a slow phase characterized by <1 Hz 

spiking lasting ~30 minutes (Kaczmarek et al. 1982).  In vivo, this is initiated in a number 

of situations, for instance after coming into contact with an existing egg mass or mating 

as a female (Begnoche et al. 1996).  Though the neurons that trigger the afterdischarge 

are unknown, there are cells in the pleural ganglia with properties similar to bag cell 

neurons, and stimulation of these cells can cause the bag cell neurons themselves to 

afterdischarge (Brown et al. 1989).       

It is likely that a voltage-independent nonselective cation current, activated by 

increased intracellular Ca2+, contributes to the fast phase of the afterdischarge (Whim & 
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Kaczmarek, 1998; Hung & Magoski, 2007).  The voltage-dependent nonselective cation 

channel examined in this study may be recruited during the fast phase, due to high 

intracellular Ca2+ (Lupinsky & Magoski, 2006), but is likely more prevalent during the 

slow phase due to the effects of various protein kinases (Wilson & Kaczmarek, 1993; 

Wilson et al. 1996, 1998).  There are other Ca2+-dependent, voltage-independent cation 

channels which likely contribute to the afterdischarge: a cation channel which provides a 

depolarizing drive when activated by Ca2+ released from mitochondrial stores (Hickey & 

Magoski, 2008), and a smaller cation conductance which plays a role in setting resting 

membrane potential and is activated by Ca2+ released from the endoplasmic reticulum 

(Knox et al. 1996; Gardam et al. 2008). 

 The purpose of the afterdischarge is the release of egg-laying hormone and 

subsequent reproduction.  The association between neuropeptide release and the 

afterdischarge has been studied extensively: Ca2+-dependent hormone release can be 

caused by either depolarization of the bag cell neurons with high extracellular K+ (Arch, 

1972a,b) or the afterdischarge itself (Stuart et al. 1980; Loechner et al. 1990).  Moreover, 

the major polypeptide released from the bag cell neurons during the afterdischarge can be 

identified as egg-laying hormone; further, this hormone induces egg-laying behaviour 

when injected back into Aplysia (Stuart et al. 1980). 

   Although there have been other reports (Wilson et al. 1996, 1998; Magoski, 

2004; Lupinsky & Magoski, 2006), the present study represents the most thorough 

analysis of bag cell neuron cation channel voltage-dependence to date.  The kinetic 

analysis of channel dwell-times can be considered a form of molecular physiology.  

Channel proteins may have multiple conformations, and the exponentials provided by 
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kinetic analysis are thought to represent those that are the most energetically stable.  The 

length of time a channel spends in a particular open- or closed-state is directly 

proportional to the degree of stability.  As such, changes in channel phenotype often 

correlate with either the duration or number of exponentials required to best fit the kinetic 

profile of channel dwell-times (Colquhoun & Sigworth, 1995); simply put, changes in 

activity are due to changes in kinetics.  For the bag cell neuron cation channel, 

depolarization decreases the duration of the longest closed time, τC3, which suggests that 

the channel favours reopening.  Correspondingly, the duration of the longer open time, 

τO2, increases with depolarization; suggesting the channel favours remaining open.  The 

cation channel voltage-sensor translates changes in membrane potential to different 

conformational stabilities.   

The majority of cation channels are voltage-independent, presumably not having 

the voltage-sensor.  Most of these channels have a single gating factor, or family of 

factors, generally, Ca2+, G-protein-coupled receptors and/or some second messenger 

(Colquhoun et al. 1981; Partridge & Swandulla, 1988; Guerineau et al.1995; Crawford et 

al. 1997).  Cation channels which are voltage-dependent without any Ca2+-dependence 

have been found in only a few cell types, including cortical (Alzheimer, 1994), 

suprachiasmatic (Kononenko et al. 2004), association-cortex (Haj-Dahmane & Andrade, 

1996) and pineal (Darvish & Russell, 1998) neurons, though the latter two also require 

ligands.  Perhaps evolution has limited these channels because their role may be largely 

filled by persistent Ca2+ or Na+ currents (Stafstrom et al. 1985; Bui et al. 2008).  Cation 

channels which exhibit both voltage- and Ca2+-dependence, like the bag cell neuron 

cation channel, are slightly more common, and have been seen in endothelia (Csanády & 
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Adam-Vizi, 2003), cardiomyocytes (Guinamard et al. 2002, 2004), and astrocytes (Chen 

& Simard, 2001), as well as DRG (Currie & Scott, 1992) and vomeronasal sensory 

neurons (Liman, 2003).  TRPM4 channels are also both Ca2+- and voltage-dependent 

(Nilius et al. 2003).  A two-factor gating system implies that the regulation of these 

channels is of relative importance.  Accordingly, for Aplysia, the cation channel plays a 

role in the afterdischarge, and so is vital to propagation. 

 The bag cell neuron cation channel Po/V relationship indicates that the channel 

would show relatively little activity at a resting membrane potential of -60 mV.  

However, depolarization during the afterdischarge to a membrane potential near -30 mV 

would markedly increase cation channel Po, given that this voltage is near the half-

maximal activation.  The spiking activity during the afterdischarge will have little 

voltage-dependent influence on the cation channel, as the changes in membrane potential 

are too rapid.  It is the altered baseline membrane potential that would have the most 

pronounced effect.  

 I can confidently assert that the increased Po seen at -60 mV with the application 

of ATP is PKC-dependent.  This effect is blocked by both chemical and peptidergic PKC 

antagonists (Wilson et al. 1998).  Furthermore, the increased activity is prevented or 

reversed by application of a specific SH3 domain before or after ATP, respectively 

(Magoski et al. 2002).  The effect is rescued (i.e. seen in patches from neurons not 

initially showing the increased activity with ATP) by pretreating the cells with a PKC 

activator (Magoski & Kaczmarek, 2005), and its washout is blocked by a phosphatase 

inhibitor (Wilson et al. 1998).  Finally, activation of the whole-cell cation current is 
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inhibited by both peptide and chemical PKC antagonists (Magoski et al. 2002; Kachoei et 

al. 2004), and mimicked by a PKC activator (AKH Tam & NS Magoski, unpublished). 

 Regulation of voltage-dependence by PKC-dependent phosphorylation is not 

uncommon, such as the enhancement of the Aplysia Slo K+ channel during the refractory 

period (Zhang et al. 2002), and right-shifting the voltage-dependence of two other K+ 

channels in Hermissenda (Farley & Auerbach, 1986).  Similarly, PKC-dependent 

phosphoryation of Kv3.1 channels in auditory neurons decreases current amplitude 

(Macica et al. 2003).  The PKC-induced shift in bag cell neuron cation channel V1/2 

appears modest; however, V1/2 alone is a less than adequate indicator, as the left-shift is 

clearly more evident at negative voltages.  In this range, PKC would enhance voltage-

dependent recruitment of the channel during the afterdischarge, and also maintain its 

activity to drive depolarization.  That stated, the left-shift is not sufficient to explain the 

effect of PKC on activity, as phosphorylation appears to also directly gate the channel.   

 Although there are a few reports of kinase-mediated regulation of cation channels 

(Hisatsune et al. 2004; Shi et al. 2004), to my knowledge, this is the first report of 

modulation of cation channel voltage-dependence by phosphorylation.  This uniqueness 

may lie in the fact that cation channel modulation has yet to be fully explored in general.  

The bag cell neurons provide a tractable preparation for such lines of inquiry.  

Potentially, the voltage-dependence of other cation channels, and their role in 

afterdischarge-like depolarizations will be found to be modulated by phosphorylation.  

Parenthetically, the most commonly reported modulators of cation channel voltage-

dependence are second messengers.  cAMP left-shifts the voltage-dependence of a cation 

channel in pineal neurons (Darvish & Russell, 1998), while Ca2+ does the same in 



 53

vomeronasal neurons (Liman, 2003), astrocytes (Chen & Simard, 2001), endothelial cells 

(Csanády & Adam-Vizi, 2003) and the bag cell neurons themselves (Lupinsky & 

Magoski, 2006).   

 The ATP-induced right-shift in the voltage-dependence of bare cation channels 

was unexpected.  Prior experiments assaying for phosphorylation were conducted at -60 

mV, where bare channels show no significant change in Po with ATP.  The smaller 

change with AMP-PNP suggests that the right-shift may not entirely be attributed to a 

ligand-binding effect of the adenine nucleotide, as seen in K+ (Bhattacharjee et al. 2003; 

Yang et al. 2007) and some other cation channels (Van den Abeele et al. 1994; Chen & 

Simard, 2001; Csanády & Adam-Vizi, 2003; Cho et al. 2003; Nilius et al. 2005).  It is 

possible that another, as yet unidentified kinase may also associate with the channel and 

contribute to the right-shift (which was seen in over half of the patches examined).  

Finally, as ATP is omnipresent within the cell, the right-shift in bare channels is likely 

representative of voltage-dependence in actual physiological conditions, and subsequent 

PKC effects act upon this state. 

 IP3 alone has a modest downregulatory effect on bag cell neuron cation channel 

voltage-dependence, which, in the absence of PKC-dependent phosphorylation, appears 

to be eclipsed by the further right-shift with ATP.  IP3 is known to directly gate several 

other cation channels, including a TRPC3-like channel in pontine neurons (Hong-Sheng 

et al. 1999) and a TRPC6-like channel in myocytes (Albert & Large, 2003), as well as 

TRPC3 in HEK cells (Kiselyov et al. 1998).  To the best of my knowledge, there have 

been no prior accounts of IP3-modulated cation channel voltage-dependence.  IP3 is a 
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common modulator, and has the potential to act as a regulator of voltage-dependence for 

other cation channels. 

 The experiments examining the voltage-dependence of the cation channel show a 

number of different control Po vs. V curves, with different V1/2 values (-33 mV (initial), -

24 mV (PKC control), -37 mV (bare +ATP control), -27 mV (AMP-PNP control), -42 

mV (GTP control), -20 mV (IP3 control)).  This indicates that voltage-dependence, while 

always present, is not invariable.  It is likely that the V1/2 is state-dependent (with the 

initial state unknown), cell-dependent (at rest vs. refractory), and animal-dependent 

(starved vs. satiated, tank-adapted vs. naïve, sleeping vs. locomoting, celibate vs. mating).  

However, for the present study all voltage-dependence experiments used within-patch 

comparisons, and each experiment set was completed using sister cultures, or the same 

cohort of animals.  As such unaccounted variability in V1/2 within each set should be 

minimal.  

The Ca2+-dependence of the bag cell neuron cation channel was examined by 

Lupinksy & Magoski (2006), who found an EC50 for Ca2+ of 10 μM, with a Hill 

coefficient of 0.66.  This determined the internal Ca2+ concentration used in all of the 

voltage-dependence experiments of the present study.  I subsequently found the cation 

channel to have a similar EC50 of 5 μM, with a slightly more cooperative Hill coefficient 

of 0.89.  The two half-maximal concentrations are well within the same order of 

magnitude, and the difference in Hill coefficients can likely be explained by the fewer 

number of concentrations used here.  The Ca2+-dependence of this channel entails that it 

would be activated by Ca2+ influx during both the slow and fast phases of the 

afterdischarge (Woolum & Strumwasser, 1988; Fink et al. 1988; Fisher et al. 1994; Knox 
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et al. 1992; Michel & Wayne, 2002; Geiger & Magoski, 2008).  Ca2+ release from 

intracellular stores during the afterdischarge is also a possible channel activator (Michel 

& Wayne, 2002; Geiger & Magoski, 2008). 

 Phosphorylation has been shown to modulate Ca2+-dependence of many other 

channels, for example, the rat Slo K+ channel by PKA (Reinhart et al. 1991).  That said, 

there is little data regarding nonselective cation channels.  PKC left-shifts Ca2+-

dependence of TRPM4 channels (Nilius et al. 2005) while PKA eliminates Ca2+-

dependence in chick DRG neurons (Razani-Boroujerdi &  Partridge, 1993).  The effect of 

phosphorylation by PKC on the Ca2+-dependence of the bag cell neuron cation channel is 

compelling, all the more because the right-shift in Ca2+-dependence would downregulate 

the channel in a manner opposite to the effect of PKC on activity and voltage-

dependence.  This suggests that channel regulation by PKC is very tightly controlled, and 

suppressing Ca2+-dependence may prevent both overstimulation of the channel, and 

possibly excitotoxicity.   

 The effect of IP3 on the Ca2+-dependence of the cation channel is enigmatic:  

while the right-shift with IP3 is profound, the effect of PKC and IP3 together is similar to 

that of PKC alone.  This implies that phosphorylation rescues Ca2+-dependence, or 

largely eliminates the influence of IP3 altogether.  For TRPC7 channels, Ca2+-calmodulin 

acts as an inhibitor, while IP3 enhances the channel (Shi et al. 2004); interestingly the 

same modulators have opposite effects on the bag cell neuron cation channel.  

Furthermore, with TRPM5 channels, desensitized Ca2+-dependence is rescued by PIP2 

(Liu & Liman, 2003), the lipid precursor to IP3, in a manner similar to the PKC-mediated 

rescue of the IP3-induced right-shift in bag cell neurons. 
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 The control of channel number in the plasma membrane is one of the ways a cell 

can regulate the effect of that channel (Bezzerides et al. 2004; Zhang et al. 2008).  

Pretreatment with CtVm, which eventually places neurons in a refractory state, removes 

functional cation channels from the membrane, which may be a corollary to the other 

downregulatory effects of IP3 on voltage-dependence, as well as IP3 and PKC on Ca2+-

dependence.  Such a mechanism would ensure that activation of the cation channel does 

not perpetuate itself indefinitely once the afterdischarge has begun.  This effect is similar 

to the loss of cation channel modulation by PKC in leech neurons following synapse 

formation (Catarsi & Drapeau, 1992), and also to the decrease in cation channel density 

seen with PKC activation in cardiomyocytes (Guinamard et al. 2002). 

 The hypothesis that each modulator would be upregulatory was perhaps, in 

hindsight, naïve.  If depolarization, Ca2+ influx and PKC activation all occur at the onset 

of the afterdischarge, and all modulatory effects on the channel during the afterdischarge 

were upregulatory, the afterdischarge would never end.  Instead, the control system is 

more sophisticated, possibly to ensure transition to refractoriness, or prevent 

excitotoxicity.  An argument can be made for a model of channel regulation by 

considering the time course of the various modulators.  PKC is activated throughout the 

afterdischarge (Wayne et al. 1999), which, through its upregulatory effects on Ca2+ 

current (DeRiemer et al. 1985), would enhance Ca2+ levels during the fast and slow 

phases (Fisher et al. 1994; Geiger & Magoski, 2008).  IP3 levels also increase during the 

afterdischarge, which would further elevate Ca2+ (Fink et al. 1988).  Though little is 

known about the kinetics of IP3 during the afterdischarge, it has been shown in cell lines 

that IP3 initially increases, then plateaus for ~5 minutes following metabotropic receptor 
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activation (Bartlett et al. 2005), and that its high diffusion coefficient of 24 μm allows it 

to act throughout the soma (Allbritton et al. 1992).  It is possible, therefore, that Ca2+, 

PKC and IP3 levels are all high during the fast phase, but Ca2+ and IP3 would fall during 

the slow phase (Fig. 18).  Thus, the effects of IP3 and PKC on Ca2+-dependence, as well 

as IP3 on voltage-dependence, would prevent overstimulation of the channel.  During the 

slow phase, when both Ca2+ and IP3 have plateaued, the depolarization is maintained 

largely by the upregulatory effect of PKC on activity and voltage-dependence.  The 

action of PKC (and IP3 to a lesser extent) on Ca2+-dependence would continue to keep 

channel activity contained.   

Further experiments to examine the kinetics of IP3 production and localization in 

the bag cell neurons during the afterdischarge would give a more complete picture of the 

interplay between IP3 and PKC.  Further, the synergistic effects of IP3 and PKC on 

voltage-dependence should be examined.  I attempted to collect this data, however the 

association of PKC with the cation channel appears seasonal (happening far more 

regularly in the summer months – the reproductive season of the animal), and its absence 

was a limiting factor.  The cleavage of PIP2 during the afterdischarge produces both IP3 

and diacylglycerol (DAG).  Given the effects of IP3 on both voltage- and Ca2+-

dependence, it seems likely that DAG could also act as a channel modulator.   

IP3 and PKC modulate the cation channel voltage- and Ca2+-dependence in an 

unexpectedly sophisticated manner; with the effects of each opposing the other, and 

sometimes themselves.  However, this tightly controlled regulation of activity is fitting 

for a channel involved in the fundamental event of species propagation. 
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Figure 18.  Complex regulation of the bag cell neuron cation channel.   
Top, At rest, the cation channel is modulated only by closely-associated calmodulin 
(CaM) and low levels of Ca2+.  Left, During the fast phase of the afterdischarge, Ca2+ 
levels are very high.  CaM increases channel activity and left-shifts voltage-dependence.  
IP3 is produced during the afterdischarge, and it right-shifts both voltage- and Ca2+-
dependence.  PKC is also associated with the channel during the afterdischarge, and 
upregulates the channel through increased activity, left-shifted voltage-dependence and 
disinhibition of IP3 on Ca2+-dependence.  PKC also plays a downregulatory role by right-
shifting Ca2+-dependence.  Right, During the slow phase of the afterdischarge, Ca2+ and 
IP3 levels both decrease to a plateau.  CaM and PKC still exert their modulatory effects.  
Based on the present study as well as Wilson et al. (1996), Magoski (2004), Magoski & 
Kaczmarek (2005) and Lupinsky & Magoski (2006). 
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