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ABSTRACT 

 Elucidating the process by which an animal can transduce a brief signal into 

a predictable set of behaviours has important implications for understanding brain 

function.  I explored the transition from quiescence to repetitive activity in the bag 

cell neurons of Aplysia californica.  Using both cultured neurons and intact ganglia, I 

demonstrated the involvement of cholinergic transmission in this marked change to 

excitability.  

The bag cell neurons are a group of 200-400 electrically-coupled 

neuroendocrine cells that initiate a set of prescribed reproductive behaviours, 

culminating in deposition of an egg mass.  This fixed action pattern, lasting ~1 h, 

follows a brief (≤10-sec) stimulus from an afferent input to the bag cell neuron 

cluster, which causes these previously silent neurons to continuously fire for ~30 

min.  Central to the maintenance of this increased excitability, are the elevation of 

various second messenger pathways that modulate multiple ion channels.  As such, 

the initiating stimulus for afterdischarge generation was thought to involve 

metabotropic receptors.  However, I report that an acetylcholine-gated ionotropic 

current triggers the afterdischarge, as well as two, distinct nicotinic responses that 

participate in excitability: one associated with channel opening and the other 

through the inhibition of K+ currents.  

My data suggest that the interplay between inward Ca2+ and cation currents, 

and outward K+ channels, regulated by intracellular messengers protein kinase C 

(PKC) and cyclic adenosine monophosphate (cAMP), respectively, set the baseline 

level of excitability prior to cholinergic activation.  I also observed, distinct negative-

feedback mechanisms on the acetylcholine ionotropic current.  First, an increase in 
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cAMP inhibits the cholinergic current shortly after the start of the afterdischarge, 

and once the afterdischarge is fully underway, dephosphorylation by a Src family 

tyrosine kinase further inhibits the channel.  In addition, FMRFamide, an 

afterdischarge suppressor, appears to directly block the cholinergic channel.  

By exploring both canonical and non-canonical cholinergic roles in the 

afterdischarge, I have determined that complex signalling pathways can be reduced 

to a single variable, provided that the necessary precursors are in place.  

Furthermore, based on post-synaptic receptor composition and regulation, my work 

indicates the potential for profound diversity in cholinergic pathways. 
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Chapter 1: GENERAL INTRODUCTION 

1.1 Fundamental behaviours 

A fundamental question in neuroscience asks how complex events required 

for survival are controlled.  What sets these events in motion? What maintains an 

event?  What process exists to terminate such events? For example, one of the 

simplest events is the monosynaptic ‘knee jerk’ reflex, where a single sensory neuron 

is stimulated by stretch to generate an action potential that travels down the axon, 

releasing glutamate to activate a single motor neuron, which in turn releases 

acetylcholine to stimulate the muscle.  Behaviours are governed by information 

encoded and transferred at various levels of organization in the nervous system: 

from second messengers moving information from one part of a cell to another, to 

individual neurons transferring information through chemical or electrical synapses, 

to whole systems that regulate movement (Levitan and Kaczmarek 2002).   

While each step is important, it is at the level of the neuron that behavior is 

ultimately evoked or regulated.  In this regard, command neurons may be 

categorized as those that evoke complete behavioural acts, while modulatory 

neurons are those that exert no overt behavioural effects, yet work in conjunction 

with other neurons.  Konrad Lorenz, a pioneering ethologist, first noticed that 

humans share many of the behavioural patterns of simple organisms (Lorenz 1953).  

He observed fixed action patterns, which were complete ordered behaviours. Since 

these instincts lie dormant until the event is triggered, he reasoned they must be 

genetically programmed in all organisms.  Nevertheless, how are these behaviours 

controlled by the brain?  

The concept of command neurons, originally proposed by Wiersma and 

Ikeda (1964) (see also Kupfermann and Weiss 1978), grew out of their observation 

that a single action potential from a crayfish giant axon can initiate a tail-flip 
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response – which fitted well with Lorenz’s fixed action pattern theory.  Not just 

limited to crayfish, potential command neurons have also been identified in the sea 

snail, Aplysia californica, that control locomotion (Fredman and Jahan-Parwar 1983) 

and feeding (Bablanian et al. 1987).  In higher vertebrates, it is unlikely that a single 

cell can be designated as a command neuron, given the rigorous definition that the 

neuron must be necessary and sufficient for the complete generation of the behaviour.  

However, command systems are in place to initiate and terminate behaviour.  For 

example, oxytocin-secreting neurons in the hypothalamus coordinate neurohormone 

release involved with lactation and parturition (Leng and Brown 1997).   

Attempting to understand such command systems in humans is complicated 

by the large number of neurons (1011) in the brain, with each one making thousands 

of contacts.  The brain of Aplysia is advantageous in that it contains only 20,000 

neurons packaged into paired cerebral, pleural, pedal and buccal ganglia, as well as 

a single abdominal ganglion (Fig. 1.1A).  Within this nervous system are the bag cell 

neurons, which act as command neurons to control a sequence of reproductive 

behaviours.  They fire a synchronous ‘afterdischarge’ of action potentials lasting ~30 

minutes (Fig. 1.1B), culminating in the release of egg-laying hormone (ELH) and, in 

an example of a neuroendocrine fixed action pattern, the triggering of reproductive 

behaviour (Conn and Kaczmarek 1989).  

The synaptic input to bag cell neurons is not yet known; however, clues to its 

identity come from a homologous group of neurons, named the caudodorsal cells, in 

the freshwater snail, Lymnaea stagnalis, which receive a cholinergic input (ter Maat et 

al. 1983).  This thesis will show that acetylcholine is the input transmitter to the bag 

cell neurons.  Given that acetylcholine is the principal neurotransmitter in autonomic 

ganglia, and the prevalence of cholinergic input for initiating long lasting spiking in 

cognitive areas, such as entorhinal or prefrontal cortex (Haj-Dahmane and Andrade 
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Figure 1.1:  Afterdischarge induction in Aplysia californica bag cell neurons 
A) Relative positioning (not to scale) of Aplysia californica central ring ganglia 
connected to the bag cell clusters in the abdominal ganglia by the pleuroabdominal 
connective. Typical stimulation and recording positions are noted. B) Extracellular 
recording of an afterdischarge in an intact cluster using a suction electrode 
positioned over the right bag cell cluster and stimulated for 10-sec through a suction 
electrode on the right pleuroabdominal connective. A brief period of inactivity is 
shortly followed by the fast phase, consisting of compound action potentials, firing 
in synchrony through electrical coupling at 5-Hz for just over 1 min. The slow phase 
lasts for ~30 min and fires at 1 Hz (record truncated for display). The initial synaptic 
stimulation activates a voltage-dependent Ca2+ current (ICav1), which subsequently 
activates a Ca2+-activated K+ current (IBK) and a persistent depolarization (voltage-
independent cation) current (Ipd). With subsequent regulation of PKC, a second Ca2+ 
channel (ICav2) and a voltage-dependent cation channel both increase in activity and 
are responsible for the depolarizing drive of the afterdischarge. 
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1996; Klink and Alonso 1997), understanding the effects of acetylcholine on bag cell 

neurons may have implications for attention, working memory and autonomic 

function.  

1.2 Reproduction in Aplysia californica 

The behavioural pattern prior to egg-laying is observed as stereotypical head 

and neck movements used to explore and prepare a suitable substrate, followed by 

movements that deposit and attach the eggs (Ferguson et al. 1989b).  During the 

reproductive season, eggs are constantly produced and can be laid as often as daily, 

but on average once a week.  Either in response to mating as a female, being in close 

contact with a nearby egg mass, or even spontaneously (Begnoche et al. 1996).  

Reproduction in Aplysia apparently follows a three-tiered reproductive axis similar 

to mammals, whereby initiation of egg-laying behaviour begins in the cerebral 

ganglion, which directly or indirectly signals the bag cell neurons to release ELH.  

This hormone circulates through the bloodstream to stimulate the ovotestes to 

release the egg mass.  The sensory clues acting to evoke the afferent signal are 

unknown, although likely involve environmental signals (perhaps when in contact 

with an egg mass), internal states (perhaps due to an oversupply of eggs in the 

ovotestes), or a signal from the atrial gland (which can indirectly initiate an 

afterdischarge and egg-laying) (Arch 1972a; Painter et al. 1988; 1989). 

Clues to the mechanism of egg-laying began with the result that injection of a 

homogenate of bag cell neurons into adult Aplysia produced an egg mass 

(Kupfermann 1967).  When the pleuroabdominal connective, leading to the bag cell 

neurons, is stimulated, the perfusate collected (later found to contain ELH) and 

injected into an animal, it induces egg-laying (Kupfermann et al. 1970).  The afferent 

signal likely originates upstream in the cerebral or pleural ganglion because cutting 
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the connective linking the bag cell neurons to the rest of the central nervous system 

virtually eliminates egg-laying in the intact animal (Pinsker and Dudek 1977). 

1.2.1 Morphology of bag cell neurons 

The name for the bag cell neurons arose out of their placement within two 

bag-like clusters at the rostral end of the abdominal ganglion surrounding the 

pleuroabdominal connective where it inserts into the ganglion (Coggeshall et al. 

1966).  They are a group of 200-400 cells that appear homogeneous in nature based 

on similar size (~50 µM) and similar moderately dense-core granules of several 100 

nm in diameter (Coggeshall 1967; Smock and Arch 1977).  The bag cell neurons are 

multipolar and send most of their neurites up the proximal connective to a thick 

connective tissue ‘cuff’ terminating near capillary spaces in the sheath (Frazier et al. 

1967; Kaczmarek et al. 1979; Chiu and Strumwasser 1981).  Some processes also 

travel along a channel in the abdominal ganglion between the clusters.  Very few 

processes, however, enter the neuropil, and it is not known if they synapse with any 

neurons in the ganglion (Coggeshall 1970).  The processes appear to be solely 

neurosecretory in nature based on a close association with the highly vascularized 

sheath and presence of moderately dense core granules (Roubos et al. 1990).  During 

development, both the number and size of the neurons increase, as well as the 

number of granules in the processes (Coggeshall 1970). 

1.2.2 Synaptic input to bag cell neurons 

Considering over 40 years of study, surprisingly little information is available 

about the synaptic input to bag cell neurons.  Limitations no doubt arise from the 

contention that only a few neurons receive afferent synaptic input (Mayeri et al. 

1979).  The only neurons within the cerebral ganglion observed making direct 

connections are a pair of posterior serotonergic neurons, apparently corresponding 

to the named left and right cerebral B1 (LCB1 and LCB2) (McPherson and 
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Blankenship 1991).  Both cells are thought to project to sensory siphon cells in the 

abdominal ganglion to facilitate the noxious stimuli withdrawal reflex (Mackey et al. 

1989).  Their function with respect to bag cell neurons is unknown; however, 

serotonin is capable of prematurely terminating an afterdischarge, as well as 

inhibiting initiation of the response at higher doses (Jennings et al. 1981).  This effect 

is not observed when solely applied to the cerebral ganglion, indicating no 

presynaptic effect (Jennings et al. 1981).  

Although histochemical demonstrations of connections to the bag cell 

neurons is lacking, functional inputs from neurons in the head ganglia have been 

observed.  For example, extracellular stimulation of a small group of cells in the F 

cluster of the cerebral ganglion induces an afterdischarge via a descending input 

through the pleuroabdominal connective (Ferguson et al. 1989b).  Second, a number 

of cells immunopositive for ELH are present in the pleural ganglion near the origin 

of the pleuroabdominal connective.  These pleural ‘ectopic’ bag cell neurons are also 

able to induce an afterdischarge, through both electrical and chemical stimulation 

(Chiu and Strumwasser 1984; Brown et al. 1989).  A further group of 8-10 ectopic bag 

cell neurons is present in bilateral clusters of the dorsal cerebral ganglion; however, 

they appear functionally isolated and only send processes into the cerebral neuropil 

(Chiu and Strumwasser 1984; Pulst et al. 1988).  

1.2.3 The afterdischarge and egg-laying behaviour 

An afterdischarge invariably precedes spontaneous egg-laying by ~30 

minutes, although no correlation exists between the length of the afterdischarge and 

the amount of eggs released (Pinsker and Dudek 1977; Painter et al. 1988).  In the 

freely behaving animal, afterdischarges can be initiated by focal extracellular current 

injection through implanted fine-wire electrodes within the bag cell neuron cluster 

without undue harm to the animal (Ferguson et al. 1986; 1989b).  In situ preparations 
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of clusters demonstrated that intracellular stimulation of single bag cell neurons can 

occasionally generate an afterdischarge; however, the most consistent method 

involves extracellular stimulation of the afferent connective (Dudek and Blankenship 

1977).  The afterdischarge appears to originate in the ‘cuff’ of the bag cell neurites, 

because removal of the cluster containing the somata does not affect action potential 

generation when recorded in the neurites (Kaczmarek et al. 1982).  Furthermore, bag 

cell neuron clusters that have been isolated from the cuff of neurites fail to generate 

an afterdischarge (Kaczmarek et al. 1982).  

1.2.4 Electrophysiology of the afterdischarge 

The bag cells are electrically silent at rest; however, when the intact cluster is 

stimulated from an input within the pleuroabdominal connective, they depolarize 

and undergo a long-lasting afterdischarge of action potentials for an average of 30 

min (Kupfermann and Kandel 1970) (see Fig. 1.1B).  Initially, fast Na+-based spikes 

fire at ~5 Hz, followed by Ca2+-dependent spikes at ~1 Hz (Kaczmarek et al. 1982).  

The action potentials increase in height and width up until 2 min after initiation of 

the burst, followed by slight decreases in both parameters (Kaczmarek et al. 1982).   

Likewise, even if the cluster is stimulated in the absence of the connective, 

synchronized action potentials still occur.  The synchronized firing occurs because of 

electrotonic coupling through gap junctions present at both the soma and neurites 

(Kaczmarek et al. 1979; Blankenship and Haskins 1979).  After bisecting the 

abdominal ganglion, generation of an afterdischarge in one cluster leads to an 

afterdischarge in the contralateral cluster, although synchrony between the clusters 

disappears (Shope et al. 1991).  This effect is eliminated if the pleuroabdominal 

connective is cut, implying either a chemical signal or a poorly conducting electrical 

signal, with either acting through the cerebral ganglia. 
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The major peptide secreted into the blood during the afterdischarge is ELH, 

which continues to be released even after cessation of action potentials (Wayne and 

Wong 1994).  Other peptides include the shorter �, � and � bag cell peptides.  After 

completion of the afterdischarge, the bag cell neurons become refractory to further 

stimulation for ~18 hours (Kaczmarek et al. 1982; Magoski et al. 2000; Zhang et al. 

2002).  Despite global Ca2+ increases due to a number of extracellular and 

intracellular mechanisms, full refractoriness appears to require Ca2+ influx through a 

voltage-gated non-selective cation channel (Magoski et al. 2000).  Note, although the 

neurons fail to afterdischarge when refractory, they are still able to fire action 

potentials and signals still propagate along the connective, with the most likely 

mechanism for refractoriness being upregulation of Ca2+- and Na+-dependent K+ 

channels by second messengers (Zhang et al. 2002; 2012). 

1.2.5 Intracellular messengers and the afterdischarge 

 Several second messenger/effector systems are important in the 

afterdischarge, including Ca2+/calmodulin-dependent kinase, cyclic AMP-

dependent protein kinase (PKA), and the phospholipase-mediated production of 

soluble inositol triphosphate (IP3) and membrane-bound diacylglycerol (DAG), the 

latter activating protein kinase C (PKC) (DeRiemer et al. 1984; Fink et al. 1988; Wilson 

and Kaczmarek 1993; Wayne et al. 1999; Magoski 2004; Lupinsky and Magoski 2006).  

Extracellular Ca2+ influx is required for generation of the afterdischarge, but not 

necessarily for secretion of ELH once the afterdischarge is initiated (Wayne and 

Frumovitz 1995; Wayne et al. 1998a).  In the latter case, continued secretion would be 

due to Ca2+ release from internal stores.  Intracellular concentrations quickly rise 

soon after afterdischarge initiation, reaching a heightened plateau during the slow 

phase (Fisher et al. 1994).  Cyclic AMP concentration reaches a peak within 2-min 

(Fig. 1.2) and then begins to drop to baseline levels (Kaczmarek et al. 1978), followed 
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Figure 1.2:  Time course of known second messengers and effectors subsequent to 
the initiation of the afterdischarge 
Immediately following afterdischarge initiation, bag cell neurons rapidly depolarize 
and activate voltage-gated Ca2+ channels, causing global intracellular Ca2+ increase. 
Following cessation of the fast phase (by about ~1 min), intracellular Ca2+ is buffered 
and somewhat reduced for the duration of the slow phase, falling back to resting 
levels upon afterdischarge cessation. Cyclic AMP (cAMP) levels peak by 2 min and 
quickly return to baseline. Soon after, in a separate process from cAMP increase, the 
effector, protein kinase C (PKC), slowly increases and remains high for 2-3 h. 
Tyrosine phosphorylation (Tyr-P) is thought to start elevated prior to afterdischarge 
initiation, with reduced activity somewhat correlated with involvement of the 
voltage-dependent cation channel. Time not to scale. Based on Kaczmarek et al. 
(1978); Fink et al. (1988); Conn et al. (1989a); Fisher et al. (1994); DeReimer et al. (1999); 
Wayne et al. (1999); Magoski and Kaczmarek (2005). 
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soon after by an increase in PKC (Fig. 1.2) that parallels the increase in action 

potential magnitude and, unlike cAMP, stays elevated for up to 2 h (Wayne et al. 

1999).   

 Direct application of a membrane-permeable form of cAMP that is not 

hydrolyzed by phosphodiesterases can induce afterdischarge-like firing behaviour 

in intact clusters (Kaczmarek et al. 1978) as well as isolated cells (Kaczmarek and 

Strumwasser 1981).  It increases excitability by reducing K+ currents, resulting in a 

marked prolongation of the action potential (Kaczmarek and Strumwasser 1981).  

The cAMP-induced burst fails to mimic the initial high frequency, Na+-dependent 

firing phase of the electrically-induced afterdischarge; neither do the neurons 

become refractory to further stimulation (Kaczmarek and Strumwasser 1981).  

Subsequent to the cAMP increase, PKA reduces the open probability of the bag cell 

neuron large-conductance Ca2+-activated K+ channel (BK) (Zhang et al. 2004) and 

inhibits delayed-rectifier K+ channels (Kaczmarek and Strumwasser 1984), as well as 

enhances K+ channel clustering at the soma (Zhang et al. 2008).  In effect, this 

increases excitability through a reduced action potential threshold and permits 

increased Ca2+ entry through broader action potentials.  

PKC is classically activated in Aplysia sensory neurons through a G-protein 

coupled receptor (for example the 5-HT receptor) and phospholipase C (PLC) 

cleavage of the membrane bound phospholipid PIP2 into the second messengers 

DAG and IP3 (for review, see Sossin and Abrams, 2009).  IP3-induced Ca2+-release 

promotes further signal transduction mechanisms, including translocating PKC to 

the membrane to be fully activated by membrane-bound DAG.  5-HT application to 

Aplysia sensory neurons, activates the PLC pathway, but fails to generate significant 

increases in Ca2+ concentrations or concomitant depolarization-induced activation of 

voltage-dependent Ca2+ channels (Zhao et al. 2006).  Aside from this classical 
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activation, there is also evidence for activation of PKC solely through membrane 

depolarization, in both sensory neurons (Gover and Abrams 2009) and in Aplysia B51 

(Lorenzetti et al. 2008).  Non-canonical activation of PKC would require either a 

constitutively active DAG or Ca2+ and/or voltage dependent activation of PLC (Rhee 

2001; Thore et al. 2004).  Increasing cAMP levels, through application of the adenylyl 

cyclase activator, forskolin, and phosphodiesterase inhibitor, theophylline, can result 

in the cleavage of phosphoinositides (Fink et al. 1988), to possibly link the activation 

of PKC to Ca2+ influx or release from internal stores. 

Two major isoforms of PKC are ubiquitously expressed within the Aplysia 

nervous system: the classical PKC Apl I, which is activated by Ca2+ and 

diacylglycerol (DAG) and the novel PKC Apl II, which is independent of Ca2+ 

concentration and only activated by DAG (Kruger et al. 1991).  Both isoforms can be 

turned on by phorbol esters (which are pharmacological analogues of DAG), such as 

phorbol 12-myristate 13-acetate (PMA).  A minor contribution also comes from the 

atypical PKC Apl III isoform that is neither activated by Ca2+ nor DAG (Bougie et al. 

2009).  In bag cell neurons, one effect of phorbol esters and PKC has it activating a 

previously covert, larger-conductance Ca2+ channel that contributes to the 

afterdischarge (DeRiemer et al. 1985b; Strong et al. 1987) (Conn et al. 1989a; Tam et al. 

2009).  Another involves increasing the activity of a cation channel responsible for 

the depolarizing drive of the afterdischarge (Wilson et al. 1998; Magoski and 

Kaczmarek 2005). 

1.2.6 Activation of a voltage-dependent non-selective cation channel 

Due to extensive coupling between bag cell neurons, resulting in very low 

membrane resistance, the underlying current driving the afterdischarge has not been 

documented in intact clusters; however, bath application of an extract of crude 

venom from the molluscivorous snail, Conus textile, induces afterdischarges in intact 
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clusters (Wilson et al. 1996).  When applied to cultured neurons, two distinct currents 

appear: an inwardly rectifying K+ current at hyperpolarized potentials; as well as a 

negative-slope conductance at depolarized potentials.  The latter corresponds to a 

voltage-dependent, nonspecific cation channel that is Ca2+-sensitive (mediated by 

calmodulin) and blocked by relatively high (100 �M) concentrations of tetrodotoxin 

(TTX) (Lupinsky and Magoski 2006). 

At least four closely associated enzymes, PKA, PKC, protein phosphatase and 

a protein tyrosine phosphatase, regulate the voltage-dependent cation channel 

(Wilson and Kaczmarek 1993; Wilson et al. 1998; Magoski 2004).  However, the 

enzymes are not always associated with the channel.  When PKC is associated with 

the cation channel it serves to enhance activity, whereas if PKA is associated, its 

activity is reduced (Magoski 2004).  This kinase-channel association is regulated by 

Src tyrosine kinase (Magoski and Kaczmarek 2005).  Specifically, if Src 

phosphorylates a purported site within the channel or channel complex, it reduces 

the activity of PKC and subsequently cation channel activity. 

1.2.7 Preventing afterdischarge generation 

A number of agents block the afterdischarge, although none is absolutely 

specific to classical neurotransmitters.  Surprisingly, in low Ca2+-medium, action 

potentials can still be evoked upon stimulation of the pleuroabdominal connective 

along with the occasional generation of a very short afterdischarge (Kaczmarek et al. 

1982).  Na+-free medium also prevents subsequent afterdischarge perhaps by 

suppressing normal synaptic activity.  Either the action potentials fail to travel from 

the dendrites to the soma, or activity is blocked from potential presynaptic sources.  

The low Ca2+ effect can be rescued by application of TEA, while the further addition 

of 4-AP rescues the low Na+ condition to induce afterdischarges (Kaczmarek et al. 
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1978).  TTX mimics the effect of low Na+ medium by preventing both the induction 

of the afterdischarge as well as spike generation (Magoski et al. 2000).  

The tetrapeptide, FMRFamide is an inhibitory neurotransmitter in Aplysia 

and blocks the afterdischarge through one, all, or a combination of activating K+ and 

Cl- conductances, as well as inhibiting Ca2+ currents (Fisher et al. 1993).  Within the 

bag cell neuron cluster, immunofluorescent staining against FMRFamide reveals a 

strong presence within the connective sheath and surrounding varicosities.  Only 

minor staining is evident within bag cell neuron soma (Fisher et al. 1993).  

FMRFamide can either inhibit the onset of an afterdischarge or prematurely end the 

spontaneous firing within a few minutes of introduction into the bath, which is 

associated with a transient hyperpolarization.  This suppression functions either 

with or without an intact pleuroabdominal connective intact (Fisher et al. 1993).  

Even though the hyperpolarization is transient, no further afterdischarge could be 

evoked even after one hour in the bath.  

While the actual intracellular signalling cascade of FMRFamide-mediated 

inhibition of K+ and Cl- channels in bag cell neurons is not known, clues exist 

through the inhibitory effect it has on Aplysia sensory neurons.  FMRFamide reduces 

the excitability of sensory neurons, primarily through opposing effects on a 

serotonin coupled K+ channel (S-type K+ channel).  5-HT increases the levels of 

cAMP through a G-protein to ultimately inhibit the K+ channel (Volterra et al. 1991).  

FMRFamide activates the same channel through cAMP-specific phosphodiesterases 

(Endo et al. 1995) and through the arachidonic acid pathway (Volterra and 

Siegelbaum 1988; Buttner et al. 1989).  Independent of its G-protein related effects, 

FMRFamide, also opens an amiloride-sensitive Na+ channel, making it the only 

known peptide to gate ionotropic receptors (Cottrell et al. 1990).  Replacing the 
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methionine with leucine (FLRFamide) drastically reduces the activation of the 

FMRFamide-gated ion channel (Cottrell 1997).   

As for antagonists of classical neurotransmitters, the only drug to regularly 

block the afterdischarge is strychnine (Kaczmarek et al. 1978).  While normally 

considered a glycine receptor blocker (Bradley et al. 1953; Curtis et al. 1967), it is 

capable of blocking both excitatory and inhibitory input to molluscan neurons 

(Kehoe 1972a; Faber and Klee 1974) and act as a competitive and non-competitive 

antagonist in vertebrate nicotinic receptors (Matsubayashi et al. 1998; Daly 2005; 

Renna et al. 2007).  Although at the high concentrations (625 �M) used, it may also 

affect AP propagation along the neurite (Shapiro et al. 1974) or voltage gated Ca2+ 

channels (Oyama et al. 1988).  This thesis will show that acetylcholine is the only 

neurotransmitter capable of depolarizing the bag cell neurons sufficiently to 

generate afterdischarge-like spiking in cultured neurons, and strychnine and other 

nicotinic antagonists can block this response.  

1.3 Acetylcholine: role in long lasting changes 

The original classification for acetylcholine-induced responses was divided 

into two major receptor subtypes: nicotinic or muscarinic.  The metabotropic 

muscarinic receptor family, classically activated by muscarine, has 5 vertebrate 

members and is part of the G-protein coupled 7-transmembrane receptor 

superfamily (Eglen 2005).  The ionotropic nicotinic receptor is part of the cys-loop 

superfamily of ion channels composed of five subunits forming a central pore 

(Albuquerque et al. 2009).  Acetylcholine can affect downstream signalling events 

through a number of distinct mechanisms, making it a particularly potent initiating 

factor for prolonged changes to neuronal function.  The simplest of these is through 

depolarization-induced activation of voltage-gated Ca2+ channels, as is the case with 

acetylcholine-induced secretion of catecholamines (Douglas 1968).  This increased 
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influx can be transient and highly localized to affect nearby channels, or long-lasting 

enough to result in global changes throughout the neuron (Burgoyne 2007).  An 

equally common mechanism is metabotropic regulation of ion channel activity by 

second messengers (Zhang and Seguela 2010; Zhang et al. 2010).  Less common 

mechanisms include metabotropic activation of Src tyrosine kinases, which is 

independent of G-proteins and intracellular Ca2+ (Swayne et al. 2009; Lu et al. 2009), 

nicotinic receptor-mediated lipid metabolism through G-protein activation (Tieman 

et al. 2001), and even direct coupling of nicotinic receptors to cation channels 

(Talavera et al. 2009). 

1.3.1 Acetylcholine currents in Aplysia californica 

Virtually all Aplysia neurons tested respond to acetylcholine, with least four 

different currents being produced: an excitatory response involving a non-selective 

cation channel (Marty et al. 1976), a rapidly desensitizing inhibitory Cl- conductance, 

a sustained Cl- response (Kehoe 1972a; Kehoe and McIntosh 1998) and a G-protein-

coupled receptor that activates a K+ conductance (Kehoe 1972c).  For bag cell 

neurons, at both the soma and neurites, the sole acetylcholine-induced response is 

excitatory (Bodmer and Levitan 1984).  While it is evident that a wide variety of cells 

within each ganglion respond to acetylcholine, only a select few pre-synaptic 

cholinergic neurons have been identified using pharmacological or biochemical 

techniques.  This includes five or six neurons in the abdominal ganglion and three in 

the pleural and cerebral ganglia (Giller and Schwartz 1968; 1971; Kehoe 1972a; Segal 

and Koester 1980; 1982).  

1.3.2 Nicotinic receptors 

The pentameric nicotinic receptor is a member of the cys-loop ligand gated 

ion channel superfamily characterized by two disulfide-bonded cysteine residues 

separated by 14 amino acids.  In addition to nicotinic receptor subtypes, other cys-
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loop receptors are gated by GABA, glycine and 5-HT (Sine and Engel 2006). The 

human genome contains 16 distinct nicotinic receptor subunits:  9 primary (�1-7, 9-

10) and 7 complementary (�1-4, �, � and �).  Only �7 and �9 are able to form 

homomeric receptors (Rothlin et al. 1999; Elgoyhen et al. 2001; Dani and Bertrand 

2007).  The �1�1��/� nAchR only forms with itself and occurs within the motor end 

plate (Millar and Gotti 2009).  The predominant neuronal subunit combination in the 

brain is �4�2 (Gotti et al. 2009), whereas the predominant subunit in autonomic 

ganglia is �3�4 (Skok 2002).  Prior to the present study, Moroz et al. (2006) identified 

16 distinct mRNA transcripts corresponding to nicotinic receptors in Aplysia 

californica, however, only 1, a non-alpha subunit was a full-length clone. Along with 

a previously reported gene, the alpha subunit named Aplysia 1A, this makes only 

two known subunits. The potential number is comparable to the 16 human genes, 

yet much less than the 29 in Caenorhabditis elegans (Jones and Sattelle 2010) or the 28 

in the puffer fish, Fugu rubripes (Jones et al. 2003).  The freshwater mollusc, Lymnaea, 

contains genes for at least 12 subunits, including a single non-alpha subunit (van 

Nierop et al. 2005).  They were named Lymnaea acetylcholine-receptor subunits 

(LnAchR) A through L.  In this thesis, we extend the number of nicotinic receptor 

genes in Aplysia from 16 to 20, in the process, increasing the number of full-length 

clones from 2 to 16.  

Le Novére (1992) proposed that the diversity of vertebrate nicotinic receptors 

arises during several whole genome duplications at the beginning of vertebrate 

evolution at least 500 million years ago (Lundin 1993).  For this reason, nicotinic 

subunits share greater homology between organisms from the same receptor class, 

than between different subunits in the same species (Tsunoyama and Gojobori 1998). 

The phylogenetically oldest subunits, �9 and 10, are the most likely to be 

represented in the Aplysia genome.   Interestingly, they also possess similar binding 
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properties to both muscarinic acetylcholine receptors and other cys-loop receptors 

(Rothlin et al 2003), perhaps linking the common ancestor that gave rise to the cys-

loop receptor superfamily (Dent 2006).  Heterologous expression of vertebrate 

nicotinic receptors reveals distinct ligand binding and gating properties of 

individual subunits.  However, the difficulty in expressing invertebrate nicotinic 

receptors has limited study of these subunits.  In Lymnaea, only two of the 12 genes, 

LnAchR-A and B, form functional homomeric receptors (van Nierop et al. 2005; 

2006), similarly, there are only isolated examples of successful expression in insects 

(Amar et al. 1995; Sgard et al. 2000; Lansdell et al. 2012).   

 The basic homology of nicotinic receptors consists of 5 subunits arranged 

around a central pore: either homomeric (all the same subunit composition) or 

heteromeric (different subunits within the receptor) (Miller and Smart 2010).  Each 

subunit consists of an N-terminal extracellular ligand-binding domain, a membrane 

spanning pore consisting of 4 transmembrane segments (M1-M4) and a small 

intracellular loop involved with receptor modulation (Unwin 2005) (Fig. 1.3).  

Nicotinic subunits are classified as either alpha (principal subunit containing the 

agonist binding site) by the presence of vicinal cysteines within loop C of the ligand 

binding domain or non-alpha (complementary subunit) that do not possess the 

vicinal cysteine residues (Kao et al. 1984; Sine 2002).  While it was originally thought 

that alpha subunits solely contribute to agonist binding, it is now known that 

binding occurs at subunit interfaces.  In heteromeric subunits, only 2 binding sites 

are present, with the alpha subunit corresponding to the principal subunit and 

contributing 3 discontinuous loops (A, B, and C loops) containing highly conserved 

aromatic amino acids.  The non-alpha subunit (�, �, or � in muscle nicotinic 

receptors, �2 or �4 in neuronal nicotinic receptors) is considered a complementary 

subunit and contributes either 3 or 4 loops with fewer highly conserved amino acids 
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(Sine 2002; Taly et al. 2009).  In homomeric receptors, 5 binding sites are possible due 

to the same subunit acting in both principal and complementary roles.  The subunits 

�5, �1 and �3 do not directly contribute to binding, but act as true accessory 

subunits, yet still participate in channel-gating and desensitization kinetics (Arias 

2000; Skok 2002; Wang et al. 2005).  For example, the addition of the non-binding �5 

subunit to the high affinity �4�2 receptor expressed in oocytes produces a distinct 

receptor with a much lower ligand affinity, yet higher conductance and dramatically 

increased inactivation rate (Ramirez-Latorre et al. 1996).   

 The assembly of different subunits confers differences in ligand binding, 

channel gating, desensitization kinetics, and ion selectivity (Zwart and Vijverberg 

1998; Hurst et al. 2012).  Ion selectivity is achieved by charged amino acids flanking 

the membrane spanning, TM2, at a narrowing of the pore called the resting gate 

(Imoto et al. 1988; van Nierop et al. 2005; Sine and Engel 2006).  The resting gate of 

anion-selective nicotinic receptors typically contains the nonpolar proline and 

alanine with the positively charged arginine; whereas cation selective receptors 

possess the polar glutamine, negatively charge glutamic acid and the positively 

charged lysine in their respective M1-M2 linker (Jensen et al. 2005).  The relative 

permeability of nicotinic receptors to Ca2+ vs. Na+ varies.  Muscle receptors have the 

lowest Ca2+ permeability at 0.1%, while �3�4 or �4�2 neuronal heteromeric 

receptors, are higher at 2-5% (Fucile 2003; 2004).  Homomeric �7 and heteromeric 

�9/10 receptors possess the highest relative Ca2+ permeability, approaching 10% 

(Seguela et al. 1993; Rathouz et al. 1996; Dani and Bertrand 2007).  The sensitivity to 

the endogenous agonist, acetylcholine, and the archetypal agonist, nicotine, varies 

between receptor subunit compositions.  For instance, the human acetylcholine �4�2 

receptor possesses the highest affinity for acetylcholine, with an EC50 in the 

nanomolar range, compared to the lower affinity in the hundreds of micromolar 
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Figure 1.3:  Basic structure of the nicotinic acetylcholine receptor  
A) The linear sequence of nicotinic receptors displaying the extracellular domain 
containing the Cys-loop, four transmembrane domains and the variable intracellular 
loop between TM3 and TM4. The approximate locations of conserved residues 
involved with ligand binding are indicated, as well as N-linked glycosylation sites 
(‘Y’). B) The 3D structure of the torpedo nicotinic receptor from Unwin (2005), with 
the approximate dimensions given. The alpha subunit is displayed on the left, with 
the secondary structure of the extracellular domain comprising �-sheets and the 
transmembrane domains made up of �-helices.  The entire receptor complex, with 
the location of the binding pocket between 2 subunits is displayed on the right. C) 
Looking down on the receptor from the extracellular side reveals the arrangement of 
the 5 subunits around a central pore.  Modified from Albuquerque et al. (2009). One 
� subunit is rotated for clarity, and the secondary structure �-sheets have been 
added. 
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range for the ganglionic �3�2 (McGehee and Role 1995).  The homomeric �7 

possesses an affinity between the two at 30 �M.  Homologous receptors in different 

species do not necessarily share similar ligand binding properties, indicating a lack 

of evolutionary pressure to maintain acetylcholine specificity (Le Novére et al. 2002).  

The low affinity of the endogenous agonist combined with a rapid transition from 

resting to the open state is essential in mediating fast synaptic transmission, through 

rapid binding and dissociation of agonist, at autonomic ganglia and the 

neuromuscular junction (Hurst et al. 2012).  Rapid dissociation from the receptor, 

and hence a rapid termination of postsynaptic signalling, allows the next signal to 

occur quickly (Hurst et al. 2012).  Higher affinity ligands typically stay open longer, 

with increased rate of desensitization and involve volume transmission (Zoli et al. 

1999).  These subunits are often present at extrasynaptic sites and involved with 

secondary Ca2+-dependent signalling (Fayuk and Yakel 2005).  Desensitization rates 

and recovery from desensitization can also alter plasticity based on altered 

expression by receptors within separate neuronal pathways.  For example, 

presynaptic low affinity �7 receptors controlling the release of glutamate, recover 

within 2 min following exposure to nanomolar levels of nicotine, yet high affinity 

�4�2 receptors on GABAergic interneurons take a full 90 min to recovery from 

desensitization (Mansvelder et al. 2002).  This effect is due in part to the high 

affinity/high desensitization of �4�2. 

1.3.3 Agonists and antagonists of nicotinic receptors 

The widespread use of acetylcholine in virtually all animals (Wessler et al. 

1999), has allowed for nicotinic receptor exploitation, leading to a wide range of 

naturally occurring toxins targeting virtually all nicotinic receptor subtypes 

(Albuquerque et al. 2009).  The most well known being nicotine, and its derivatives, 

from the nightshade family, but also includes methyllycaconitine from Delphinium 
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brownii seeds, d-tubocurarine from the Chondrodendron tomentosum plant and 

dihydro-�-erythroidine (DH�E) from the seeds of Erythrina (Dwoskin and Crooks 

2001; Daly 2004).  In terms of terrestrial predators, the snake toxin, �-bungarotoxin 

binds at picomolar affinity to muscle and homomeric nicotinic receptors, with the 

agonist, epibatidine, from the tree frog Epipedobates tricolor, binding the strongest to 

neuronal heteromeric subunits (Badio and Daly 1994).  Anabaena produced from 

blue-green algae, preferentially targets muscle and ganglionic nicotinic receptors 

(Devlin et al. 1977).  However, marine organisms show the highest diversity in toxin 

specificity, and therefore would entail more potential subunit diversity.  A major 

group comes from a number of marine cone snails that produce small peptide 

toxins, such as �-conotoxin ImI from Conus imperialis, which target nicotinic 

receptors, especially �3/�6 or �7 with high affinity (Johnson et al. 1995; Ellison et al. 

2004).  Marine toxins from red algae (dinoflagellate) blooms (Kharrat et al. 2008) bind 

with picomolar affinities to the Aplysia acetylcholine binding protein (Bourne et al. 

2010), as well as pinnatoxins from the bivalve Pinna muricata and the Pacific oyster 

Crassostrea gigas (Selwood et al. 2010).  In a testament to the wide array of toxins that 

Aplysia is exposed to in its diet, a number of nicotinic ligands can be isolated from 

their digestive organ, including those that are not broken down by 

acetylcholinesterase (Blankenship et al. 1975).  One isolated compound, comprising a 

choline ester of imidazole acid, originally termed murexine by Erspamer and Glasser 

(1958), can activate nicotinic receptors in a number of Aplysia neurons. 

1.3.4 Modulation of nicotinic receptors  

Neuronal nicotinic receptors in vertebrates are modulated by both 

extracellular and intracellular Ca2+, either through direct effects on the nicotinic 

receptor itself or through activation of Ca2+ dependent kinases, specifically PKC 

(Fenster et al. 1999a, b).  Due to the direct effects of Ca2+, it can be difficult to discern 



 

 

22 

the overall impact of a given messenger.  In rat central neurons, extracellular Ca2+ 

actually reduced single channel conductance of the nicotinic receptor at negative 

potentials without affecting desensitization; however, the net effect is a strong 

potentiation of the response, attributed to an increase in open probability of the 

channel (Mulle et al. 1992). Intracellular Ca2+ levels, through a wide range of 

membrane potentials, modulate neuronal nicotinic receptors.  Due to nicotinic 

currents increasing with hyperpolarization, direct Ca2+ entry through the nicotinic 

channel is greatest at resting voltages to modulate local Ca2+-dependent processes 

(Shoop et al. 2001) or to initiate Ca2+-induced Ca2+ release (CICR) (Dajas-Bailador et 

al. 2002a).  At more depolarized potentials, the acetylcholine-induced depolarization 

can activate voltage-gated Ca2+ channels, leading to a more global response (Rathouz 

et al. 1996), which can initiate CICR and contribute to long-lasting changes (Tsuneki 

et al. 2000; Dajas-Bailador et al. 2002b; Dajas-Bailador and Wonnacott 2004).  

Nicotinic receptors can also raise intracellular Ca2+ level by activating IP3-dependent 

Ca2+ stores independent of depolarization both in muscle (Giovannelli et al. 1991) 

and the brain (Sharma and Vijayaraghavan 2001), possibly through activation of 

Ca2+-dependent phospholipase C (PLC).  Ca2+ entry through nicotinic receptors can 

also feedback on the nicotinic receptor itself, both through direct short-term 

desensitization and indirect activation of second messengers involved with long-

term regulation (Quick and Lester 2002; Fucile 2004; Dajas-Bailador and Wonnacott 

2004; Fayuk and Yakel 2005). 

Phosphorylation of nicotinic receptors by intracellular enzymes occurs at the 

intracellular loop between TM3 and TM4 (Swope et al. 1999; Wecker et al. 2001; 

Charpantier et al. 2005).  This allosteric modification does not affect ligand binding 

or the expression of receptors at the cell membrane.  At least 3 families of protein 

kinases phosphorylate nicotinic receptors: PKA, PKC and tyrosine kinases (Huganir 
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and Greengard 1990; Swope et al. 1995), typically evoking alterations in receptor 

desensitization, yet subunit assembly or clustering of nicotinic receptors at the post 

synaptic membrane can also be a factor (Ross et al. 1987; 1988; Wang et al. 2004).  

Nicotinic regulation by tyrosine phosphorylation is subunit specific, with �7 

nicotinic receptors being negatively regulated, while ganglionic �3�2/4 receptors 

are positively regulated (Weisner and Fuhrer 2006).  Functionally, ganglionic 

nicotinic receptor block by tyrosine kinase inhibitors reduces catecholamine 

secretion from chromaffin cells (Wang et al. 2004).  

1.4 Objectives, hypothesis and experimental plan 

In the context of cholinergic transmission, the following 5 chapters (each 

separate manuscripts) investigate both intercellular and intracellular signalling 

mechanisms involved with the generation of the afterdischarge.  Specifically, my 

primary hypothesis is that acetylcholine from a descending input originating in the 

head ring ganglia initiates an afterdischarge in the intact bag cell neuron cluster.  I 

shall further explore whether metabotropic or ionotropic receptors are implicated in 

the action of acetylcholine using both pharmacological and molecular biological 

techniques.  

Chapter 2: The first manuscript concerns the identification of acetylcholine as 

a potential input transmitter involved with afterdischarge generation through 

a rapid inward current mediated by an ionotropic cholinergic receptor.  

Chapter 3: The second manuscript reveals 20 distinct genes for potential 

nicotinic subunits, including the mRNA for 16 in the bag cell neuron cluster.  

In addition to the aforementioned fast cholinergic current, I also characterize 

a second, distinct inward current induced by nicotine. 
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Chapter 4: The third manuscript deals with the known second messenger 

systems active during the afterdischarge, and how they affect both the initial 

excitability of the bag cell neurons and magnitude of the cholinergic current.  

Chapter 5: The fourth manuscript explores an unusual rapid block of an 

ionotropic receptor by the inhibitory peptide, FMRFamide.  In doing so, I 

propose an alternate mechanism for afterdischarge inhibition by FMRFamide, 

in addition to its ability to reduce excitability through hyperpolarization. 

Chapter 6: The fifth manuscript describes a novel mechanism to increase the 

excitability of bag cell neurons through nicotine-dependent K+ current 

inhibition.  
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Chapter 2: ACETYLCHOLINE-EVOKED AFTERDISCHARGE IN 
APLYSIA BAG CELL NEURONS (J. Neurophysiol (2012) 107: 2672-85) 

ABSTRACT 

A brief synaptic input to the bag cell neurons of Aplysia evokes a lengthy 

afterdischarge and the secretion of peptide hormones that trigger ovulation.  The 

input transmitter is unknown, although prior work shows that afterdischarges are 

prevented by strychnine.  Because molluscan excitatory cholinergic synapses are 

blocked by strychnine, we tested the hypothesis that acetylcholine acts on an 

ionotropic receptor to initiate the afterdischarge.  In cultured bag cell neurons, 

acetylcholine induced a short burst of action potentials followed by either return to 

near baseline or, like a true afterdischarge, transition to continuous firing.  The 

current underlying the acetylcholine-induced depolarization was dose-dependent, 

associated with increased membrane conductance, and sensitive to the nicotinic 

antagonists, mecamylamine and �-conotoxin ImI.  While neither nicotine, choline, 

carbachol, nor glycine mimicked acetylcholine, tetramethylammonium did produce 

a similar current.  Consistent with an ionotropic receptor, the response was not 

altered by intracellular dialysis with the G-protein blocker, GDP-�S.  Recording from 

the intact bag cell neuron cluster showed acetylcholine evoking prominent 

depolarization, which often lead to extended bursting, but only in the presence of 

the acetylcholinesterase inhibitor, neostigmine.  Extracellular recording confirmed 

that exogenous acetylcholine caused genuine afterdischarges, which, as per those 

brought about by synaptic input, rendered the cluster refractory to further 

stimulation.  Finally, treatment with mecamylamine and �-conotoxin ImI blocked 

synaptically induced afterdischarges in the intact cluster.  Acetylcholine appears to 

elicit the bag cell neuron afterdischarge through an ionotropic receptor.  This 

represents an expedient means for transient stimulation to elicit prolonged firing in 

the absence of ongoing synaptic input.  
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INTRODUCTION 

 Neuronal communication typically involves presynaptic neurons faithfully 

evoking postsynaptic action potentials through temporal and spatial summation.  

However, some neurons display the remarkable property of responding with 

prolonged firing, long after cessation of the initial stimulus.  For these cells, synaptic 

input results in ionotropic receptor- and/or Ca2+ channel-mediated Ca2+ influx, 

which acts on nearby channels or causes biochemical change to produce plateau 

potentials and prolonged depolarization (Andrew and Dudek 1983; Egorov et al. 

2002; Burgoyne 2007).  Acetylcholine is particularly potent at initiating lengthy 

change through ionotropic receptor-mediated depolarization (Elliott and Kemenes 

1992; Yamashita and Isa 2003) and lipid metabolism (Tieman et al. 2001), as well as 

metabotropic channel regulation by second messengers (Haj-Dahmane and Andrade 

1996; Yan et al. 2009; Zhang et al. 2011) or tyrosine kinases (Swayne et al. 2009).  The 

present study examines a prolonged response in the bag cell neurons of Aplysia 

following cholinergic ionotropic receptor activation.  

The bag cell neurons form two distinct clusters at the base of the 

pleuroabdominal connectives just rostral to the abdominal ganglion (Coggeshall 

1967; Smock and Arch 1977).  They are normally silent, but upon brief extracellular 

stimulation of either the connective or the cerebral ganglion they depolarize and 

undergo a ~30 min afterdischarge (Kupfermann and Kandel 1970; Ferguson et al. 

1989b); subsequently, the neurons become refractory to stimulation for ~18 hr 

(Kaczmarek et al. 1982; Magoski et al. 2000; Zhang et al. 2002; Magoski and 

Kaczmarek 2005).  During the afterdischarge, egg-laying hormone (ELH) and other 

peptides are released into the blood to initiate egg-laying behaviour (Arch 1972b; 

Chiu et al. 1979; Sigvardt et al. 1986).   
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The afterdischarge is a well-studied and profound change in activity and 

excitability; surprisingly, the input transmitter is unknown and the only drug found 

to consistently prevent the afterdischarge is strychnine (Kaczmarek et al. 1978).  

While normally considered a glycinergic antagonist (Bradley et al. 1953; Curtis et al. 

1967), strychnine also blocks cholinergic responses and synapses in Aplysia (Kehoe 

1972b; Faber and Klee 1974).  It is thought that select bag cell neurons receive 

afferent input from either the pleural or the cerebral ganglia (Mayeri et al. 1979b; 

Haskins et al. 1981).  Dye-conjugated microspheres injected into the cluster 

retrogradely label a small number of neurons in the pleural and cerebral ganglia; 

conversely, injection into a cerebral ganglion anterogradely stains neurons in either 

cluster, whereas injection into a pleural ganglion less reliably labels a few ipsilateral 

cells (Shope et al. 1991).  This suggests that a cerebral presynaptic source is more 

likely. 

We now show that acetylcholine is the only candidate neurotransmitter 

capable of sufficiently depolarizing bag cell neurons to generate afterdischarge-like 

spiking; moreover, both this response and afterdischarges evoked by cerebral 

stimulation are blocked by nicotinic antagonists.  Our results suggest that 

acetylcholine is a key input transmitter to the bag cell neurons and demonstrate that 

transient ionotropic receptor activation can initiate a long-term change in activity 

fundamental to reproductive behaviour. 

MATERIALS AND METHODS 

Animals and cell culture 

 Adult Aplysia californica weighing 150-500 g were obtained from Marinus Inc. 

(Long Beach, CA, USA) and housed in an ~300 l aquarium containing continuously 

circulating, aerated sea water (Instant Ocean; Aquarium Systems, Mentor, OH, USA 
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or Sea Chem; Madison, GA, USA) at 15°C on a 12/12 hr light/dark cycle and fed 

Romaine lettuce 5 times a week. 

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 with neutral protease (13.33 mg/ml; 165859; 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 N-2-

hydroxyethylpiperazine-N'-2-ethanesulphonic acid (HEPES), 1 mg/ml glucose, 100 

U/ml penicillin, and 0.1 mg/ml streptomycin, pH 7.8 with NaOH) for 18 hr at 20-

22°C.  The ganglion was then transferred to fresh tcASW for 1 hr, after which 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 x 10 mm polystyrene tissue culture dishes (430165; Corning, Corning, 

NY, USA or 353001; Falcon Becton-Dickinson, Franklin Lakes, NJ, USA).  Cultures 

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

1-3 d. Salts were obtained from Fisher Scientific (Ottawa, ON, Canada), ICN 

(Aurora, OH, USA), or Sigma-Aldrich (St. Louis, MO, USA). 

Whole-cell, voltage-clamp and sharp-electrode, current-clamp recording from 
cultured bag cell neurons 

 Voltage-clamp recordings from cultured bag cell neurons were made using 

an EPC-8 amplifier (HEKA Electronics; Mahone Bay, NS, Canada) and the tight-seal, 

whole-cell method.  Microelectrodes were pulled from 1.5 mm external, 1.2 mm 

internal diameter borosilicate glass capillaries (TW150F-4; World Precision 

Instruments; Sarasota, FL, USA) and had a resistance of 1-2 M� when filled with 

regular intracellular saline (see below).  Pipette junction potentials were nulled 

immediately before seal formation.  After seal formation, the pipette capacitive 
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current was cancelled and, following break through, the whole-cell capacitive 

current was also cancelled, while the series resistance (3-5 M�) was compensated to 

80% and monitored throughout the experiment.  Current was filtered at 1 KHz with 

the EPC-8 Bessel filter and sampled at 2 KHz using an IBM-compatible personal 

computer, a Digidata 1322A analogue-to-digital converter (Molecular Devices; 

Sunnyvale, CA, USA), and the Clampex acquisition program of pCLAMP (version 

8.2; Molecular Devices). Data was gathered at room temperature (20-22°C). 

Most recordings were made in normal ASW (nASW; composition as per 

tcASW but lacking the glucose and antibiotics) with regular intracellular saline in 

the pipette (composition in mM: 500 K-aspartate, 70 KCl, 1.25 MgCl2, 10 HEPES, 11 

glucose, 10 glutathione, 5 ethylene glycol-bis-(ß-aminoethyl ether)-N,N,N',N'-

tetraacetic acid (EGTA), 5 adenosine 5�-triphosphate disodium salt hydrate (A3377; 

Sigma-Aldrich), and 0.1 guanosine 5�-triphosphate sodium salt hydrate (GTP) 

(G8877; Sigma-Aldrich); pH 7.3 with KOH).  The free Ca2+ concentration was set at 

300 nM by adding the appropriate amount of CaCl2, as calculated by WebMaxC 

(http://www.stanford.edu/~cpatton/webmaxcS.htm).  A junction potential of 15 

mV was calculated for intracellular saline vs. nASW and compensated for by 

subtraction off-line. 

Current-clamp recordings were made from cultured bag cell neurons in 

nASW using an AxoClamp 2B (Axon Instruments/Molecular Devices) amplifier and 

the sharp-electrode, bridge-balanced method.  Microelectrodes were pulled from 1.2 

mm external, 0.9 mm internal diameter borosilicate glass capillaries (TW120F-4; 

World Precision Instruments) and had a resistance of 5-20 M� when filled with 2 M 

K+-acetate plus 10 mM HEPES and 100 mM KCl (pH 7.3 with KOH).  Current was 

delivered with either Clampex software or a S88 stimulator (Grass; Astro-Med; 
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Longueuil, QC, Canada).  Voltage was filtered at 3 KHz, using the Axoclamp Bessel 

filter and sampled at 2 KHz as per voltage-clamp. 

Ensemble, extracellular and single neuron sharp-electrode, current-clamp recording 
from the intact bag cell neuron cluster 

 For extracellular recording, the abdominal ganglion with or without the 

attached central ring ganglia was maintained in a 14°C nASW-filled chamber.  A 

wide-bore, fire-polished glass suction recording electrode (containing nASW) was 

placed over one of the two bag cell neuron clusters, while a similar stimulating 

electrode was placed either at the rostral end of the pleuroabdominal connective 

corresponding to the recorded cluster, or over the rostro-medial area of the right 

cerebral ganglion.  In most instances when the central ring was included, it was 

isolated from the abdominal ganglion by means of a custom-made chamber with a 

thin plastic barrier.  The pleuroabdominal connectives passed through two, small 

slits in the barrier, and were covered by Vaseline for complete isolation (see Results 

for details). Stimulating current pulses were delivered with a Grass S88 stimulator 

and isolation unit while voltage was monitored using a Warner DP-301 differential 

amplifier (Warner Instruments; Hamden, CT, USA).  Voltage was high-pass filtered 

at 0.1 Hz and low-pass filtered at 1 kHz using the DP-301 filters and acquired at a 

sampling rate of 2 kHz using Axoscope (version 9.0, Molecular Devices). 

For intracellular recording from single bag cell neurons in the intact cluster, 

the sharp-electrode, bridge-balance method was again employed, but in this case 

using a Neuroprobe 1600 amplifier (A-M Systems; Sequim, WA, USA).  To facilitate 

sharp-electrode impalement, ganglia were treated with 0.5 mg/ml elastase (E1250; 

Sigma-Aldrich) and 1 mg/ml collagenase/dispase (10269638001; Roche) for 2 hr 

(Fisher et al., 1993; Kehoe, 1972c), and then one of the clusters (usually the left) was 

de-sheathed using fine forceps.  Voltage was filtered at 1 kHz using the Neuroprobe 
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filter and acquired with Axoscope at 2 kHz.  Although not always the case, extra- 

and intracellular recordings were sometimes carried out simultaneously by 

recording extracellularly from the cluster that was ipsilateral to the stimulated right 

cerebral ganglion, while recording intracellularly from a neuron in the contralateral 

cluster. 

Drug application and reagents 

 For cultured bag cell neurons, the culture dish served as the bath, with 

transmitters and drugs being applied directly using a single-cell microperfusion 

system at ~1 ml/min.  The perfusion system consisted of a micromanipulator-

controlled square-barrelled glass pipette (~500 µm bore) positioned 300-500 µm from 

the soma and connected by a stopcock manifold to a series of gravity-driven 

reservoirs (Figure 2.1.  This provided a constant flow of control extracellular saline 

over the neuron, which was switched to agonist-containing saline for a specific 

amount of time by activating the appropriate stopcock.  Additional experiments, 

particularly those involving acetylcholine antagonists, saw the blocker introduced 

directly into the bath by pipetting a small volume of concentrated stock solution 

prior to pressure ejection of acetylcholine from an unpolished patch pipette (1-2 µm 

bore) for 2 sec at 75-150 KPa, using a PMI-100 pressure micro-injector (Dagan; 

Minneapolis, MN, USA).  As was previously undertaken with bag cell neurons by 

Fisher et al. (1993), no perfusion was employed during the pressure application 

protocol; however, the pipette was removed from the bath immediately after each 

injection to minimize leakage and possible desensitization. 

All drugs were made up as stock solutions in water and frozen at -20°C, then 

diluted down to a working concentration daily as needed: acetylcholine chloride 

(A6625; Sigma-Adrich), tetramethylammonium chloride (T19526; Sigma-Aldrich); 

nicotine (N0257; Sigma-Aldrich), choline chloride (C1879; Sigma-Aldrich); carbachol 
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(212385; calbiochem), oxotremorine sesquifumarate (O9126; Sigma-Aldrich); glycine 

(G7126; Sigma-Aldrich), serotonin (H9523; Sigma-Aldrich), guanosine 5�-[�-

thio]diphosphate trilithium salt (GDP-�S) (G7637; Sigma-Aldrich), Phe-Met-Arg-Phe 

amide (FMRFamide) (P4898; Sigma-Aldrich), strychnine (S0532; Sigma-Aldrich), 

hexamethonium chloride (H2138; Sigma-Aldrich), mecamylamine hydrochloride 

(M9020; Sigma-Aldrich), methyllycaconitine citrate salt hydrate (M168; Sigma-

Aldrich), �-conotoxin ImI (3119; Tocris Bioscience, UK), neostigmine bromide 

(N2001; Sigma-Aldrich). 

Analysis 

 The Clampfit analysis program of pCLAMP was used to determine the 

amplitude and time course of changes to membrane potential or holding current 

evoked by candidate neurotransmitters and drugs under current- or voltage-clamp.  

After at least 1 min of baseline, two cursors were placed immediately prior to the 

current or voltage changes, while an additional two cursors were similarly 

positioned at the peak response (see Results for details).  Clampfit then calculated 

the average current or voltage between the paired cursors.  The maximal amplitude 

of the response was taken as the difference between these average baseline and peak 

values. Current was normalized to cell size by dividing by the whole-cell 

capacitance (as determined by the EPC-8 slow capacitance compensation circuitry).  

For display, most current and voltage traces were filtered off-line between 20 and 80 

Hz using Clampfit.  The slow nature of the responses ensured that this second 

filtering brought about no change in amplitude or kinetics.  Conductance was 

derived using Ohm's law (G=I/V) from the current during a 200 msec step from -60 

mV to -70 mV.  In cases where acetylcholine was applied twice, the subsequent 

application occurred after a ~10-min interval, with the peak current of the second 

response expressed as a percentage of the first response. 
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Afterdischarge duration was quantitated as the time from the initial 

extracellular spike after cessation of the stimulus.  In some cases, the response went 

beyond 30 min and was truncated at that point.  For display, extracellular voltage 

was filtered off-line to 80 Hz using Clampfit. 

 Data are presented as mean ± standard error of the mean.  Statistical analysis 

was performed using Instat (version 3; GraphPad Software; San Diego, CA, USA). 

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

whether the mean differed between two groups, either Student's unpaired t-test (for 

normally distributed data) with the Welch correction as necessary (for unequal 

standard deviations) or the Mann-Whitney U-test (for not normally distributed data) 

was used.  For three or more means, multiple comparisons involved an analysis of 

variance (ANOVA) followed by Dunn’s multiple comparison post hoc test.  Fisher’s 

exact test, which examines the association between two variables, was used to test 

differences in frequency.  Means were considered significantly different if the one- 

or two-tailed p-value was <0.05. 

RESULTS 

 Prior work shows that most Aplysia neurons tested respond to acetylcholine, 

with the vast majority in the abdominal ganglion presenting hyperpolarization, and 

a minority showing either depolarizing responses or a combined depolarizing-

hyperpolarizing response (Tauc and Gerschenfeld 1961; Frazier et al. 1967).  As such, 

at least four cholinergic receptor types are known: rapidly desensitizing and slowly 

desensitizing Cl--conductance mediate hyperpolarizing responses (Kehoe 1972; 

Gardner and Kandel 1977; Kehoe and McIntosh 1998), a non-selective cation 

conductance mediates the depolarizing response (Marty et al. 1976; Ascher et al. 

1978a) and a fourth involves a G-protein-dependent K+ conductance (Kehoe 1994).  

Some Aplysia neurons contain only one receptor type, yet others, such as those in the 
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medial pleural ganglion, present both depolarizing and hyperpolarizing responses 

(Kehoe 1972b).  The response of bag cell neurons to acetylcholine is not well 

characterized, with only one previous study noting a minor depolarization (Bodmer 

and Levitan 1984).  

Acetylcholine depolarizes cultured bag cell neurons 

 To satisfy the role of an input transmitter triggering the afterdischarge, 

acetylcholine should depolarize bag cell neurons.  Microperfusion of 1 mM 

acetylcholine dissolved in nASW near the soma of a cultured bag cell neuron (see 

Materials and Methods for details) induced a substantial depolarization under 

sharp-electrode current-clamp at -60 mV.  With continued exposure of agonist, the 

peak depolarization lasted a few sec before returning to baseline within 3-5 min.  

Occasionally, the depolarization did not return to baseline but reached a new 

depolarized steady state.  Acetylcholine delivered in this manner depolarized three 

of 20 bag cell neurons sufficiently to induce spiking (not shown).  In order to speed 

the rate of the depolarization, 1 mM acetylcholine was pressure applied for 1-2 sec 

near the soma (see Materials and Methods for details) and produced a more robust 

and rapid response that consistently resulted in a brief burst of action potentials in 

10 of 13 neurons (Fig. 2.1A).  Although the same concentration of acetylcholine was 

used for the initial microperfusion and pressure application experiments, it is likely 

that the latter delivered a more rapid change in agonist concentration, allowing the 

neuron to reach threshold more consistently before desensitization occurred (see 

below).  The average acetylcholine-induced depolarization using both protocols was 

significantly different from zero with a peak magnitude of over 35 mV (Fig. 2.1B).  

Occasionally, this depolarization led to afterdischarge-like spiking that continued 

long after the stimulus (n=5) (Fig 2.1C).  In these cases, the depolarization followed a 

similar initial time course; however, instead of returning to -60 mV, the neuron 
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reached a depolarized steady state of ~-40 mV and proceeded to fire action 

potentials.  This is similar to potentials recorded from neurons in the cluster during 

an afterdischarge (Mayeri et al. 1979b; Kauer and Kaczmarek 1985; Fisher et al. 1993), 

from cultured neurons responding to a brief train of action potentials (Hung and 

Magoski 2007) or though cAMP analogues (Kaczmarek and Strumwasser 1981). 

A concentration-dependent, acetylcholine-induced inward current 

 To further explore the acetylcholine-induce response, we characterized the 

properties of the underlying current in cultured bag cell neurons.  Initial testing 

showed that application of acetylcholine by microperfusion, for as short as 10 sec in 

duration, caused marked desensitization with subsequent applications, even 

following a 20-min wash.  This may explain the difficulty we encountered in evoking 

spiking with this method (see above).  Therefore, acetylcholine was applied only 

once per neuron by microperfusion over the soma under whole-cell voltage-clamp at 

-60 mV using a K+-based intracellular saline.  Figure 2.2A shows example traces from 

four concentrations (10, 100, 300, 1000 µM) in separate neurons, revealing a relatively 

slow onset current at lower concentrations, becoming faster at higher doses.  Return 

to baseline typically took 3-5 min in the continued presence of agonist.  Delivering 

concentrations ranging from 1 µM to 10 mM, generated a dose-response curve with a 

Hill coefficient of 0.7, indicating either a lack of cooperativity or potential negative 

cooperativity, and an EC50 of 267 µM (Fig 2.2B).  Ascher et al. (1977) showed that the 

depolarizing response to acetylcholine in right pleural ganglion neurons involved an 

increased cation conductance.  To test if the bag cell neuron current was due to 

channel opening, conductance was calculated using a 200-msec step from -60 to -70 

mV (Fig 2.2C, bottom).  Three of these -10 mV steps were delivered to each neuron: 

two prior to the acetylcholine perfusion, separated by 1-2 min, and one at the peak of 

the acetylcholine-induced response.  To account for leak and achieve a baseline 
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Figure 2.1:  Depolarization of bag cell neurons by acetylcholine. 
A) Under sharp-electrode current clamp, a 2-sec pressure application of 
acetylcholine (Ach) depolarizes a cultured bag cell neuron sufficiently for action 
potential generation in nASW from -60 mV. Inset shows three action potentials 
under an expanded time scale. B) Summary graph indicating the average 
depolarization ~37 mV induced by acetylcholine is significantly different from zero 
(*p<0.0001, one-sample t-test). C) Example of an acetylcholine application resulting 
in persistent spiking. The neuron continued to fire for 30 min, but the trace is 
truncated at 8 min for display. 
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conductance change over time, the first control current evoked by the step was 

subtracted from the second current (Fig 2.2C, top).  The second control current was 

then subtracted from the current produced by the step during the acetylcholine 

response (Fig. 2.2C, middle).  The increase in conductance change between the peak 

acetylcholine response and the prior control period was clear and readily met the 

level of significance (n=9) (Fig. 2.2D). 

Because nicotinic vs. muscarinic receptor classification is not clearly 

delineated in molluscan neurons, it was necessary to see if oxotremorine, a 

muscarinic agonist shown to be effective in Aplysia (Dembrow et al. 2004), would 

mimic the acetylcholine-induced current.  However, bath application of 20 µM 

oxotremorine failed to produce an appreciable current at -60 mV (n=4) (Fig. 2.2E, F).   

Furthermore, since strychnine, the only agent known to block the afterdischarge 

(Kaczmarek et al. 1982), is typically thought of as a glycinergic blocker (Bradley et al. 

1953; Curtis et al. 1967), we also tested the effect of glycine.  As shown in figure 2.2E 

and F, no detectible current was produced by glycine (n=8). 

 Interestingly, application of up to 3 mM nicotine failed to replicate the 

acetylcholine-induced current, and produced a current density 50 fold smaller 

compared to acetylcholine (1 mM)  (n=9) (Fig. 2.2F).  Tetramethylammonium (TMA), 

which mimics the excitatory action of acetylcholine without inducing metabotropic 

affects in other Aplysia neurons (Ascher et al. 1978b) and the homologous 

caudodorsal cells of Lymnaea (Termaat and Lodder 1980), was the only compound to 

evoke a current of similar density to acetylcholine (n=20) (Fig. 2.2F).   The general 

cholinergic agonist, carbachol (n=6) (Schwartz et al. 1982), as well as specific �-7 

nicotinic receptor agonist, choline (n=9) (Kehoe 1972c; Papke et al. 1996; Alkondon et 

al. 1997), also failed to induce a response (Fig. 2.2F).  Even though serotonin (5-HT) is  
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Figure 2.2: Current responses in cultured bag cell neurons to the application of   
acetylcholine and related agonists. 
A) Current induced by continuous microperfusion of 10 µM, 100 µM, 300 µM or 1 mM 
acetylcholine (Ach), held at -60 mV. B) The dose-response curve for acetylcholine reveals 
an EC50 of 267 µM with little cooperativity, based on a Hill coefficient of 0.70 C) 
subtracted current traces during a 10 mV hyperpolarizing step (lower). Prior to the 
addition of acetylcholine, essentially no conductance change occurs (upper); however, 
subtraction currents taken at the peak of the acetylcholine response demonstrate a large 
increase in conductance (middle). D) The percent change in conductance from ~20% in 
control conditions, significantly increases to ~3000% fold in acetylcholine (*p<0.01, 2-
tailed paired Student’s t-test). E) Example current traces show that neither 
microperfusion of oxotremorine (oxo), a muscarinic agonist, not cys-loop ligand-gated 
channel agonist, glycine, do not induce a current. F) Summary graph of different 
agonists used. Only tetramethylammonium (TMA) produces a similar current to 
acetylcholine, with other agonists, including nicotine, all significantly different to the 
acetylcholine current (*p<0.01, one way ANOVA, Dunnett’s multiple comparisons test).   
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able to block the afterdischarge, previous attempts at observing 5-HT-induced 

currents in cultured bag cell neurons have not been successful (Jennings et al. 1981).  

In our cells, 5-HT never induced an inward current, but occasionally produced an 

outward current, and only through pressure application.  As such, the average 

outward current density, which largely includes neurons where 5-HT evoked no 

current, was not significantly different from zero (Fig. 2.2F). 

The acetylcholine-induced current is not dependent on G-proteins 

 The evidence thus far suggests that the bag cell neuron acetylcholine current 

is ionotropic; however, if acetylcholine acts in a metabotropic manner, it would be 

G-protein coupled and blocked by the inclusion of GDP-�S (a non-hydrolysable 

form of GDP) (Eckstein et al. 1979).  Dialysis of cultured bag cell neurons for 30 min 

with normal internal solution plus 10 mM GDP-�S (replacing the 0.1 mM GTP) did 

not alter the current to pressure-applied acetylcholine (1 mM) at -60 mV (n=7) (Fig 

2.3A, right), when compared to parallel controls dialyzed with internal solution 

containing GTP (n=5) (Fig 2.3A, left).  Summary data indicate a slight, but not 

significant increase in the acetylcholine-induced current with GDP-�S in the pipette 

(Fig 2.3B).  As a positive control, the outward current at -40 mV produced by 

pressure-applied FMRFamide (500 µM), a known metabotropic agonist in molluscs 

(Piomelli et al. 1987a, b; Brezina 1988; Fisher et al. 1993), was blocked by GDP-�S (Fig 

2.3C, D).  The summary data of FMRFamide following GDP-�S dialysis in figure 

2.3D includes data from neurons never exposed to acetylcholine (n=4/8), as well 10 

min after application of acetylcholine (n=4/8), which were not significantly different 

from each other (data not shown, 2-tailed Mann-Whitney U-test) and thus pooled. 

The acetylcholine response is sensitive to specific cholinergic blockers 

 Most cholinergic currents of Aplysia neurons are blocked by traditional 

nicotinic antagonists; in particular, the inward current is blocked in a voltage-
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Figure 2.3:  The Ach-induced current is not dependent on G-protein activation. 
A, left) Whole-cell current induced by a 2-sec pressure-application of 1 mM 
acetylcholine (Ach) in a cultured bag cell neuron held at -60 mV, after a 30-min 
dialysis with a standard K+-based internal solution containing 0.1 mM GTP. Right) 
In a separate neuron dialyzed for 30 min with the same internal solution, except for 
10 mM GDP-�S replacing GTP, the acetylcholine induced current is similar in 
magnitude. B) Summary data indicating no significant difference between the peak 
current density induced by acetylcholine as a result of replacement of GTP (-3.9 ± 1.3 
pA/pF) with GDP-�S (-6.0 ± 2.2 pA/pF) (*p>0.05, 2-tailed unpaired Student’s t-test). 
C) Acting as a positive control, pressure application of 500 µM FMRFamide induces 
an outward current at a holding potential of -40 mV (left); This is eliminated in a 
separate neuron dialyzed with GDP-�S (right). D) The FMRFamide peak current 
density with a GDP-�S containing internal solution (0.01 ± 0.01 pA/pF) is 
significantly reduced compared to control (0.24 ± 0.06 pA/pF) (*p<0.01, 2-tailed 
Mann-Whitney U-test). 
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dependent manner by hexamethonium or d-tubocurarine  (Kehoe 1972b; Ascher et 

al. 1978b), and in a voltage-independent manner by �-conotoxin ImI (Kehoe and 

McIntosh 1998).  Because d-tubocurarine also blocks dopamine receptors in 

molluscan neurons (Ascher 1972; Berry and Cottrell 1975); we examined the effects 

of the general antagonist hexamethonium (Paton and Zaimis 1948; Tauc and 

Gerschenfeld 1961), mecamylamine (Stone et al. 1956), the �7 specific antagonist, 

methyllycaconitine (MLA), (Alkondon et al. 1992; Mogg et al. 2002) and �-conotoxin 

ImI (McIntosh et al. 1994; Johnson et al. 1995).  Choline, which can preferentially 

activate �7 nicotinic receptors (Papke et al. 1996; Alkondon et al. 1997), was also 

examined for agonist-induced desensitization.   

 A pair of 2-sec acetylcholine (1 mM) pressure applications, separated by a 

minimum of 10 min, were used, with the second current expressed as a percentage 

of the first.  Antagonists were introduced into the bath after the first acetylcholine 

application, and the relative effectiveness determined by calculating the percent 

remaining current evoked by the second application.  Under control conditions, 

without the addition of any antagonist to the bath, the second application of 

acetylcholine produced a peak current of ~55% of the first (n=26) (Fig. 2.4A, F).  Bath 

application of 500 µM hexamethonium (n=6) Fig. 2.4B, G), 100 µM mecamylamine 

(n=12) (Fig. 2.4C, G) or 1 µM �-conotoxin ImI (n=6) (Fig. 2.4D, G) after the initial 

current had returned to baseline, blocked most of the second acetylcholine current.  

The post-mecamylamine current was still rapid while the post-hexamethonium or �-

conotoxin ImI currents were relatively slow.  Delivering both mecamylamine and �-

conotoxin ImI virtually eliminated the current evoked by the second acetylcholine 

application (n=5) (Fig. 2.4E, G).  For either 1 µM MLA or 10 mM choline, only 1 out 

of the 7 neurons showed a measurable block; therefore, the average of total 

remaining current in both cases was not significantly different from control (n=7 and 

7) (Fig. 2.4G).  Considering that strychnine can block the afterdischarge (Kaczmarek 
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et al. 1978), as well as cholinergic synaptic transmission in Aplysia central ring 

neurons (Kehoe 1972a; Faber and Klee 1974), we also tested its effects on cultured 

bag cell neurons.  Compared to control, 500 µM strychnine significantly blocked the 

second acetylcholine-induced current (n=12), although not to the same extent as 

mecamylamine or �-conotoxin ImI (Fig 2.4F, G).   

The block of the acetylcholine response shows differential voltage-dependence 

 During the afterdischarge, the bag cell neurons are typically depolarized 

from a resting potential of -60 mV to spiking potential of -40 to -30 mV (Mayeri et al. 

1979a, b; Kaczmarek et al. 1982).  Due to the voltage-dependent block by many of the 

nicotinic antagonists used here (Ascher et al. 1978b; Kehoe and McIntosh 1998), we 

examined if hexamethonium, mecamylamine and �-conotoxin ImI were still able to 

block the cholinergic current at depolarized potentials.  At a holding potential of -30 

mV, a second pressure application of 1 mM acetylcholine induced a current 68.0 ± 

4.9% of the initial value (n=8) (Fig. 2.5A), which failed to reach the level of 

significance compared to the run-down at -60 mV (Fig. 2.5F).  At -30 mV, 500 µM 

hexamethonium was essentially the same as control, with the current at ~60% of the 

initial value (n=6) (Fig. 2.5C), and significantly different from the ~17% remaining 

current at -60 mV (Fig. 2.5F).  Similarly, 100 µM mecamylamine reduced the current 

at -30 mV to 22.5 ± 8.8% of the initial value (n=6) (Fig. 2.5C), which was significantly 

different from the 7.7 ± 3.3% remaining current in mecamylamine at -60 mV (Fig. 

2.5F).  Clearly, hexamethonium, and to a lesser extent, mecamylamine are not 

effective antagonists of the cholinergic current at depolarized potentials.  Alpha-

conotoxin ImI, on the other hand, was equally effective at blocking the current, with 

~15% and 17% remaining current at -60 mV and -30 mV, respectively (n=8) (Fig. 

2.5D, F).  Moreover, as was the case at -60 mV, a combination of mecamylamine and 

�-conotoxin ImI completely blocked the second current at -30 mV (n=6) Fig. 2.5E, F).   
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Figure 2.4:  Nicotinic receptor antagonists block the Ach-induced current. 
A) Following an initial 1-2 sec pressure-application of acetylcholine (Ach) (1 mM) at a 
holding potential of -60 mV, the current evoked by a second application 10 min later, is 
reduced to ~55%. B-D) Bath application of the nicotinic receptor blockers, 
hexamethonium (500 µM), mecamylamine (100 µM) or �-conotoxin ImI (1 µM), potently 
blocks the second acetylcholine-induced current by over 80%. E) Adding both nicotinic 
blockers almost completely eliminates the second response to acetylcholine. F) 
Application of strychnine (500 µM) also reduces the second acetylcholine delivery, 
however, only to ~30% of the initial value. G) Summary data showing the remaining 
peak acetylcholine current between applications. Compared to control, there is 
significantly less residual current in mecamylamine (mec), �-conotoxin ImI (ImI), mec 
and ImI together, or strychnine, but not with methyllycaconitine (MLA), or choline, 
(*p<0.001, one way ANOVA, Dunn’s multiple comparisons test). 
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Acetylcholine depolarizes bag cell neurons in the intact cluster 

 Having established that bag cell neurons respond to acetylcholine with an 

ionotropic receptor, we next explored the response of neurons to acetylcholine in the 

intact bag cell neuron cluster. The bag cell neuron cluster contains a high 

concentration of acetylcholinesterase, similar to levels observed in the neuropil of 

the abdominal ganglion (Giller and Schwartz 1971).  Therefore, most experiments 

employed the acetylcholinesterase inhibitor, neostigmine, which has been previously 

shown to counteract the enzyme while not directly affecting cholinergic currents in 

Aplysia neurons (Ascher et al. 1978b).  In addition, nASW was used in favour of high-

divalent seawater, given that the latter greatly reduces the likelihood of 

afterdischarge generation (Kaczmarek et al. 1982). 

 For intracellular recording, single bag cell neurons within the cluster were 

sharp-electrode current-clamped to -60 mV and acetylcholine bath-applied (see 

Materials and Methods for details).  In four neurons tested without neostigmine 

pretreatment, acetylcholine (1 mM) produced an average depolarization just over 5 

mV (Fig. 2.6A, D).  A 20-min pretreatment with 2 µM neostigmine increased the 

cholinergic depolarization to ~25 mV (n=17 neurons from separate clusters in 

different abdominal ganglia) (Fig. 2.6B, D).  In seven of the 17 bag cell neurons that 

depolarized, acetylcholine induced continuous spiking similar to that of an 

afterdischarge (Fig. 2.6C).  However, it was not possible to accurately measure the 

duration of acetylcholine-induced afterdischarges using intracellular recording 

because of difficulty in maintaining recordings of consistent duration.  Acetylcholine 

likely activated muscles within the pleuroabdominal connective (Coggeshall 1967), 

or neurons within the abdominal ganglia that project to intrinsic muscles (Alevizos 

et al. 1991), which dislodged the recording electrode.  Thus, we also employed a dual 

recording of the contralateral cluster using an extracellular suction electrode (see 
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Figure 2.5:  Differential voltage-dependence of nicotinic receptor antagonist block of 
the acetylcholine-induced current. 
A) Following the same protocol as per figure 2.4, at a holding potential of -30 mV, 
the second acetylcholine (1 mM) current approaches 70% of the first in control 
conditions. B) A 10-min application of hexamethonium fails to alter the 
acetylcholine-induced response at -30 mV. Note that the percent current remaining 
at -30 mV is similar to that of the control experiments at the same voltage. C) 
Mecamylamine inhibits the response at -30 mV; however, by a reduced factor of 
three (22.5 ± 8.8% remaining current at -30 mV vs. 7.7 ± 3.3% at -60 mV). D) �-
conotoxin ImI blocks the acetylcholine-induced current equally well at -30 mV. E) As 
with the case at -60 mV, the co-application of mecamylamine and �-conotoxin ImI 
eliminated the current at -30 mV. F) Summary data comparing each antagonist at 
both resting (-60 mV; replotted from Fig. 2.4) and depolarized (-30 mV) potentials, 
show the percent remaining current reaches the level of significance for 
hexamethonium (*p<0.0005, 1-tailed paired Student’s t-test) and mecamylamine 
(*p<0.05, 1-tailed Mann-Whitney U-test), but not in control or �-conotoxin ImI. 
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Materials and Methods for details).  In four extracellularly recorded clusters, 

acetylcholine induced an afterdischarge of 6.9 ± 1.2 min in duration (Fig. 2.6E, F). 

 Prior acetylcholine exposure changes the response of the bag cell neuron cluster 

 If acetylcholine were an input transmitter for the afterdischarge, it would be 

expected that clusters stimulated by acetylcholine would more likely be refractory.  

Typically, bag cell neurons can be induced to fire an afterdischarge through 

extracellular stimulation of the pleuroabdominal connective with a 5 Hz 10-30 sec 

stimulus protocol (Kaczmarek et al. 1978).  However, some bag cell neuron processes 

can travel up the connective to reach the pleural ganglion (Haskins et al. 1981); thus, 

to avoid as much as possible the antidromic stimulation of bag cell neuron 

processes, we chose to stimulate the right cerebral ganglion near the region of the F 

cluster as per Ferguson et al. (1989b).  The stimulation protocol involved increasing 

the extracellular voltage from 10 V to up 25 V until the initiation of extracellular 

spikes.  Stimulation was terminated 5 sec after the first appearance of extracellular 

spikes, or at 30 sec.  If no afterdischarge was initiated, a second 30-sec protocol was 

delivered after a 10-min rest period.  

 Stimulation of 25 separate, control bag cell neuron clusters generated an 

average afterdischarge approaching 15 min (n=25) (Fig. 2.7A, left).  However, in 11 

clusters previously exposed to 1 mM acetylcholine plus 2 �M neostigmine, 

stimulation failed to evoke an afterdischarge in nine cases (Fig 2.7B), while the 

remaining two clusters presented durations of 7 and 17 min, respectively. This 

decreased frequency of afterdischarge generation following prior acetylcholine 

exposure was significant (Fig 2.7A, right).  Conversely, it is expected that clusters 

previously stimulated to the point of refractoriness would also fail to respond to 

acetylcholine.  Figure 2.7C (left) shows an example of an intracellular recording from 

an intact bag cell neuron, in the presence of neostigmine, and the afterdischarge 
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Figure 2.6: Intracellular and extracellular responses of bag cell neurons to 
acetylcholine within the intact cluster from the abdominal ganglion. 
A) Under sharp-electrode current-clamp, an individual bag cell neuron is 
depolarized to a small extent by bath-applied acetylcholine (Ach) (1 mM), but not 
sufficient to induce action potentials. B) With a 30-min pretreatment in 2 µM of the 
acetylcholinesterase inhibitor, neostigmine, the acetylcholine-induced response is 
increased dramatically. C) In seven of the 17 neurons within individual bag cell 
neuron clusters from different animals, the acetylcholine-induced depolarization 
was sufficient to cause maintained action potential firing. D) The addition of 
neostigmine to the bath significantly increased the acetylcholine response of 
individual bag cell neurons within the intact cluster four-fold (from 6.1 ± 2.2 mV to 
24.8 ± 2.6 mV) (*p<0.01, 2-tailed Mann-Whitney U-test). E) Approximately 1 min 
after bath application of acetylcholine, the bag cell neuron cluster undergoes an 
afterdischarge characterized by the presence of extracellular spikes. F) Summary 
data showing an average acetylcholine-induced afterdischarge of 6.9 ± 1.2 min.

30 sec

20 mV

1 min

Ac
h-

in
du

ce
d
D

Vm
(m

V)

co
ntr

ol

ne
os

tig
mine

0

10

20

30

A B

C D

20 mV

4 17

Ach (in neostigmine)E

Ach (1 mM) Ach (in neostigmine)

Ach (in neostigmine)

Ac
h-

in
du

ce
d

du
ra

tio
n

(m
in

)

0

5

10

4

F

30 sec
20 mV

400 µV

1 min

*

Ach

-60 mV

-60 mV

-60 mV



 

 

48 

response to synaptic input.  In four separate clusters, such previous stimulation 

rendered 1 mM acetylcholine ineffective at generating an afterdischarge (Fig. 2.7C, 

right).  Two clusters did not respond at all to acetylcholine, whereas, one cluster 

hyperpolarized and another depolarized slightly but not sufficiently to induce action 

potentials.   

Mecamylamine and -conotoxin ImI block the afterdischarge  

 Since the addition of mecamylamine and �-conotoxin ImI can block the 

cholinergic current in cultured bag cell neurons, it was important to see if these 

antagonists also blocked the afterdischarge evoked by presynaptic stimulation.  One 

cluster was recorded per animal.  In control conditions, without the addition of 

antagonists, cerebral stimulation induced an afterdischarge of over 20 min in 

duration (n=8) (Fig. 2.8A, C), which became refractory to subsequent stimulation.  

Pretreatment with both mecamylamine and �-conotoxin ImI completely blocked any 

afterdischarge due to cerebral stimulation in five of seven individual clusters (Fig. 

2.8B, left, C, left).  The other two clusters responded with normal afterdischarges of 

18 and 30 min, respectively.  The latter indicates the possibility that multiple factors 

may initiate an afterdischarge (see Discussion).  For the five clusters blocked by 

antagonists, subsequent stimulation after a 30-min wash restored the ability to 

generate an afterdischarge in three cases, with an average duration of 6.7 ± 0.5 min 

(Fig. 2.8B, right, C, left).  The presence of mecamylamine and �-conotoxin ImI 

produced a significant decrease in the frequency of afterdischarge generation 

induced by cerebral stimulation compared to control (Fig. 8C, right). 
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Figure 2.7:  Pre- and post-acetylcholine responses to cerebral ganglion stimulation. 
A, left) Summary data indicating an afterdischarge duration ~15 min in a control 
group of 25 clusters following cerebral ganglion stimulation. Right) For preparations 
previously exposed to bath-applied acetylcholine in 2 �M neostigmine (post Ach), 
only two of the 11 clusters show an afterdischarge. Compared to the control group, 
which consistently presented an afterdischarge, the frequency of afterdischarge 
generation subsequent to acetylcholine was significantly less (*p<0.0001, Fisher’s 
exact test). B) Simultaneous intra and extracellular recording show that subsequent 
stimulation in 9 of 11 intact clusters, previously exposed to acetylcholine in 2 µM 
neostigmine, failed to excite either the single cell or intact cluster past the period of 
stimulation. Small amplitude spikelets appear half way through the stimulation in 
the intracellular record. C, left) An example of an intracellular recording (from a bag 
cell neuron in the cluster) during cerebral ganglion stimulation leading to an 
afterdischarge (in neostigmine). Right) Following a stimulation-induced 
afterdischarge, acetylcholine hyperpolarized the single bag cell neuron within the 
cluster. In 3 other cases, the cell either failed to respond to acetylcholine, or 
depolarized slightly without inducing action potentials.  
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Figure 2.8:  Response of the bag cell neuron cluster to cerebral ganglion stimulation. 
A, Left) Extracellular recording from an intact bag cell cluster within the abdominal 
ganglion shows an afterdischarge following stimulation of the right cerebral ganglion 
(recording truncated at ~4 min; actual burst lasted >30 min). Right) 10 min after 
cessation of the first afterdischarge, the bag cell neuron cluster is refractory to a second 
stimulation. B, Left) Pretreatment with 100 µM mecamylamine and 1µM �-conotoxin 
ImI prevents an afterdischarge to a 30-sec stimulus at the cerebral ganglion. Right) Wash 
of the ganglion with nASW for 30 min, followed by the same cerebral stimulus elicited 
an afterdischarge, albeit shorter in duration. C, left) Summary data reveals that the 
afterdischarge duration in control was 21.0 ± 3.9 min, whereas pretreatment with 
nicotinic antagonists (mecamylamine/�-conotoxin ImI) eliminates the burst in 5 of 7 
clusters. In 3 of the 5 bag cell neurons clusters blocked by mecamylamine/�-conotoxin 
ImI pretreatment, subsequent washout allows for an average 6.7 ± 0.5 min afterdischarge 
upon cerebral stimulation; duration is an average of these 3. Right) compared with 
control, the frequency of afterdischarge duration is rendered significantly less by 
addition of mecamylamine and �-conotoxin ImI (*p<0.007, 2-tailed Fishers exact test). 
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DISCUSSION 

We present evidence for acetylcholine being an input transmitter to the bag 

cell neurons:  First, acetylcholine is the only tested transmitter capable of sufficiently 

depolarizing bag cell neurons, both in culture and within the intact cluster, to action 

potential threshold.  Some cultured neurons displayed regenerative firing, long after 

cessation of agonist application.  In the intact cluster, the addition of the 

acetylcholinesterase inhibitor, neostigmine, enables acetylcholine to induce an 

afterdischarge.  Second, nicotinic antagonists, mecamylamine and �-conotoxin ImI, 

block both the acetylcholine-induced current in cultured neurons as well as 

afterdischarges in the intact cluster evoked by cerebral ganglion stimulation.  Third, 

refractory clusters are much less likely to respond to acetylcholine, whereas resting 

clusters exposed to acetylcholine become refractory to synaptic stimulation.  Thus, 

along with a number of other factors (see below), acetylcholine has the potential to 

initiate the afterdischarge in vivo. 

Strictly depolarizing response of acetylcholine in cultured bag cell neurons 

Based on an increase in conductance at peak current and a lack of attenuation 

following GDP-�S dialysis, the bag cell neuron acetylcholine response is consistent 

with an inward current produced by opening of an ionotropic receptor.  GDP-�S is 

well established as preventing metabotropic receptor coupling in molluscan neurons 

(Brezina 1988; Kehoe 1994; Magoski et al. 1995; Tam et al. 2011).  Furthermore, the 

metabotropic agonist, oxotremorine, did not elicit a current, and in no instance did 

acetylcholine induce hyperpolarization or outward current in cultured bag cell 

neurons.  Within the intact ganglia, acetylcholine occasionally caused 

hyperpolarization; however, since it was bath applied in nASW, extra-synaptic 

events may have contributed.  The acetylcholine current we observe mimics the 

current mediated by a non-selective cation channel-type ionotropic receptor in 
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Aplysia right pleural ganglion neurons (Marty et al. 1976; Ascher et al. 1978a; Kehoe 

and McIntosh 1998).  Both responses show voltage-dependent block by 

hexamethonium or mecamylamine, voltage-independent block by strychnine or �-

conotoxin ImI, and are recapitulated by TMA but not nicotine.  As per Ascher et al. 

(1978b) and Kehoe and McIntoch (1998), we find hexamethonium to be strongly 

voltage-dependent (essentially not effective at -30 mV) and the mecamylamine block 

somewhat less influenced by depolarization.  However, unlike other reports, the bag 

cell neuron current presents long-lasting desensitization and is insensitive to 

carbachol.  The latter was surprising, but not unprecedented, since carbachol cannot 

reproduce the excitatory effect of acetylcholine on Aplysia gill (Weiss et al. 1984) or 

parapodial muscle (Laurienti and Blankenship 1999). 

Similarities to molluscan and mammalian nicotinic receptors 

 The one cloned molluscan cation-selective acetylcholine receptor is from 

Lymnaea (LnAchRA), and while it is blocked by mecamylamine and �-conotoxin ImI, 

but not MLA, it differs from the bag cell neuron current by showing nicotine and 

choline sensitivity, as well as faster desensitization (van Nierop et al. 2005).  The bag 

cell neuron cholinergic current is probably not mediated by an �7 nicotinic receptor, 

because in both Lymnaea and Aplysia, the �7-like conductance is Cl--selective, 

reproduced by nicotine and blocked by MLA (Kehoe and McIntosh 1998).  The most 

striking difference between the bag cell neuron current and vertebrate nicotinic 

receptors is a lack of mimicry by nicotine.  While nicotine can elicit an inward 

current, we find it differs from the acetylcholine-gated channel in reversal potential, 

cooperativity, Ca2+-sensitivity and antagonist profile (See Chapter 3). 

Presynaptic role for acetylcholine in afterdischarge generation 

 Either the afterdischarge is initiated by a cholinergic afferent input (likely 

from the cerebral ganglia) or the bag cells themselves are cholinergic and secrete 



 

 

53 

acetylcholine to maintain the afterdischarge.  Previous evidence indicates synaptic 

input is more likely, i.e., the bag cell neurons are not positive for anti-acetylcholine 

immunohistochemistry (Soinila and Mpitsos 1991) and the level of 

acetylcholinesterase in the bag cell neuron cluster is comparable to the synaptic 

neuropil (Giller and Schwartz 1971).  Moreover, a cholinergic role for bag cell 

neurons would require a significant amount of choline acetyltransferase, yet the 

cluster contains a low level of the enzyme (Giller and Schwartz 1968; McCaman and 

Dewhurst 1970).  It is likely that processes travelling through or innervating the 

cluster give rise to this signal.  Further evidence for potential cholinergic input is the 

presence of small clear vesicles near select bag cell neuron axon bundles; these are in 

contrast to most bag cell neuron neurites, which contain moderately dense core 

granules and innervate the connective tissue sheath (Haskins et al. 1981).  Strychnine 

can block EPSPs from a presumed cholinergic input to anterior pleural cells (Kehoe 

1972), in addition to the afterdischarge in bag cell neurons (Kaczmarek et al. 1978).  

Hexamethonium and tubocurarine were unable to block the afterdischarge in intact 

clusters (Kaczmarek et al. 1978).  However, tubocurarine is known to inhibit 

receptors for other transmitters (Ascher 1972; Berry and Cottrell 1975; Ascher et al. 

1978a, b), and such lack of specificity may explain why it was unable to prevent the 

afterdischarge.  In addition, both ourselves and others (Kehoe and McIntosh 1998) 

find hexamethonium to be a poor blocker at -30 mV.  Because the afterdischarge is 

associated with depolarization to -40 or even -30 mV (Mayeri et al. 1979a, b; 

Kaczmarek et al. 1982), hexamethonium could have been rendered ineffective.  We 

show the afterdischarge is blocked by a combination of specific nicotinic antagonists, 

mecamylamine and �-conotoxin ImI.  This cocktail also eliminates the acetylcholine-

induce current in cultured bag cell neurons at both resting and depolarized 
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membrane potentials.  That stated, we cannot rule out the possibility that the 

antagonists may also act on the receptors for some unknown chemical input.  

Possible cholinergic synaptic input to bag cell neurons 

Surprisingly little is known about the synaptic input to bag cell neurons; 

however, the homologous CDCs in Lymnaea receive cholinergic afferents (Ter Maat 

and Lodder 1980).  Most bag cell neuron axons project to the vascularized sheath 

and rarely course more than 1 cm rostrally along the pleuroabdominal connective 

(Haskins et al. 1981).  Nevertheless, some axons run through the connective core to 

the pleural or cerebral ganglia, and retrograde labeling of bag cell inputs reveals 

neurons in the pleural and cerebral ganglia (Shope et al. 1991).  Furthermore, cobalt 

backfilling of the connective stains a number of neurons in the cerebral ganglion at a 

site where focal extracellular stimulation induces afterdischarges (Ferguson et al. 

1989). 

 The cerebral F-cluster neurons have been implicated in bag cell neuron 

function (Ferguson et al. 1989b; Rubakhin et al. 1999).  Neurons that stain for 

acetylcholine are observed near the F-cluster (Soinila and Mpitsos 1991), but their 

actual location has not been accurately described, so it is possible that we directly 

stimulated these cells in addition to the F-cluster neurons.  The F-cluster is bordered 

by the C-cluster, which contains ectopic bag cell neurons - small populations of 

neurons in both the cerebral and pleural ganglia which produce ELH and other bag 

cell neuron peptides (Chiu and Strumwasser 1981, 1984).  Even if focal stimulation 

spread to ectopic bag cell neurons in the cerebral C-cluster, the latter send their 

processes into the neuropil and not down the connective, and are ineffective at 

initiating afterdischarges (Chiu and Strumwasser 1984; Painter et al. 1989). 
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Acetylcholine-induced long-term change in activity 

 Acetylcholine generates plateau potentials in cortical and hippocampal 

neurons by coupling muscarinic receptors to non-selective cation channels (Egorov 

et al. 2002; Tahvildari et al. 2008; Tai et al. 2010; Zhang and Seguela 2010; Zhang et al. 

2011).  Nevertheless, nicotinic receptors in substantia nigra neurons produce 

moderate bursting in a Ca2+-dependent process (Yamashita and Isa 2003).  

Acetylcholine evokes plateau potentials and bursting in Lymnaea N1 and N2 feeding 

neurons through a presumed ionotropic receptor (Elliott and Kemenes 1992; Brierley 

et al. 1997; Straub et al. 2002).  In addition, cerebral cholinergic neurons modulate the 

Aplysia feeding central pattern generator (Susswein et al. 1996; Hurwitz et al. 2003; 

Dembrow et al. 2003, 2004).  Aplysia interneuron L10 is cholinergic and makes 

excitatory connections (Koester and Alevizos 1989), for example, recruiting neurons 

R25/L25 to burst and trigger respiratory pumping (Byrne 1983; Koester 1989), as 

well as LUQ cells projecting to the kidney (Koester and Alevizos 1989). 

Our results suggest cholinergic ionotropic receptors are capable of producing 

extended bursting in bag cell neurons.  Although we find no evidence of 

metabotropic cholinergic receptors, second messenger production associated with 

maintenance of the afterdischarge may occur because of Ca2+ influx or the autocrine 

effect of certain bag cell neuron peptides (Kaczmarek et al. 1978; Redman and Berry 

1993; Wayne et al. 1999).  Ca2+ influx may occur directly through the cholinergic 

ionotropic receptor or via voltage-gated Ca2+ channels recruited during the 

acetylcholine-induced depolarization.  Elevated intracellular Ca2+ has the potential to 

activate some of the various non-selective cation channels that drive the 

afterdischarge (Wilson et al. 1996; Magoski 2004; Magoski and Kaczmarek 2005; 

Lupinsky and Magoski 2006; Gardam and Magoski 2009; Geiger et al. 2009).  Finally, 
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the afterdischarge can be sustained by the acetylcholine-evoked depolarization 

opening bag cell neuron persistent Ca2+ current (Tam et al. 2009). 

Multiple mechanisms for initiation of the afterdischarge 

 Brown et al. (1989) show that, in addition to pleuroabdominal connective 

stimulation, the afterdischarge can be initiated by activating pleural ectopic bag cell 

neurons (as opposed to cerebral ectopic bag cell neurons).  This appears to be 

chemically mediated, as electrical coupling is not evident between pleural ectopic 

neurons and abdominal cluster neurons.  Interestingly, these authors provide the 

only report of an afterdischarge being generated by intracellular stimulation of a 

single bag cell neuron in the cluster.  Additionally, application of atrial gland extract 

to the cerebral ganglia can induce afterdischarges; however, this is likely poly-

synaptic, since it only manifests when applied to the cerebral ganglia with an intact 

pleuroabdominal connective, and atrial gland extract has no effect on cultured bag 

cell neurons (Strumwasser et al. 1980).  These alternative means may account for 

those rare occasions where we failed to observe acetylcholine-induced refractoriness 

or pharmacological block of the afterdischarge.  Furthermore, different external 

stimuli, such as mating or chemical signals from an egg mass, can cause 

afterdischarges (Begnoche et al. 1996). Given the importance to species propagation, 

a diversity of mechanisms for afterdischarge initiation and egg-laying is not 

surprising.  It is testament to the survival strategies involved in reproduction. 

 In summary, acetylcholine evokes an afterdischarge in the intact bag cell 

cluster, likely due to presynaptic release from neurons in the cerebral ganglion, and 

opening of an ionotropic receptor.  
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Chapter 3: A NOVEL NICOTINIC RECEPTOR IN APLYSIA 
NEUROENDOCRINE CELLS  

ABSTRACT 

Nicotinic receptors form a diverse group of ligand-gated ionotropic receptors with 

distinct pharmacological properties and roles in fast synaptic transmission or 

influencing neuronal excitability.  The nicotinic receptor has maintained conserved 

amino acids within the ligand-binding domain capable of binding the endogenous 

agonist, acetylcholine, and has evolved from early examples in Cnidarians into a 

diversity of subunits that bind a wide array of competitive agonists and antagonists.  

In bag cell neurons of Aplysia californica, acetylcholine induces a rapid and long-

lasting depolarization with full spiking through nicotinic current activation, which is 

capable of inducing an afterdischarge.  In examining the cholinergic nature of 

afterdischarge generation, we observed the unusual property of a nicotinic receptor 

not gated by acetylcholine.  Aside from differences in agonist sensitivity compared 

to acetylcholine, the nicotine-induced current had smaller current magnitude, was 

not antagonized by �-conotoxin ImI, passed Ca2+ and recovered fully from 

desensitization.  We explored possible receptor subtypes for the distinct currents, 

and, finding 20 potential nicotinic subunits within the Aplysia transcriptome, 

achieved 16 full-length clones belonging to cationic-specific subunits.  Based on 

quantitative real-time PCR, no fewer than 14 were present to varying degrees within 

the bag cell neuron cluster, substantially more than the two observed currents.  By 

inhibiting two receptors in high prevalence in the cluster (ApAchR-C and E) through 

dsRNA, we significantly reduced the magnitude of the acetylcholine-induced 

current, while sparing the nicotine response to further distinguish their separate 

involvement.  
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INTRODUCTION 

 The pentameric ligand-gated ion channel superfamily is a large group of 

receptors with a common structure and the capacity to bind a wide range of ligands.  

Vertebrate receptors possess an extracellular disulfide-bonded cys-loop and are gated by 

acetylcholine, glycine, gamma aminobutyric acid (GABA), serotonin (5-HT) or zinc 

(Albuquerque et al. 2009; Thompson et al. 2010).  The invertebrate receptors also 

contain the cys-loop and bind glutamate, histamine, GABA and acetylcholine 

(Norekian 1999; Jones and Sattelle 2007; Millar and Gotti 2009; Kehoe et al. 2009), 

with many other undefined receptors yet to be categorized (Mongan et al. 1998; Dent 

2006).   Prokaryotic versions do not possess the cys-loop, but are gated by H+ and 

GABA (Corringer et al. 2010).  The best studied is still the nicotinic receptor, so 

categorized by its binding of nicotine, despite acetylcholine being the endogenous 

ligand, to distinguish it from cholinergic metabotropic receptors.  That stated, there 

are isolated examples of nicotine-insensitive nicotinic receptors in the nematode, 

Caenorhabditis elegans (Richmond and Jorgensen 1999), the mollusc, Aplysia californica 

(Kehoe and McIntosh 1998), as well as chicken �3�2 (Hussy et al. 1994), and 

mammalian �9 (Elgoyhen et al. 1994; Rothlin et al. 1999) receptors in expression 

systems.  The present study concerns distinct cholinergic ionotropic receptors 

activated by nicotine alone or acetylcholine alone, and adds to the diversity of 

possible pentameric ligand-gated receptors in neuroendocrine cells from Aplysia. 

The bag cell neurons are found just rostral to the abdominal ganglion in 

Aplysia.  These neuroendocrine cells are normally silent, but in response to the 

application of acetylcholine undergo a ~30 min afterdischarge characterized by an 

increase in excitability (Kupfermann and Kandel 1970; Ferguson et al. 1989a; White 

and Magoski 2012).  During the afterdischarge, egg-laying hormone (ELH) and other 

peptides are released into the blood to initiate egg-laying behaviours (Arch 1972b; 
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Chiu et al. 1979; Sigvardt et al. 1986).  Aside from a single example of a 

metabotropically-gated K+ channel (Kehoe 1994), the vast majority of responses to 

acetylcholine in Aplysia are ionotropic and mainly inhibitory.  Although in bag cell 

neurons, unpigmented pleural ganglion cells and cells from the abdominal ganglion 

RB cluster, acetylcholine generates depolarizing responses (Bodmer and Levitan 

1984; Simmons and Koester 1986; Kehoe and McIntosh 1998; White and Magoski 

2012).  

While characterizing the cholinergic ionotropic receptor in bag cell neurons, 

we found that nicotine failed to reproduce the acetylcholine response, similar to 

what was observed previously in the pleural ganglion (Kehoe and McIntosh 1998).  

However, in the bag cell neurons, nicotine induced a second cationic response that 

does not appear to be activated by acetylcholine (White and Magoski 2012).  Here we 

demonstrate that these two currents are indeed different, and propose that they are 

activated by distinct receptor subunits based on binding properties, desensitization, 

Ca2+ permeability and RNA inhibition.  This represents a unique example of two 

cholinergic ionotropic receptors on the same neuron, responding to different 

ligands.  Such receptor diversity may reflect a distinct adaptation to ensure 

reproductive success when faced with the myriad of exogenous marine nicotinic 

agonists and antagonists (Dwoskin and Crooks 2001; Araoz et al. 2010; Bourne et al. 

2010). 

MATERIALS AND METHODS 

Animals and cell culture  

 Adult Aplysia californica weighing 150-500 g were obtained from Marinus Inc. 

(Long Beach, CA, USA) and housed in an ~300-l aquarium containing continuously 

circulating, aerated artificial sea water (Instant Ocean; Aquarium Systems, Mentor, 
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OH, USA or Sea Chem; Madison, GA, USA) at 15ºC on a 12/12 hr light/dark cycle 

and fed Romaine lettuce 5 times a week. 

 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 with neutral protease (13.33 mg/ml; 

165859; 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 N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid (HEPES), 1 

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

NaOH) for 18 hr at 20-22ºC.  The ganglion was then transferred to fresh tcASW for 1 

hr, after which 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 x 10 mm polystyrene tissue culture dishes 

(430165; Corning, Corning, NY, USA or 353001; Falcon Becton-Dickinson, Franklin 

Lakes, NJ, USA).  Cultures were maintained in tcASW in a 14ºC incubator and used 

for experimentation within 1-3 d.  Salts were obtained from Fisher Scientific (Ottawa, 

ON, Canada), ICN (Aurora, OH, USA), or Sigma-Aldrich (St. Louis, MO, USA). 

Sharp-electrode, current-clamp and whole-cell, voltage-clamp recording 

Current-clamp recordings were made from cultured bag cell neurons in 

normal artificial seawater (nASW; composition as per tcASW but lacking the glucose 

and antibiotics) using an AxoClamp 2B (Axon Instruments/Molecular Devices; 

Sunnyside, CA, USA) amplifier and the sharp-electrode, bridge-balanced method.  

Microelectrodes were pulled from 1.2 mm external, 0.9 mm internal diameter 

borosilicate glass capillaries (TW120F-4; World Precision Instruments; Sarasota, FL, 

USA) and had a resistance of 5-20 M� when filled with 2 M K+-acetate plus 10 mM 

HEPES and 100 mM KCl (pH 7.3 with KOH).  Current was delivered with either 
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Clampex software (Version 8 or 10; Molecular Devices) or a S88 stimulator (Grass; 

Astro-Med; Longueuil, QC, Canada).  Voltage was filtered at 3 KHz, using the 

Axoclamp Bessel filter and sampled at 2 KHz using an IBM-compatible personal 

computer, a Digidata 1322A analogue-to-digital converter (Molecular Devices) and 

Clampex. 

Voltage-clamp recordings from cultured bag cell neurons were made using 

an EPC-8 amplifier (HEKA Electronics; Mahone Bay, NS, Canada) and the tight-seal, 

whole-cell method.  Microelectrodes were pulled from 1.5 mm external, 1.2 mm 

internal diameter borosilicate glass capillaries (TW150F-4; World Precision 

Instruments) and had a resistance of 1-2 M� when fire-polished and filled with 

regular intracellular saline (see below).  Pipette junction potentials were nulled 

immediately before seal formation.  After seal formation, the pipette capacitive 

current was cancelled and, following break through, the whole-cell capacitive 

current was also cancelled, while the series resistance (3-5 M�) was compensated to 

80% and monitored throughout the experiment.  Current was filtered at 1 KHz with 

the EPC-8 Bessel filter and sampled at 2 KHz as per current clamp.  Data was 

gathered at room temperature (20-22°C). 

Most recordings were made in nASW; however, where indicated, Ca2+ was 

replaced with Mg2+ and 0.5 mM EGTA added to achieve Ca2+-free ASW (cfASW).  

Within the recording pipette, standard intracellular saline (composition in mM: 500 

K-aspartate, 70 KCl, 1.25 MgCl2, 10 HEPES, 11 glucose, 10 glutathione, 5 (EGTA), 5 

adenosine 5�-triphosphate disodium salt hydrate (A3377; Sigma-Aldrich), and 0.1 

guanosine 5�-triphosphate sodium salt hydrate (GTP) (G8877; Sigma-Aldrich); pH 

7.3 with KOH) was used.  In some instances, the K+ was replaced with Cs+, or the 

GTP replaced with 10 mM guanosine 5�-[�-thio]diphosphate trilithium salt (GDP-�-

S) (G7637; Sigma-Aldrich).  The free intracellular Ca2+ concentration was set at 300 
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nM by adding the appropriate amount of CaCl2, as calculated by WebMaxC 

(http://www.stanford.edu/~cpatton/webmaxcS.htm).  A junction potential of 15 

mV was calculated for intracellular saline vs. nASW and compensated for by 

subtraction off-line. 

Ca2+ imaging 

 Ca2+ imaging was performed using whole-cell voltage-clamp and the 

standard intracellular saline, supplemented with 1 mM fura-PE3, and EGTA and 

Ca2+ removed (Vorndran et al. 1995).  Following break-through, to fill with fura-

PE3/intracellular saline, the neuron was dialyzed for at least 10 min prior to 

experimentation.  Imaging was performed using a Nikon TS100-F inverted 

microscope (Nikon; Mississauga, ON, Canada) equipped with Nikon Plan Fluor 20X 

(numerical aperture = 0.5) objective.  The light source was a 75 W Xenon arc lamp 

and a multi-wavelength DeltaRAM V monochromatic illuminator (Photon 

Technology International; London, ON, Canada) coupled to the microscope with a 

UV-grade liquid-light guide.  Excitation wavelengths were 340 and 380 nm.  

Between acquisition episodes, the excitation illumination was blocked by a shutter, 

which, along with the excitation wavelength, was controlled by an IBM-compatible 

computer, a Photon Technology International computer interface and EasyRatioPro 

software (version 1.10; Photon Technology International).  The emitted light passed 

through a 400 nm dichroic mirror and a 510/40nm emission barrier filter prior to 

being detected by a CoolSNAP HQ2 ICX285 charge coupled device camera 

(Photometrics; Tuscon, AZ, USA).  Background was removed by setting a minimal 

threshold value of 400 arbitrary units of fluorescence with the upper limit set to the 

maximum.  Fluorescence intensities were sampled at 2-sec intervals using regions of 

interest defined over the somata prior to the start of the experiment and averaged 8 

frames per acquisition.  The focal plane was set to approximately the middle of the 



 

 

63 

neuron.  The ratio of the emission following 340 and 380 nm excitation (340/380) 

was taken to reflect free intracellular Ca2+, and saved for subsequent analysis.  

Threshold level, image acquisition, frame averaging, emitted light ROI sampling and 

ratio calculations were carried out using EasyRatioPro. 

Drug application and reagents 

 The culture dish served as the bath, with transmitters and drugs applied 

using either single-cell microperfusion or pressure ejection.  The perfusion system 

consisted of a micromanipulator-controlled square-barreled glass pipette (~500 µm 

bore) positioned 300-500 µm from the soma and connected by a stopcock manifold to 

a series of gravity-driven reservoirs.  This provided a constant flow (~0.5-1 ml/min) 

of control extracellular saline over the neuron, which was switched to agonist-

containing saline for a specific amount of time by activating the appropriate 

stopcock.  Additional experiments involved pressure ejection of agonist from an 

unpolished patch pipette (1-2 µm bore) for 2-sec at 75-150 KPa, using a PMI-100 

pressure micro-injector (Dagan; Minneapolis, MN, USA).  For antagonists, the 

blocker was introduced directly into the bath by pipetting a small volume of 

concentrated stock solution prior to pressure application.  As previously undertaken 

with bag cell neurons by Fisher et al. (1993) and our laboratory (White and Magoski 

2012), no perfusion was employed during pressure application; however, the pipette 

was removed from the bath immediately after each ejection to minimize leakage and 

possible desensitization.  

All drugs were made up as stock solutions in water and frozen at -20°C, then 

diluted down to a working concentration in the appropriate extracellular or 

intracellular saline as needed: acetylcholine chloride (A6625; Sigma-Aldrich); 

tetramethylammonium chloride (T19526; Sigma-Aldrich), nicotine (N0257; Sigma-

Aldrich); Phe-Met-Arg-Phe amide (FMRFamide) (P4898; Sigma-Aldrich), strychnine 



 

 

64 

(S0532; Sigma-Aldrich), mecamylamine hydrochloride (M9020; Sigma-Aldrich), 

methyllycaconitine citrate salt hydrate (M168; Sigma-Aldrich), �-conotoxin ImI 

(3119; Tocris Bioscience, UK) and hexamethonium bromide (H2138; Sigma-Aldrich). 

In silico identification of nicotinic receptor subunits 

We initially searched for putative Aplysia nicotinic receptor subunits in the 

University of California Santa Cruz Sea Hare Genome Browser 

(http://genome.ucsc.edu/, Sept. 2008 Broad 2.0/aplCal1 assembly) using the 

BLAST-like alignment tool (BLAT) with published acetylcholine receptor (AchR) 

subunit sequences from another molluscan species, Lymnaea stagnalis (van Nierop et 

al. 2006).  This search yielded predicted partial sequences in Aplysia corresponding to 

12 Lymnaea AChR (LnAchR) subunit equivalents (A to L).  We lengthened these 

predicted partial Aplysia AChR (ApAchR) sequences with Prot2Gene (courtesy of 

Dr. P Liang, Brock University; http://genomics.brocku.ca/Prot2gene/), which 

allowed for precise exon prediction and mapping using large stretches of the Aplysia 

genome and full or nearly full LnAChR protein sequences as input.  With the recent 

publication of a deep RNA sequencing project to generate a large transcriptome 

shotgun assembly of the Lymnaea CNS (Sadamoto et al. 2012), we also discovered 

new putative LnAChR subunits that were not previously identified; namely, 

LnAchR-J2 (DNA Database of Japan accession number FX184869), LnAchR-J3 

(FX182518), LnAchR-L (FX195100-partial), LnAchR-M (FX180550), LnAchR-O 

(FX183843), LnAchR-P (FX222775-partial), LnAchR-Q (FX182529) and LnAchR-R 

(FX183247).  Contigs of the Lymnaea transcriptome shotgun assembly are available at 

http://www.ddbj.nig.ac.jp).  To find homologues of these additional AChR subunits 

in Aplysia, we performed BLAST searches using an unannotated Aplysia RNA 

sequence assembly that was recently made available from the Institute for Genome 

Sciences at the University of Maryland (http://aplysiagenetools.org).  In total, we 
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identified 15 new putative Aplysia full-length cationic-selective subunits (ApAchR-A, 

C, D, E, G, H, J2, J3, L, M, N, O, P, Q and R) and 5 anionic-selective subunits 

(ApAchR-B, F, I, K1 and K2).  A sixteenth putative cationic-selective subunit, which 

we have designated ApAchR-J1, was previously published in GenBankTM as 

accession number NP_001191486 (Moroz et al., 2006). 

PCR of full-length sequences 

Abdominal ganglia were dissected from Aplysia as described above (see 

Materials and Methods, Animals and cell culture) and the bag cell neuron clusters 

removed.  Ganglia were snap-frozen in liquid N2 and then homogenized in 

homogenization buffer from a Norgen Total RNA isolation kit (17200; Norgen Biotek 

Corp, Thorold, ON, Canada) using a PowerGen 35 handheld homogenizer (Fisher 

Scientific).  Total RNA was isolated and purified from abdominal ganglia using the 

Norgen kit.  cDNA was synthesized by reverse transcription using a mixture of 

poly-A and random hexamer primers and an iScript™ cDNA synthesis kit (170-8890; 

Bio-Rad Laboratories, Mississauga, ON, Canada).  PCR amplification of ApAchR 

subunits was performed with a Techne Touchgene Gradient Thermocycler (Fisher 

Scientific) using 1 �L of cDNA as template, 40 pmol of forward and reverse primer 

sets against the 16 different cationic-selective ApAchRs (Table 1), iTaqTM DNA 

Polymerase (170-8870; Bio-Rad Laboratories) and the following program: 3 min of 

denaturation at 95°C, 38 cycles at 95°C for 30 sec, annealing at 68°C for 30 sec and 

elongation at 72°C for 90 sec.  Analysis of products was carried out on 1% agarose 

gels in TAE buffer stained with ethidium bromide.  Fragments of interest were 

excised from the gel, purified according to the UltraClean® GelSpin® DNA 

extraction kit (12400; MO BIO Laboratories Inc, Carlsbad, CA, USA) and sequenced 

by GénomeQuébec (Montréal, QC, Canada) using a 3730xl DNA Analyzer from 

Applied Biosystems.  GenBankTM database accession numbers for the sequences are 
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as follows: ApAchR-A (KC417388), C (KC411667), D (KC411668), E (KC411669), G 

(KC411660), H (KC411661), J2 (KC417389), J3 (KC417390), L (KC618637), M 

(KC618636), N (KC411662), O (KC411663), P (KC411664), Q (KC411665) and R 

(KC411666). 

Real-time PCR 

RNA was isolated from either Aplysia bag cell neuron clusters or abdominal 

ganglia (sans the bag cell neurons) using the Norgen Total RNA isolation kit as 

outlined above (see Materials and Methods, PCR of full-length sequences).  The 

purity of the RNA was then analyzed with a spectrophotometer (NanoVue; GE 

Healthcare Bio-Sciences, Baie d’Urfe, QC, Canada).  cDNA was then synthesized by 

reverse transcription with 500 ng of total RNA from either the bag cell neurons or 

the abdominal ganglion using a mixture of poly-A and random hexamer primers 

according to the iScript™ cDNA synthesis kit.  Each forward and reverse primer 

(Table 2) was designed by Primer3 (http://frodo.wi.mit.edu) to generate 100-150 bp 

amplicons.  Prior testing was performed to ensure that each primer pair had a 95-

99% amplification efficiency using a 10-fold dilution series.  The 20 �l final reaction 

mixture contained 1 �L of cDNA, 10 �L of iQ™ SYBR® Green Supermix (170-8880; 

Bio-Rad Laboratories) and 0.4 �mol of each primer.  Expression of each cationic-

selective ApAChR was examined using bag cell neuron and abdominal ganglion 

cDNA in triplicate.  To determine the relative expression level of the ApAchRs, 

comparison was made to the Aplysia version of the housekeeping gene, GAPDH 

(GenBankTM accession number KC417387).  All real-time PCR was performed in low-

profile, 96-well clear multiplate PCR plates (MLL-9601; Bio-Rad Laboratories) and 

sealed with Microseal “B” film (MSB-1001; Bio-Rad Laboratories) using a Bio-Rad 

Laboratories CFX96 real-time PCR detection system with the following conditions: 

95.0°C for 3 min, then 40 cycles at 95.0°C for 15 sec and annealing/extension at 
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60.0°C for 40 sec.  Afterwards, PCR products were heated to 95.0°C for 15 sec and a 

melt curve was generated by measuring fluorescence during a temperature increase 

from 65.0°C to 95.0°C (with 0.5°C/10 sec increments).  Results were analyzed with 

Bio-Rad CFX Manager software (version 3.0) and the cycle threshold (Ct) values of 

the transcripts automatically generated. 

Double-stranded RNA inhibition 

To examine the impact of a reduction in the expression of individual nicotinic 

receptor subunits on acetylcholine- or nicotine-induced currents, bag cell neurons 

were subjected to long double-stranded ribonucleic acid (dsRNA) inhibition (Fire et 

al. 1998; Bhargava et al. 2004).  A 543 bp cDNA fragment encoding ApAchR-C and 

496 bp cDNA fragment encoding APAchR-E was separately PCR-amplified using 

iTaq DNA polymerase and gene-specific primers, extended on their 5' ends with a 

T7 RNA promoter sequence (TAATACGACTCACTATAGGGAGA). 

AchR-C: forward, 5'- ACAACGCCGACGGAGACTTTCAGAT-3' 

reverse, 5'- AAAACACAGTGAGGGCGAGCAGGAT-3'  

AchR-E: forward, 5'-TGGAGACCAAGTGGATCTGGTGCAT-3' 

reverse, 5'-ACTGTGTGTGGCAGGTGATCGGAAA -3') 

Using 500 �g of bag cell neuron cluster RNA (from the Total RNA purification kit), 5 

cycles of PCR were performed with melting at 95°C for 30 sec, annealing at 68°C for 

30 sec and elongation at 72°C for 50 sec, followed by 30 cycles of PCR with melting 

at 95°C for 30 sec, annealing at 72°C for 30 sec and elongation at 72°C for 50 sec.  The 

PCR product was agarose gel purified with the UltraClean GelSpin DNA extraction 

kit and used to synthesize sense and antisense cRNA in the same reaction mix with 

T7 RNA polymerase (4 h at 37°C) from a MEGAscript RNAi kit (AM1626; Life 

Technologies, Burlington, ON, Canada).  Reactions were treated with DNaseI and 

RNase (both from the MEGAscript kit) for 1 h at 37°C and column purified 
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according to the MEGAscript kit protocol.  As a negative control, a 450 bp dsRNA 

was prepared directed against the 5' untranslated region of the newt retinoic acid 

receptor (GenBankTM accession number AY847515) using primers (forward, 5'- 

AGCATGGACCGATCCTAGAG- 3'; reverse, 5'- GTTGGGTTCCGTACTGAGGA -3').  

Bag cell neurons were first cultured in the absence of dsRNA overnight at 14°C and 

then bath incubated at 14°C in the presence of 600 ng/ml dsRNA for an additional 3-

4 d.  This method of long dsRNA inhibition has proven successful in both Aplysia 

sensory neurons (Lee et al. 2009) and Lymnaea motor neurons (van Kesteren et al. 

2006). 

Amino acid sequence analysis and phylogenetic tree generation 

Amino acid sequences were translated from nucleotide sequences and 

aligned using multiple sequence comparison by log-expectation (MUSCLE) (Edgar 

2004) with the default settings through the embedded web service application of 

Jalview 2.8 (Waterhouse et al. 2009).  Proposed signal peptide sequences were 

identified with SignalP 4.1 http://www.cbs.dtu.dk/services/SignalP/ and 

predicted transmembrane sites from on ApAchR-A using SMART analysis 

http://smart.embl-heidelberg.de/.  Phylogenetic trees were created with Clustalx 

2.1 (http://www.clustal.org/), based on the previously created alignment and the 

neighbor joining method (Saitou and Nei 1987), excluding positions with gaps and 

bootstrap resampling up to 1000 trials and a random number generator seed of 111.  

Bootstrap labels were placed on nodes and saved as a Philip tree for observation 

using Treeview 1.6.6. (http://taxonomy.zoology.gla.ac.uk/rod/treeview.html).  The 

tree comparing Aplysia and human subunits was rooted with the Aplysia GABA-A 

receptor � subunit (GenBankTM accession number AF322878) as an out-group using 

the following human nicotinic subunits: �1 (NM_001039523); �2 (NM_000742); �3 

(NM_000743); �4 (NM_000744); �5 (NM_000745); �6 (NM_004198); �7 (NM_000746); 
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�9 (NM_017581); �10 (NM_020402); �1 (NM_000747); �2 (NM_000748); �3 

(NM_000749); �4 (NM_000750); � (NM_000751); � (NM_005199); � (NM_000080).   

Identity values between human and Aplysia nAchR subunits, as well as the Aplysia 

acetylcholine binding protein (accession number NM_001204559) were calculated 

using the pairwise alignment program from Jalview. 

Analysis 

 The Clampfit analysis program of pCLAMP was used to determine the 

amplitude and time course of changes to membrane potential or holding current 

evoked by neurotransmitters and drugs under current- or voltage-clamp.  After at 

least 1 min of baseline, two cursors were placed immediately prior to the beginning 

of either current or voltage change, while an additional two cursors were similarly 

positioned at the peak response (see Results for details).  Clampfit then calculated 

the average current or voltage between the paired cursors.  The maximal amplitude 

of the response was taken as the difference between these average baseline and peak 

values.  Current was normalized to cell size by dividing by the whole-cell 

capacitance (as determined by the EPC-8 slow capacitance compensation circuitry).  

For display only, most current and voltage traces were filtered off-line to between 20 

and 80 Hz using the Clampfit Gaussian filter. The slow nature of the responses 

ensured that this second filtering brought about no change in amplitude or kinetics.  

Conductance was derived using Ohm's law (G=I/V) from the current during a 200 

msec step from -60 mV to -70 mV.  In cases where nicotine was applied twice, the 

subsequent application occurred after a ~10-min interval, with the peak current of 

the second response expressed as a percentage of the first response.  

For intracellular Ca2+

plotted as line graphs using Graphpad Prism (version 3; GraphPad Software Inc.; La 

Jolla, CA, USA). Analysis compared the steady-state value of the baseline 340/380 
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ratio with the ratio from regions that had reached a peak or new steady state during 

agonist application.  Averages of the baseline and new regions were determined by 

eye, if an obvious peak was presented, or with adjacent-averaging.  Change was 

expressed as a percent change (peak % � 340/380) of the new ratio over the baseline 

ratio. 

Data are presented as mean ± standard error of the mean.  Statistical analysis 

was performed using Prism.  The Kolmogorov-Smirnov method was used to test 

data sets for normality.  To test whether the mean differed between two groups, 

either Student's unpaired t-test (for normally distributed data) with the Welch 

correction as necessary (for unequal standard deviations) or the Mann-Whitney U-

test (for not normally distributed data) was used.  For three or more means, multiple 

comparisons involved an analysis of variance (ANOVA) followed by Dunn’s 

multiple comparison post hoc test.  Means were considered significantly different if 

the 1- or 2-tailed p-value was <0.05. 

RESULTS 

The one collective factor of ionotropic acetylcholine receptors is the ability to 

bind nicotine with high affinity. In fact, the low affinity for acetylcholine confers the 

ability for high frequency input (Hurst et al. 2012).  However, we find in the bag cell 

neurons that nicotine appears to fail to activate the same receptor as acetylcholine, 

but rather activates a separate receptor. 

Nicotinic agonists depolarize cultured bag cell neurons  

 A 2-sec pressure application of 1 mM acetylcholine induced a response that 

simply depolarized the cell, followed by a recovery towards baseline (Fig. 3.1A), or 

activated a burst of action potentials (Fig. 3.1B).  In a pool of 16 neurons, the average 

depolarization from a resting potential of -60 mV was ~35 mV (Fig. 3.1F) with 6 

neurons firing action potentials.  Considering a strong depolarization will 
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Table 1:  PCR primers for individual Aplysia nicotinic subunits. 
For each ApAchR, the first primer pair amplifies from the 5' untranslated region 
through to the internal coding region of the gene. The last primer pair amplifies 
from the internal coding region through to the 3' untranslated region. For those 
ApAchR where a middle primer pair is listed, it amplifies a strictly internal coding 
region. In all cases, the resulting PCR products overlap to provide full-length open 
reading frames. 
 

  forward reverse 
A 5'CGAGTGATTTCCAAGGGATGCTGAG3' 5'CTCTGGGCAGCAGTCGTACTGGAGA3' 
  5'CTTACGTAGGGGGCCTGCTGAACCT3' 5'CCCTCTGTGTCAGTGACCTCCGTGT3' 
  5'TGAACTTTCACTACCGCTCGCCTGA3' 5'AGCCACACCTTCCTCGCTAGCCTCT3' 

C 5'ACGAGGGGGAAACAAGCTTGGAAAC3' 5'CAGCTCGTCTCCGTGGTATGTCCAG3' 
  5'ACAACGCCGACGGAGACTTTCAGAT3' 5'AAAACACAGTGAGGGCGAGCAGGAT3'  
  5'TGCGACGACGCACACTGTTCTACAC3' 5'CCCCAAAAGGAAGGCCATGGCATAAT3' 

D 5'CCATAGGTGCCATGGTACACCAGCAT3' 5'TCCGAGAGTGACTTTCTCTCCTGAGTC3'  
   5'CTCACTCACGCTCCTCGTGTTTTGG3' 5'CACTGGGAAGTTGTGACTTGTTGACG3' 

E 5'TCACACAAGGCTTGGTGGCTCCGTE3' 5'GTGATCTTCTCGCCCGAGTCTGAGG3' 
  5'CATGTGTGGCCATCTCCTTCCTCAC3' 5'ATACTAGACATGAGATATTCGATCT3' 

G 5'GACATGCAGCAATGCACCCATTTG3' 5'GCCTGCGGATTCGGACATCTATGAG3'  
  5'ATCTTGCGCATCCCTTGTGAGAAGC3' 5'GTCATGCCCATTGTCACCGTCAGAT3' 
  5'GGCATGACCTCAATGTCCATCATCC3' 5'AAAGGTGTGTGTCCCCCAAAGTGTG3'  

H 5'GACACCAGCCCGCTATACCGTCAAC3' 5'GTGAGGGTAGGGGTCTGGACAGCAG3'  
  5'CTGCTGTCCAGACCCCTACCCTCAC3' 5'GTCCGGGAACTCGACAAGCTGTCTT3' 

J2 5'CAGCAGACATCACTGAGGGTTTTGAC3' 5'CCGTCATGGCGTCGTCTATAGTGGT3' 
  5'CATCCCGGCTGCTATCTACACGTCA3' 5'TGGGCATGACGTCAGTACGAGGAGT3'  
  5'ATCACACTGGTCATCTCAGTGCTCGTC3' 5'CTCACGACTCAGGACTCAATCTTCCA3'  

J3 5'TGGTTTACCCCTTGGTCTCGTCTTTG3' 5'CAAGGCTAGGAGGACGGAGATGCAG3'  
  5'TCCTTTGTGAGCGTGTGTGTGTTCG3' 5'TGCGCCTTCTTGTCTCAGGTAACCA3' 

L 5'TAGACAGTCGGGGCTCCATCTTTGC3' 5'GAACAAGGGCCGCCGCTTTATAAGT3' 
  5'CGTCCACCTCGTCCAACCTTATCGT3' 5'ATGACCATTGGCACGGCTTTACCTC3' 
  5'GGGGAGAAGGTGACCATGGGTATCA3' 5'CCAGCAGTACAACGCCTGTGATGGT3' 

M 5'CACAAACGCCTTGGCTGTATTGGAG3' 5'GAGGTCAAGGACATCACGATGGTCAG3'  
  5'CCTATTTCCCGTTCGACAGCCAAGA3' 5'CCAAACGAAGCTCATCCCTCAGGTC3' 
  5'CCTGACCATCGTGATGTCCTTGACC3' 5'TCACGAGTCTTGTGTAGCGGGCATA3' 

N 5'CAACTGTTGAGCCGGTTGAGGGAAT3' 5'GAAACACGGCAAGGGAGAGCAGAAC3' 
  5'ACAAATGCTGTCCAGAGCCGTACCC3' 5'GGCCAGCTGCTGTTTGAGAACTTCC3' 
  5'TGCCGTGTTTCTTTTGGTGGTCTCC3' 5'TGCCTGTTTGGGATGGAGAAAGAG3' 

O 5'CGCTGGCTTAAGTGACTGCCTTTCA3' 5'CCGCAGCCATTATTAGCGACACACA3' 
  5'GTTCCTGACACAAACACCACACCA3' 5'CTTGTCCCCGTTAAGTCTGCCAAAAC3' 

P 5'GGAGTCCAAGTGCTTGTGCTGTGCT3' 5'CTGACTCCTCGCAGGCACCAAAAAC3' 
  5'AGCAGCCTTTCACCCTCATCACCAT3' 5'CCGCTGATGCCTCCATCGAGATAAT3' 

Q 5'CGTGGGTGTGACGTTGTACAGTTTTCC3' 5'AAGAGTGAGCACAGACAGCATGACG3' 
  5'GGTGATTTACCTGAAGCGGAACACG3' 5'TGTTGGGACAGTTAGTACGCCTCCA3' 
  5'TCCAAGTCACCCAACACTCGGAAGA3' 5'CTTTGGCTTAGCTGCTCCGCATGTA3' 

R 5'GAGCAGCAGAAAAAGAGTGCGATG3' 5'GCCAGAACACCGTTCCGTCATGG3' 
  5'CGAACGTCTGGTTGGATCAGGAATG3' 5'GATGGTGGCAGTTGAGCACGAAGAC3' 
  5'AGGTCACCCTAGGCCTCACAGTGCT3' 5'GAGGCTTTCATTCCTCCGGGAACTC3' 
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Table 2:  Real-time PCR primers for Aplysia nicotinic subunits and GADPH. 

 forward reverse 
A 5'-ATGACTTGGCATGCCTACAAC-3' 5'-GGCGCTGTTGTACATGAGAAT-3' 
C 5'-GAAAACCAAAGCGATCGTGTA-3' 5'-AGGAGCTGATCTTGAGGAAGC-3' 
D 5'-TGACGTGATCTTCACAATCCA-3' 5'-GACTCATCCAAAACACGAGGA-3' 
E 5'-TCCACACTGTGAACCTCATCA-3' 5'-ACAGTGAGGGACAGCAAGATG-3' 
G 5'-GTTGCTTCCGGTGTTGTTTTA-3' 5'-GTCTTGCTGCCGGGTTATAGT-3 
H 5'-ACTGCACGTTCAGGACATAGC-3' 5'-GCGTCGTCTTGTTGTAACCAT-3' 
J1 5'-AGTCCACCACCCACACTGTAA-3' 5'-CTGACTACCATAGCCGTGCAT-3' 
J2 5'-GTACTGACGTCATGCCCAAGT-3' 5'-CAGCTCTTCTGTTGCCATCTC-3' 
J3 5'-TGGCTCCAAGTGTACTGGTTC-3' 5'-GGCATTATTGAAAAGCACGAA-3' 
L 5'-ATACGATTAGCGGAGCAGGAT-3' 5'-AGTACAACGCCTGTGATGGTC-3' 
M 5'-ATGGTAGAGCCCAACGGTAAA-3' 5'-AGCCAAACTTGAGGGAACACT-3' 
N 5'-ACGCGAGCGACTACAAAGATA-3' 5'-TGTGTTGCTTACGCTGACAAG-3 
O 5'-TGTCCTGAAGTGCCTAACTGG-3' 5'-GATCTGACCTCTGCCTGACTG-3' 
P 5'-GTTCGTGCTTGTTTTCATGGT-3'  5'-ATAGCCGTTCAGGAGATGCTT-3' 
Q 5'-ATATACAGTCAGCGCCTGGTG-3' 5'-CCATCTTCATGTGGAGCAGTT-3' 
R 5'-TGGATCAGGAATGGACTGATG-3' 5'-TAGCCTTTGTTGTGGTTGTCC-3' 

GAPDH 5'-TCCACTGGAGTCTTCACAACC-3' 5'-TGCAGGTCCTTGGTGTACTTC-3' 
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provoke voltage-gated Ca2+ influx and potentially activate non-selective cation 

channels (Lupinsky and Magoski 2006; Hung and Magoski 2007; Gardam and 

Magoski 2009; Tam et al. 2009), it was not surprising to find that 3 bag cell neurons 

reached a new steady state resting potential of -53.6 ± 1.5 mV.  On the other hand, a 

2-sec pressure application of 3 mM nicotine stimulated the neurons much less (Fig. 

3.1C), with an average depolarization of less than 20 mV (n=15) that was 

significantly different from acetylcholine (Fig. 3.1F), although this still occasionally 

induced action potentials in 3 of the neurons tested (Fig. 3.1D).  

Tetramethylammonium (TMA), which activates nicotinic receptors in a similar 

manner to acetylcholine via the same quaternary ammonium ion motif, was also 

examined (Ascher et al. 1978a; Zhang et al. 1995; Schmitt et al. 1999).  The TMA-

induced depolarization (Fig. 3.1E) fell within a level between nicotine and 

acetylcholine, at 24.3 ± 2.8 mV (n=9), and was significantly different from 

acetylcholine, but not nicotine (Fig. 3.1F), yet only provoked spiking in only one out 

of nine neurons examined. 

A concentration-dependent, nicotine-induced inward current 

Having previously characterized the acetylcholine-induced current and 

observing, by comparison, a muted nicotine response (White and Magoski 2012), we 

wanted to determine if nicotine activated a receptor novel from that for 

acetylcholine.  Initially, cultured bag cell neurons were whole-cell voltage clamped 

at -60 mV in normal artificial seawater (nASW) using standard K+-aspartate based 

internal and given repeated 10-sec microperfusion applications of 3 mM nicotine 

separated by 10-min intervals.  Unlike the acetylcholine response, which would 

desensitize with repeated doses (White and Magoski 2012), nicotine failed to 

desensitize at the concentration and time scales involved (see Results, Pharmacology 

of the nicotine response).  To generate a dose-response, multiple concentrations of 
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Figure 3.1:  Depolarization of bag cell neurons by nicotinic agonists. 
A) Under sharp-electrode current clamp, a 2-sec pressure application of 1 mM 
acetylcholine (Ach) depolarizes a cultured bag cell neuron in nASW from a resting 
potential of -60 mV. B) In 6 of 16 neurons, the depolarization was sufficient to reach 
action potential threshold. C) Three mM nicotine (Nic) also depolarizes bag cell 
neurons; however, at a reduced level to that of Ach. D) Nicotine was still able to 
generate action potentials in 3 of 15 neurons. E) The quaternary ammonium salt, 
tetramethylammonium chloride (TMA), also depolarizes bag cell neurons at an 
intermediate level between that of acetylcholine and nicotine. F) Summary graph 
indicating the average depolarization for acetylcholine is significantly different from 
either TMA (*p<0.01) or nicotine (*p<0.001) using a one-way ANOVA, with Tukey’s 
multiple comparison post test.  
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Nicotine (30 �M to 30 mM) were applied to a given neuron.  Although 10 mM was 

always applied, not all other all other doses were delivered to every neuron.  

Example traces of response to 100 �M, 300 �M, 1 mM and 3 mM nicotine are shown 

in figure 3.2A.  When normalized to the initial maximal response at 10 mM, the 

resulting dose-response curve had a Hill value of 2.4, indicating co-operativity, and 

an EC50 of 543 �M (Fig. 3.2B).  Our prior work found acetylcholine to have Hill value 

of 0.7 and an EC50 that was about half of nicotine at 267 �M (White and Magoski 

2012). 

 Using a concentration of nicotine from the top of the curve (3 mM, for this 

and all subsequent experiments), it was found that the current involved channel 

opening.  There was a near 100% increase in conductance based on the current 

change during a 200 msec step from -60 mV to -70 mV (Fig. 3.2C, lower) taken at the 

peak of the 10-sec response (n=11) (Fig. 3.2C, middle, Fig. 3.2D).  Subtraction currents 

taken 2-min prior to the application of nicotine (Fig. 3.2C, top), revealed only a slight 

conductance increase of around 3%, which was significantly different from the 

change during the peak nicotine response (Fig 3.2D).  

Pharmacology of the nicotinic response 

 Based both on a Hill value of 2.4 for nicotine vs. 0.7 for acetylcholine, and the 

lack of desensitization to repeated applications of nicotine, it appears that nicotine 

gates a different receptor than acetylcholine.  To further explore this possibility, 

classic nicotinic antagonists were tested on the nicotine current in cultured bag cell 

neurons whole-cell voltage-clamped at -60 mV. A pair of 2-sec nicotine (3 mM) 

pressure applications, separated by a minimum of 10 min, was applied.  Antagonists 

were introduced into the bath after the first nicotine application, and the relative 

effectiveness determined by the percent remaining peak-induced current evoked by 

the second application.  
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Figure 3.2:  Current responses to nicotine application in cultured bag cell neurons. 
A) Under whole-cell voltage-clamp at -60 mV, 10-sec applications of 0.1, 0.3, 1 and 3 
mM nicotine perfused close to a cultured bag cell neuron elicits an inward current 
that increases in magnitude with increasing concentration. B) When the current is 
normalized to 10 mM, the fit of the dose-response curve provides a Hill value of 2.4 
and an EC50 of 543 �M. Each neuron saw the largest dose first, with some or all of the 
subsequent doses being delivered at an interval of ~10 min. C) Subtracted current 
traces taken 1 min apart under voltage-clamp during a 10 mV hyperpolarizing step 
(bottom). Prior to the addition of nicotine, essentially no conductance change occurs 
(top); however, subtraction currents taken at the peak of the nicotine (3 mM) 
response demonstrate an increase in conductance (middle). D) The percent change in 
conductance between control and nicotine is significantly different (*p<0.05, 2-tailed 
paired Student’s t-test).  
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 Under control conditions, during which no antagonist was introduced, the 

second application of nicotine evoked a response that was essentially equal to the 

first (n=31) (Fig. 3.3A, F).  On the other hand, we previously found acetylcholine 

produced a second current of just 55% (White and Magoski, 2012).  The only tested 

antagonist to have an effect on the nicotine-induced current was 100 �M of 

mecamylamine, which reduced the second current to ~60% of the first response 

(n=16) (Fig. 3.3B, D).  This was not as robust a block as on the acetylcholine-induced 

current, where mecamylamine almost completely eliminated the response (White 

and Magoski 2012).  Neither conotoxin ImI (1 �M) (n=11) nor hexamethonium (100 

�M) (n=6), which both effectively blocked the acetylcholine current in bag cell 

neurons (White and Magoski 2012), nor methyllycaconitine (1 �M) (n=8), a potential 

selective �7 receptor blocker (Ward et al. 1990; Alkondon et al. 1992), altered the 

nicotine response (Fig. 3.3D).  Considering that strychnine can block both the 

afterdischarge (Kaczmarek et al. 1978) and the acetylcholine-induced inward current 

in bag cell neurons (White and Magoski 2012), in addition to being a competitive 

antagonist at cholinergic synapses in Aplysia (Kehoe 1972a; Ono and Salvaterra 

1981), we also tested its effect on the nicotine response and observed a near 40% 

reduction in the second current (n=9) (Fig. 3.3C, D).   

The nicotine-induced current is not dependent on G-proteins 

 With only strychnine and mecamylamine having a modest impact on the 

nicotine-induced current, we sought to eliminate the possibility of metabotropic 

receptor involvement.  Thus, cultured bag cell neurons were dialyzed under whole-

cell recording for 30 min with standard internal solution plus 10 mM GDP-�S, a non-

hydrolysable form of GDP (Eckstein et al. 1979), which replaced the normal 

intracellular concentration of GTP (0.1 mM).  The GDP-�S did not alter the current to 

pressure-applied nicotine (3 mM) at -60 mV (n=5) (Fig 3.4A, right), when compared 
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Figure 3.3:  Antagonist profile for the nicotine-induced current. 
A) Paired 2-sec pressure applications of 3 mM nicotine separated by a ~10 min 
recovery interval, produces a current magnitude following the second application 
(black) equal to that evoked by the first (grey; offset for clarity). B) The only classic 
nicotinic antagonist tested that blocks the nicotine-induced current is mecamylamine 
(100 �M). C) Strychnine (500 �M), a cholinergic blocker in molluscs also reduces the 
second current. D) Summary data showing the second nicotine application as a 
percentage of the first. Compared to control, only mecamylamine (mec) or 
strychnine significantly reduces the nicotine current, with hexamethonium (hex), 
conotoxin ImI (ImI) and methyllycaconitine (MLA) having no effect (*p<0.05, one 
way ANOVA, Dunn’s multiple comparisons test).  
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to parallel controls dialyzed with internal solution containing GTP (n=6) (Fig 3.4A, 

left).  Summary data suggested no significant decrease in the nicotine-induced 

current with GDP-�S in the pipette (Fig 3.4B).  As a positive control, the outward 

current at -40 mV produced by pressure-applied FMRFamide (500 µM) (n=6), a 

known metabotropic agonist in molluscs (Piomelli et al. 1987a, b; Brezina 1988; 

Fisher et al. 1993), was blocked by GDP-�S (n=5) (Fig. 3.4C, D). 

Ca2+-dependence of the acetylcholine and nicotine responses 

 So far, both current density and pharmacology support acetylcholine and 

nicotine gating different receptors.  Another potential factor distinguishing whether 

nicotine and acetylcholine act on distinct receptors is Ca2+ permeability.  Ionotropic 

acetylcholine receptors can vary widely in the degree to which Ca2+ passes through 

the channel.  Specifically, �7 receptors pass Ca2+ at a ratio of ~1:10 to that of Na+, 

which is much higher than other nicotinic receptors (Castro and Albuquerque, 1995; 

Quik et al., 1997).  We replaced the Ca2+ in the extracellular solution with Mg2+, and 

observed changes in either the current magnitude or reversal potential to determine 

if Ca2+ is able to pass through the bag cell neuron channel.  For these experiments, 

Cs+ was substituted for K+ in the recording pipette to remove any potential 

confounding influence from voltage-gated K+ current run down.  In initial 

experiments, intracellular Cs+ did not alter the reversal potential of the current 

brought about by pressure- or perfusion-applied acetylcholine (-15.9 ± 1.4 mV for 

Cs+ vs. -16.1 ± 1.9 for K+, n=13 and 10, p>0.05, 2-tailed unpaired Student’s t-test). 

 All recordings involved separate neurons, where perfusion of acetylcholine 

(1 mM) for 10 sec in Ca2+-containing nASW (n=13) (Fig. 3.5A) induced an average 

current magnitude normalized to cell capacitance that was not significantly different 

from the current density due to acetylcholine in Ca2+--free external (n=11) (Fig. 3.5D).   

For nicotine (3 mM), the current was markedly less in magnitude compared to 
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Figure 3.4:  The nicotine-induced current is not dependent on G-protein activation. 
A, left) Whole-cell current induced by a 2-sec pressure-application of 3 mM nicotine 
in a cultured bag cell neuron held at -60 mV, after a 30-min dialysis with a standard 
internal solution containing 0.1 mM GTP. Right) In a separate neuron dialyzed for 
30 min with the same internal solution, except for 10 mM GDP-�S replacing GTP, the 
nicotine-induced current is similar in magnitude. B) Summary data indicating no 
significant difference between the peak current density induced by nicotine as a 
result of replacing GTP with GDP-�S (*p>0.05, 2-tailed Mann-Whitney U-test). C, 
left) Acting as a positive control, pressure application of 500 µM FMRFamide 
induces an outward current at a holding potential of -40 mV. Right) This current is 
eliminated in a separate neuron dialyzed with GDP-�S. D) The FMRFamide peak 
current density with a GDP-�S-containing internal solution is significantly reduced 
compared to control (*p<0.001, 1-tailed unpaired t-test). 
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acetylcholine, i.e., over 10-fold lower.  The difference between the nicotine responses 

in either solution only approached significance, with an apparent reduction from 

control (n=8) and Ca2+-free conditions (n=15) (Fig. 3.5B, E).  For comparisons sake, 

the TMA-induced current was recorded to show how it evoked a response similar to 

acetylcholine in nASW with a Cs+-based internal (n=4) (Fig 3.5C, F). 

 To observe the reversal potential of the acetylcholine- or nicotine-induced 

currents, a 6-sec ramp from -60 to 0 mV was applied during the peak of the response 

to the 10 sec perfusion of agonist and, to eliminate leak currents, subtracted from a 

prior control ramp.  Figure 3.6A shows example traces comparing the reversal 

potential at the peak of the acetylcholine-induced current in nASW and Ca2+-free 

conditions.  For acetylcholine, the reversal potential in Ca2+-free external solution 

(n=9) (Fig. 3.6C) was not significantly different from control (n=13), with both being 

near -16 mV (Fig. 3.6C).  However, for the nicotine-induced current there was a 

significant 6 mV left-shift in the current-voltage curve (Fig. 3.6B) to around -30 mV 

in Ca2+-free nASW (n=8) as opposed to -24 mV in nASW (n=16) (Fig. 3.6D).  A direct 

comparison of the reversal potential in nASW also showed a significant difference 

between the more depolarized reversal for acetylcholine and the more 

hyperpolarized reversal for nicotine (Fig. 3.6E).   

 Based on the Ca2+-sensitivity of the nicotine current reversal potential, it 

appears that the channel involved is able to pass Ca2+.  To confirm this, we employed 

the Ca2+-imaging dye, fura-PE3 (Vorndran et al. 1995; Kachoei et al. 2006).  In these 

experiments, both the Ca2+ buffer, EGTA, and added Ca2+ were excluded while, 1 

mM fura PE3 was added to the internal solution. After a 10 min dialysis during 

simultaneous Ca2+-imaging and whole-cell voltage-clamp at -60 mV to fura-load the 

neurons, a 2-sec pressure application of 1 mM acetylcholine induced a rapid and 
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Figure 3.5: Lack of Ca2+-dependency of the current magnitude due to nicotinic 
agonists. 
Individual examples of current traces induced by 2-sec pressure applications of 
different nicotinic agonists at a holding potential of -60 mV using a Cs+-based 
intracellular solution and nASW: A) 1 mM acetylcholine, B) 3 mM nicotine and C) 10 
mM TMA. D) In separately recorded cultured neurons, the Ca2+-free medium failed 
to alter the acetylcholine-induced peak current compared to nASW. E) In a similar 
experiment, again involving separate neurons, the nicotine-induced current is 
clearly smaller, but only approaches the level of significance between the two 
conditions (*p=0.17, 2-tailed Mann-Whitney U-test). F) Summary data indicating an 
average peak current density induced by the nicotinic agonist TMA is within the 
same range as that provoked by acetylcholine. 
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large inward current (Fig. 3.7A, bottom) with an average density of ~-2.5 pA/pF (Fig. 

3.7C), but no measureable increase in the 340/380 ratio (Fig. 3.7A top).  In contrast, 

pressure application of 3 mM nicotine (Fig. 3.7B bottom) evoked a significantly lower 

current density, ~0.1 pA/pF, from that of acetylcholine (Fig. 3.7C), while at the same 

time resulting in significantly larger overall Ca2+ influx based on a small but 

quantifiable increase in the 340/380 ratio (Fig. 3.7D).  

Identification of potential nicotinic acetylcholine receptor subunits in Aplysia 

 The totality of the physiological evidence suggests that nicotine and 

acetylcholine gate distinct receptors.  As such, one may well expect that Aplysia 

possesses multiple genes for ionotropic acetylcholine receptors.  However, prior to 

the present study, only two known nicotinic receptors have been published in 

GenBankTM: an Aplysia �1 subunit (accession number AF467898) and an Aplysia non-

� subunit (AAL37250).  Yet, van Nierop et al. (2006) reported 12 genes for nicotinic 

receptor subunits (LnAchR-A through L) in the related pond snail, Lymnaea stagnalis.  

Thus, we searched for additional subunits in the Aplysia genome from University of 

California, Santa Cruz using BLAT and the program Prot2Gene with LnAChR 

protein sequences as input (see Materials and Methods, In silico identification of 

nicotinic receptor subunits for details).  We produced predicted protein sequences 

for 12 Aplysia AchR subunits and named them ApAchR-A through L, based on 

similarity to previously cloned Lymnaea receptors of the same designation (van 

Nierop et al. 2006).  Subsequently, a further 9 receptors were found, namely, 

ApAchR-J2 and J3 (based on strong similarity to ApAchR-J1), K2 (based on strong 

similarity to ApAchR-K1), as well as M, N, O, P, Q and R, to continue the previous 

naming convention.  With the exception of ApAchR-N, these additional subunits 

were first identified in the Lymnaea CNS transcriptome shotgun assembly (Sadamoto 

et al. 2012), with the Aplysia subunits then found via BLAST searches of a recent 
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Figure 3.6:  Reversal potential of nicotinic agonists in Ca2+ free extracellular solution. 
A) Example subtraction trace of a 6-sec ramp from -60 to 0 mV during the peak 
current due to microperfusion of 1 mM Ach with a Cs+-based internal displays no 
difference in reversal potential between nASW (black) and Ca2+-free medium (grey) 
B) When the same ramp is applied during the peak of the 3 mM nicotine response, a 
left shift of the reversal potential is observed in Ca2+-free external. C) Summary 
graph indicating no significant difference in reversal potential of the Ach-induced 
current in nASW and Ca2+-free external (2-tailed unpaired t-test). D) Summary graph 
indicating a significant change in the reversal potential of the nicotine current in 
Ca2+-free seawater (*p<0.05, Mann-Whitney U test). E) When comparing the same 
average reversal potential between nicotine and acetylcholine in nASW, a significant 
difference is apparent (*P<0.01, 2-tailed unpaired t-test). 
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Figure 3.7:  Nicotine, but not acetylcholine, induces an increase in intracellular Ca2+. 
Simultaneous measurement of free intracellular Ca2+, using 340/380 fura PE3 
fluorescence, and agonist-induced current under whole-cell voltage-clamp held at -
60 mV. A) Following a 2-sec pressure application of 1 mM acetylcholine that induces 
a large rapid current (bottom), no observable change in the intensity of the 340/380 
fluorescent ratio (top) indicates a lack of in Ca2+ influx. B) Conversely, application of 
3 mM nicotine elicited a relatively small inward current, as well as a simultaneous 
rise in intracellular Ca2+ concentration. C) Summary data indicating a significantly 
smaller current density elicited by nicotine compared to the acetylcholine-induced 
current (*p<0.0001, 2-tailed Mann-Whitney U-test). D) Summary data showing an 
average increase in 340/380 fluorescence ratio due to the nicotine-induced current 
that is significantly different from acetylcholine (*p<0.05, 2-tailed Mann-Whitney U-
test). 
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Aplysia RNA-sequence assembly transcriptome from the Institute of Genome 

Sciences, University of Maryland (see Materials and Methods, In silico identification 

of nicotinic receptor subunits for details). 

 After achieving in silico sequence for the 21 subunits, including up- and 

downstream non-coding regions, we used PCR to confirm the full-length sequence 

of all putative cationic-selective receptors - considering that nicotinic agonists only 

depolarize bag cell neurons.  Cationic-selective channels were identified as those 

lacking the conserved Pro and Ala that line the pore adjacent to the second 

transmembrane domain of anion-selective cys-loop receptors (Galzi et al. 1992; 

Jensen et al. 2005).  As such, those ApAchR predicted to be anion-selective, ApAchR-

B, F, I, K1 and K2, were not pursued.  Table 1 lists primers against both the non-

coding 5' and 3' regions, as well as internal regions, used in PCR to achieve 

overlapping full-length open reading frames for the putative cation-selective 

receptors: ApAchR-A, C, D, E, G, H, J1, J2, J3, L, M, N, O, P, Q and R.  

Protein sequence alignment of Aplysia acetylcholine receptor subunits 

Comparing the Aplysia protein sequences with the archetypical muscle 

nicotinic receptor �1 subunit from Torpedo californica (GenBankTM accession number 

P02710) indicated all 16 ApAchRs possess amino acid sequence similarities to 

nicotinic receptors within the cys-loop superfamily of ligand-gated channels.  

Specifically, an extracellular N-terminal binding domain containing two highly 

conserved cysteine residues (corresponding to Cys128 and Cys142 in Torpedo), six 

agonist binding loops (loops A-F), a membrane spanning region containing the ion 

conduction pore, four conserved transmembrane domains (M1-M4), and a variable 

intracellular loop between M3 and M4 (Unwin 1998). 

Based on the presence of vicinal Cys192 and Cys193 (numbering again 

corresponding to Torpedo) (Kao et al., 1984; Sine, 2002), the potential � receptors 
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were ApAchR-A, C, D, E, G, H, L, M, N, O, P and R (aligned in Fig. 3.8).  By the 

same criterion, ApAchR-J1, J2, J3 and Q were candidates for � receptors (aligned in 

Fig. 3.9).  Among the � receptors, ApAchR-A, C, E, G and N contain all four of the 

highly-conserved aromatic amino acids (Tyr93, Trp149, Tyr190 Tyr198 in Torpedo) 

belonging to loops A, B and C of the principal component of the agonist binding 

pocket (Arias 2000).  The binding pockets of ApAchR-D, M and P contain a 

substituted Phe for Tyr at Torpedo equivalent Y198 (Fig. 3.8).  Akk et al. (1999) 

reported that this swapping of aromatic residues in the Torpedo receptor does not 

affect binding and only moderately impacts gating.  On the other hand, ApAchR-L is 

unlikely to possess full agonist binding potential, due to a charged His substituted 

for Tyr in loop A at Torpedo equivalent Y93; similarly, loop C of ApAchR-O has a 

nonpolar Ser and a His substituted at Torpedo equivalent Y190 and Y198, 

respectively, and may act as an accessory subunit (Fig. 3.8). 

Similarity of Aplysia nicotinic receptors to other cationic-selective nicotinic 
receptors 

From the phylogenetic comparison, it appears that the ApAchRs diverged 

from a common ancestor in three separate clades, with ApAchR-N arising as a single 

group, ApAchR-A, C, E and J1-3 forming a second group, and the remaining 

subunits forming a third (Fig. 3.10A).  The greatest similarity occurs between 

ApAchR-J1 and J3, with 69% amino acid sequence homology, followed by ApAchR-

C and E at 51% (Fig. 3.10A).  ApAchR E is nearly identical to the already named 

Aplysia �1 (differing by only 4 amino acids), and ApAchR J1 is identical to the 

published Aplysia non-� acetylcholine receptor. 

Not surprisingly, the highest identity between organisms occurs with the 

freshwater mollusc, Lymnaea (LnAchR), with homologous subunits possessing 

corresponding amino acids in 84% of locations for ApAchR-C and LnAchR-C, 
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Figure 3.8:  Protein sequence alignment for putative cationic nAChR subunits of 
Aplysia. 
MUSCLE based multiple sequence alignment of putative cationic alpha 
acetylcholine receptor subunits from Aplysia including the N-terminal signal peptide 
for each subunit shown in lower case. Both the cys-loop, and approximate locations 
of loop A-C of the principle binding domain and loop D, E of the complementary 
binding domain are labeled, as well as the four transmembrane domains (M1-M4), 
based on ApAchR-A. The aromatic amino acids involved with ligand binding are 
numbered based on the sequence of the �1 nicotinic receptor from Torpedo and 
surrounded by boxes for clarity, including the conserved region involved with 
cationic permeability. Residues potentially relating to loop D and E of the 
complementary binding subunit are indicated by *. 
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Figure 3.9:  Protein sequence alignment of cationic non-alpha subunits of Aplysia. 
MUSCLE based multiple sequence alignment of putative beta-like acetylcholine 
receptor subunits from Aplysia including the N-terminal signal peptide for each 
subunit shown in lower case. The cys-loop, approximate locations of loop A-E, 
including conserved amino acids of the binding pocket, as well as the four 
transmembrane domains (M1-M4), based on ApAchR-J1, are labeled as in Fig 3.8. 
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followed by 78 and 74% identity between ApAchR-E and LnAchR-E and ApAchR-A 

and LnAchR-A, respectively (Table 3).  Identity ranged from 45% between ApAchR- 

Q and LnAchR-Q and 69% between ApAchR-M and LnAchR-M, although the 

partial sequence for LnAchR-L was 86% identical to ApAchR-L (Table 3).   

 Assuming an evolutionary split between cationic- and anionic-selective cys-

loop receptors that predated eukaryotes (Cockcroft et al. 1995; Ortells and Lunt 1995; 

Dent 2006), we used the amino acid sequence for the Aplysia GABA-A receptor as an 

outgroup for rooting a phylogenetic tree comparing Aplysia and human receptor 

subunits (Fig. 3.10B).  This analysis suggested a large number of Aplysia subunits 

diverged from a common ancestor prior to the evolution of the human homomeric 

�7, 9 and 10, with ApAchR-H and P appearing to be phylogenetically the oldest.  

The Aplysia subunits closest to human nicotinic receptors are: ApAchR-E, sharing 

51% and 47% sequence identity with �2 and �3, respectively, and ApAchR-C, being 

42% and 43% identical to �2 and �3 (Table 4).  Considering their placement after the 

�7 split that led to divergence into � and � receptors (Dent 2010) and similarity with 

known homomeric receptor subtypes, it is likely both E and C form heteromeric 

receptors, perhaps with the �-like ApAchR-J1, J2 or J3 (Fig. 3.10B).  Despite overall 

highest homology with �2, ApAchR-J1, J2, and J3 possess homologous amino acids 

in loops D and E of the complementary binding pocket (Arias 2000; Sine 2002), and 

not surprisingly, their next closest homologues are �2 and �4 (Fig. 3.9). 

Relative expression of ApAchR in bag cell neurons and abdominal ganglion 

To determine the relative expression of individual ApAchR subunits, real-

time PCR was performed using cDNA from either bag cell neuron cluster or 

abdominal ganglion (sans the bag cell neuron clusters) and normalized to the Aplysia 

housekeeping gene, GAPDH.  Interestingly, ApAchR-Q had the highest expression 

relative to ApGAPDH, in both the bag cell neurons and the abdominal ganglion,
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Table 3:  Pairwise amino acid identity of Aplysia nicotinic receptor subunits with 
Lymnaea nicotinic receptor subunits. 
Percent sequence identity of aligned ApAchR and LnAChR subunits. Bold numbers 
reflect the highest scores. 
 

 LnA   LnC LnD LnE LnG LnH LnJ1 LnJ2 LnJ3 LnL LnM LnO LnP LnQ LnR 
ApA 74 34 33 36 35 26 33 32 31 36 36 25 29 28 36 
ApC 35 84 30 51 31 24 38 33 35 40 31 25 31 26 30 
ApD 36 31 66 31 43 27 26 27 25 41 43 30 30 34 45 
ApE 37 53 30 78 34 25 39 35 37 41 32 24 27 27 30 
ApG 38 33 42 34 64 30 29 26 29 42 39 29 27 30 43 
ApH 24 25 28 24 28 63 24 22 24 29 29 23 30 26 31 
ApJ1 33 38 24 38 27 26 71 53 67 36 25 22 26 23 26 
ApJ2 32 33 23 33 25 24 48 66 48 33 24 19 23 21 24 
ApJ3 34 37 25 38 28 24 67 47 64 34 27 21 24 23 26 
ApL 33 30 31 30 33 28 30 28 28 86 32 25 29 26 34 
ApM 36 32 40 31 39 29 26 26 27 40 69 29 31 28 41 
ApN 33 28 30 29 32 24 26 26 25 36 29 23 29 24 30 
ApO 26 23 29 22 25 27 22 20 23 30 26 54 24 26 25 
ApP 22 22 24 24 25 27 23 20 20 27 24 22 84 22 24 
ApQ 30 25 32 25 30 26 24 22 24 33 30 26 24 45 29 
ApR 35 30 45 30 40 29 26 24 25 43 39 25 30 30 67 

  



 

 

93 

Table 4:  Pairwise amino acid identity of Aplysia nicotinic receptor subunits with 
human nicotinic receptor subunits. 
Percent sequence identity of aligned ApAchR and human AchR subunits, as well as 
the Aplysia acetylcholine binding protein (AchBP). Bold numbers reflect the highest 
scores. 
 

 AchBP α1 α2 α3 α4 α5 α6 α7 α9 α10 β1 β2 β3 β4 δ γ ε 

A 28 34 39 38 37 33 37 43 32 35 31 36 33 35 32 32 30 
C 28 38 42 44 38 37 41 36 34 36 35 39 38 40 36 32 32 
D 30 30 32 33 31 33 32 34 34 34 28 33 30 30 29 28 28 
E 27 38 51 47 42 42 45 37 37 36 37 46 44 46 36 33 33 
G 29 34 36 34 33 34 34 34 35 37 29 33 33 32 31 29 29 
H 26 24 26 28 27 25 25 27 26 28 27 24 25 26 23 24 23 
J1 24 33 41 40 37 34 38 36 31 32 34 38 35 39 33 31 29 
J2 24 31 31 32 30 34 32 30 25 28 28 31 34 33 30 28 29 
J3 23 35 41 40 36 35 38 33 31 33 35 39 36 39 36 30 30 
L 27 32 33 34 32 36 34 35 32 34 32 31 32 33 31 30 25 
M 29 31 33 31 29 32 43 35 32 34 33 30 32 29 30 28 27 
N 26 30 30 32 30 30 33 35 35 36 29 29 30 30 29 28 25 
O 23 26 28 26 27 28 26 25 28 28 27 25 29 27 24 24 25 
P 26 24 27 26 25 21 27 26 26 28 24 25 27 25 27 23 25 
Q 24 30 28 28 26 29 28 29 31 31 27 25 30 27 27 28 28 
R 32 30 34 32 32 34 30 32 31 35 30 29 32 31 28 28 28 
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despite the sequence data suggesting it would not contribute to agonist binding.  

Within the bag cell neurons, the next highest expression was observed for the �-like 

ApAchR-C, followed by ApAchR-A, D, E, G, L and M roughly to an equal degree, 

along with the �-like ApAchR-J1.  There was limited relative expression of the 

remaining ApAchR-H, J2, J3, O, P and R, with a very small amount of ApAchR-N 

(Fig. 3.10C, upper).  For the abdominal ganglion, the relative expression of ApAch-Q 

was again the greatest, ApAch-A, C, D, E, G, H, J1, J2, L and M were all present to a 

lesser extent, ApAch-J3, P and R were expressed the least, while ApAch-N was, like 

in the bag cell neurons, almost absent.  Note that during the initial PCR of full-length 

sequences using the primers in Table 1, ApAch-N was consistently very low in 

abundance. 

dsRNA inhibition of select Aplysia cholinergic, ionotropic receptors reduces the 
acetylcholine current 

Since receptors activated by nicotine appear different from those activated by 

acetylcholine, we attempted to knock down individual subunits with RNA 

interference to distinguish individual sensitivity to nicotine or acetylcholine. With a 

total of 16 receptor subunits, it would involve far to many permutations to attempt 

to knock them all down. Thus, only ApAchR-C and E were attempted. These 

receptors should possess full binding potential for acetylcholine, are present in 

relatively high amounts in bag cell neurons (Fig 3.10C), and appear most closely 

related to the �3 group, according to the phylogenetic tree (Fig. 3.10B).  

 We incubated in ApAchR-C or E dsRNA (see Methods) for 3-4 d, both 

individually and together in an attempt to reduce either the acetylcholine or 

nicotine-induced current.  As a control, dsRNA corresponding to the untranslated 

region of the newt retinoic receptor (which has no sequence similarity to Aplysia) 

was applied for 3-4 d.  We found that dsRNA for either ApAchR-C or E, produced  
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Figure 3.10:  Phylogenetic tree and real-time PCR of Aplysia nicotinic subunits. 
A) Unsorted phylogenetic tree from all the putative cationic Aplysia acetylcholine 
receptor based on the neighbour-joining clustering algorithm, excluding positions 
with gaps from the MUSCLE based sequence alignment.  Bootstrap numbers placed 
on node are based on 1000 replicates and the scale bar representing substitutions per 
site. B) Phylogenetic tree and bootstrap values using the parameters from Aplysia 
AchRs and known sequences from human nicotinic receptors, rooted with the 
Aplysia GABA receptor A (accession #AF322878) as an outgroup. C) Relative 
expression levels of ApAchRs in bag cell neuron cluster (upper) and abdominal 
ganglion (lower). Real-time PCR is used to establish ApAchR expression levels 
relative to the housekeeping gene, ApGADPH. Summary data represents results 
from cDNA template derived from three separate pairs of bag cell neuron clusters or 
three abdominal ganglia. 
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no change in the overall acetylcholine-induced current (1 mM; 2-sec pressure 

application) at -60 mV (Fig. 3.11A, B).  However, including dsRNA for both 

ApAchR-C and E produced a knockdown of ~50% of the acetylcholine-induced 

current (Fig. 3.11C, D).  No change in the current magnitude occurred in response to 

pressure application of 3 mM nicotine when compared to controls following 

incubation in dsRNA for either ApAchR-C or E, or both (Fig. 3.11F). 

DISCUSSION 

While there are cases of cholinergic receptors that are both acetylcholine-

sensitive and nicotine sensitive, we believe our bag cell neuron data showing 

separate acetylcholine- and nicotine-activated receptors is novel.  First, the 

acetylcholine-induced current is sensitive to the competitive antagonist �-conotoxin 

ImI (White and Magoski 2012), whereas the nicotine-induced response is not.  

Second, the acetylcholine current, but not the nicotine current, is mimicked by the 

tetramethylammonium ion, which like acetylcholine contains a quaternary 

ammonium ion structure and likely binds in a similar manner (Lape et al. 2009).  

Third, given that Ca2+ removal fails to alter the acetylcholine-reversal potential, and 

acetylcholine does not change intracellular Ca2+, this channel is likely not permeable 

to Ca2+.  However, both the shift in reversal potential in Ca2+ free ASW and the 

increase in intracellular Ca2+ suggest the nicotine receptor is Ca2+ permeable.  Due to 

variability of the nicotine response, the magnitude of the response in Ca2+ free ASW 

was not significantly different, although in the few cases that we used the same cell, 

the current magnitude always decreased following Ca2+ removal (data not shown).  

In addition to presenting different pharmacology and Ca2+ permeability the 

nicotine current also shows increased cooperativity, reduced desensitization and a 

much smaller magnitude vs. acetylcholine.  Hence we conclude that nicotine 

activates a different receptor subtype, which likely contains a different binding 
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Figure 3.11:   dsRNA inhibition by ApAchR-E and C. 
A, left) Following incubation in 600 ng/ml dsRNA corresponding to the 5’ 
untranslated region of the newt retinoic acid receptor (acting as a control), 
individual 2-sec pressure application of 1 mM acetylcholine generates a large inward 
current in a cultured bag cell neuron held at -60 mV. Right) An example trace 
showing a similar current induced by acetylcholine after incubation in dsRNA of 
only ApAchR-E. B) Summary data indicating no significant differences between 
control application of dsRNA or either lone applications of ApAchR-C or E dsRNA 
(one-way ANOVA, Bonferrroni Multiple Comparison post test). C, left) Incubation 
in a control neuron again does not alter the large inward current from acetylcholine 
application. Right) The magnitude of the Ach-induced current is reduced by half 
after incubation of 300 ng/ml dsRNA ApAchR-C and 300 ng/ml dsRNA of 
ApAchR-E. D) Summary data indicating a significant difference between the peak 
current density induced by acetylcholine as a result of pretreatment with ApAchR-C 
and E compared with control (*p<0.05, 2-tailed unpaired Student’s t-test). E, left) 
Following the same control dsRNA, application of 3 mM nicotine induced a typical 
inward current. Right) Following incubation with ApAchR-C and ApAchR-E, 
nicotine elicited a current similar in magnitude as control. F) Summary data 
indicating no significant differences between control and dsRNA of ApAchR-C and 
E (2-tailed unpaired Student’s t-test).  
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pocket.  It is thought that the principal component of the ligand binding site is 

responsible for affinity, i.e. how strongly the agonist binds, due to highly conserved 

aromatic amino acids, whereas the complementary component, which is variable in 

terms of amino acid identity and location, is responsible for the selectivity, i.e. which 

agonist (or antagonist) is able to bind (Albuquerque et al. 2009). 

The lack of a response to nicotine by a cholinergic ionotropic receptor is not 

unprecedented, as application of nicotine to oocytes expressing either the �9 or 

�9/10 nicotinic receptor also fails to activate a current (Elgoyhen et al. 1994; 2001).  

Similarly, nicotine fails to activate a presumed nicotinic receptor in Aplysia pleural 

ganglion neurons (Kehoe and McIntosh 1998).  Nevertheless, in both cases, either 

cross-desensitization or antagonist activity by nicotine was evident (Elgoyhen et al. 

1994; Kehoe and McIntosh 1998).  That nicotine evokes a far smaller response than 

acetylcholine in the bag cell neurons could be attributed to a partial agonist effect on 

the acetylcholine receptor, as seen with the chick �3�2 receptor (Hussy et al. 1994).  

This may occur through lower affinity binding, failure to trigger full opening, or 

even nicotine acting as a pore blocker while in the bound state (Kuryatov et al. 2000; 

Rush et al. 2002; Paradiso and Steinbach 2003).  However, if a small component of the 

acetylcholine response included current from the nicotine receptor, one would 

expect to observe Ca2+ entry following acetylcholine.  Because this is not the case, it 

is unlikely that the receptor opened by nicotine is being gated during the 

acetylcholine-induced current and vice versa.  

The large number of ApAchR subunits present in bag cell neurons is 

somewhat enigmatic considering there are just two distinctive currents.  For Aplysia, 

at least 20 acetylcholine receptor subunits are contained within the genome, of which 

16 could potentially be attributed to excitatory roles, based on a conserved M1-M2 

linker involved with ion permeability (Sine and Engel 2006).  The high expression of 



 

 

99 

ApAchR-Q is equally puzzling considering it likely does not bind acetylcholine, 

based on a lack of conserved complementary amino acids within the binding pocket.  

Possible roles include either structural or binding of some as yet unknown 

endogenous agonists.  These both have merit, as the �5, �1 and �3 receptor subunits 

are thought to occupy the non-binding fifth position in nicotinic subunits (Arias 

2000).  

The major receptor for neurotransmission in vertebrate autonomic ganglion is 

the heteromeric �3�2/�4 (Listerud et al. 1991; Conroy and Berg 1995; Ramirez-

Latorre et al. 1996). Inclusion of the non-ligand binding �5 contributes to an increase 

in burst firing (Wang et al. 2005).  Block by �-conotoxin ImI of the bag cell neuron 

acetylcholine-induced current suggests either an �7 or �3�2-type receptor (Johnson 

et al. 1995; Ellison et al. 2004).  However, the lack of activation by nicotine and the 

failure of MLA to block the current rules against this scenario.  Nicotine activates 

both vertebrate �7 (Anand et al. 1993) and its LnAchR-A homologue in Lymnaea (van 

Nierop et al. 2005) and possibly the anionic selective �7-like receptor in Aplysia 

(Kehoe and McIntosh 1998).  The implication of a possible �3�2-type heteromeric 

receptor in bag cell neurons is further strengthened by the homology of the highly 

expressed ApAchR-C and E to �2/�3, as well as the knockdown of the acetylcholine 

current by ApAchR-E and C by dsRNA inhibition.  As for which subunits 

correspond to the nicotinic response, this clearly does not involve ApAchR-E and C.  

Rather, the most likely candidates are ApAchR H or P, which lack the key Trp in 

complementary loop D (Torpedo equivalent W55), the alteration of which impairs 

acetylcholine gating more severely than nicotine gating (Corringer et al. 1998; Xie 

and Cohen, 2001). The remaining subunits are either not present in significant 

enough abundance (ApAchR-N) or do not possess a complete binding pocket 

(ApAchR-O and R).  
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It is important to note that the prediction of agonist sensitivity based on 

amino acid sequence may not apply to different receptor subunits in different 

animals. For example, the acetylcholine binding proteins of Aplysia and Lymnaea are 

highly homologous in the ligand binding domain, even though they possess an 

overall sequence identity of only ~20% (Smit et al. 2001, 2006).  Furthermore, 

comparing Lymnaea complementary loop E of the ligand-binding domain of the 

more closely related snail, Bulinus truncates, finds that they differ by just 3 amino 

acids (Celie et al. 2005).  Yet, mutating a single, non-acetylcholine interacting residue 

in Lymnaea to that of Bulinus (Arg104Val), drastically decreases binding.  This cannot 

be explained through interactions within the complementary loop and implies that 

changing nearby amino acids may impact receptor function. 

Although the lack of the nicotinic receptor response to the presumed 

endogenous agonist is surprising, it begs the question: what is the endogenous 

agonist?  At present, there is little published evidence for a functional nicotinic 

receptor not being gated by acetylcholine binding, although the characterization of 

invertebrate cys-loop receptors, some of which also possess differences in conserved 

amino acid sequence identity in the binding pocket, is limited compared to 

vertebrate receptors (Dent 2006; Barbara et al. 2008; Tricoire-Leignel and Thany 

2010).  In Caenorhabditis, there are at least 29 genes coding for nicotinic subunits, 

based on sequence homology (Jones and Sattelle 2004; Brown et al. 2006), yet there 

are more ‘orphan’ cys-loop receptors where ligand-binding properties are not yet 

known.  This is compounded by the difficulty of heterologously expressing 

invertebrate receptors in oocytes or mammalian cell lines to confirm potential 

agonist activity.  

Hints to possible roles of the nicotine-activated receptor could come from its 

inherent Ca2+ permeability.  Contrary to the acetylcholine-induced current, nicotine 
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allows for the influx of Ca2+ at voltages closer to resting membrane potential than is 

possible through voltage-gated Ca2+ channels in bag cell neurons (Tam et al. 2009).  

Although the increase in Ca2+ after nicotinic-receptor activation is small, it could still 

play a role in mediating local changes to intracellular Ca2+.  Low affinity �7 nicotinic 

receptors contribute local Ca2+ transients on individual dendritic spines, while high 

affinity �3-based heteromeric receptors contribute to global Ca2+ increases and 

subsequent Ca2+-induced Ca2+-release leading to sustained cell-wide changes (Shoop 

et al. 2001).  Finally, the different desensitizing states between nicotine and 

acetylcholine activated receptors could confer a role in the plasticity of bag cell 

neurons, as nicotine-induced responses would remain active during the long term 

desensitized state of the receptor induced by acetylcholine, that is presumed to occur 

during the afterdischarge. 

An alternate and intriguing prospect would view separate receptors as 

adaptive.  Based on the low affinity for acetylcholine (Hansen et al. 2005), yet high 

affinity for a number of marine toxins, Bourne et al. (2010) suggested that the role of 

acetylcholine binding protein in Aplysia is not to regulate cholinergic transmission 

(Smit et al. 2001) but to buffer toxins (e.g., from dinoflagellates).  By extension, that 

the bag cell neuron cholinergic response is dominated by acetylcholine-sensitive 

receptors may serve to combat exploitation by predators which have co-evolved 

nicotine-mimetic toxins (Dwoskin and Crooks 2001; Araoz et al. 2010).  Because egg-

laying lowers the defenses of Aplysia (Mackey and Carew 1983; Goldsmith and 

Byrne 1993), this might protect the animal from being preyed upon. 
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Chapter 4: DIFFERENTIAL REGULATION OF A CHOLINERGIC 
CURRENT BY SIGNALLING PATHWAYS ASSOCIATED WITH 

LONG-TERM CHANGES TO EXCITABILITY  

ABSTRACT 

The control of neuronal activity often involves a rapid conversion from a state 

of stable, low excitability to an equally stable state of high excitability.  An example 

of this occurs in the bag cell neurons of Aplysia californica, which undergo a fast 

transition from electrical silence at a membrane potential near -60 mV, to 

continuously firing action potentials at around -30 mV.  This heightened excitability, 

termed the afterdischarge, culminates in the release of egg-laying hormone and the 

initiation of reproduction.  The shift between silent and active begins with the 

opening of ionotropic acetylcholine receptors, followed by voltage-dependent Ca2+-

influx, subsequent increases in cyclic AMP/protein kinase A (cAMP/PKA) and 

protein kinase C (PKC), as well as changes to tyrosine phosphorylation.  We 

examined the ability of these signalling pathways to regulate the cholinergic 

ionotropic receptor in cultured bag cell neurons.  Elevating cAMP levels decreased 

the acetylcholine-evoked current, whereas increasing Ca2+ or activating PKC did not 

alter the response, although we did observe the expected changes to excitability 

brought about by these modulators.  Moreover, a marked reduction in cholinergic 

current was observed following tyrosine kinase inhibition.  This is contrary to our 

prior work showing how lowering tyrosine phosphorylation levels facilitates a 

voltage-dependent cation channel that contributes to afterdischarge maintenance.  

By appropriately focusing multiple signalling systems, the degrees of freedom 

required to increase activity can be reduced to a rapid depolarization from 

acetylcholine, thus preventing aberrant changes in activity during the afterdischarge.  

This may represent a general means to orchestrate synaptically induced long-term 

changes to excitability. 
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INTRODUCTION 

The switch of a silent neuron to one that bursts requires an initial, 

suprathreshold stimulus followed by recruitment of one or more sustained inward 

currents to preserve depolarization (Brette et al. 2007).  This can occur through either 

metabotropic activation of second messengers (Egorov et al. 2002; Haj-Dahmane and 

Andrade 1996; Tahvildari et al. 2007) or ionotropic receptor-mediated activation of 

Ca2+-dependent processes (Rathouz et al. 1996; Tsuneki et al. 2000; Dajas-Bailador et 

al. 2002a).  Such a shift from silent to bursting is found in the bag cell neurons of 

Aplysia californica, which act as command neurons for reproduction.  Following brief 

afferent input (1-10 sec), these neuroendocrine cells present a sustained (~30 min) 

increase in excitability, known as the afterdischarge, which results in the secretion of 

egg-laying hormone (Kupfermann 1970; Arch 1972b; Chiu et al. 1979).  The bag cell 

neurons are located in two, electrically-coupled clusters, and can be examined as a 

network in the intact nervous system or as individual neurons in culture 

(Kupferman et al. 1966; Kupferman and Kandel 1970; Kaczmarek et al. 1979). 

 We previously established that acetylcholine initiates afterdischarges 

through activation of an ionotropic receptor (White and Magoski 2012), which in 

turn triggers at least three currents to maintain the afterdischarge: a persistent 

Ca2+current, as well as voltage-dependent and -independent non-selective cation 

currents (Wilson et al. 1996; Magoski and Kaczmarek 2005; Hung and Magoski 2007; 

Tam et al. 2009).  This transition likely involves changes to second messenger 

systems; for example, application of cyclic adenosine monophosphate (cAMP) 

analogues induces afterdischarge-like behaviour in both intact and cultured bag cell 

neurons (Kaczmarek and Strumwasser 1981).  Protein kinase C (PKC) activation 

during the afterdischarge increases the Ca2+ current (Wayne et al. 1999; Tam et al. 

2011) and cation channel open probability (Magoski et al. 2002).  Furthermore, 
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protein kinase A (PKA) inhibits voltage-gated K+ currents (Strong 1984; Strong and 

Kaczmarek 1986) and activates a tyrosine kinase, which renders the cation channel 

continuously active (Wilson and Kaczmarek 1993). 

For acetylcholine to initiate the afterdischarge, the bag cell neurons must 

have a baseline level of excitability, which is presumably determined by the resting 

level of Ca2+, as well as the activity of PKA, PKC and tyrosine kinases.  Once this 

level of excitability is established, all that is required is a spark from acetylcholine to 

initiate downstream changes.  In the present study, we observed that a brief, focal 

application of acetylcholine depolarized cultured bag cell neurons via a concomitant 

inward current.  We then tested the impact of manipulating second messengers 

systems known to be associated with the afterdischarge on the response to 

acetylcholine.  Specifically, both phosphodiesterase inhibition (to increase cAMP) 

and tyrosine dephosphorylation reduce the magnitude of the cholinergic current.  

These signalling pathways are triggered early and late in the afterdischarge, 

respectively, which would serve to dampen the effect of acetylcholine at multiple 

time-points (Kaczmarek et al. 1978; Magoski and Kaczmarek 2005).  By using some of 

the same second-messenger systems to both enhance excitability, while inhibiting 

the very current that initiates the afterdischarge, it ensures proper timing and 

maintenance of an electrical event necessary for species propagation. 

MATERIALS AND METHODS 

Animals and cell culture  

 Adult Aplysia californica weighing 150-500 g were obtained from Marinus Inc. 

(Long Beach, CA, USA) and housed in an ~300-l aquarium containing continuously-

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

OH, USA or Sea Chem; Madison, GA, USA) at 15ºC on a 12/12-hr light/dark cycle 

and fed Romaine lettuce 5 times a week. 
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 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 with neutral protease (13.33 mg/ml; 

165859; 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 N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid (HEPES), 1 

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

NaOH) for 18 hr at 20-22ºC.  The ganglion was then transferred to fresh tcASW for 1 

hr, after which the bag cell neuron clusters were dissected from their surrounding 

connective tissue.  At this point, the intact desheathed cluster was either placed in a 

14ºC incubator in tcASW and used for intracellular recording the next day, or, using 

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

tcASW onto 35 x 10 mm polystyrene tissue culture dishes (430165; Corning, Corning, 

NY, USA or 353001; Falcon Becton-Dickinson, Franklin Lakes, NJ, USA).  Cultures 

were maintained in tcASW at 14ºC and used for experimentation within 1-3 d.  Salts 

were obtained from Fisher Scientific (Ottawa, ON, Canada), ICN (Aurora, OH, 

USA), or Sigma-Aldrich (St. Louis, MO, USA). 

Sharp-electrode, current-clamp recording 

Current-clamp recordings were made in normal artificial seawater (nASW; 

composition as per tcASW but lacking the glucose and antibiotics) either from cells 

within desheathed bag cell neuron clusters or cultured bag cell neurons using an 

AxoClamp 2B amplifier (Molecular Devices; Sunnyvale, CA, USA) and the sharp-

electrode, bridge-balanced method.  Microelectrodes were pulled from 1.2 mm 

external, 0.9 mm internal diameter borosilicate glass capillaries (TW120F-4; World 

Precision Instruments; Sarasota, FL, USA) and had a resistance of 5-20 M� when 

filled with 2 M K+-acetate plus 10 mM HEPES and 100 mM KCl (pH 7.3 with KOH).  
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Current was delivered with either the Clampex acquisition program of Clampfit 

(version 10.0; Molecular Devices) or a S88 stimulator (Grass; Astro-Med; Longueuil, 

QC, Canada).  Voltage was filtered at 3 KHz, using the Axoclamp Bessel filter, and 

sampled at 2 KHz using an IBM-compatible personal computer and a Digidata 

1322A analogue-to-digital converter (Molecular Devices).  Data was gathered at 

room temperature (20-22°C). 

Whole-cell, voltage-clamp recording from cultured bag cell neurons 

Voltage-clamp recordings from cultured bag cell neurons were made using 

an EPC-8 amplifier (HEKA Electronics; Mahone Bay, NS, Canada) and the tight-seal, 

whole-cell method.  Microelectrodes were pulled from 1.5 mm external, 1.2 mm 

internal diameter borosilicate glass capillaries (TW150F-4; World Precision 

Instruments) and had a resistance of 1-2 M� when fire-polished and filled with 

regular intracellular saline (see below).  Prior to seal formation pipette junction 

potentials were nulled. Immediately after seal formation, the pipette capacitive 

current was cancelled and, following break through, the whole-cell capacitive 

current was also cancelled, while the series resistance (3-5 M�) was compensated to 

80% and monitored throughout the experiment.  Current was filtered at 1 KHz with 

the EPC-8 Bessel filter and sampled at 2 KHz using Clampex. 

All recordings were made in nASW as an extracellular solution, except where 

indicated, with a K+-based intracellular saline in the recording pipette (composition 

in mM: 500 K-aspartate, 70 KCl, 1.25 MgCl2, 10 HEPES, 11 glucose, 10 glutathione, 5 

EGTA, 5 adenosine 5�-triphosphate disodium salt hydrate (A3377; Sigma-Aldrich), 

and 0.1 guanosine 5�-triphosphate sodium salt hydrate (G8877; Sigma-Aldrich); pH 

7.3 with KOH.  Usually, the free intracellular Ca2+ concentration was set at 300 nM 

by adding the appropriate amount of CaCl2, as calculated by WebMaxC 

(http://www.stanford.edu/~cpatton/webmaxcS.htm).  For experiments involving 
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low intracellular Ca2+, 10 mM BAPTA (Tsien 1980) (A4926; Sigma-Aldrich) was 

substituted for EGTA resulting in a free Ca2+ concentration of 30 nM.  A junction 

potential of 15 mV was calculated for intracellular saline vs. nASW and compensated 

for by subtraction off-line. 

Drug application and reagents  

 Acetylcholine was delivered by pressure-ejection from a polished patch 

pipette (1-2 µm bore) within 50 µm of the recorded cell for 2 sec at 75-150 KPa using 

a PMI-100 pressure micro-injector (Dagan; Minneapolis, MN, USA).  For the majority 

of experiments, no perfusion was employed during pressure-application, as 

previously undertaken with bag cell neurons by Fisher et al. (1993) and our 

laboratory (White and Magoski 2012).  However, the pipette was removed from the 

bath immediately after each ejection to minimize leakage and possible 

desensitization.  Most drugs were introduced directly into the bath by pipetting a 

small volume of concentrated stock solution at least 10 min prior to acetylcholine 

pressure-application, with incubation in DMSO (for hydrophobic substances), or 

water (for hydrophilic substances).  Due to poor solubility of concentrated genistein 

or genistin stock solutions (see Results, The acetylcholine current is inhibited by 

tyrosine dephosphorylation, for details), it was necessary to perfuse these drugs at 

final concentration.  The perfusion system consisted of a micromanipulator-

controlled square-barreled glass pipette (~500 µm bore) positioned 300-500 µm from 

the soma and connected by a stopcock manifold to a series of gravity-driven 

reservoirs.  This provided a constant flow of control nASW over the neuron, which 

was switched to drug-containing saline by activating the appropriate stopcock. 

Drugs were made up as stock solutions either in water or DMSO and frozen 

at -20°C, then diluted down to a working concentration in the extracellular or 

intracellular saline as needed: acetylcholine chloride (A6625; Sigma-Aldrich), N-
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acetylsphingosine (ceramide) (BML-SL100-0005; Enzo Life Sciences) and YEEI 

peptide (BML-P300-0001; Enzo Life Sciences) all required water as a vehicle, whereas 

phorbol 12-myristate 13-acetate (PMA) (P8139; Sigma-Aldrich), 3-isobutyl-1-

methylxanthine (IBMX) (I5879; Sigma-Aldrich), genistein (G6649; Sigma-Aldrich), 

genistin (G8097; Sigma-Aldrich) and 1-(1,1-Dimethylethyl)-1-(4-methylphenyl)-1H-

pyrazolo[3,4-d]pyrimidin-4-amine (PP1) (1398;Tocris Bioscience) all required DMSO.  

The final concentration of DMSO was ≤0.2%, which here or in prior studies was 

found to have no effect on bag cell neuron membrane potential, holding current or 

intracellular Ca2+ (Geiger and Magoski 2008; Groten et al. 2013; Hickey et al. 2010; 

Kachoei et al. 2006; Magoski et al. 2000; Tam et al. 2011). 

Analysis 

 The Clampfit analysis program of pCLAMP was used to determine the 

amplitude and time course of changes to membrane potential or holding current 

evoked by neurotransmitters and drugs under current- or voltage-clamp.  After at 

least 1 min of baseline recording, two cursors were placed immediately prior to the 

current or voltage change, while an additional two cursors were similarly positioned 

at the peak response (see Results for details).  Clampfit then calculated the average 

current or voltage between the paired cursors.  The maximal amplitude of the 

response was taken as the difference between these average baseline and peak 

values.  Current was normalized to cell size by dividing by the whole-cell 

capacitance (as determined by the EPC-8 slow capacitance compensation circuitry).  

For display only, most current traces were filtered off-line between 20 and 80 Hz 

using the Clampfit Gaussian filter.  The slow nature of the responses ensured that 

this second filtering brought about no change in amplitude or kinetics.  

Data are presented as mean ± standard error of the mean. Statistical analysis 

was performed using Prism (version 3; GraphPad Software Inc.; La Jolla, CA, USA).  
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The Kolmogorov-Smirnov method was used to test data sets for normality.  To test 

whether the mean differed between two groups for normally distributed data, either 

Student's paired or unpaired t-test were used.  For non-parametrically distributed 

data, we used the Mann-Whitney U-test for unpaired data or the Wilcoxon matched-

pairs signed rank test for paired data.  Means were considered significantly different 

if the 1- or 2-tailed p-value was <0.05. 

RESULTS 

Acetylcholine initiates an afterdischarge in isolated bag cell neuron clusters 

Previously, we found that continuous bath-application of acetylcholine 

initiated an afterdischarge from the intact bag cell neuron cluster within the 

abdominal ganglion - similar to that induced by a brief synaptic input (White and 

Magoski 2012).  However, due to the presence of connective tissue surrounding the 

cluster, attempting to mimic a more physiological input by pressure-applying 

acetylcholine failed to evoke action potentials.  To demonstrate that direct delivery 

of acetylcholine to the cluster can evoke afterdischarges, we removed the connective 

sheath surrounding an isolated bag cell neuron cluster, prior to acetylcholine 

pressure-ejection while recording from a single bag cell neuron within the network 

(Fig. 4.1A). 

In six separate bag cell neuron clusters, a 2-sec pressure application of 1 mM 

acetylcholine to one side of the cluster depolarized a bag cell neuron recorded on the 

opposite side under sharp-electrode current-clamp at -60 mV.  All neurons reached 

threshold sufficient to generate action potentials.  In four cases, an afterdischarge 

was triggered, with a distinct fast and slow phase, and an average duration of just 

over 5 min (Fig. 4.1B, D).  However, in the other two instances, the neuron failed to 

continue spiking after cessation of acetylcholine delivery, and only fired a few action 
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Figure 4.1:  Acetylcholine initiates an afterdischarge in desheathed clusters. 
A left) View of a desheathed bag cell neuron cluster in tcASW indicating the 
placement of the acetylcholine (Ach)-containing pressure ejection electrode and the 
intracellular current-clamp (cc) recording sharp electrode (on the opposite side of the 
cluster). Right) Magnified view of the left panel focusing on the delivery pipette near 
the bottom of the dish. B) A 2-sec pressure-application of acetylcholine (1 mM), 
delivered to one side of a desheathed cluster, initiates an afterdischarge in an 
individual bag cell neuron recorded at least 200 µm away (recording truncated at 
~2.5 min). C) In a separate cluster from a different animal, the same 2-sec 
acetylcholine application depolarizes a neuron and induces action potentials, but 
fails to evoke a burst; instead, it rapidly repolarizes to rest. D) In four of six neurons, 
an average afterdischarge of just over 5 min was evident, with the remaining two 
showing spiking for only 3.5 sec before repolarizing. 
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potentials before repolarizing back to resting membrane potential (Fig. 4.1C, D).  The 

transfer of the cholinergic-induced depolarization likely occurred through 

electrotonic coupling of bag cell neurons within the intact cluster (Kupfermann and 

Kandel 1970; Kaczmarek et al. 1979).  

Depolarization-induced Ca2+ influx does not alter the cholinergic current 

 Considering that Ca2+ influx is greatly increased right at the start of the 

afterdischarge (Fisher et al. 1994), while acetylcholine is still present in the synaptic 

cleft, we initially explored the influence of Ca2+ influx on the cholinergic current.  By 

mimicking the fast phase of the afterdischarge, i.e. 1 min of 5 Hz firing, we evoked a 

large and immediate increase in Ca2+ through voltage-gated Ca2+ channels, and 

observed its impact on the acetylcholine response of individual cultured bag cell 

neurons.  Under whole-cell voltage-clamp in nASW and standard K+-based 

intracellular solution (without the Ca2+ buffer, EGTA) we stimulated neurons with a 

5-Hz, 1-min train of 75 msec square pulses from a holding potential of -60 mV to 0 

mV, followed by a 2-sec pressure-application of 1 mM acetylcholine within 5 sec of 

the end of the train.  Due to the variability of the acetylcholine-induced current 

between neurons, we compared the magnitude of the cholinergic response to an 

initial current evoked by acetylcholine at least 10 min prior to the train.  In control 

conditions, without exposure to the train, the peak magnitude of the second 

cholinergic current was ~55% of the first (n=5) (Fig. 4.2A, C).  For neurons exposed to 

the train, a rise in intracellular Ca2+ failed to alter the magnitude of the acetylcholine 

response, resulting in a similar reduction in the current (n=6) (Fig. 4.2B, C). 

Monitoring the effect of Ca2+ influx on the cholinergic current would only 

account for a regulatory role during the afterdischarge itself.  However, we also 

wanted to observe if altering the baseline intracellular Ca2+ concentration would 

affect the response and act as a controller of afterdischarge initiation.  We chose to 
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Figure 4.2:  The acetylcholine current is not regulated by intracellular Ca2+. 
A) Under whole-cell voltage-clamp at -60 mV, an initial 2-sec pressure application of 
1 mM acetylcholine induces a large inward current in a cultured bag cell neuron 
dialyzed with standard K+-based internal solution without the Ca2+ buffer, EGTA. 
Ten min after returning to baseline, a second application of acetylcholine generates a 
response about half of the first. B) When a 5-Hz, 1-min train of 75 msec voltage steps 
to 0 mV is elicited during the interval between acetylcholine applications, the second 
response is still just over half of the first. For display, only the last 5 sec of the train is 
shown. C) Summary data indicating that the remaining peak acetylcholine current is 
not significantly different when the train is applied between agonist applications (2-
tailed unpaired Student’s t-test). D) Intracellular Ca2+ set to ~300 nM through 
buffering by EGTA (upper), resulted in an acetylcholine-induced current similar to 
parallel neurons where the Ca2+ is set to ~30 nM by using the fast Ca2+ buffer BAPTA 
(lower). E) No significant difference exists when altering baseline intracellular Ca2+ 
concentrations (2-tailed unpaired Student’s t-test). 
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include the fastest buffer at our disposal, BAPTA (10 mM), in our standard 

intracellular solution, resulting in a final intracellular Ca2+ concentration of ~30 nM.  

Twenty min dialysis of BAPTA failed to alter the acetylcholine-induced current 

(n=7) (Fig. 4.2D upper, E), compared to 5 mM EGTA and a Ca2+ concentration of ~300 

nM (n=8) (Fig. 4.2D lower, E). 

Phosphodiesterase inhibition reduces the acetylcholine-induced current 

 A role for cAMP in bag cell neuron excitability and initiating the 

afterdischarge is well established.  Within 2 min of beginning an afterdischarge, 

cAMP levels peak (see Fig. 1.2), followed by a decline to near control values by 5 min 

(Kaczmarek et al. 1978). Treatment with phosphodiesterase-resistant cAMP 

analogues initiates an afterdischarge in intact clusters (Kaczmarek et al. 1978) and 

cultured bag cell neurons (Kaczmarek and Strumwasser 1981).  Due to the long time 

frames required to elevate cAMP levels in cultured neurons (Kaczmarek and 

Strumwasser 1981), we employed the general phosphodiesterase inhibitor, IBMX 

(Beavo et al. 1970) which indirectly increases intracellular cAMP levels, including 

those in Aplysia abdominal ganglion (Illek et al. 1995). 

 Because cAMP and IBMX can increase the activity of nicotinic receptors in 

chick ciliary ganglion (Margiotta et al. 1987a, b), impact the rate of desensitization 

(Huganir et al. 1984; Huganir and Greengard 1990) or regulate subunit assembly 

(Ross et al. 1987), we attempted to observe a direct effect of phosphodiesterase 

inhibition on the acetylcholine current in cultured bag cell neurons.  A pair of 2-sec 

acetylcholine (1 mM) pressure-ejections, separated by a minimum of 10 min, was 

used, with either DMSO or IBMX introduced into the bath after the first 

acetylcholine response.  The relative effectiveness was determined by calculating the 

percent remaining current of the second acetylcholine response.  Under control 

conditions, the second application of acetylcholine produced a peak current of 
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Figure 4.3:  Phosphodiesterase inhibition reduces the Ach-induced current. 
A) Paired 2-sec pressure applications of 1 mM acetylcholine separated by a ~10 min 
recovery interval. After adding 0.2% DMSO as a control, the remaining second peak 
current is ~60% of that evoked by the first application. B) Delivery of the general 
phosphodiesterase inhibitor, IBMX (100 µM), for at least 10 min after the initial 
acetylcholine response strongly attenuated the subsequent acetylcholine current. C) 
The drop in the second current to ~35% is significantly greater in IBMX compared to 
~60% in DMSO (*p<0.05, 2-tailed Mann-Whitney U-test). 
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almost 60% of the first (n=8) (Fig. 4.3A, C).  However, introduction of 100 µM IBMX 

after the initial current had returned to baseline, significantly reduced the second 

acetylcholine response, leaving a current of ~35% (n=10) (Fig. 4.3B, C). 

Phosphodiesterase inhibition contributes to an overall increase in excitability 

 Although cAMP attenuates the cholinergic current, we sought to ascertain if 

the known changes to bag cell neuron excitability brought about by cAMP 

(Kaczmarek et al. 1978; Kaczmarek and Strumwasser 1981) would still present upon 

acetylcholine delivery.  Despite the fact that the acetylcholine current desensitizes to 

repeated pressure-ejections in whole-cell (see above) or sharp-electrode voltage-

clamp (not shown, n=3), the acetylcholine-induced depolarization in sharp-electrode 

current-clamp was in fact similar with repeated deliveries.  An initial 2-sec pressure- 

application of 1 mM acetylcholine, from a resting potential of -60 mV, depolarized 

cultured bag cell neurons by ~34 mV, while generating ~3 action potentials before 

returning to rest (n=9) (Fig. 4.4A left, C, D).  Following 10 min in DMSO, subsequent 

exposure of the same neurons to acetylcholine gave an average depolarization ~33 

mV and ~4 action potentials (Fig. 4.4A right, C, D).  Both parameters were not 

significantly different from the initial reaction.  The consistency of the voltage 

response to repeated applications allowed us to compare intracellular modulators 

using the same cultured neuron as a control. 

In a separate set of experiments, the initial acetylcholine delivery, again at a 

resting potential of -60 mV, produced an average depolarization of ~38 mV with ~4 

action potentials (n=7) (Fig. 4.4B-D).  Subsequent inhibition of phosphodiesterase for 

10 min with 100 �M IBMX increased the excitability of bag cell neurons and resulted 

in significantly more action potentials (~20) (Fig. 4.4B, D).  Interestingly, the average 

depolarization significantly decreased to ~33 mV (Fig. 4.4C), which may reflect 

either the IBMX-mediated reduction of the cholinergic current previously observed 
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Figure 4.4:  Phosphodiesterase inhibition increases bag cell neuron excitability. 
A left) A 2-sec pressure application of 1 mM acetylcholine produced a rapid 
depolarization and a few action potentials, followed by repolarization to resting 
membrane potential under sharp-electrode current clamp. Right) Following an 
interval of 10 min, in the presence of the vehicle, DMSO, a second delivery of 
acetylcholine evoked a similar depolarization and spiking. B left) In a separate 
neuron from the same animal, acetylcholine generated a similar rapid depolarization 
and action potentials. Right) A 10-min treatment with IBMX slightly reduced the 
overall depolarization induced by acetylcholine, yet greatly increased the number of 
action potentials generated. C, D) Summary data indicating no significant difference 
between either peak depolarization (2-tailed Wilcoxon matched-pairs signed rank 
test) or corresponding induced action potentials (2-tailed paired Student’s t-test) 
when DMSO is added as a control. However, IBMX application significantly reduces 
the depolarization to acetylcholine, and increases the corresponding number of 
action potentials (*both p<0.05, both 2-tailed paired Student’s t-test). 
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under voltage clamp (see Fig. 4.3), or a lowering of action potential threshold 

(Kaczmarek and Strumwasser 1981).  Regardless, the acetylcholine response still 

readily reached threshold, indicating cholinergic receptor activity was not a point of 

regulation in setting bag cell neuron excitability. 

The PKC-mediated increase in excitability is not achieved through regulation of the 
acetylcholine-current 

 Aside from cAMP/PKA regulation of ion channels, PKC is well established 

as a modulator in the bag cell neurons, particularly through its action on a novel 

Ca2+ channel (DeRiemer et al. 1985) and the voltage-dependent cation channel 

(Gardam and Magoski 2009; Magoski 2004; Magoski and Kaczmarek 2005).  In 

addition, PKC regulates virtually all classes of ion channels, including nicotinic 

receptors (Huganir et al. 1986; Downing and Role 1987; Fenster et al. 1999a; 

Glushakov et al. 1999).  Hence, we chose to observe potential effects of PKC on the 

cholinergic current in bag cell neurons using the phorbol ester, PMA (Castagna et al. 

1982), which directly activates PKC in Aplysia sensory neurons and bag cell neurons 

(Castagna et al. 1982; DeRiemer et al. 1985; Sossin and Schwartz 1994).  Pressure- 

ejected acetylcholine (2-sec, 1 mM), evoked a current in cultured bag cell neurons 

whole-cell voltage-clamped to -60 mV (Fig. 4.5A).  Subsequent treatment of the same 

neurons with DMSO for 20 min, a second acetylcholine delivery resulted in a current 

that was on average ~60% of the first (n=8) (Fig. 4.5D).  Compared to DMSO, we 

observed a similar desensitization with the second application of acetylcholine after 

a 20-min exposure of 1 �M PMA (n=7) (Fig. 4.5B, D).  Thus, the acetylcholine current 

in bag cell neurons does not appear to be regulated by PKC.  

Since PMA is known to increase the excitability of cultured bag cell neurons 

(Tam et al. 2011), we wanted to determine if PKC activation prolonged either the 
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Figure 4.5: PKC activation increases excitability independent of changes to the 
acetylcholine-induced current. 
A, D) Following an initial 2-sec pressure-application of acetylcholine in whole-cell 
voltage clamp at -60 mV, the current evoked by a second application following 20 
min of DMSO is reduced to just over 60% of its initial value. B, D) Bath application 
of the phorbol ester, PMA (1 µM) for 20 min, does not alter the extent of reduction in 
the second acetylcholine-induced current (2-tailed, unpaired Student’s t-test). C left) 
In sharp-electrode current-clamp, a 2-sec application of acetylcholine depolarizes a 
bag cell neuron sufficiently to generate action potentials; however, after the addition 
of PMA for 20 min in the same neuron, the depolarization is slightly reduced and the 
number of elicited action potentials increased. E) Summary data showing 
significantly reduced acetylcholine-induced depolarization in the presence of PMA 
compared to the initial response (*P<0.01, 2-tailed paired Student’s t-test) and F) A 
significantly increased number of acetylcholine-provoked action potentials 
(*P<0.001, 2-tailed paired Student’s t-test). 
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depolarizing response or action potential generation to pressure-applied 

acetylcholine.  Consistent with the DMSO and IBMX cohort, the initial control 2-sec 

pressure-application of acetylcholine produced an average depolarization of ~35 mV 

and ~3 action potentials (n=10) (Fig. 4.6C, left, E, F).  Following 20-min in 1 �M PMA, 

the depolarization was significantly reduced to <30 mV (Fig. 4.6C right), similar to 

IBMX, yet the average number of evoked action potentials significantly increased to 

over 45 (Fig. 4.6E, F).  As with IBMX, prior to the acetylcholine application, the 

membrane potential of the neurons was maintained at -60 mV with bias current 

from the amplifier to prevent depolarization that can occur during PMA exposure 

(Tam et al. 2011). 

The acetylcholine current is inhibited by tyrosine dephosphorylation  

 During the afterdischarge, the cation channel responsible for much of the 

depolarizing drive is negatively regulated by tyrosine phosphorylation (Magoski 

and Kaczmarek 2005).  In addition, phosphotyrosine levels are enhanced in bag cell 

neurons subsequent to the end of the afterdischarge (Magoski and Kaczmarek 2005).  

Moreover, the nicotinic receptor in Torpedo californica muscle is enhanced by tyrosine 

phosphorylation (Hopfield et al. 1988; Swope et al. 1995), while the vertebrate �7 

nicotinic receptor is reduced by tyrosine kinases (Charpantier et al. 2005; Cho et al. 

2005).  Therefore, we sought to test the impact of altering tyrosine kinase activity on 

the acetylcholine-induced current and depolarization in cultured bag cell neurons.  

Using repeated 2-sec acetylcholine (1 mM) pressure-applications in whole-cell 

voltage-clamp at -60 mV, bath delivery of 20 �M of the specific Src tyrosine kinase 

inhibitor, PP1 (Hanke et al. 1996), reduced the remaining peak current to ~25% (n=9) 

(Fig 4.6B, C).  This was significantly different from the ~60% percent reduction seen 

with the vehicle, DMSO (n=8) (Fig. 4.6A, C).  PP1 has been shown to lower 

phosphotyrosine immunoreactivity and promote cation channel-PKC association in 



 

 

120 

 
Figure 4.6:  The Ach-induced current is attenuated by the specific Src tyrosine kinase 
inhibitor, PP1. 
A) Paired 2-sec pressure applications of 1 mM acetylcholine separated by a ~10 min 
recovery interval. Delivery of 0.2% DMSO as a control, results in a second remaining 
peak current of just over 60%, to that evoked by the initial application. B, C) Bath 
treatment with the specific Src tyrosine kinase inhibitor, PP1 (20 µM), for at least 10 
min after the first acetylcholine response, significantly reduces the remaining peak 
acetylcholine current to ~25% of the first, compared to DMSO (*p<0.001, 2-tailed 
unpaired Student’s t-test). 
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bag cell neurons (Magoski and Kaczmarek 2005) as well as inhibit protein tyrosine 

phosphorylation in Aplysia nervous tissue (Suter and Forscher 2001). 

Further exploration of tyrosine kinase activity in regulating the cholinergic 

current involved the general tyrosine kinase antagonist, genistein, previously shown 

to modulate pentameric cys-loop receptors (Jassar et al. 1997; Balduzzi et al. 2002) 

and its inactive form, genistin, as a control (Akiyama et al. 1987).  Genistein also 

prevents serotonin from inducing long-term facilitation of both Aplysia sensory 

neuron glutamate uptake and sensory-to-motor neuron transmission (Khabour et al. 

2004; Purcell et al. 2003).  Due to concentrated stock solutions of genistin coming out 

of solution when applied as a bolus to the bath, we instead microperfused genistin 

or genistein close to the recorded cultured bag cell neuron (see Material and 

Methods, and Supplemental Fig. 1.1 for details;).  Acetylcholine (1 mM) was 

delivered directly into the perfusion stream as a brief, 100-msec pressure-ejection.  

To prevent possible direct effects of genistein on acetylcholine binding (Huang et al. 

1999), after at least 10 min of genistein perfusion, the flow was switched to nASW 

alone, just prior to the second acetylcholine application.  Under control conditions 

with genistin (50 �M; the maximal concentration achievable in nASW), the 

remaining peak acetylcholine current was ~70% of the initial response (n=5) (Fig. 

4.7A, D).  On the other hand, when exposed to 100 �M genistein, the remaining 

current was almost completely eliminated, which readily met the level of 

significance (n=6) (Fig. 4.7B, D).   

Under sharp-electrode current-clamp, and in the presence of genistein, 

pressure-ejected acetylcholine (2-sec, 1 mM) depolarized cultured bag cell neurons 

by just ~20 mV, which was significantly different from the initial acetylcholine 

depolarization of ~30 mV (Fig. 4.7C, E).  In all instances of genistein treatment, 

acetylcholine failed to generate action potentials, even though in the absence of 
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Figure 4.7: A non-selective tyrosine kinase inhibitor attenuates both the 
acetylcholine-induced current and decreases excitability. 
A) Following an initial 100-msec pressure-application of acetylcholine into a nASW 
stream perfused over a cultured bag cell neuron under whole-cell voltage clamp at -
60 mV (black), the current evoked by a second application, after 10-min of genistin 
(50 �M, grey), is reduced to ~75% of its initial value. B) Using a similar protocol, 
delivery of the general tyrosine kinase inhibitor, genistein (100 �M), almost 
completely eliminates the second acetylcholine response. C left) In sharp-electrode 
current-clamp, an initial 2-sec application of acetylcholine depolarizes a bag cell 
neuron sufficient to generate action potentials; however, after the addition of 
genistein for 10 min to the same neuron, no action potentials are elicited, and the 
depolarization is reduced (right). D-F) Summary data showing a significantly 
reduced peak acetylcholine current when comparing the second application to the 
first, between genistein and genistin (*P<0.01, paired 2-tailed Mann-Whitney U-test), 
as well as both a significantly reduced peak acetylcholine-induced depolarization 
(*p<0.05, 2-tailed paired Student’s t-test) and number of evoked action potentials 
(*p<0.05, 2-tailed Wilcoxon matched-pairs signed rank test). 
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genistein, spikes were always produced.  It appears that direct control of the 

acetylcholine-induced current involves modulation by both tyrosine kinases and 

PKC. 

The pathway regulating the acetylcholine receptor appears to be maximally 
phosphorylated by tyrosine kinase 

 Armed with the knowledge that the acetylcholine-induced current in bag cell 

neurons appears to be positively correlated to tyrosine phosphorylation, we sought 

to increase its magnitude through activators of tyrosine kinase.  Specifically, we used 

intracellular dialysis of the Src-activating peptide, YEEI (Waksman et al. 1993) or the 

application of the membrane-permeable, C2-ceramide (Ibitayo et al. 1998).  Through 

30-min dialysis of cultured bag cell neurons with standard intracellular saline 

supplemented with 100 �M YEEI under whole-cell voltage-clamp at -60 mV, the 

desensitization to the second pressure-application of acetylcholine (2-sec, 1 mM) was 

a similar ~60% (n=6) (Fig. 4.8B, C) compared to different cells dialyzed with 

standard intracellular saline alone (n=6) (Fig. 4.8A, C).  Likewise, a 20-min bath- 

application of 10 �M C2-ceramide (n=10) also failed to significantly alter the 

response of acetylcholine compared to the DMSO control (n=7) (Fig. 4.8D-F), with 

only a mild antagonist effect of ~40% remaining peak current in C2-ceramide 

compared to controls of ~50%. 

DISCUSSION 

 Triggering of second messengers and effector enzymes by acetylcholine can 

involve metabotropic receptors (Eglen 2005) or ionotropic receptor-mediated Ca2+ 

influx through nicotinic channels or, following depolarization, voltage-gated Ca2+ 

channels (Soliakov and Wonnacott 1996; Rathouz et al. 1996; Dajas-Bailador et al. 

2002b).  While both may provoke signalling pathways, the time scale is typically 

faster with ionotropic receptors.  For example, it takes ~40 sec for nicotinic receptor- 
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Figure 4.8:  The acetylcholine-induced current is not altered by increasing tyrosine 
phosphorylation 
A) Shortly after whole-cell breakthrough, an initial acetylcholine application induces 
an inward current that, following a 30-min dialysis with standard intracellular 
saline, still had not fully recovered from desensitization, being reduced to ~60%. B) 
Intracellular dialysis of the Src-activating peptide, YEEI, fails to change the extent of 
the run-down of the acetylcholine response. C) Summary of the peak remaining 
current showing no significant difference between YEEI and control (2-tailed 
unpaired Student’s t-test). D) A second application of acetylcholine separated by 20 
min, sees the initial current lessened by about half. E) Similarly, bath application of 
the membrane permeant activator of tyrosine kinase, C2-ceramide (10 �M), for 20 
min reduces the second current to a similar extent. F) Summary data indicating a 
mild inhibition by C2-ceramide that does not reach the level of significance 
compared to DMSO (2-tailed unpaired Students t-test). 
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dependent catecholamine release from PC12 cells, compared to ~100 sec following 

muscarinic receptor activation (Zerby and Ewing 1996).  Based on the speed of onset, 

and the fact that ionotropic cholinergic receptor input initiates a bag cell neuron 

afterdischarge (White and Magoski 2012), we propose that acetylcholine acts as a 

spark for burst generation. 

 During the initial stages of the afterdischarge, the levels of cAMP/PKA then 

PKC sequentially increase (Kaczmarek et al. 1978; Wayne et al. 1999), which sustains 

the burst through K+ channel inhibition and cation channel activation, respectively 

(Wilson and Kaczmarek 1993; Wilson et al. 1998; White et al. 1998; Magoski et al. 

2002; Zhang et al. 2002).  Pharmacological activators, PKA or PKC, also initiate 

afterdischarge-like firing in both the intact cluster and cultured neurons (Kaczmarek 

and Strumwasser 1981; Kauer and Kaczmarek 1985; Tam et al. 2011).  For this reason, 

we propose that cAMP/PKA and PKC serve to set a baseline level of excitability via 

the interplay between outward K+ currents and inward Ca2+ or cation currents, prior 

to afterdischarge initiation.  However, in the case of cAMP, the levels were below the 

threshold required to inhibit the cholinergic current.  Both the rise in intracellular 

Ca2+ that occurs during the initial stages of the afterdischarge (Fisher et al. 1994), as 

well as subsequent activation of PKC (DeRiemer et al. 1985a; Wayne et al. 1999) fails 

to feed back on the initial cholinergic current.  This is despite Ca2+ and PKC 

controlling nicotinic receptor desensitization in vertebrate neurons (Swope et al. 

1992).  Regulation of the bag cell neuron cholinergic current occurs downstream, 

first when cAMP is elevated and then once tyrosine dephosphorylation promotes 

activation of the voltage-dependent cation channel (Magoski and Kaczmarek 2005).  

 During the initial stimulus that generates an afterdischarge, whether afferent 

input or application of acetylcholine, voltage-gated Ca2+ channels rapidly increase 
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intracellular Ca2+ levels (Fisher et al. 1994; Geiger and Magoski 2008).  The lack of 

effect on the cholinergic current following a 1-min train of depolarizing steps 

suggests that Ca2+ does not directly modulate the ionotropic receptor.  This 

contradicts Slater et al. (1985), who found that the cholinergic current from Aplysia 

RB cluster neurons showed increased desensitization attributed to elevated 

intracellular Ca2+.  Acetylcholine ionotropic receptor kinetics can be modulated 

through extracellular or intracellular Ca2+, as well as direct Ca2+ influx through the 

channel itself (Fenster et al. 1999b; Dajas-Bailador and Wonnacott 2004).  

Extracellular Ca2+ decreases nicotinic single channel conductance, yet enhances 

channel opening frequency, with an overall potentiating effect (Fieber and Adams 

1991; Mulle et al. 1992; Vernino et al. 1992).  However, the bag cell neuron cholinergic 

current does not pass Ca2+, nor does modifying extracellular Ca2+ alter its magnitude 

(see Chapter 3).  This lack of modulation appears to be beneficial, at least during the 

initial seconds of the afterdischarge, where Ca2+-dependent inhibition of the receptor 

would otherwise reduce depolarization. 

 Following the immediate Ca2+ influx at the start of the afterdischarge, 

cAMP/PKA levels are maximal within 2 min, followed by PKC upregulation by 2-5 

min (Kaczmarek et al. 1978; Wayne et al. 1999).  These kinases could feedback on the 

cholinergic current.  Phosphorylation of nicotinic receptors has been extensively 

studied, primarily using the Torpedo muscle receptor, where PKA or PKC increases 

the rate of desensitization (Miles and Huganir 1988; Nishizaki and Sumikawa 1998; 

Paradiso and Brehm 1998).  For neuronal nicotinic receptors, phosphorylation 

enhances recovery from desensitization in �4�2 receptors expressed in oocytes 

(Astman et al. 1998; Fenster et al. 1999a).  Although, intracellular Ca2+ may confound 

desensitization kinetics, potentially activating signalling processes that feedback on 
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the current (Khiroug et al. 1998; 2003).  For example, secondary processes can affect 

the desensitization effect of PKC on nicotinic receptors in chromaffin cells (Downing 

and Role 1987; Lin et al. 1993; Loneragan et al. 1996). 

 PKC activation increases bag cell neuron and Aplysia sensory neuron 

excitability (Manseau et al. 1998), but fails to alter the acetylcholine-induced current.  

Although PKC inhibitors do not inhibit the afterdischarge, they block the increase in 

action potential height during the initial stage of the afterdischarge, and possibly 

prolong its duration (Conn et al. 1989b).  Ca2+-dependent PKC isoform Apl I (Kruger 

et al. 1991) is upregulated in bag cell neurons during pharmacologically stimulated 

afterdischarges (Tam et al. 2011).  Mimicking this with PMA evokes afterdischarge-

like responses more than a third of the time in culture (Tam et al. 2011).  PMA can 

also increase excitability through a reduction in the action potential threshold, 

similar to the regulation of persistent sodium current in mouse cortical neurons 

(Astman et al. 1998).  PKC enhancement of bag cell neuron Ca2+ current increases the 

action potential amplitude (DeRiemer et al. 1985b) and augments both the rapid and 

persistent Ca2+ currents (Tam et al. 2009), as well as the Ca2+-activated K+ current 

(Zhang et al. 2002).  This allows the neuron to stay depolarized, yet primed to 

generated subsequent action potentials.  By turning on PKC we were able to increase 

baseline excitability and prolong the duration of acetylcholine-elicited spiking.  In 

the intact cluster, such changes to excitability prior to afterdischarge initiation would 

necessitate little or no effect on the input neurotransmitter, hence, the absence of 

direct modulation by PKC. 

 Considering the well-established role of the cAMP/PKA pathway in 

controlling bag cell neuron excitability through inhibition of various K+-channels 

(Kaczmarek et al. 1978; Strumwasser et al. 1982; Strong 1984; Strong and Kaczmarek 
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1986; Zhang et al. 2004), it is not surprising that phosphodiesterase block by IBMX, 

which raises cAMP levels, also increases excitability (Illek et al. 1995).  In other 

systems, PKA has been shown to accelerate desensitization of ionotropic 

acetylcholine receptors (Hoffman et al. 1994; Paradiso and Brehm 1998).  A reduction 

in the bag cell neuron cholinergic response by cAMP/PKA would prevent its 

aberrant activation (or re-activation) during the early stages of the afterdischarge.  

This mechanism parallels the actions of PKA on the voltage-dependent cation 

channel, which switches to a continuously active mode and promotes the sustained 

spiking behaviour representative of the afterdischarge (Wilson and Kaczmarek 

1993). 

 The tyrosine kinase inhibitors, PP1 and genistein inhibit the bag cell neuron 

acetylcholine response.  This positive regulation of the cholinergic current by 

tyrosine phosphorylation mimics the effect on expressed �3�4�5 ganglionic nicotinic 

receptors in oocytes (Wang et al. 2004), as well as its role in nicotine-induced 

catecholamine secretion from chromaffin cells (Cox et al. 1996).  However, there are 

contrasting reports showing negative regulation by tyrosine phosphorylation, where 

genistein increases the magnitude of the acetylcholine induce current in �7 nicotinic-

expressing Xenopus oocytes (Charpantier et al. 2005).  Nicotinic receptor stimulation 

activates Ca2+-dependent tyrosine kinases, such as Pyk2, downstream of the 

mitogen-activated protein kinase (MAPK)/extracellular-regulated kinase (ERK) 1/2 

signalling cascade (Lev et al. 1995), and can cause PKC translocation to the 

membrane in PC12 cells (Messing et al. 1989).  Protein phosphorylation can also link 

Ca2+ influx to secretion, specifically through tyrosine kinase-dependent activation of 

MAP kinases (Ely et al. 1990; Cox et al. 1996).  It remains to be seen if the ionotropic 



 

 

129 

cholinergic receptor in bag cell neurons can activate tyrosine phosphorylation 

pathways, either directly or through subsequent Ca2+ influx. 

 Certain neuroendocrine cells must release hormone at a moment’s notice, 

such as catecholamine secretion from chromaffin cells (Tapia et al. 2009).  Yet for 

Aplysia, the seasonality of egg-laying makes for different hormone requirements 

throughout the year.  This is achieved through a secondary level of control on 

excitability, termed metaplasticity (Abraham and Bear 1996).  One example of bag 

cell neuron metaregulation involves the voltage-dependent cation channel required 

for afterdischarge maintenance, where Src-family tyrosine kinase determines the 

association of a stimulatory PKC with the channel (Magoski and Kaczmarek 2005).  

Our finding that PP1 and genistein reduce the cholinergic current is functionally 

opposite to the effects on the cation channel, where tyrosine kinase inhibition 

promotes activity by enhancing the PKC-cation channel association (Magoski and 

Kaczmarek 2005).  The likely scenario being, once cation channel activation occurs, 

any anomalous cholinergic current would be unwanted as it would upset the 

delicate balance required to maintain a new depolarized resting potential.  The 

diminished cholinergic current due to tyrosine dephosphorylation may also explain 

the reduced acetylcholine response in bag cell neuron clusters that previously 

underwent an afterdischarge (White and Magoski 2012). 

 In conclusion, both our data and that of others suggests that, subsequent to 

the activation by acetylcholine, maintenance of sustained changes to bag cell neuron 

excitability requires the activity of PKC and the cAMP/PKA pathway.  We observe 

that both cAMP and tyrosine dephosphorylation inhibit the cholinergic current.  

This reduction parallels the increased activity of the voltage-dependent cation 

channel thought to drive the afterdischarge. 
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Chapter 5: DIRECT INHIBITION OF AN IONOTROPIC 
CHOLINERGIC CURRENT BY THE NEUROPEPTIDE, 

FMRFAMIDE  

ABSTRACT 

In the bag cell neurons of Aplysia, acetylcholine initiates an afterdischarge through 

ionotropic-receptor mediated depolarization and increased intracellular Ca2+ that 

culminates in the release of egg-laying hormone.  The afterdischarge is not only 

directly inhibited by classic nicotinic receptor antagonists, but also by serotonin (5-

HT) and FMRFamide modulating excitability.  In Aplysia, FMRFamide is inhibitory, 

acting via a G-protein receptor coupled to K+ and Cl- channels, while 5-HT typically 

acts in an opposing manner through an increase in cAMP.  We now report, in 

cultured bag cell neurons, 5-HT has only a mild effect on the acetylcholine-induced 

depolarization, without affecting spike generation.  FMRFamide, on the other hand, 

in addition to reducing the excitability of cultured bag cell neurons, postsynaptically 

inhibits the cholinergic current.  This appears to be a rare, direct block of a classic 

transmitter by a neuropeptide, based on a decrease in acetylcholine-induced 

conductance, a lack of effect of the G-protein antagonist, GDP-�S and a rapid block-

onset.  This would be useful in controlling excitability through rapid inhibition of 

the input transmitter, in addition to relatively slower second-messenger mediated 

events.  While peptidergic block of ionotropic cholinergic currents is not common, 

dynorphin, calcitonin gene related peptide and �-amyloid rapidly block nicotinic 

currents in various neuronal subtypes.  Given the vast array of homologous 

RFamide-related peptides in mammals, the FMRFamide block of the bag cell neuron 

cholinergic current has implications for allosteric control of nicotinic receptor 

subunits both in natural and disease states.  
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INTRODUCTION 

Interaction between inhibitory neuropeptides and classic neurotransmitters 

typically involve a push-pull relationship at their respective postsynaptic receptors, 

or presynaptic inhibition of neurotransmitter release.  In the bag cell neurons of 

Aplysia californica, acetylcholine and the tetrapeptide, Phe-Met-Arg-Phe-amide 

(FMRFamide) act as excitatory and inhibitory neurotransmitters, respectively (Fisher 

et al. 1993; White and Magoski 2012).  Originally discovered as a cardioexcitatory 

peptide in the bivalve, Macrocallista nimbosa (Price and Greenberg 1977), FMRFamide 

inhibits Aplysia sensory neurons and has a dual inhibitory/excitatory role in siphon 

motor neurons (Belkin and Abrams 1998; Endo et al. 1995; Small et al. 1992; Volterra 

and Siegelbaum 1989).   

In the bag cell neurons, a brief afferent input or application of acetylcholine 

initiates a period of increased excitability termed the afterdischarge (Kupfermann 

and Kandel 1970; Ferguson et al. 1989b; White and Magoski 2012).  Acetylcholine 

acts through ionotropic receptor-mediated depolarization to initiate bursting and a 

rise in intracellular Ca2+ sufficient to release egg-laying hormone (ELH).  During the 

afterdischarge, secretion of ELH and other peptides trigger egg-laying behaviour 

(Arch 1972; Chiu et al. 1979; Sigvardt et al. 1986).  We recently demonstrated that 

acetylcholine is a key excitatory input transmitter to the bag cell neurons and can 

trigger an afterdischarge, while nicotinic antagonists prevent afterdischarge 

initiation by blocking cholinergic synaptic input (Kaczmarek et al. 1978; White and 

Magoski 2012).  Regulation of the cholinergic current prior to afterdischarge 

initiation has not been observed; however, it can be attenuated through elevated 

cAMP or reduced tyrosine phosphorylation (see Chapter 4). 

Control of the afterdischarge is largely inhibitory, in particular, both serotonin 

(5-HT) and FMRFamide suppress the afterdischarge and lower bag cell neuron 
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excitability (Jennings et al. 1981; Fisher et al. 1993).  We sought to observe the effects 

of both 5-HT and FMRFamide on the cholinergic current as possible mechanisms for 

control of excitability.  Although the action of 5-HT is not well defined, at least one 

action involves an increase in cyclic adenosine monophosphate (cAMP) levels in bag 

cell neuron clusters (Kaczmarek et al. 1978).  At present, FMRFamide is thought to 

prevent the afterdischarge through transient hyperpolarization of bag cell neurons, 

likely by metabotropic activation of K+ and Cl- conductances as well as inhibition of 

Ca2+ currents (Fisher et al. 1993).   

In documenting the effects of 5-HT and FMRFamide on the cholinergic 

ionotropic receptor, we now show a second inhibitory role for FMRFamide.  Along 

with second-messenger coupled inhibition, we find FMRFamide directly blocks the 

cholinergic current, suggesting possible rapid synaptic control of afterdischarge 

initiation.  While true FMRFamide peptides exist only in molluscs (Lopez-Vera et al. 

2008) and annelids (Nadim and Calabrese 1997), RFamide homologues are present 

throughout the animal kingdom (Walker et al. 2009), potentially expanding the 

possibility for direct cholinergic block in multiple systems. 

MATERIALS AND METHODS 

Animals and cell culture  

 Adult Aplysia californica weighing 150-500 g were obtained from Marinus Inc. 

(Long Beach, CA, USA) and housed in an ~300-l aquarium containing continuously 

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

OH, USA or Sea Chem; Madison, GA, USA) at 15ºC on a 12/12-hr light/dark cycle 

and fed Romaine lettuce 5 times a week. 

 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 with neutral protease (13.33 mg/ml; 
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165859; 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 N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid (HEPES), 1 

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

NaOH) for 18 hr at 20-22ºC.  The ganglion was then transferred to fresh tcASW for 1 

hr, after which the bag cell neuron clusters were dissected from their surrounding 

connective tissue, and using a fire-polished Pasteur pipette and gentle trituration, 

neurons were dispersed in tcASW onto 35 x 10 mm polystyrene tissue culture dishes 

(430165; Corning, Corning, NY, USA or 353001; Falcon Becton-Dickinson, Franklin 

Lakes, NJ, USA).  Cultures were maintained in tcASW in a 14ºC incubator and used 

for experimentation within 1-3 d.  Salts were obtained from Fisher Scientific (Ottawa, 

ON, Canada), ICN (Aurora, OH, USA) or Sigma-Aldrich (St. Louis, MO, USA). 

Sharp-electrode, current-clamp recordings  

Current-clamp recordings were made in normal artificial seawater (nASW; 

composition as per tcASW but lacking the glucose and antibiotics) from cultured bag 

cell neurons using an AxoClamp 2B amplifier (Molecular Devices; Sunnyvale, CA, 

USA) and the sharp-electrode, bridge-balanced method.  Microelectrodes were 

pulled from 1.2 mm external, 0.9 mm internal diameter borosilicate glass capillaries 

(TW120F-4; World Precision Instruments; Sarasota, FL, USA) and had a resistance of 

5-20 M� when filled with 2 M K+-acetate plus 10 mM HEPES and 100 mM KCl (pH 

7.3 with KOH).  Current was delivered with either the Clampex acquisition program 

of pCLAMP (version 10.0; Molecular Devices) or a S88 stimulator (Grass; Astro-Med; 

Longueuil, QC, Canada).  Voltage was filtered at 3 KHz using the Axoclamp Bessel 

filter, and sampled at 2 KHz using an IBM-compatible personal computer and a 

Digidata 1322A analogue-to-digital converter (Molecular Devices).  Data was 

gathered at room temperature (20-22°C). 



 

 

134 

Whole-cell, voltage-clamp recording  

Voltage-clamp recordings from cultured bag cell neurons were made using 

an EPC-8 amplifier (HEKA Electronics; Mahone Bay, NS, Canada) and the tight-seal, 

whole-cell method.  Microelectrodes were pulled from 1.5 mm external, 1.2 mm 

internal diameter borosilicate glass capillaries (TW150F-4; World Precision 

Instruments) and had a resistance of 1-2 M� when fire-polished and filled with 

standard intracellular saline (see below).  Before seal formation, pipette junction 

potentials were nulled.  After seal formation, the pipette capacitive current was 

cancelled and, following break through, the whole-cell capacitive current was also 

cancelled, while the series resistance (3-5 M�) was compensated to 80% and 

monitored throughout the experiment.  Current was filtered at 1 KHz with the EPC-

8 Bessel filter and sampled at 2 KHz using Clampex.  

All recordings were made in nASW as the extracellular solution, with 

standard intracellular saline (composition in mM: 500 K-aspartate, 70 KCl, 1.25 

MgCl2, 10 HEPES, 11 glucose, 10 glutathione, 5 EGTA, 5 adenosine 5�-triphosphate 

disodium salt hydrate (A3377; Sigma-Aldrich), and 0.1 guanosine 5�-triphosphate 

sodium salt hydrate (G8877; Sigma-Aldrich); pH 7.3 with KOH) in the recording 

pipette.  In some instances, the GTP was replaced with 10 mM guanosine 5�-[�-

thio]diphosphate trilithium salt (GDP-�S) (G7637; Sigma-Aldrich).  The free 

intracellular Ca2+ concentration was set at 300 nM by adding CaCl2, as calculated by 

WebMaxC (http://www.stanford.edu/~cpatton/webmaxcS.htm).  A junction 

potential of 15 mV was calculated for intracellular saline vs. nASW and compensated 

for by subtraction off-line.  To test for conductance changes during acetylcholine 

perfusion, 100-msec hyperpolarizing voltage (V) steps (-10 mV) were delivered at 1 

Hz through the whole-cell recording pipette from the S88 stimulator, with the 
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resulting current (I) directly related to the conductance (G) based on a variation of 

Ohm’s Law (G=I/V). 

Immunohistochemistry and fluorescence microscopy 

Bag cell neuron clusters within the abdominal ganglion were 

immuohistochemically stained for ELH, FMRFamide, or choline acetyltransferase.  

Abdominal ganglia were dissected out (see Materials and Methods, Animals and cell 

culture) and fixed overnight at room temperature in 4% paraformaldehyde (04042; 

Fisher Scientific) with 30% sucrose in 0.1 M sodium phosphate buffer (NaH2PO4⋅H20 

0.1 M and Na2HPO4⋅7H20 0.1 M), pH 7.3 with NaOH.  The next day, ganglia were 

rinsed four times 10-min at room temperature in 30% sucrose in 0.1 M sodium 

phosphate buffer, pH 7.3.  Fixed ganglia were tamped dry, mounted in Optimal 

Cutting Temperature embedding medium (4583; Miles Incorporated, Elkhart, IN, 

USA), frozen at -80°C, and cut into 8 µm coronal sections with a cryostat microtome.  

Sections were mounted directly on Superfrost plus slides (12-550-15; Fisher 

Scientific) and stored at -20°C until use. 

Tissue was permeabilized for 10 min at room temperature with 2% (w/v) 

Triton X-100 (BP151; Fisher) in PBS (composition in mM: 137 NaCl, 2.7 KCl, 4.3 

Na2HPO4, 1.5 KH2PO4; pH 7.0 with NaOH).  After washing four times 10-min with 

PBS, sections were blocked for 30 min at room temperature in a blocking solution of 

5% (v/v) goat serum (G9023; Sigma-Aldrich) in PBS.  Primary antibodies, 1:1000 

rabbit anti-ELH immunogammaglobulin (IgG) (kindly provided by Dr. NL Wayne, 

University of California Los Angeles), 1:1000 rabbit anti-FMRF IgG (20091; 

Immunostar, Hudson, WI, USA), or 1:400 rabbit anti-placental choline 

acetyltransferase IgG (AB143; EMD Millipore, Billerica, MA, USA) were applied in 

blocking solution and sections incubated overnight at 4°C in the dark.  In some 

cases, the choline acetyltransferase was preabsorbed with 5 µg/ml choline 
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acetyltransferase (AG220; Millipore) for 1 hr prior to application in blocking 

solution.  The next day, sections were washed four times 10-min with PBS and 

incubated for 1 hr in the dark at room temperature in secondary antibody (goat anti-

rabbit IgG conjugated to AlexFluor 488 (A11008; Invitrogen/Molecular Probes/Life 

Technologies, Burlington, ON, Canada) at 1:200 for anti-ELH, 1:500 for anti-FMRF, 

and 1:500 for anti-choline acetyltransferase.  Sections were then washed four times 

10-min with PBS, mounted in mounting medium 11% (w/v) Mowiol 4-88 (17951; 

Polysciences, Warrington, PA, USA) in 110 mM TRIS (pH 8.5), and covered with a 

#1 glass coverslip. 

Stained sections were imaged using a Nikon TS100-F inverted microscope 

(Nikon, Mississauga, ON, Canada) equipped with Nikon Plan Fluor 10X (numerical 

aperture 0.30).  Neurons were excited with a 50 W Mercury lamp and a 480/15 nm 

band pass filter.  Fluorescence was emitted to the eyepiece or camera through a 505 

nm dichroic mirror and 520 nm barrier filter.  Images (1392 x 1040 pixels) were 

acquired using a Pixelfly USB camera (PCO-TECH, Romulus, MI, USA/Photon 

Technology International, London, ON, Canada) and the Micro-Manager 1.4.5 

plugin (http://valelab.ucsf.edu/~MM/MMwiki/index.php/Micro-Manager) for 

ImageJ 1.43 (http://rsbweb.nih.gov/ij/). 

Polymerase chain reaction of choline acetyltransferase vs acetylcholinesterase  

 To determine basic gene expression of markers for cholinergic transmission, 

bag cell neuron clusters were subjected to polymerase chain reaction (PCR) 

screening for acetylcholinesterase and choline acetyltransferase, with the 

housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), as 

control.  The full-length sequence of Aplysia choline acetyltransferase (accession # 

AY163563) was published on GenBankTM by Moroz et al. (2006).  In 2012, we 

submitted the full-length sequence of Aplysia GAPDH (accession # KC417387).  
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However, the full-length sequence of Aplysia acetylcholinesterase was determined in 

the present study by initially searching the University of California Santa Cruz Sea 

Hare Genome Browser (http://genome.ucsc.edu/, September 2008 Broad 

2.0/aplCal1 assembly) using the BLAST-like alignment tool (BLAT) with the 

published acetylcholinesterase sequence from the squid, Doryteuthis opalescens 

(accession # AAD15886.1).  This yielded a predicted partial sequence of Aplysia 

acetylcholinesterase, which was lengthened further in silico using Prot2Gene 

(courtesy of Dr. P Liang, Brock University; http://genomics.brocku.ca/Prot2gene/) 

by precise exon prediction and mapping using large stretches of the Aplysia genome 

and the squid sequence as input. 

To make cDNA templates, abdominal ganglia were dissected out (see 

Materials and Methods, Animals and cell culture) and the bag cell neuron clusters 

removed.  Clusters were snap-frozen in liquid N2 and then homogenized in lysis 

solution from a Norgen Total RNA isolation kit (17200; Norgen Biotek Corp, 

Thorold, ON, Canada).  Total RNA was isolated and purified using the Norgen kit.  

cDNA was synthesized by reverse transcription using a mixture of poly-A and 

random hexamer primers and an iScript™ cDNA synthesis kit (170-8890; Bio-Rad 

Laboratories, Mississauga, ON, Canada). 

PCR amplification was performed with a Techne Touchgene Gradient 

Thermocycler (Fisher Scientific) using 1 �L of cDNA as template, 40 pmol of forward 

and reverse primer sets against GAPDH, choline acetyltransferase, or 

acetylcholinesterase, iTaqTM DNA Polymerase (170-8870; Bio-Rad Laboratories) and 

the following program: 3 min of denaturation at 95°C, 38 cycles at 95°C for 30 sec, 

annealing at 68°C for 30 sec and elongation at 72°C for 90 sec.  Analysis of products 

was carried out on 1% agarose gels in TAE buffer stained with ethidium bromide.  

When necessary, fragments of interest were excised from the gel, purified according 
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to the UltraClean® GelSpin® DNA extraction kit (12400; MO BIO Laboratories Inc, 

Carlsbad, CA, USA), and sequenced by GénomeQuébec (Montréal, QC, Canada). 

 Primers to achieve full-length Aplysia acetylcholinesterase (GenBankTM 

accession # KC618635) were against both 5' and 3' untranslated regions as well as 

internal coding regions: 

A-forward 5'-GAAGGCCTCGAGTTCAAGTCCCAGA-3' 
A-reverse 5'-CTTGCGGGTCTTGGCGTATGAAGAT-3' 
B-forward 5'-GGTGACCCCGACTACGTGATTCGAT-3' 
B-reverse 5'-TTTCCACTCATCCCCTCCCATTGAG-3' 

Primers for the detection of gene expression were directed against internal coding 

regions of all three genes:  

An amplicon of 487 bp for choline acetyltransferase:  

forward 5'-GGAATCACCAAACAGACCCCCTTCA-3' 
reverse 5'-TGATGGTCAGAGGCACCTGGATGTT-3' 

An amplicon of 450 bp for acetylcholinesterase:  

forward 5'-TCCTCACTCTCAACACACCGGAAGC-3' 
reverse 5'-CTTGCGGGTCTTGGCGTATGAAGAT-3' 

An amplicon of 599 bp for GAPDH:  

forward 5'-CGTATTGGTCGCCTGACTCTTCGTG-3' 
reverse 5'-ACCGGTGGAAGATGGGATGATGTTC-3' 

Drug application and reagents  

 The culture dish served as the bath, with transmitters and drugs applied 

directly to the bath or via either single-cell microperfusion or pressure-ejection.  The 

perfusion system consisted of a micromanipulator-controlled square-barreled glass 

pipette (~500 µm bore) positioned 300-500 µm from the soma and connected by a 

stopcock manifold to a series of gravity-driven reservoirs.  This provided a constant 

flow (~0.5-1 ml/min) of nASW over the neuron, which was switched to 
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acetylcholine-containing saline for a specific amount of time by activating the 

appropriate stopcock.  Additional experiments involved pressure-ejection of 

acetylcholine ± RFamide peptides from an unpolished patch pipette (1-2 µm bore) at 

75-150 KPa, using a PMI-100 pressure micro-injector (Dagan; Minneapolis, MN, 

USA).  Pressure-applied agonist was either delivered directly for 2 sec without 

perfusion or applied for 100 msec into a stream of nASW flowing over the neuron. 

Drugs were made up as stock solutions in water and frozen at -20°C, then 

diluted down to a working concentration in the extracellular or intracellular saline as 

needed: acetylcholine chloride (A6625; Sigma-Aldrich), serotonin hydrochloride (5-

HT) (H9523; Sigma-Aldrich), guanosine 5�-[�-thio]diphosphate trilithium salt (GDP-

�S) (G7637; Sigma-Aldrich), Phe-Met-Arg-Phe amide (FMRFamide) (P4898; Sigma-

Aldrich) and Phe-Lys-Arg-Phe amide (FKRFamide) (recombinant, Phoenix 

Pharmaceuticals, Belmont, CA, USA). 

Analysis 

 The Clampfit analysis program of pCLAMP was used to determine the 

amplitude and time course of changes to membrane potential or holding current 

evoked by neurotransmitters under current- or voltage-clamp.  After at least 1 min 

of baseline, two cursors were placed immediately prior to the current or voltage 

change, while an additional two cursors were similarly positioned at the peak 

response (see Results for details).  Clampfit then calculated the average current or 

voltage between the paired cursors.  The maximal amplitude of the response was 

taken as the difference between these average baseline and peak values.  Current 

was normalized to cell size by dividing by the whole-cell capacitance (as determined 

by the EPC-8 slow capacitance compensation circuitry).  For display only, all current 

traces were filtered off-line to between 20 and 80 Hz using the Clampfit Gaussian 
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filter.  The slow nature of the responses ensured that this second filtering brought 

about no change in amplitude or kinetics.  

Data are presented as mean ± standard error of the mean. Statistical analysis 

was performed using Prism (version 3; GraphPad Software Inc.; La Jolla, CA, USA).  

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

whether the mean differed between two groups, either Student’s unpaired t-test (for 

normally distributed data) with the Welch correction as necessary (for unequal 

standard deviations) or the Mann-Whitney U-test (for not normally distributed data) 

was used. Comparing three means involved a Kruskal-Wallis one-way analysis of 

variance (ANOVA), followed by Dunn’s multiple comparison post test.  Means were 

considered significantly different if the 1- or 2-tailed p-value was <0.05.   

RESULTS 

5-HT has a minor impact on the excitability of cultured bag cell neurons 

Serotonergic neurons from both the cerebral and abdominal ganglia 

innervate the bag cell neurons cluster (McPherson and Blankenship 1991) and 

immunologically stained 5-HT fibers surround the bag cell neuron somata (Kistler et 

al. 1985).  Functionally, 5-HT prematurely terminates an afterdischarge in intact bag 

cell neuron clusters, inhibits initiation of the response at higher doses (Kaczmarek et 

al. 1978; Jennings et al. 1981) and hyperpolarizes single bag cell neurons recorded 

from within the cluster (Jennings et al. 1981).  Despite this, evidence demonstrating 

activity of 5-HT in cultured neurons is lacking, with only our prior report of an 

outward current due to pressure-applied 5-HT (White and Magoski 2012).  Thus, we 

explored whether 5-HT could reduce or eliminate the capacity for acetylcholine to 

generate action potentials from cultured bag cell neurons. 

Previously, we observed that a 2-sec pressure-application of acetylcholine 

elicits a rapid depolarization and spiking that is repeatable at 10-min intervals 
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(White and Magoski 2012).  Using the same protocol in the present study, 

acetylcholine depolarized cultured bag cell neurons by ~40 mV, producing 1-3 action 

potentials under sharp-electrode current-clamp from a resting potential of -60 mV 

(n=7) (Fig. 5.1A left, C, D).  After 10 min of control conditions in the presence of the 

vehicle, H2O, subsequent pressure-application of acetylcholine induced a similar 

response (Fig. 5.1A right, C, D).  In a separate cohort, the initial acetylcholine delivery 

again provoked an average depolarization of ~40 mV, that was not significantly 

different from control (n=7) (Fig. 5.1B left, C).  However, with bath-application of 100 

�M 5-HT, the second ejection of acetylcholine resulted in a depolarization that was 

significantly reduced by ~3 mV (Fig. 5.1B right, C).  Yet, this decreased 

depolarization was not reflected in a decreased number of action potentials to 

acetylcholine, demonstrated by a similar burst of ~5 spikes (Fig. 5.1B, D).  Note, in 

contrast to the intact bag cell neurons cluster (Jennings et al. 1981), bath applied 5-HT 

neither significantly hyperpolarized cultured bag cell neurons (-1.5 ± 1.1 mV, p>0.05, 

1-sample t-test) (n=5), nor induced a current under whole-cell voltage-clamp at -60 

mV (6.4 ± 5.4 pA, p>0.05, 1-sample t-test) (n=5).  

Effect of bath-applied FMRFamide on the acetylcholine-induced depolarization 

FMRFamide is able to inhibit an electrically stimulated afterdischarge in the 

intact bag cell neuron cluster for up to an hour after application, yet in cultured 

neurons it only reduces excitability by transient hyperpolarization (Fisher et al. 

1993).  Furthermore, the FMRFamide-induced current is outward at depolarized 

potentials and increases the threshold for action potentials (Fisher et al. 1993).  

However, its effect on reducing the response (depolarization and action potential 

firing) to exogenous application of the endogenous agonist, acetylcholine, is not 

known.  
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Figure 5.1:  5-HT fails to alter action potential generation evoked by pressure-
applied acetylcholine. 
A left) 2-sec pressure applications of acetylcholine (Ach) (1 mM) to a cultured bag 
cell neuron under sharp-electrode current clamp at -60 mV, produces a rapid 
depolarization that generates a single action potential followed by repolarization. 
Right) Separated by an interval of 10 min, in the presence of H2O as vehicle, 
subsequent acetylcholine delivery evokes a similar depolarization and spike 
generation. B left) In a separate neuron from the same animal, acetylcholine evokes a 
similar depolarization with a few action potentials. Right) A 20-min bath-application 
of 100 �M 5-HT slightly reduces the overall depolarization elicited by acetylcholine, 
however, fails to alter the number of action potentials generated. C, D) Summary 
data indicating no significant difference between either peak depolarization or 
corresponding induced action potentials when H2O was added as a control (both 2-
tailed paired Student’s t-test). 5-HT slightly, but significantly reduces the 
depolarization (*p<0.001, 2-tailed paired Student’s t-test) induced by acetylcholine, 
without affecting action potential generation (2-tailed paired Student’s t-test). The 
error on the number of induced action potentials is much greater in the trials with 5-
HT, due to a single neuron being far more excitable than the other 6.   
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 We continuously applied FMRFamide and monitored its effect on 

acetylcholine-induced depolarization and spike generation.  Using a concentration 

near the EC50 for the FMRFamide-induced current, 50 �M (Fisher et al. 1993), bath 

delivery of FMRFamide to cultured bag cell neurons current clamped to -60 mV 

(near the FMRFamide reversal potential of -67 mV) did not produce an appreciable 

voltage change (0.1 ± 1.2 mV, p>0.05, 1-sample t-test) (n=5).  However, FMRFamide 

did significantly reduce the depolarization, by ~8 mV, to a subsequent 2-sec 

application of acetylcholine, compared to the response prior to FMRFamide (n=6) 

(Fig. 5.2A, B).  The excitability, based on the number of acetylcholine-induced action 

potentials was also diminished in the presence of FMRFamide, either reducing or 

eliminating spike production.  Overall, the decrease in the number of action 

potentials was significant, from ~7 to ~1 (n=7) (Fig. 5.2C). 

Rapid, co-application of FMRFamide and acetylcholine impacts action potential 
generation  

FMRFamide lowered the acetylcholine-induced spike generation during the 

depolarization, either through activating an outward current or by influencing the 

cholinergic receptor.  However, the normal outward current to FMRFamide at -20 

mV peaks within a few sec, then returns to baseline within a few min (White and 

Magoski 2012).  It is not known whether the current would still be active when the 

acetylcholine is applied a second time, although, in all likelihood the FMRFamide 

current would have subsided by 10-min after peptide treatment.  Thus, we next 

attempted to mimic a more physiological response by including FMRFamide with 

acetylcholine in the ejection pipette and applying both transmitters simultaneously.  

We chose to eject acetylcholine (1 mM) in 100-msec bursts at 2 Hz for 10 sec, into a 

perfused stream of nASW.  For the first 4 or 5 sec, each acetylcholine ejection 

generated 2-3 action potentials, followed by single evoked-spikes for the remainder 
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Figure 5.2:  The continued presence of FMRFamide reduces the voltage response to 
acetylcholine. 
A left) A 2-sec pressure-application of 1 mM acetylcholine evokes a rapid 
depolarization from -60 mV with brief action potential generation. Right) A 10-min 
bath-delivery of 50 �M FMRFamide reduces the overall depolarization induced by 
acetylcholine. In both traces, the action potentials are truncated for display. B left 
bars) Summary data indicating no significant difference in peak depolarization with 
the vehicle, H2O (traces not shown) (2-tailed paired Student’s t-test). Right bars) 
However, FMRFamide significantly reduces the depolarization elicited by 
acetylcholine (*p<0.01, 1-tailed paired Student’s t-test). C) FMRFamide also 
significantly decreases the number of action potentials generated by acetylcholine 
(*p<0.05, 1-tailed paired Student’s t-test), which in controls average a single spike in 
both conditions.  
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(n=8) (Fig. 5.3A, C).  When FMRFamide was included in the ejection pipette (at 500 

�M to compensate for mixing with the perfused nASW), the number of spikes 

evoked during the initial 2-3 sec was similar, however, only subthreshold 

depolarizations were evident for the remainder of the stimulus (n=7) (Fig. 5.3 B, C). 

Overall, the number of action potentials during the 2-Hz, 10-sec stimulus was 

significantly reduced when FMRFamide was present in the pressure-ejection pipette. 

Bath-application of FMRF fails to alter the cholinergic current 

The rapid co-application of FMRFamide prevented action potentials on a time 

scale that mimicked the onset of the FMRFamide-induced current reported by others 

and ourselves (Fisher et al. 1993; White and Magoski 2012); however, an overall 

reduction of the acetylcholine-current cannot be excluded.  For this reason, we 

examined the impact of bath applied FMRFamide on the acetylcholine-evoked 

current in whole-cell voltage-clamp. Typically, the acetylcholine-induced current in 

cultured bag cell neurons displays a clear lack of recovery from desensitization with 

repeated pressure applications - even after 30 min (White and Magoski 2012).  

Rather than comparing different neurons, we used consecutive 2-sec acetylcholine-

induced currents in the same neurons, and expressed the change in the second 

current as a percentage of the first current.  Bag cell neurons were whole-cell voltage 

clamp at -60 mV and dialyzed with a standard K+-based intracellular solution.  

Acetylcholine (1 mM) was pressure-applied twice, separated by a minimum of 10 

min, in the presence of either H2O (control) or FMRFamide (50 �M).  Under control 

conditions, the second delivery of acetylcholine produced a peak current of almost 

60% of the first (n=10) (Fig. 5.4A, C), which was similar to the recovery from 

desensitization we observed previously (White and Magoski 2012).  Presenting 

FMRFamide after the initial current had returned to baseline did not significantly 
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Figure 5.3:  Co-application of acetylcholine and FMRFamide reduces action potential 
generation. 
A) A 10-sec, 2-Hz train of 100-msec acetylcholine (1 mM) pressure applications 
(arrows) applied into a stream of nASW evokes one or more action potentials with 
each ejection. B) When FMRFamide (500 �M) is included in the pressure pipette 
along with acetylcholine, the initial elicited spikes subsided within 2 sec, leaving 
only subthreshold depolarizations. C) Summary data reveal significantly fewer 
number of action potentials during the 10-sec stimulus when FMRFamide and 
acetylcholine are applied together vs. acetylcholine alone (*p<0.05, 2-tailed unpaired 
Student’s t-test). 
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reduce the subsequent acetylcholine current any further than that seen in control, 

leaving a similar remaining current of ~60% (n=9) (Fig. 5.4B, C). 

FMRFamide, but not a similar tetrapeptide, disrupts the current induced by 
acetylcholine  

If FMRFamide were acting as an antagonist to the ionotropic cholinergic 

receptor, it would evidently require initial activation and gating by acetylcholine, 

which is the case with the desensitization of substance P on the cholinergic current 

(Clapham and Neher 1984).  As with the current clamp data, we attempted to 

simulate the physiological response of FMRFamide acting through a rapid inhibitory 

synaptic input, instead of peptidergic volume transmission. 

Previously, we observed that perfusion of 1 mM acetylcholine at -60 mV in 

nASW induced an inward current of similar magnitude as pressure ejection, which 

slowly desensitized in the continued presence of agonist (>3 min to return to 

baseline) (White and Magoski, 2012).  Due to travel-time through the perfusion 

system, the onset of the current appeared after a ~30 sec delay, subsequent to 

switching from control to acetylcholine-containing nASW.  By pressure-applying 

acetylcholine at the same concentration for 2 sec, just after the peak of the perfusion-

induced current, we noted a small downward deflection in the response (Fig 5.5A).  

By convention, we designated any downward deflection in the current following 

pressure ejection as negative, and any upward deflection as positive.   

Under control conditions, with only the inclusion of acetylcholine in the 

pressure pipette, the overall current change was slightly negative, but still not 

significantly different from zero (p>0.05, 2-tailed 1-sample t-test) (n=8) (Fig. 5.5D, left 

bar).  However, including FMRFamide (500 �M) in the ejection pipette along with 

acetylcholine resulted in a rapid upward deflection when delivered just after the peak 

of the perfused acetylcholine current (Fig. 5.5B).  This apparent antagonism by co- 
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Figure 5.4:  Bath-application of FMRFamide fails to reduce the cholinergic current. 
A) Following the response to an initial 2-sec pressure-application of 1 mM 
acetylcholine in a cultured bag cell neuron under whole-cell voltage clamp at -60 
mV, the current evoked by a subsequent application is reduced to just over 60% of 
the initial value. B) Bath treatment with FMRFamide (50 µM), for at least 10 min 
after the first delivery of acetylcholine, fails to alter the second acetylcholine current. 
C) Summary data reveal no significant differences between the remaining peak 
current in control vs. FMRFamide (1-tailed Mann-Whitney U-test). 
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pressure-applied FMRFamide was significant compared to the pressure- ejection 

response to acetylcholine alone (n=7) (Fig. 5.5D).   

To control for possible non-specific interactions between the peptide and the 

cholinergic receptor, as well as drug delivery artifacts, we substituted the nearly 

identical tetrapeptide, FKRFamide, in the ejection pipette with acetylcholine. 

FKRFamide differs from FMRFamide by the positively charged lysine in the place of 

the hydrophobic methionine, and was chosen because prior work demonstrated that 

it failed to open the FMRFamide-gated amiloride-sensitive channel (Cottrell 1997).  

Simultaneous pressure-ejection of acetylcholine and FKRFamide failed to alter the 

response to perfused acetylcholine and produced a similar result to that of 

acetylcholine alone (n=10) (Fig. 5.5C).  This effect was not significantly different from 

zero (p=0.35, 2-tailed 1-sample t-test), nor was it significantly different from 

acetylcholine alone, yet was significantly different from delivery of FMRFamide and 

acetylcholine (Fig. 5.5D). 

FMRFamide-dependent reduction in cholinergic current is not dependent on G-
protein activation 

Despite the apparent rapid block of the cholinergic current by FMRFamide, 

we wanted to exclude the contribution of G-proteins by antagonizing metabotropic 

receptors with intracellular dialysis of GDP-�S (a non-hydrolysable form of GDP) 

(Eckstein et al. 1979).  Whole-cell dialysis of cultured bag cell neurons for 30 min 

with internal solution containing 10 mM GDP-�S did not prevent inhibition of the 

current to perfused acetylcholine by pressure-applied FMRFamide at -60 mV (n=5) 

(Fig 5.6B).  This despite our prior report showing the same concentration of GDP-�S 

is able to block the slow FMRFamide-dependent current at -40 mV (White and 

Magoski 2012).  When compared to parallel controls containing GTP (n=6) (Fig 
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Figure 5.5:  Rapid FMRFamide application reduces the cholinergic current. 
A) Under whole-cell voltage-clamp at -60 mV, perfusion of 1 mM acetylcholine in 
nASW over a cultured bag cell neuron generates an inward current. Pressure-
ejection of the same concentration of acetylcholine from a pipette into the perfusion 
stream causes a slight increase in current. B) Inclusion of FMRFamide in the 
pressure pipette with acetylcholine markedly reduces the current elicited by bath-
applied acetylcholine. C) Substituting 500 �M of the related peptide, FKRFamide, in 
the pressure pipette with acetylcholine produces a similar deflection as acetylcholine 
alone. D) Summary graph indicates the current change due to pressure-ejection of 
FMRFamide with acetylcholine is significantly greater compared to either 
acetylcholine alone or acetylcholine and FKRFamide (*p<0.001, Kruskal-Wallis using 
Dunn’s multiple comparison post-test). 
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5.6A), there was no significant difference in the current change due to pressure-

ejection in neurons dialyzed with GDP-�S (Fig 5.6C).   

The reduction in cholinergic current by FMRFamide is associated with a decrease in 
membrane conductance 

Despite the apparent lack of contribution by the outward, G-protein-

dependent FMRFamide current to the inhibition of the cholinergic current, we 

wanted to exclude the possibility of the currents interacting or competing.  Knowing 

that the strictly depolarizing response to acetylcholine involves an increased cation 

conductance (Ascher et al. 1978; White and Magoski 2012), any presumed current 

block by FMRFamide would be expressed as a reduction in conductance.  Moreover, 

if the FMRFamide-evoked outward current were competing with the acetylcholine-

induced inward current, the conductance should in fact go up.   

 To test if the rapid, FMRFamide-elicited reduction in acetylcholine current 

was instead due to the closing of the cholinergic channel, we monitored the impact 

of a 1 Hz series of 100-msec, -10 mV hyperpolarizing steps prior to, and during, the 

perfused cholinergic current at -60 mV holding potential.  Any change in the current 

amplitude (I) of the response to the hyperpolarizing step (V) would reflect a change 

in conductance (G), based on the relationship between conductance and current 

from Ohm’s Law (G=I/V).  During the initial perfused acetylcholine-induced 

current, the current deflection increased in magnitude, mirroring the known increase 

in conductance (Fig. 5.7A).  At the peak of the perfused cholinergic current, the 

reduction produced by FMRFamide was reflected in a loss of conductance and hence 

a block of the channel (Fig. 5.7A).  The inset of 5.7A shows in detail the changes of the 

current response to the hyperpolarizing steps at the peak of the perfused cholinergic 

current (1), at the peak of the FMRFamide-induced block (2) and after removal of the 

pressure-applied FMRFamide (3).  Based on the significant reduction in the current
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Figure 5.6:  The rapid block of the cholinergic current is not dependent on G-protein 
activation. 
A) A 2-sec pressure-ejection of Ach (1 mM) and FMRFamide (500 �M) reduces the 
current elicited by perfusion-applied acetylcholine in nASW after 30-min dialysis 
with a standard internal solution containing 0.1 mM GTP. B) In a separate neuron 
dialyzed for 30 min with internal solution containing 10 mM GDP-�S rather than 
GTP, the decrease in the current to pressure-ejection of acetylcholine and 
FMRFamide in a stream of acetylcholine is similar. C) Summary data indicating no 
significant difference between GTP- or GDP-�S-containing intracellular solutions (2-
tailed unpaired Students t-test). 
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deflection at the peak of the FMRFamide block, we demonstrated a closing of the 

cholinergic receptor (n=6) (Fig. 5.7B). 

FMRFamide and acetylcholine do not originate from within bag cell neurons  

 Previous research revealed the location of FMRFamide is restricted to a 

region containing the bag cell neuron processes and neurites but not the soma 

(Fisher et al. 1993), implicating its role as an input transmitter.  To support the notion 

that inhibition by FMRFamide involves postsynaptic cholinergic receptors, we 

sought to confirm that the bag cell neurons were not releasing acetylcholine 

themselves.  The localization of choline-acetyltransferase (ChAT), the enzyme 

required to synthesize acetylcholine, near, but not in bag cell neuron somata would 

indicate acetylcholine release from an external input. To do this, we 

immunohistochemically stained for the presence of FMRFamide and ChAT near bag 

cell neuron clusters.  

 Bag cell neurons were verified by first staining using a rabbit anti-ELH 

primary antibody followed by a goat anti-rabbit secondary, conjugated to Alexa 

Fluor 488 (see Materials and Methods for details).  Widespread staining of ELH was 

observed in essentially all neurons within the cluster as well as in the surrounding 

neurites (n=4) (Fig. 5.8A).  Staining for both FMRFamide (n=7) (Fig 5.8B) and ChAT 

(n=6) (Fig 5.8C, left) was only observed in the neuropil surrounding the bag cell 

neuron processes and not in the soma.  Both the ELH and FMRFamide antibodies 

have been used extensively.  In addition, the FMRFamide antisera reliably stains RF-

amide containing neurons in not only Aplysia, but also the Nudipleura molluscs, 

Flabellina, Hermissenda, Melibe, Pleurobranchaea and Tritonia (Lillvis et al 2012).  The 

ELH antibody specifically recognizes the active form of ELH, and has been used for 

immunohistochemistry and radioimmunoassay in bag cell neurons in the abdominal 

ganglion (Newcomb et al. 1988; White and Kaczmarek 1997; Wayne et al. 1998b).  
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Figure 5.7:  The response to rapid application of FMRFamide involves a reduction in 
conductance. 
A) Hyperpolarizing, 100-msec pulses delivered at 1 Hz reveal a drop in conductance 
due to pressure ejection of 1 mM acetylcholine and 500 �M FMRFamide into a 
stream of perfused 1 mM acetylcholine. Inset) Expanded view indicating timing of 
the inhibition and conductance change 1) at the peak of the perfused acetylcholine 
current; 2) at the peak of the current reduction as a result of pressure-ejection of 
FMRFamide into the perfusion stream; 3) following cessation and during recovery of 
the FMRFamide-evoked deflection. B) Summary data showing a significantly 
reduced conductance based on the drop in the current to the hyperpolarizing step 
during inhibition by FMRFamide compared to the peak of the perfused 
acetylcholine current (*p<0.05, 2-tailed Wilcoxon matched-pairs signed rank test).
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However, the anti-ChAT is less well characterized in Aplysia, although it has been 

used to successfully label locust, lacewing and barnacle nervous tissue (Rind and 

Leitinger 2000; Lipovsek et al. 2003; Gallus et al. 2006).  Therefore, the standard 

control of pre-absorbing the primary antibody with the antigen was performed.  No 

visible staining was observed when the primary serum was blocked with ChAT 

itself, followed by the same secondary antibody (Fig 5.8C, left).  Finally, no staining 

was observed when any of the primary or the secondary antibodies were applied 

alone (data not shown). 

 PCR using bag cell neuron cDNA as a template for internal amplicons of 

acetylcholinesterase (AchEst) and ChAT, established that both the abdominal 

ganglion and the bag cell neuron cluster express AchEst, i.e. the enzyme that 

breakdowns acetylcholine (Fig. 5.8D).  However, ChAT, i.e., the enzyme that makes 

acetylcholine, is not expressed within the bag cell neuron cluster.  As a control, 

ChAT was detected when the template was cDNA from the abdominal gangion. 

DISCUSSION 

  Inhibition of the afterdischarge in bag cell neuron clusters can be 

accomplished through the classic neurotransmitter, 5-HT, or the peptide, 

FMRFamide (Jennings et al. 1981; Fisher et al. 1993).  The principal findings in the 

present study are: one, a minimal effect of 5-HT on the excitability of cultured bag 

cell neurons, in contrast to its reported impact on the intact cluster (Jennings et al. 

1981); two, a marked decrease in excitability with FMRFamide though a rapid-onset, 

use-dependent block of the cholinergic current - supplementing its G-protein-

activated outward current (Fisher et al. 1993; White and Magoski 2012). 
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Figure 5.8:  Immunohistochemical staining of bag cell neurons for FMRFamide and 
choline acetyltransferase. 
A) Representative 8 �m coronal slice through a bag cell neuron cluster stained for 
egg-laying hormone (ELH) (1:1000 rabbit anti-ELH IgG, followed by 1:200 goat anti-
rabbit IgG-Alexa Fluor 488). Both the bag cell neuron soma and an extensive ring of 
processes in the surrounding neuropil are positive for ELH. B) A similar slice 
stained for FMRFamide indicates immunoreactivity only in the neuropil (1:1000 
rabbit anti-FMRF IgG followed by 1:500 goat anti-rabbit IgG). C, left) Similar to 
FMRFamide, choline acetyltransferase immunoreactivity is only present in the 
neuropil (1:1000 rabbit anti-ChAT IgG followed by 1:500 goat anti-rabbit). Staining is 
absent when the primary is pre-absorbed with ChAT protein (right). D) Gel 
electrophoresis showing PCR products of acetylcholinesterase (AchEst), indicating 
expression in both the bag cell neuron cluster (BCN) and the abdominal ganglion 
(AbG), whereas choline acetyltransferase is only expressed in the abdominal 
ganglion.  The housekeeping gene, GAPDH, is shown as control. 
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Modest effect of 5-HT in culture  

 The involvement of 5-HT has always been enigmatic in that it has been 

shown to increase cAMP levels (Kaczmarek et al. 1978), and exogenously applied 

cAMP analogues clearly increase bag cell neuron excitability (Kaczmarek 

andStrumwasser 1981).  Despite 5-HT hyperpolarizing individual bag cell neurons 

within the cluster, only brief reports on the action of 5-HT in cultured bag cell 

neurons are available: an abstract suggests excitation (Strumwasser et al. 1978) and 

our description of an infrequent outward current to pressure-ejection (White and 

Magoski 2012).  In the present study, bath application of 5-HT to cultured neurons 

never produced a detectible current, although a minor reduction in acetylcholine-

induced depolarization was noted.  Either a factor is lost in the culturing process, or 

perhaps the activity of 5-HT is temperature-dependent, as previously observed for 

inhibition by �-bag cell peptide at low temperatures compared to excitation at 

higher temperatures (Brown et al. 1989; Redman and Berry 1990; Redman and Berry 

1993).  The intact cluster work was performed at 14°C, while cultured neuron 

experiments in many labs have and are performed at room temperature (Rothlin et 

al. 1999; Rothlin et al. 2003).  Bath applied 5-HT also failed to alter the cholinergic 

current in a small number of neurons tested (n=4; 58.5 ± 7.07% remaining current), 

so any reduction in depolarization is likely independent of direct effects on the 

cholinergic current.  This concurs with Trudeau and Castellucci (1995), who found 

that 5-HT does not alter Aplysia motor neuron L7 acetylcholine current. 

Regulation of the cholinergic current by FMRFamide 

In addition to the previously observed reduction in afterdischarge duration 

(Fisher et al. 1993), FMRFamide also appears to directly inhibit the cholinergic 

current - based on the rapid onset, the drop in membrane conductance and the lack 

of effect by GDP-�S.  Any influence by FMRFamide on a cholinergic receptor likely 
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involves some sort of block on the channel, either within the pore itself (e.g., local 

anesthetics, phencyclidine), through competitive inhibition at the ligand-binding site 

(e.g., bungarotoxin, �-conotoxin ImI) (Arias 2000; Ellison et al. 2003) or non-

competitive inhibition at an allosteric site (Stafford et al. 1994; Arias 1996; Stafford et 

al. 1998).  Rare cases of receptor-mediated events independent of G-proteins have 

been noted, and could be a factor (Lu et al. 2009; Swayne et al. 2009).  Furthermore, 

an increasing body of evidence implicates both peptide neurotransmitters (Oka et al. 

1998; Giniatullin et al. 1999; Itoh et al. 2000; Pettit et al. 2001; Di Angelantonio et al. 

2003; Greenfield et al. 2004) and endogenous peptides (Miwa et al. 1999; Ibanez-

Tallon et al. 2002) or potentially having competitive or non-competitive interactions 

with the nicotinic receptor.  

Direct peptidergic interaction with nicotinic receptors 

The possibility of a peptide directly influencing an ionotropic receptor is 

perhaps best illustrated by the example of substance P-mediated receptor 

desensitization of nicotinic receptors on either sympathetic pre-ganglionic neurons 

or chromaffin cells (Clapham and Neher 1984; Role 1984; Margiotta and Berg 1986).  

Co-pressure application of both substance P and acetylcholine reduced the 

desensitization of the acetylcholine current compared to pressure-applied 

acetylcholine alone.  This effect was not present during pretreatment of substance P, 

implying the requirement of an open or active nicotinic receptor.  However, in some 

cases, intracellular messengers were implicated, due to a 200-400 msec delay of 

inhibition after substance P application (Margiotta and Berg 1986) or the response 

disappearing in cell-attached recordings (Simmons et al. 1990).  Complicating 

matters further is the action of substance P at an allosteric site on expressed nicotinic 

receptors � subunits in Xenopus oocytes (Stafford et al. 1994; 1998).  
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Nicotinic receptors are also directly blocked by dynorphins, being �-opioid 

receptor agonists, in PC12 cells.  This was independent of the endogenous opioid 

receptors, given a lack of effect of GDP-�S or the broad-spectrum kinase inhibitor, 

staurosporine (Oka et al. 1998), and is thought to occur through a reduction in 

channel opening without affecting conductance (Itoh et al. 2000).  Interestingly, the 

FMRFamide-related peptides, Met-enkephalin and DAMGO, do not directly block 

the channel in the same cells.  Furthermore, endomorphin A and dynorphin B can 

also block �9-containing nicotinic receptors expressed in oocytes, despite the oocyte 

not expressing endogenous opioid receptors (Lioudyno et al. 2000; 2002). 

Possible mechanisms for direct block of ionotropic receptors 

Despite using an acetylcholine concentration near the top of the bag cell 

neuron dose-response curve (White and Magoski 2012), there still is an effect of 

FMRFamide.  This contrasts with the rapid block by CGRP in chromaffin cells, 

which was diminished at higher doses of nicotine (Giniatullin et al. 1999).  

Competitive antagonism by peptides is not altogether unusual; for example, the 

well-known exogenous antagonists, �-bungarotoxin (Changeux et al. 1970) or �-

conotoxin ImI (Arias and Blanton 2000) competitively inhibit the binding of many 

nicotinic receptors.  In these cases, either toxin would serve an evolutionary role by 

permitting the exploitation of a neurotransmitter pathway to immobilize prey.  It 

would be unusual for an endogenous neuropeptide to exploit the same binding site.  

However, there are endogenous proteins from the lymphocyte antigen 6 (Ly-6) 

superfamily with homology to �-bungarotoxin that competitively (Chernyavsky et 

al. 2009, 2010) and non-competitively regulate the activity of nicotinic receptors 

(Miwa et al. 1999, 2006; Chimienti et al. 2003; Morishita et al. 2010; Fu et al. 2012). 

Based on a lack of ChAT within the bag cell neurons and FMRFamide 

immunofluorescent staining only within the connective sheath and surrounding 
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varicosities but not in the soma (Schaefer et al. 1985; Fisher et al. 1993), we are 

confident that the bag cell neurons do not release either acetylcholine or 

FMRFamide.  While both transmitters could theoretically come from the same pre-

synaptic source, as is the case in leech motor neurons innervating the heart (Li and 

Calabrese 1987), it would be unusual for co-release of excitatory and inhibitory 

peptides.  The parsimonious explanation for the origin of FMRFamide is from 

neurons innervating the bag cell neuron cluster. 

Functional significance of FMRFamide-dependent reduction in cholinergic current 

FMRFamide regulation of the cholinergic current could control the 

responsiveness of bag cell neurons, most likely through an alternative pre-synaptic 

neuron, and not through co-transmission. For example, it could be released from a 

distinct neuron during intense cholinergic activity, in an attempt to stop the 

initiation of an afterdischarge.  In addition, it could provide tonic inhibition to the 

cholinergic current, and act as a low pass filter to prevent aberrant initiation.  Finally 

it could mediate the initial refractory period subsequent to afterdischarge 

termination, where the action of acetylcholine is reduced (White and Magoski 2012). 

Direct peptidergic modulation of nicotinic receptors has been implicated in 

neuropathology of other systems.  Block of the hippocampal nicotinic receptor by �-

amyloid peptide is through a direct action at the ligand-binding domain (Wang et al. 

2000c; d).  This resulting loss of cholinergic transmission is implicated in Alzheimer’s 

disease (Buckingham et al. 2009).  Thus, uncovering possible functional roles of 

nicotinic channel block by peptides such as FMRFamide or the �-bungarotoxin-like 

Ly6-group, may further the understanding of disease-related states where nicotinic 

receptor dysfunction is implicated.  
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Chapter 6: NICOTINE INHIBITS POTASSIUM CURRENTS IN 
APLYSIA BAG CELL NEURONS 

ABSTRACT 

Acetylcholine and its canonical agonist, nicotine, are typically associated with the 

opening of ionotropic receptors.  In the bag cell neurons of Aplysia, there are two, 

distinct cholinergic currents: a large acetylcholine-induced current and a smaller 

current activated by nicotine.  Both currents involve the opening of an ionotropic 

receptor at resting membrane potentials.  We now report a third inward current 

following nicotine application, which develops at depolarized potentials and is 

associated with channel closing.  It was neither mimicked by acetylcholine, nor 

blocked by classic nicotinic antagonists, although could be inhibited by the 5HT3 

receptor antagonist, MDL-72222, which also acts as a competitive antagonist at 

�9/10 heteromeric nicotinic receptors.  Implicated in this depolarized nicotine-

current was the inhibition of a number of K+ channels, including those responsible 

for the fast inactivating A-type current and both components of the delayed rectifier 

current.  Although the effect of MDL-72222 suggested a receptor-mediated event a 

lack of sensitivity to GDP-�S and the rapidity of the response onset (<100 msec), was 

consistent with direct nicotine-induced K+ channel inhibition.  In addition, nicotine 

delivery increased the excitability of bag cell neurons through a reduced action 

potential threshold and an enhanced ability for continuous firing.  With at least 16 

possible nicotinic subunits confirmed in Aplysia bag cell neurons, including many 

with unusual ligand binding domains, the possibility of a non-canonical nicotinic 

receptor is enticing.  Overall, either through a unique receptor-mediated pathway or 

K+ channel inhibition, nicotine is capable of rapidly altering neuronal 

responsiveness.  
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INTRODUCTION 

 A primary determinant of neuronal excitability is the impact of K+ leak 

channels on the resting membrane potential (Mathie et al. 2010) or the ability of 

voltage-gated K+ channels to alter action potential dynamics (Johnston et al. 2010).  

Well-known examples of this include serotonin (5-HT) metabotropically-gating the 

S-type K+ channel in Aplysia sensory neurons (Shuster et al. 1985; Shuster and 

Siegelbaum 1987) or acetylcholine acting on the M-type channel in dorsal root 

ganglion neurons (Koyano et al. 1992).  Of particular interest is the role K+ currents 

play in the transition of previously silent neurons to a state of persistent firing, often 

accomplished through a reduction in K+ channel activity.  This transition can 

manifest as a region of negative-slope resistance in the current/voltage (I/V) curve 

of bursting neurons (Wilson and Wachtel 1974; Wilson et al. 1996; Derjean et al. 2005).  

This phenomenon arises from either activation of a slow-onset inward current or a 

reduction in outward current.  Here, we report that block of an outward current can 

produce negative slope in molluscan neuroendocrine cells. This inward current 

appears at depolarized potentials and is produced by nicotine inhibiting multiple K+ 

currents.   

Rostral to the abdominal ganglia of the marine snail, Aplysia californica, are 

the bag cell neurons, a group of neuroendocrine cells that initiate reproductive 

behaviours through the release of egg-laying hormone.  Hormone release follows a 

shift from a quiescent state to one of continuous firing for ~30 min (Strumwasser et 

al. 1980).  The initiating factor responsible for the afterdischarge is brief cholinergic 

afferent input, and can be mimicked by exogenous acetylcholine application 

(Kupfermann and Kandel 1970; Kaczmarek et al. 1978; Ferguson et al. 1989; White 

and Magoski 2012).  Juvenile animals fail to undergo continuous firing 

representative of the afterdischarge, partly due to increased K+ currents (Nick et al. 
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1996b).  In contrast, reducing the overall K+ current through block with 

tetraethylammonium (TEA) can induce an afterdischarge (Nick et al. 1996a) or 

increase the likelihood of occurrence (Kaczmarek et al. 1982).  There are at least 5 

voltage-gated K+ currents in the bag cell neurons:  a fast-activating, fast-inactivating 

A-type current requiring a hyperpolarizing pre-pulse for activation, two delayed-

rectifier currents, one of which is non-inactivating (Strong and Kaczmarek 1986), as 

well as Ca2+-activated (Zhang et al. 2002) and Na+-activated (Zhang et al. 2012) K+ 

currents. 

In Aplysia, there are 20 known individual genes for nicotinic receptor 

subunits, with the mRNA for at least 12 in the bag cell neurons themselves.  

Physiologically, two distinct inward currents are present: one activated solely by 

acetylcholine and one solely by nicotine (see Chapter 3).  However, we now 

demonstrate a third inward current produced by a nicotinic-mediated K+ channel 

block.  The atypical nicotinic currents we observe in Aplysia may correspond to 

phylogenetically ancient receptor subtypes, similar to the �9 or 10 nicotinic subunits, 

and suggests the possibility of novel cys-loop receptors.  Alternatively, nicotine may 

act as a true K+ channel blocker, as observed in a small number of other systems 

(Wang et al. 2000a, b; Hanna et al. 2006).  Regardless of the underlying mechanism, 

increased excitability due to nicotine has implications for both chronic nicotine 

activation and non-canonical cholinergic pathways. 

MATERIALS AND METHODS 

Animals and cell culture  

 Adult Aplysia californica weighing 150-500 g were obtained from Marinus Inc. 

(Long Beach, CA, USA) and housed in an ~300-l aquarium containing continuously 

circulating, aerated artificial sea water (Instant Ocean; Aquarium Systems, Mentor, 
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OH, USA or Sea Chem; Madison, GA, USA) at 15ºC on a 12/12 hr light/dark cycle 

and fed Romaine lettuce 5 times a week. 

 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 with neutral protease (13.33 mg/ml; 

165859; 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 N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid (HEPES), 1 

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

NaOH) for 18 hr at 20-22ºC.  The ganglion was then transferred to fresh tcASW for 1 

hr, after which the bag cell neuron clusters were dissected from their surrounding 

connective tissue, and using a fire-polished Pasteur pipette and gentle trituration, 

neurons were dispersed in tcASW onto 35 x 10 mm polystyrene tissue culture dishes 

(430165; Corning, Corning, NY, USA or 353001; Falcon Becton-Dickinson, Franklin 

Lakes, NJ, USA).  Cultures were maintained in tcASW in a 14ºC incubator and used 

for experimentation within 1-3 d, with data collected at room temperature (20-22°C). 

Salts were obtained from Fisher Scientific (Ottawa, ON, Canada), ICN (Aurora, OH, 

USA), or Sigma-Aldrich (St. Louis, MO, USA). 

Whole-cell, voltage-clamp recording  

Voltage-clamp recordings from cultured bag cell neurons were made using 

an EPC-8 amplifier (HEKA Electronics; Mahone Bay, NS, Canada) and the tight-seal, 

whole-cell method.  Microelectrodes were pulled from 1.5 mm external, 1.2 mm 

internal diameter borosilicate glass capillaries (TW150F-4; World Precision 

Instruments; Sarasota, FL, USA) and had a resistance of 1-2 M� when fire-polished 

and filled with standard intracellular saline (see below).  Before seal formation, 

pipette junction potentials were nulled.  After seal formation, the pipette capacitive 
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current was cancelled and, following break through, the whole-cell capacitive 

current was cancelled, while the series-resistance (3-5 M�) was compensated to 80% 

and monitored throughout the experiment.  Data was acquired using the Clampex 

acquisition program of pCLAMP (version 10.0; Molecular Devices; Sunnyvale, CA, 

USA) and a Digidata 1322A analogue-to-digital converter (Molecular Devices).  

Current was filtered at 1 KHz with the EPC-8 Bessel filter and sampled at 2 KHz 

using an IBM-compatible personal computer. 

Most recordings were made in normal artificial seawater (nASW; 

composition per tcASW but lacking the glucose and antibiotics) with standard 

intracellular saline (composition in mM: 500 K-aspartate, 70 KCl, 1.25 MgCl2, 10 

HEPES, 11 glucose, 10 glutathione, 5 EGTA, 5 adenosine 5�-triphosphate disodium 

salt hydrate (A3377; Sigma-Aldrich), and 0.1 guanosine 5�-triphosphate sodium salt 

hydrate (GTP) (G8877; Sigma-Aldrich); pH 7.3 with KOH) within the recording 

pipette.  In some instances, the K+ was replaced with Cs+, or the GTP replaced with 

10 mM guanosine 5�-[�-thio]diphosphate trilithium salt (GDP-�-S) (G7637; Sigma-

Aldrich).  For isolation of K+ currents, Na+ was replaced by equimolar N-methyl-D-

glucamine (NMDG+) and Ca2+ replaced by Mg2+ giving Na+-free/Ca2+-free ASW 

(sfcfASW) Online leak subtraction was performed using a P/4 protocol with 

subpulses of opposite polarity at one-quarter the magnitude each voltage step.  The 

interpulse interval was 500 msec, and occurred 100 msec prior to each voltage step.  

The free intracellular Ca2+ concentration was set at 300 nM by adding the 

appropriate amount of CaCl2, as calculated by WebMaxC 

(http://www.stanford.edu/~cpatton/webmaxcS.htm).  A junction potential of 15 

mV was calculated for the intracellular saline vs. nASW, and 23 mV for the 

intracellular saline vs. sfcfASW, both were compensated for by subtraction off-line. 
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Sharp-electrode, current-clamp recording 

Current-clamp recordings were made in nASW from cultured bag cell 

neurons using an AxoClamp 2B amplifier (Molecular Devices) and the sharp-

electrode, bridge-balanced method.  Microelectrodes were pulled from 1.2 mm 

external, 0.9 mm internal diameter borosilicate glass capillaries (TW120F-4; World 

Precision Instruments) and had a resistance of 5-20 M� when filled with 2 M K+-

acetate plus 10 mM HEPES and 100 mM KCl (pH 7.3 with KOH).  Current was 

delivered with either Clampex or a S88 stimulator (Grass; Astro-Med; Longueuil, 

QC, Canada), while voltage was filtered at 3 KHz, using the Axoclamp Bessel filter, 

and sampled at 2 KHz.  

Drug application and reagents  

 The culture dish served as the bath, with transmitters and drugs applied 

using either single-cell microperfusion or pressure-ejection.  The perfusion system 

consisted of a micromanipulator-controlled square-barreled glass pipette (~500 µm 

bore) positioned 300-500 µm from the soma and connected by a stopcock manifold to 

a series of gravity-driven reservoirs. This provided a constant flow (~0.5-1 ml/min) 

of control extracellular saline over the neuron, which was switched to agonist-

containing saline for a specific amount of time by activating the appropriate 

stopcock.  To observe possible voltage-dependent effects, a brief ramp from either -

90 or -60 mV to 0 mV was delivered by Clampex during the peak of the nicotine 

perfusion, the resulting current was subtracted from the current evoked by the same 

ramp applied ~1 min prior to nicotine exposure.  Additional experiments involved 

pressure ejection of nicotine from an unpolished patch pipette (1-2 µm bore) for 2-sec 

at 75-150 KPa using a PMI-100 pressure micro-injector (Dagan; Minneapolis, MN, 

USA).  As was previously undertaken with bag cell neurons by Fisher et al. (1993) 

and ourselves (White and Magoski 2012), no perfusion was employed during the 
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pressure application protocol; however, the pipette was removed from the bath 

immediately after each ejection to minimize leakage and possible desensitization. 

Drugs were made up as stock solutions in water, frozen at -20°C, then diluted 

down to a working concentration in the extracellular or intracellular saline as 

needed: nicotine (N0257; Sigma-Aldrich), mecamylamine hydrochloride (M9020; 

Sigma-Aldrich), �-conotoxin ImI (3119; Tocris Bioscience, UK), hexamethonium 

bromide (H2138; Sigma-Aldrich), tropanyl 3,5-dichlorobenzoate (MDL-72222) (0640; 

Tocris Bioscience, UK), (±)-epibatidine dihydrochloride hydrate (E1145; Sigma-

Aldrich).  

Analysis 

 The Clampfit analysis program of pCLAMP was used to determine the 

amplitude and time course of changes to membrane potential or holding current 

evoked by nicotine under current- or voltage-clamp.  For changes to steady-state 

voltage or current, after at least 1 min of baseline, two cursors were placed 

immediately prior to the current or voltage change, while an additional two cursors 

were similarly positioned at the peak response (see Results for details). Clampfit 

then calculated the average current or voltage between the paired cursors.  The 

maximal amplitude of the response was taken as the difference between these 

average baseline and peak values.  Where indicated, current was normalized to cell 

size by dividing by the whole-cell capacitance (as determined by the EPC-8 slow 

capacitance compensation circuitry).  For display only, most current traces were 

filtered off-line to between 20 and 80 Hz using the Clampfit Gaussian filter.  The 

slow nature of the responses ensured that this second filtering brought about no 

change in amplitude or kinetics. Conductance was derived using Ohm's law 

(G=I/V) from the current during a 1 sec step from 0 mV to -10 mV.  In cases where 

nicotine was applied twice, the subsequent application occurred after a ~10-min 



 

 

168 

interval, and any change with the peak current was quantified by expressing the 

second response as a percentage of the first.  Dose-response curves were fitted with 

the Hill slope equation (Y=Bmax*X^h/(Kd^h + X^h) from Graphpad Prism (version 

6; GraphPad Software Inc.; La Jolla, CA, USA), with the Hill slope (h) serving as the 

stated Hill value, and the IC50 taken from the Kd value.  Fast and slow time constants 

(�fast and �slow) were determined by fitting tail currents with a two term standard 

exponential function and Chebyshev fitting method.  

∫ (t) = Afast𝑒𝑒 /  + Aslow𝑒𝑒 /  + C 

AFast and ASlow are the proportions of current inactivating with the time-constants fast 

and slow, and C is the non-inactivating component of the current at steady state.  

 Data are presented as mean ± standard error of the mean.  Statistical analysis 

was performed using Prism.  The Kolmogorov-Smirnov method was used to test 

data sets for normality.  To test whether the mean differed between two groups, 

either Student's unpaired t-test (for normally distributed data) with the Welch 

correction as necessary (for unequal standard deviations) or the Mann-Whitney U-

test (for not normally distributed data) was used.  Comparing more than two means 

involved a one-way analysis of variance (ANOVA), followed by Bartlett’s test for 

equal variances and Dunnett’s multiple comparison post-test.  Means were 

considered significantly different if the 1- or 2-tailed p-value was <0.05. 

RESULTS 

While characterizing the nicotine-induced current, we consistently noticed a 

voltage-dependent current that appeared at ~-40 mV and increased in magnitude 

with depolarization.  This inward current was similar to the inverted U-shaped 

current-voltage relationship of nicotine in dorsal unpaired median cells (DUM) of 

the cockroach, Periplanta americana (Courjaret and Lapied 2001; Courjaret et al. 2003).  

These authors attributed this effect to a non-classical nicotinic receptor that closed 
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upon agonist binding.  Thus, we sought to determine if the depolarized current in 

the presence of nicotine was receptor-mediated or as reported in the rat heart (Wang 

et al. 2000a, b), due to direct inhibition by nicotine of K+ channels.  

Cultured bag cell neurons were whole-cell voltage-clamped in nASW and 

dialyzed for at least 5 min with standard K+-based intracellular solution. To initially 

examine if membrane current changed during nicotine perfusion, consecutive 10-sec 

ramps, separated by 2 min, were applied from -90 mV to +20 mV.  As expected, no 

inward current was evident after subtraction of the two ramp currents in control 

conditions (Fig. 6.1A, black), with only the appearance of a slight outward current 

due to known use-dependent inactivation of K+ currents (Strong and Kaczmarek 

1986).  However, under continued perfusion of 3 mM nicotine on the same neuron, 

we observed a voltage-dependent inward current (Fig. 6.1A grey).  Comparing 

similar regions within the subtraction current (corresponding to between -5 and 0 

mV), nicotine evoked a significantly larger peak voltage-dependent current of ~-450 

pA compared to the ~+50 pA outward current in the control ramp (n=8) (Fig. 6.1B).  

A concentration-dependent, nicotine-induced inward current at depolarized 
potentials 

 Our earlier work found that nicotine evokes an ionotropic inward current at -

60 mV with a reversal potential ~25 mV (see Chapter 2 and 3).  Since this potential 

overlaps with the development of the voltage-dependent current at ~-30 mV, we 

held neurons at -10 mV to isolate as much as possible the depolarized current.  To 

generate a dose-response curve, we perfused nicotine at concentrations ranging from 

0.3 mM to 30 mM, for 30-sec each, with 10-min intervals between applications.  The 

response was repeatable and up to 3 concentrations were used per neuron, with the 

neuron held at -60 mV during the recovery interval.  Example traces of 0.3 mM, 1 

mM, 3 mM and 10 mM nicotine are shown in Figure 6.2A.  The resulting dose- 
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Figure 6.1:  Nicotine perfusion generates a voltage-dependent current. 
A) Subtracted current traces taken 2 min apart under voltage-clamp during a 10-sec 
ramp from -90 to +20 mV. In control conditions, prior to the addition of nicotine, a 
small outward current appeared, likely due to rundown of the outward K+ current in 
the second ramp. However, subtracted currents taken at the peak of the nicotine 
response revealed a larger inward current developing at ~-40 mV and peaking 
around 0 mV. B) Summary data shows a significantly greater peak voltage-
dependent current during nicotine application compared to a similar time frame in 
the same cell prior to agonist application (*p<0.01, 2-tailed paired Student’s t-test).  
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response curve gave a Hill value of 0.41, indicating either minimal cooperativity or 

true negative cooperativity, and an EC50 of 2.27 mM (Fig. 6.2B).  Based on these 

values and the shape of the dose-response curve, it appears that the current 

generated at -10 mV fails to involve the same receptor as the nicotine-induced 

current at resting membrane potentials, which is very cooperative (Hill = 2.4) and 

has a left-shifted EC50 (240 �M) (see Chapter 3).  To test the change in conductance at 

depolarized potentials, bag cell neurons were held at 0 mV and a 1-sec step to -10 

mV was applied (Fig. 6.2C bottom).  The hyperpolarizing step, applied 2-min prior to 

the introduction of nicotine, produced an inward current with a magnitude close to 

1 nA (Fig. 6.2C middle).  Using a concentration of nicotine near the EC50 (3 mM), and 

delivering the voltage step at the peak of the nicotine-induce depolarized-current, 

produced an inward current that was reduced by about half (Fig. 6.2C top).  Thus, 

the average conductance in the presence of nicotine was ~27 nS, and significantly 

smaller than the ~35 nS under control conditions (Fig. 6.2D).  This indicated that the 

depolarized nicotine-current at -10 mV was due to a channel closure, as opposed to 

the channel opening produced by nicotine at -60 mV (see Chapter 3).  

The depolarized current is dependent on K+ 

  During ascending voltage steps between -10 to +60 mV, repeated 2-sec 

pressure-applications of nicotine revealed a current progressively increasing in 

magnitude (data not shown).  An increase in inward current with positive-going 

potentials is likely to involve K+ channel block.  Thus, we replaced K+ in the 

recording pipette with Cs+ and observed a ~10 fold reduction in the peak voltage-

dependent current during a similar -90 to +20 mV 10-sec ramp in the presence of 

nicotine (52.5 pA for Cs+, n=18, not shown vs. 442 pA, n=8, from K+, Fig 6.1B).  To 

confirm the K+-dependence of the depolarized current, we dialyzed the experimental 

group with the same Cs+-based recording solution.  Under continuous perfusion of 3 
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Figure 6.2:  Current responses to nicotine application in cultured bag cell neurons. 
A) Whole-cell voltage-clamp recordings in nASW with K+-based internal solution at 
a holding potential of -10 mV. Current induced by 30-sec microperfusion of 0.3 mM, 
1 mM, 3 mM or 10 mM nicotine (Nic). B) The dose-response curve for the 
depolarized nicotine current has an EC50 of 2.27 mM with little cooperativity, based 
on a Hill coefficient of 0.41. C) 10 mV hyperpolarizing step protocol from 0 mV to -10 
mV to test membrane conductance (lower). In control conditions, prior to the 
addition of 3 mM nicotine, subtraction currents reveal a current of ~800 pA (middle). 
Subtraction currents taken at the peak of the nicotine response, however, 
demonstrate a reduction in the current and hence, conductance (upper). D) The 
conductance, calculated from a variation of Ohm’s Law (G=I/V), is significantly 
reduced during nicotine application compared to control (*p<0.05, 2-tailed paired 
Student’s t-test). 
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mM nicotine, the current failed to desensitize during the 1-min application when 

using the K+-based internal (Fig. 6.3A top).  However, inclusion of Cs+ in the pipette, 

either reduced the current entirely or resulted in a small inward current (Fig. 6.3A 

bottom), giving an overall peak current, normalized to cell capacitance, of only ~0.1 

pA/pF (n=12).  This was significantly smaller than ~0.7 pA/pF with K+ dialysis 

(n=10) (Fig. 6.3B).   

The depolarized nicotine-current is not dependent on G-proteins 

 We also explored the possibility that the depolarized nicotine-current is due 

to metabotropic coupling to a channel (s).  While this would be unusual, a few 

instances in the literature exist that blur the line between metabotropic and 

ionotropic receptors.  Nicotine can initiate phosphaditylinositol breakdown in 

mouse myotubes and frog melanotrophs (Grassi et al. 1993; Garnier et al. 1994) and is 

coupled to a slowly inactivating K+ current in striatal neurons (Hamon et al. 1997).  

We dialysed cultured bag cell neurons for 30 min with standard internal solution 

plus 10 mM GDP-�S, a non-hydrolysable form of GDP (Eckstein et al. 1979), which 

replaced the 0.1 mM GTP in control.  We previously showed this concentration and 

time course was sufficient to eliminate the FMRFamide-induced outward current in 

bag cell neurons (White and Magoski 2012).  FMRFamide is a known metabotropic 

agonist in molluscs (Piomelli et al. 1987a, b; Brezina et al. 1987).   

 Intracellular dialysis of GDP-�S did not alter the current to pressure-applied 

nicotine (3 mM) at -10 mV (Fig 6.3C, bottom) when compared to parallel controls 

dialyzed with GTP (Fig 6.3C, top).  Summary data indicated no significant decrease 

in the nicotine-induced current with GDP-�S in the pipette (n=5) compared to GTP 

(n=6) (Fig 6.3D).  This mirrors the lack of effect by GDP-�S on the both the 

acetylcholine current (White and Magoski 2012) and classic nicotine current at -60 

mV (see Chapter 3). 
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Figure 6.3:  The nicotine current at depolarized potentials is not dependent on G-
proteins and is lost with Cs+ dialysis. 
A, top) Whole-cell current induced by a 1-min perfusion of nicotine (3 mM) in a 
cultured bag cell neuron held at -10 mV in nASW with standard K+-based internal 
solution. Bottom) In a different neuron, following dialysis with a Cs+-based internal 
solution to block K+ channels, the nicotine response is almost completely reduced. B) 
Summary data indicating a significantly reduced peak current induced by nicotine 
when K+ is replaced by Cs+ in the recording pipette (*p>0.01, 2-tailed unpaired 
Student’s t-test, Welch corrected). C) Pressure-application of 3 mM nicotine induces 
an inward current at a holding potential of -10 mV 30-min dialysis with standard K+-
based internal solution containing 0.1 mM GTP (top). This is similar to a separate 
neuron dialyzed for 30 min with the same internal solution, except for 10 mM GDP-
�S replacing GTP (bottom). D) The peak current density induced by nicotine with a 
GDP-�S containing internal solution is not significantly different compared to 
control (2-tailed Mann-Whitney U-test). 
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Pharmacology of the depolarized nicotinic-current 

 To distinguish the channel-closing current at depolarized potentials from the 

channel-opening current at resting potentials, we applied the classic nicotinic 

antagonists mecamylamine (Stone et al. 1956; Ascher et al. 1979), hexamethonium 

(Kehoe 1972; Ascher et al. 1978) and �-conotoxin ImI (McIntosh et al. 1994; Ellison et 

al. 2003).  Due to the longer time to reach the peak of the depolarized current, we 

delivered a pair of 10-sec nicotine (3 mM) pressure applications (see Methods), 

separated by a minimum of 10 min.  Antagonists were introduced directly into the 

bath after the first nicotine application, at a potential of -60 mV, and the relative 

effectiveness determined by comparing the peak of the first vs. the second response 

at -10 mV, expressed as a percentage.  Under control conditions, without the 

addition of any antagonist to the bath, the second ejection of nicotine at -10 mV 

evoked a response that was essentially equal to the first at -10 mV (n=10) (Fig. 6.4A, 

D).  Mecamylamine, which partially blocks the nicotine current at -60 mV (see 

Chapter 3), failed to block the depolarized current and resulted in a similar percent 

remaining current as control conditions (n=5) (Fig. 6.4B, D).  Similarly, �-conotoxin 

ImI (1 �M) (n=7) and hexamethonium (100 �M) (n=6) also failed to alter the second 

nicotine current at depolarized potentials.  We next tested the 5HT3-receptor blocker, 

MDL-72222, that is known to antagonize �9/10 heteromeric receptors expressed in 

oocytes (Rothlin et al. 2003).  The phylogenetically ancient �9 and 10 nicotinic 

subunits bind similar ligands as both GABA and serotonin (5-HT) cys-loop receptors 

(Rothlin et al. 1999), as well being homologous to many nicotinic subunits in bag cell 

neurons (see Chapter 3).  In this case, MDL-72222 significantly blocked the nicotine-

induced depolarized current compared to control (Fig. 6.4C, D).  Although in the 

presence of MDL-72222, nicotine occasionally produced an outward current at -10 

mV, this did not lead to a data set significantly different from zero. 
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Figure 6.4:  Antagonist profile for the depolarized nicotine-current. 
A, top) Following an initial 10-sec pressure-application of nicotine (3 mM) at -10 mV, 
the current evoked by a second application, 10 min later (bottom), is similar. This 
allows antagonist treatment to be compared to the initial application. B) Bath 
application of the nicotinic receptor blocker, mecamylamine (100 µM) does not alter 
the second nicotine-induced current. C) In a separate neuron, introduction of MDL-
72222 (100 µM) after the first nicotine response reduces the second current. D) 
Summary data showing the percent of remaining current between the second and 
first nicotine applications. None of the classic nicotinic receptor blockers 
significantly reduce the magnitude of the depolarized nicotine current; however, 
there is significantly less residual current in the presence of the cys-loop receptor 
blocker, MDL-72222 (*p<0.001, one way ANOVA, Dunnett’s multiple comparisons 
post test).  Despite a trend of an increase in the depolarized current with �-conotoxin 
ImI and hexamethonium, this was not significant.  

 
 

 
 

B

C Nic

MDL-72222 (100 µM)

HP

-10 mV

10 sec

200 pA

10 sec

30 pA

Nic

mecamylamine (100 µM)

20 sec

200 pA 
 

 

 

A

10 sec

60 pA

Nic

10 5 7 6

D

co
n
tr
o
l

m
e
c

Im
I

h
e
x

M
D
L
-7

2
2
2
2-50

0

50

100

150

*
7 665

re
m

a
in

in
g
 p

e
a
k
 N

ic
 c

u
rr

e
n
t 
(%

)

 
 

 
 

nd

2  application 

st

1  application



 

 

177 

Short-term nicotine treatment blocks potassium currents 

 Thus far, our observations suggest that nicotine inhibits a steady-state K+ 

current.  We next examined if something similar occurs with the fast inactivating A-

current and the delayed rectifier K+ current.  To isolate K+ currents, we replaced the 

Na+ and Ca2+ with NMDG+ and Mg2+, respectively, while using the standard 

intracellular solution with 300 nM Ca2+.  This Na+-free, Ca2+-free artificial seawater 

(sfcfASW) has been used by our lab and others to isolated K+ currents in cultured 

bag cell neurons (Zhang et al. 2002; Hung and Magoski 2007).  By altering the 

holding potential between depolarizing voltage steps, we separated the delayed-

rectifier K+ currents (𝐼𝐼  and 𝐼𝐼 ) that activate from resting potential, and the fast-

inactivating A-current (IA), which requires de-inactivating hyperpolarization from 

resting potential to be activated (Strong 1984; Strong and Kaczmarek 1986; Nick et al. 

1996b).  To isolate IA, neurons were voltage-clamped at a holding potential of -90 

mV, followed by 500 msec voltage steps to -80, -60, -40 and -20 mV (Fig. 6.5A, 

bottom).  To record IK (combined 𝐼𝐼  and 𝐼𝐼 ), the holding potential was changed to -

60 mV and stepped to -40, -20, 0, +20 and +40 mV for 200 msec (Fig. 6.5B, bottom).   

 For both currents, prior to each step, a P/4 protocol was used to subtract leak 

currents (see Materials and Methods).  When possible, the same neuron was used to 

examine IK and IA, as well as to isolate tail currents (see Fig. 6.6).  Due to poor 

recovery from the P/4 protocol for IA leak subtracting, this current was tested last.  

In control neurons, the A-current developed rapidly, beginning at -60 mV, 

then rapidly inactivated to baseline during the pulse (Fig. 6.5A, top).  Steps to -40 and 

-20 mV also activated current in a similar manner; however, a current was still 

evident at the end of those 500 msec steps.  When nicotine (10 mM) was given for at 

least 10 min prior to recording, both peak and steady-state IA was reduced (Fig. 6.5A, 

middle).  When normalized to cell capacitance, the peak current density was 
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significantly less in the presence of nicotine (n=11) at both resting membrane 

potential (-60 mV) and moderately depolarized states (-40 and -20 mV) when 

compared to controls (n=11) Fig. 6.5C).  The blocking effect of nicotine appeared 

voltage-dependent, based on a four-fold reduction at -20 compared to a two-fold 

reduction at -40 mV (Fig. 6.5C). 

A similar reduction in peak current magnitude with nicotine exposure 

occurred during the voltage protocol used to elicit IK.  In control conditions, from a 

holding potential of -60 mV, very little current is evident without substantial 

depolarization, i.e. even at -20 mV the current is ~10-fold less than IA and takes 

longer to reach a peak.  However, current activation and magnitude was accelerated 

at progressively greater step depolarizations (Fig. 6.5B top).  By the end of the 200-

msec step, much of the sustained current was still present.  Compared to control 

(n=11), nicotine treatment reduced both the peak and sustained responses (Fig. 6.5B 

middle); in particular, the peak current density was significantly less at physiological 

voltages seen during an action potential (i.e., -20, 0, 20 and 40 mV) (n=12) (Fig. 6.5B, 

D).  Contrary to the effect of nicotine on the A-current, the delayed rectifier block 

was not voltage-dependent.  

We attempted to separate the two components of the delayed rectifier K+ 

currents into rapidly inactivating and sustained components by fitting the tail-

current with inactivation time constants as per Strong and Kaczmarek (1986).  From 

a holding potential of -50 mV, 5 consecutive pulses to +30 mV for 100 msec were 

delivered, with the inter-step interval incorporating the P/4 leak subtraction 

protocol (Fig. 6.6A, bottom).  The 5 currents were averaged, and the resulting tail 

current following repolarization to -50 mV fitted with an exponential decay with two 

time constants (�slow, representing the sustained component of the delayed rectifier 

K+ current and �fast representing the rapidly desensitizing component).  The average 
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Figure 6.5:  Nicotine reduces both the delayed rectifier and A-type K+ current. 
K+ currents were studied by replacing the Na+ and Ca2+ in the extracellular medium 
with equimolar NMDG+ and Mg2+, respectively. A) From a holding potential of -90 
mV, 500-msec steps to -80, -60, -40 and -20 mV (bottom) elicited a fast inactivating 
current from -60 mV (upper). The current does not fully inactivate at the end of the 
step. After 10 min in nicotine (10 mM), the current is reduced by ~50% at -60 mV, 
and by ~75% at -20 mV (middle). B) To test the delayed rectifier current, a protocol 
with 200 msec voltage steps to –40, -20, 0, +20 and +40 mV, from a holding potential 
of -60 mV, is used (bottom). Nicotine also reduces the delayed rectifier current 
(middle), beginning at the -20 mV step, by about half (upper). C) Nicotine treatment 
significantly reduces IA at -60 mV, -40 mV (both *p<0.05, 2-tailed Mann-Whitney U-
test) and -20 mV (*p<0.001, 2-tailed unpaired Student’s t-test, Welch corrected). D) 
Nicotine also significantly reduces the delayed rectifier current at -20 mV (*p<0.01, 2-
tailed unpaired Student’s t-test, Welch corrected), 0 mV, +20 mV (both *p<0.001, 2-
tailed Mann-Whitney U-test) and +40 mV (*p<0.001, 2-tailed unpaired Student’s t-
test). 
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current produced under control conditions is displayed in Fig. 6.6A (top) with the 

approximate locations of the two time constants.  The average fast inactivation time 

constant was ~1 msec, with the average slow component about 10 fold less (Fig. 

6.6B).  When nicotine was included in the bath, the average peak response was down 

by about two-fold (Fig. 6.6A, middle), yet both the fast and the slow time constants 

were not different from control (Fig. 6.6B). 

Nicotine K+ channel block is reversible 

 To test if the inhibition by nicotine on either IA or IK was reversible, we 

perfused nicotine (10 mM) for 30 sec and compared the K+ current before, during 

and after nicotine wash.  We stepped only to one voltage, with 10-min recovery 

periods (at -60 mV), to minimize use-dependent inactivation.  Prior to the addition of 

nicotine, a single step to -40 mV from -90 mV produced typical IA, which was 

reduced upon nicotine perfusion and recovered following the 10 min wash (Fig. 

6.7A).  Nicotine reduced the overall peak current density in the seven neurons tested 

by ~75%, with the wash returning current to control levels (Fig. 6.7C).  To assess the 

effect of nicotine on IK current, we again used 10-min rest periods at -60mV, but 

evoked current with 200 msec steps to +30 mV from a holding potential of -60 mV 

(Fig. 6.7B, bottom).  In a similar manner to IA, brief nicotine perfusion reduced the 

delayed rectifier current density by around two-thirds, which fully recovered after 

the 10-min washout (Fig. 6.7B, D).  

Rapid onset of nicotine block  

 The onset of the depolarized nicotine current appeared to be > 1 sec; thus, we 

more accurately tested the speed of the nicotine block using the delayed rectifier 

current.  We pressure applied nicotine (10 mM) during a step protocol designed to 

repeatedly activate the combined delayed rectifier current.  Over a period of 20 sec, 

200 sequential, 100-msec voltage steps from -50 mV to +30 mV (not leak subtracted) 
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Figure 6.6:  Nicotine fails to distinguish between delayed rectifier subtypes. 
A) Immediately following a single 200 msec step protocol from a holding potential of 
-50 mV to +30 mV (bottom), a fast and a slow inactivating component of the delayed 
rectifier currents is apparent in the tail current. Fitting the tail current with a double 
exponential separates the fast and slow time constants. In control, the displayed 
current reflects an average of 5 steps (top), with the approximate placement of �fast, 
the fast inactivating component and the persistent, non-inactivating component, 
�slow, of IK. After 10 min in nicotine (middle), the magnitude of the response is visibly 
reduced, although the tail current is similar to control. B) Despite a reduced 
magnitude, the summary data indicate no significant difference between either the 
fast (�fast) or slow (�slow) time constants when exposed to nicotine compared to 
control (both unpaired Student’s t-test). 
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Figure 6.7:  Recovery of nicotine inhibition of K+ currents with washout. 

A) A single depolarizing step to -40 mV, from a holding potential of -90 mV (bottom) 
elicited a rapid outward current with properties of IA. Following a 10-min recovery 
period at -60 mV, a second voltage step to -40 mV, again from -90 mV, but in the 
presence of nicotine (10 mM) evokes a peak current reduced by about 75% from 
control. A third step, following a 10-min wash produces a current near that of 
control (grey). B) Using a similar 3 step protocol, each separated by 10 min, except 
from a holding potential of -60 mV and a step potential to +30 mV, the 30-sec 
nicotine treatment also reversible decreases IK, by about two-thirds. C) From a total 
of 7 bag cell neurons, the 30-sec nicotine perfusion significantly reduces the peak 
current density of IA (*p<0.001, repeated measures ANOVA, Dunnett’s multiple 
comparisons post test). D) IK is also significantly less during the nicotine perfusion 
(*p<0.001, repeated measures ANOVA, Dunnett’s multiple comparisons post test). 
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were delivered while either pressure-applying nicotine or epibatidine for 10 sec near 

the 4-second mark (Fig. 6.8A, inset).  Epibatidine (100 �M) was selected both for its 

structural similarity to nicotine (Badio and Daly 1994) and to control for any 

pressure artifacts.  While also being a nicotinic agonist, epibatidine fails to activate a 

current at resting (-60 mV) or depolarized potentials (-10 mV) in bag cell neurons 

(n=3, data not shown).  IK underwent use-dependent inactivation, judging by the 

rapid current reduction in initial peak current (Fig. 6.8A).  Under control conditions, 

during the 10-sec epibatidine pressure-application, no apparent change in the 

magnitude of the peak current was evident, aside from use-dependence.  In contrast, 

within 100-msec after the introduction of nicotine, a deviation from the typical use-

dependence was revealed, and reaches a maximum block within a few seconds (Fig. 

6.8A).  This was most apparent when looking at two individual current traces 

immediately prior to, and just after, epibatidine (Fig. 6.8B, top) or nicotine addition 

(Fig. 6.8B, bottom).  The change in peak current due to nicotine was significantly 

larger, a more than 500 pA drop compared to the control application of epibatidine, 

at only a few pA (Fig. 6.8C).  

Short-term nicotine pretreatment increases excitability 

 K+ currents are a major determinant of excitability in bag cell neurons; 

specifically, inhibition of many K+ channels by tetraethylammonium (TEA) can 

increase the likelihood of afterdischarge generation (Nick et al. 1996a, b).  We 

therefore tested if nicotine altered action potential dynamics or increased the ability 

to fire action potentials to a prolonged stimulus.  Initially, we applied a 1 nA, 50 

msec stimulus to cultured bag cell neurons under sharp-electrode current-clamp 

from a resting potential of -60 mV, to elicit single action potentials (Fig. 6.9A, bottom).  

In control neurons not exposed to nicotine, the action potential took ~30 msec to 

reach a maximum amplitude of ~75 mV (n=9) (Fig. 6.9A, middle, C, D).  Pretreatment 
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Figure 6.8:  Rapid time course of nicotine-induced reduction in IK. 
A) A series of 200, 100-msec steps from -50 mV to +30, designed to elicit both 
components of the delayed rectifier K+ current, marked use-dependent inactivation 
(inset). In a graph of peak current vs. time, the initial current at 0 sec is not shown. 
During a 10-sec pressure ejection of nicotine (open circles), the peak outward current 
is reduced by the next step, i.e., within 100 msec following nicotine delivery. To 
control for pressure artifacts, a structurally similar amine, epibatidine (100 �M), is 
delivered to a second neuron (closed circles). In this case, the peak current maintains 
a stable exponential decay throughout the 10-sec application. B) Current traces 
elicited immediately prior to epibatidine (top-a), or nicotine (bottom-a) delivery, 
and currents taken at exact intervals ~3 sec after pressure ejection (b). C) Summary 
data indicating the average reduction in the peak current as a result of nicotine is 
significantly larger than epibatidine (*p<0.01, 2-tailed unpaired Student’s t-test, 
Welch corrected). 

A

C
D 

pe
ak

 c
ur

re
nt

 (n
A

)

Nicepi
0.0

0.2

0.4

0.6

0.8

87

*

 

 
 
 

 
 
 

 

    

 
 

 
 

 
 

 
 

    

 
 

 
 

 
 

 
 

time (sec)

pe
ak

 c
ur

re
nt

 (n
A

)

0 5 10 15 20

4

6

8

a (pressure on)

b

nicotine (10 mM)epibatidine (100 µM)10

0

20 msec
1 nA

a

a

b

bNic

epi
B

4 nA
20 msec

-50 mV

+30 mV
200X

-50 mV
200X

+30 mV

(off)



 

 

 

185 

for at least 10 min in parallel neurons, caused action potentials to reach peak 

significantly faster, by 25%, and with a large magnitude than control neurons (n=9) 

(Fig. 6.9A, top, C, D).  Nicotine also reduced the current required to elicit an action 

potential (0.38 ± 0.04 nA in nicotine vs. 0.78 ± 0.08 nA in control neurons; P<0.01, 2-

tailed Mann-Whitney U-test) without significantly affecting the input resistance 

(determined with a -50 pA current pulse from -60 mV; 378 ± 38 MΩ for nicotine vs. 

308 ± 46 MΩ in control; P>0.05, 2-tailed Mann-Whitney U-test).    

Using a current between 0.2 and 0.8 nA, which corresponded to the observed 

rheobase for each neuron, we applied a 10-sec pulse and measured the number of 

elicited action potentials (Fig. 6.9B, bottom).  Control neurons generated a brief initial 

burst of less than 20 spikes, followed by silence for the remainder of the 10-sec 

stimulus (Fig. 6.9B, middle, E).  In nicotine, however, the overall excitability 

increased, based on continuous firing during the 10-sec current, achieving a 

significantly larger total action potential production of over 50 spikes (Fig. 6.9B, top, 

E). 

DISCUSSION 

 K+ channel closure has profound effects on neuronal excitability.  Typically, 

this occurs following current modulation and alters the initial action potential 

generation to prolong the spike time-course, or through afterhyperpolarization 

following the spike.  Rapidly-activating K+ currents with voltage-dependent 

activation near resting membrane potentials, like the A-current in bag cell neurons 

(Strong 1984), are particularly suited for affecting spike initiation, while the delayed 

rectifier currents control action potential dynamics at higher voltages (Strong and 

Kaczmarek 1986).  Slowly activating, non-inactivating K+ currents, regulated by 5- 

HT in Aplysia sensory neurons are particularly suited for periods of sustained 

activity occurring during high frequency firing (Siegelbaum et al. 1982; Kandel and 
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Figure 6.9:  Nicotine pretreatment increases the excitability of bag cell neurons. 
A) Under sharp-electrode current-clamp in nASW, a brief (50 msec), 1 nA 
depolarizing pulse (bottom) generates a single action potential in a cultured bag cell 
neuron that peaked at ~30 msec (middle). When pretreated for at least 10 min in 
nicotine (10 mM), a different neuron fires an action potential with a faster time-to-
peak and larger amplitude (top). B) In the same control neuron as in A, a 10-sec 
current step (bottom) only elicits a few action potentials before accommodating 
(middle). In a nicotine-treated neuron, spikes are present throughout the 10-sec 
stimulus (top). C, D) Summary data indicates nicotine pretreatment significantly 
reduced the time-to-peak from ~28 to 20 msec, as well as the action potential 
amplitude from ~90 to 75 mV (both *p<0.05, unpaired Student’s t-test). E) Finally, 
the excitability of bag cell neurons is significantly increased, based on a three-fold 
increase in the number of action potentials to a 10-sec current pulse (*p<0.001, 
unpaired Mann-Whitney U-test). 

time to peak AP

control Nic

AP amplitude

control Niccontrol Nic

AP in 10 sec

A B

C D E

10 msec
10 mV

Nic (10 mM)

control
1 sec

10 mV

control

Nic 

 

0 pA

0.2 - 0.8 nA

# 
of

 a
ct

io
n 

po
te

nt
ia

ls

0

20

40

60

80

*

tim
e 

(m
se

c)

0

10

20

30

40

*

de
po

la
riz

at
io

n 
(m

V
)

0

20

40

60

80

100 *
n=9

1 nA



 

 

 

187 

Schwartz 1982).  This associated ‘S-channel’ is presumed to be related to the tandem 

two-pore weakly inwardly rectifying potassium channel (Patel et al. 1998; Jezzini and 

Moroz 2004).  In dorsal root ganglion neurons, the voltage-dependent K+ channel 

(M-channel/Kv7) is metabotropically-linked to acetylcholine activation and can be 

turned on during sustained periods of activity (Brown and Passmore 2009).   

 In bag cell neurons, the large conductance Ca2+-activated K+ current (BK) and 

the A-current are implicated in setting the level of excitability and are modulated by 

second messengers or kinases (Strong 1984; Strong and Kaczmarek 1986; Zhang et al. 

2002; 2004).  Our depolarized nicotine-current represents an alternate example for 

increasing the excitability in bag cell neurons.  The voltage-dependent nature of the 

inward current at depolarized potentials following nicotine application and the 

block by MDL-72222 suggests a receptor mediated event, albeit not dependent on G-

protein activation.  However, the rapidity of action and that nicotine inhibits both IA 

and IK suggests a general K+ channel block.  With examples of both effects in the 

literature, we discuss the possibility of either mechanism for the present study. 

Block of the depolarized current by MDL-72222 indicates a receptor-mediated 

event.  Originally used as a 5-HT3 receptor antagonist on rabbit heart muscle 

(Fozard 1984), MDL-72222 also inhibits both expressed and endogenous nicotinic 

receptors (Vanner and Surprenant 1990), with highest affinity for �9/�10 (Rothlin et 

al. 2003).  The lack of effect of GDP-�S on the depolarized nicotine-current suggests 

that traditional second messenger signalling is not involved.  This current would be 

in addition to the two other known cholinergic currents in bag cell neurons: the 

solely nicotine-induced and solely acetylcholine-induced inward current (see 

Chapter 3).  Both of those currents are largely inwardly rectifying and do not 

generate a current at -10 mV.  Moreover, in the present study we noted that a 

number of neurons presented a nicotine current at depolarized potentials, despite 

nicotine failing to produce an inward current at -60 mV.  Furthermore, acetylcholine 
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never produced an inward current when held at -10 mV.  During sustained periods 

at -10 mV, both the fast inactivating A-current (Strong 1984) and the inactivating 

component of the delayed rectifier current (Strong 1986; Zhang et al. 2004) have 

likely inactivated fully prior to the introduction of nicotine.  Therefore, the nicotine-

block current likely affects either a non-inactivating component of the delayed-

rectifier K+ current or a leak K+ channel. 

Non-conventional roles of nicotinic receptors 

The depolarized nicotine-current may be similar to that found in cockroach 

DUM neurons.  In that case, nicotine also caused an inward current at depolarized 

potentials due to a reduction in a K+ conductance (Courjaret and Lapied 2001; 

Courjaret et al. 2003; Thany et al. 2008).  However, this current was progressively 

reduced by intracellular dialysis and could be rescued by inclusion of 

phosphocreatine in the recording pipette.  Moreover, it could be inhibited by 

mecamylamine and �-conotoxin ImI.  Thus, despite some similarity between that 

current and the bag cell neuron current, the profound differences in antagonist 

binding and no direct tests of the action of nicotine on K+ currents suggest a different 

mechanism is at work in the present study.   

Other cases of non-classical nicotinic receptors occur in rat striatal neurons, 

where nicotine and the nicotinic agonist, dimethylphenyl pyperazinium, inhibit the 

delayed rectifier K+, but not the A-current (Hamon et al. 1997).  A nicotine-receptor 

mediated event was implicated based on a block by the competitive antagonist 

dihydro-�-erythroidine, but not mecamylamine, hexamethonium or D-tubocurarine.  

Furthermore, similar to our depolarized current, it was not affected by the addition 

of the Gi/Go inhibitor, pertussis toxin.  While the authors could not exclude the 

involvement of a pertussis toxin-insensitive G-protein, our use of GDP-�S would 

eliminate the action of all G-proteins.  
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Nicotine also mediates an IP3-dependent intracellular Ca2+ increase in mouse 

myotubes that requires external Na+ and depolarization, but is not affected by 

nicotinic antagonists or pertussis toxin (Grassi et al. 1993).  Furthermore, nicotine 

induces the secretion of melanocyte-releasing hormone from frog melanotrophs 

through rapid phosphaditylinositol biphosphate (PIP2) breakdown and subsequent 

Ca2+ release (Garnier et al. 1994) in a process not mediated by classic nicotinic or 

muscarinic antagonists (Louiset et al. 1990; Lamacz et al. 1993).  While nicotinic 

receptors typically function as ion channels, there are a few cases of direct coupling 

to phospholipase C (PLC) -mediated PIP2 breakdown.  For example, in rat microglia, 

�7 nicotinic receptor activation by nicotine acts metabotropically on PLC to increase 

intracellular Ca2+ from IP3-dependent stores, despite a lack of current activation 

(Suzuki et al. 2006).  

Despite the inability of GDP-�S to impact the depolarized nicotine-current, 

there remains the possibility of a rare G-protein receptor interacting with channels 

through Src-family tyrosine kinases.  This mechanism is implicated in either 5-HT or 

acetylcholine metabotropic receptor activation of the NALCN channel (Lu et al. 2009; 

Swayne et al. 2009).  Nicotine can also directly activate transient receptor potential 

(TRP) A channels, while inhibiting TRPV in CHO cells, which is attributed to cross-

desensitization between the TRPA agonist mustard oil (Talavera et al. 2009).  

Interestingly, the general nicotinic antagonist mecamylamine acts as an antagonist 

for mustard oil at the TRPA channel. 

Due to the metabotropic effect of cholinergic agonists on the slow activating, 

non-inactivating Kv7 channel (Brown and Passmore 2009), perhaps a single K+ 

channel could be involved in any potential receptor mediated event.  Typically, Kv7 

is one of the only sustained K+ currents active at a voltage range for action potential 

initiation (Marrion 1997).  Its slow onset does not affect the dynamics of single action 

potentials, yet it can profoundly influence effects on continually firing neurons 



 

 

 

190 

(Brown and Passmore 2009).  M-channel inactivation occurs through G-protein-

dependent hydrolysis of PIP2, required to enter the open conformation, and closes 

when PIP2
 levels decrease (Suh and Hille 2002; 2008; Robbins et al. 2006).  Due to the 

speed (within 100 msec) of our nicotine induced K+ channel inhibition, any receptor-

mediated effects would have to involve a very close association between the nicotine 

receptor and the K+ channel.  Endogenous and unexplained PLC activity, which 

cleaves PIP2, has been reported in planar membranes containing Torpedo nicotinic 

receptors (Labriola et al. 2010).   

Evidence for direct channel block of K+ currents 

The lack of significant effect by nicotine on whole-cell resistance suggests a 

specific action on voltage-dependent K+ currents and not K+ leak currents.  

Occurring at a time during which IA and the rapid component of IK would largely be 

inactivated, it is possible the nicotine-block current involves steady state K+ 

channels.  Yet clearly nicotine inhibits the A-current, and in doing so likely speeds 

up action potential generation.  Due to activation at relatively negative membrane 

potentials, the A-current delays the onset of spiking (Gustafsson et al. 1982; Storm 

1988; Kurata and Fedida 2006). 

A direct effect of nicotine has been explored in cardiac tissue (Hanna 2006), 

where it blocks the A-current (Wang et al. 2000a), as well as inward rectifying K+ 

currents expressed in oocytes (Wang et al. 2000b).  In both cases, a rapid effect of 

nicotine was not observed.  In smooth muscle cells, however, nicotine block of 

delayed rectifier K+ currents at high concentrations appeared instantaneous (Tang et 

al. 1999).  In hippocampal interneurons, nicotine blocks the hyperpolarization-

activated Ih current/cyclic nucleotide-gated channel (Griguoli et al. 2010).  Since 

nicotinic receptor antagonists failed to prevent this inhibition, and the structural 

analogue, epibatidine, could mimic the effect, the authors attributed this to a direct 
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interference with the channel pore.  Unlike our case, where the nicotine-induced 

inhibition was not reproduced with epibatidine, nicotine and epibatidine block in 

hippocampal neurons did not affect voltage-gated K+ currents and significantly 

increased input resistance (Griguoli et al. 2010).  

The excitability of bag cell neurons is clearly increased by nicotine, either 

through a non-conventional nicotinic receptor coupled to a sustained K+ current or 

direct K+ channel block.  It remains to be seen whether this is due to an alternate 

endogenous cholinergic ligand.  Regardless, alternative consequences of nicotine 

activation require further exploration in light of the non-canonical effects in both the 

heart and brain. 
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Chapter 7: GENERAL DISCUSSION 

 The classical view that nicotinic receptor-mediated signalling only involves 

synaptic or neuromuscular transmission no longer applies.  The revelation that 

nicotinic receptors are expressed in synaptic, pre-synaptic and extra-synaptic sites, 

as well as many non-neuronal cells, suggests alternate cellular functions 

(Albuquerque et al. 2009).  For example, nicotinic receptors initiate Ca2+-dependent 

signal transduction pathways in epithelial and immune cells, and are involved in the 

proliferation of a number of carcinomas (Wessler and Kirkpatrick 2008; Schuller 

2009).  This expanded role for nicotinic receptors in neurons and other cell types has 

spurred the exploration of a number of allosteric ligands that modulate these 

responses (Grando 2008).  By studying cholinergic signalling in the neuroendocrine 

bag cell neurons of Aplysia californica, I observed a ‘classic’ acetylcholine current, 

modulation of that current, as well as unconventional currents activated by the 

cholinergic agonist, nicotine.  

 The bag cell neurons of Aplysia spend most of the time in a silent, low 

excitability state; however, ~30 min prior to the animal laying eggs, they rapidly 

transition into a period of continuous action potential firing (Conn and Kaczmarek 

1989).  Following egg deposition, the neurons enter a refractory state of markedly 

reduced excitability for ~18 h.  This cycle can repeat itself on almost a daily basis 

during the May to November egg-laying season (Begnoche et al. 1996).  One might 

expect an evolutionary older organism, like Aplysia, to possess simple mechanisms 

for shifting between states, but that appears to be incorrect.  To summarize the 

essential pathway: a brief electrical signal from an afferent input, most likely a 

neuron in the cerebral ganglion, initiates the entire process (Ferguson et al. 1989).  In 

fact, in particularly excitable clusters, a single electrical pulse is all that is required.  

Subsequent to stimulation, a short afterhyperpolarization, sufficient to transiently 
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inhibit firing is followed by a ~5-Hz, 1-min fast phase of Na+-dependent action 

potentials (Kaczmarek et al. 1982).  The next 1-Hz, ~30 min slow phase of Ca2+-

dependent action potentials is linked to increases in the second messenger, cAMP, 

which peaks at ~2 min (Kaczmarek et al. 1978), followed by independent increased 

activation of PKC, which stays elevated for the duration (Sossin and Schwartz 1994).  

The initial Ca2+ increase activates a voltage-independent non-selective cation current 

that depolarizes the bag cell neurons to in turn recruit a voltage-dependent cation 

channel, that, with the help of PKC, maintains a new steady state potential of ~-40 

mV (Hung and Magoski 2007).   While the exogenous application of cAMP or PKC 

activation can reproduce the slow phase of the afterdischarge (Kaczmarek et al. 1978; 

Tam et al. 2011), very little is known about upstream activators of either adenylyl 

cyclase or PLC.  Either a strict Ca2+-dependent activation exists, or the interaction 

with an, as yet, unidentified neurotransmitter.    

7.1 Summary of key findings and functional implications 

In over forty years of research using this model, three fundamental questions 

still stand out with regards to changes in bag cell neural excitability: First, what is 

the endogenous neurotransmitter (s) that initiates the afterdischarge?  Second, what 

mechanism connects this transmitter to the increase in cAMP or PKC?  Third, how 

does the process terminate itself?  The original goal of this thesis was to examine the 

role of acetylcholine in the afterdischarge, and in doing so help to answer the first 

question.  Exploring the effect of cAMP and PKC on the cholinergic current has shed 

light on possible links between acetylcholine application and second messenger 

systems.  Finally, I examined reasons for the apparent lack of acetylcholine effect in 

refractory clusters through an interaction with known inhibitory neurotransmitters, 

5-HT and FMRFamide.  In attempting to answer the third question of afterdischarge 

termination, I observed a direct action by FMRFamide on the cholinergic current.   
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Interestingly, the effect of acetylcholine on the ionotropic current could not be 

replicated by nicotine, which in the process revealed two distinct nicotine-dependent 

responses: an inward current due to channel opening and an apparent inward 

current due to K+ channel closure.  Since the nicotine-induced effects could not be 

produced by acetylcholine, the endogenous agonist responsible for these latter two 

currents is currently unknown.  Given the lack of evidence to the contrary, I take the 

default position that the nicotine effects are purposeful, and hence reflect the action 

of an endogenous agonist instead of being the lingering result of a redundant 

evolutionary pathway. 

Based on the pharmacological and biochemical properties of both the 

cholinergic and nicotinergic responses of bag cell neurons in culture and in the intact 

cluster, there appear to be at least 3 inward currents contributing to excitability.  

Two currents involve channel opening and the other channel closing.  Primarily, 

there is a large inward current activated by acetylcholine at resting potentials, which 

desensitizes to repeated applications, is blocked by the nicotinic receptor 

antagonists, mecamylamine and �-conotoxin ImI, and is impermeable to Ca2+.  A 

second, smaller inward current, activated by nicotine at resting potentials, is non-

desensitizing, not blocked by �-conotoxin ImI, but is inhibited by mecamylamine, 

and passes Ca2+.  The third inward current, appears at depolarized potentials, is due 

an inhibition of steady-state K+ currents and despite being insensitive to 

mecamylamine or �-conotoxin ImI, is reduced by MDL-72222, a competitive 

antagonist of both �9/�10 nicotinic receptors and 5-HT3 receptors.  For simplicity 

sake, I will refer to these currents as: the cholinergic current, the nicotinic current 

and the nicotine-block current, respectively.  

In discussing a functional role for the acetylcholine- and nicotine-induced 

currents, I will draw on similarities between Aplysia bag cell neurons and adrenal 

chromaffin cells.  Sympathetic terminals from the splanchnic nerve release 
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acetylcholine to depolarize chromaffin cells via �-bungarotoxin-insensitive 

(predominantly �3�4) nicotinic receptors, causing the secretion of catecholamines 

directly into the bloodstream (Sala et al. 2008).  The acetylcholine-induced current 

and its corresponding receptor, likely mediate fast synaptic transmission in bag cell 

neurons.  This is based on its ability to induce an afterdischarge in cultured bag cell 

neurons, semi-intact bag cell neuron clusters and intact abdominal ganglia.  

However, to confirm its role as an endogenous transmitter, the identity of the 

presynaptic neuron (s) releasing acetylcholine onto bag cell neurons should be 

determined.  In a subpopulation of adrenergic chromaffin cells, binding sites for �7 

nicotinic subunits are observed, although these receptors do not directly participate 

in adrenaline release (Criado et al. 1997).  The increased Ca2+-permeability of �7 

compared to �3�4 receptors speaks to a modulatory role involved with non-synaptic 

signalling.  In examining the nicotinic current, I also attribute a similar modulatory 

role, based on its permeability to Ca2+.   

Two types of communication between neurons have been proposed for 

neurotransmitter release: fast ‘wired’ synaptic transmission in a one-to-one ratio 

between pre and postsynaptic neurons, and ‘volume’ transmission, where a single 

release site can affect many nearby neurons (Zoli et al. 1999).  Wired transmission 

involves release directly into the synaptic cleft in close proximity to a postsynaptic 

neuron.  Due to the approximately millimolar concentration range in the cleft, 

nicotinic receptors only need a receptor with low affinity for agonist.  Volume 

transmission, on the other hand, likely involves a receptor with a higher affinity and 

reduced rate of desensitization to deal with the lower concentrations achieved (Le 

Novére et al. 2002).  With a reduced desensitization to continued application, the 

nicotinic current is more likely involved with volume transmission.  While the 

endogenous agonist for the nicotinic current is not known, and therefore, the affinity 

in the active state cannot be established, the high degree of cooperativity (Hill value 
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of 2.4) would be suited for low agonist concentrations.  As for the nicotine-block 

current, aside from an overall increase in excitability due to K+ channel inhibition, 

assigning a specific function remains speculative.  However, it desensitizes even less 

than the nicotinic current and would likely be involved in volume transmission.  

While �7 nicotinic receptors are gated by acetylcholine, they also respond to a 

second natural agonist, choline.  Identifying specific conditions where either agonist 

dominates is a current challenge in nicotinic receptor research.  The bag cell neuron 

nicotinic receptor is not activated by acetylcholine, or choline; the key to functional 

understanding of the nicotinic current would necessitate identification of the 

endogenous transmitter.  Clues to the possible identity may lay with cholinomimetic 

compounds extracted from the digestive gland of Aplysia californica, particularly, the 

imidazolyl choline ester, urocanylcholine, which depolarizes a number of neurons in 

Aplysia (Blankenship et al. 1975).  This compound, originally termed murexine, due 

to its isolation in large quantities from the mollusc, Murex turnculus, binds to a 

number of curare-sensitive nicotinic receptors (Erspamer and Benati 1953; 

Erespamer and Glasser 1957; Tabachnick et al. 1958).  Unfortunately, the compounds 

have to be either isolated directly from Aplysia digestive glands or artificially 

synthesized, with no guarantee of selectivity between either current. 

Beyond the initial goal to understand the stimulus for the afterdischarge, the 

natural progression of experiments in this thesis extended to possible mechanisms 

for regulation of the acetylcholine response.  Although classical synaptic 

transmission involves the msec timescale, the afterdischarge undergoes spontaneous 

firing for 30 min, clearly suggesting other second-messenger mediated events are 

occurring.  The main question I hoped to answer was: “How do these known second 

messengers contribute to the initial activation by acetylcholine?”   Similar to 

nicotinic receptor subunits that predominate in chromaffin cells, phosphorylation by 
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tyrosine kinases is required for receptor activation, and block by antagonists of 

tyrosine phosphorylation greatly reduces the magnitude to the cholinergic response. 

Assuming the trigger for the afterdischarge solely determines its long-lasting 

nature, it would suggest the involvement of G-protein coupled receptors.  However, 

my results indicate that the initiating stimulus does not directly involve downstream 

signalling, but instead acts as a spark for mechanisms already in place and primed 

for a rapid increase in excitability.  Due to electrical coupling between bag cell 

neurons, synaptic input may only reach a few neurons in the entire cluster, as 

suggested by Mayeri et al. (1979).  Although, according to Magoski and Kaczmarek 

(2005), instances of ‘metaregulation’, where the overall state of excitability, based on 

cation channel responses to PKC, can be predicted from a subset of random neurons.  

While nicotinic receptors have been shown to directly modify intracellular mediators 

independent of G-proteins, these instances are the exception.  Much more likely is 

the contribution of voltage-gated Ca2+ channel influx that is well known to initiate 

downstream events.  Such an idea of a ‘primed bag cell neurons cluster’ does not 

preclude either co-transmitter release from presynaptic neurons, or autocrine release 

of peptides from bag cell neurons subsequent to the initial stimulus.  The latter has 

been previously proposed as a possible mechanism for cAMP increase during the 

afterdischarge or as an initiating stimulus itself (Kauer et al. 1987; Brown and Mayeri 

1989; Brown et al. 1989; Loechner and Kaczmarek 1994).  It is still unknown how 

three separate second messenger systems in the bag cell neurons are activated early 

in the afterdischarge.  Whether it is all due to Ca2+ or if other signals are involved 

remains to be determined.  

7.2 Current model of the bag cell neuron afterdischarge  

Subsequent to the observation that exogenous application of cAMP can 

generate a similar afterdischarge, much of the focus in dissecting individual steps 
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along the pathway have involved the activation of second messenger pathways.   

Naturally, the endogenous agonist (s) responsible for its initiation was though to be 

a metabotropic agonist.  Specifically, transmitter release and binding would activate 

the cAMP/PKA pathway, and then initiate phosphatidylinositol breakdown and 

turn on PKC activation.  Finally, because Src tyrosine kinase is involved in the 

metaregulation of a voltage-dependent cation, activation of a third messenger 

system became apparent.  Clearly, this is asking a lot of any single neurotransmitter, 

and considering the small number of presynaptic neurons thought to form synapses 

with bag cell neurons, the release of multiple neurotransmitters would seem 

unlikely.  Furthermore, due to extensive coupling between bag cell neurons within, 

and between separate clusters, signal propagation is likely through electrical and not 

chemical means.   

According to my model, acetylcholine is released from a presynaptic neuron, 

likely from the cerebral ganglion, and contrary to metabotropic activation, binds to 

ionotropic receptors on bag cell neurons.  This binding rapidly depolarizes bag cell 

neurons, activating voltage-dependent Ca2+ influx (Supplemental Fig. 1.2).  In 

juvenile animals or during the refractory period, this Ca2+-influx activates a 

prominent BK-like K+ channel to arrest further activity.  However, if the animal is 

capable of laying eggs, a baseline level of excitability will allow the signal to 

propagate to the rest of the neurons in the cluster.  This level of excitability is 

determined by a give and take between outward rectifying K+-channels (not shown 

in model) and a Ca2+-dependent non-specific cation channel (Supplemental Fig. 1.2).  

This period is observed as a transient hyperpolarization followed by a persistent 

depolarization in the single neuron until the appearance of synchronized action 

potentials.  These initial spikes correspond to the fast phase of the afterdischarge and 

last ~1 min to drastically increase the intracellular Ca2+ concentration.  The transition 

into the slow phase corresponds to change in two separate and distinct second 
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messenger systems: one represented by an increase in cAMP (Supplemental Fig. 1.3) 

and the other through measured PKC increase (Supplemental Fig. 1.4).  Two 

possibilities exist to explain either the cAMP or PKC increase during the 

afterdischarge: The first involves activation of adenylate cyclase and phospholipase 

by an unknown Ca2+-dependent process, and the second relates to possible 

metabotropic activation by a neurotransmitter distinct from acetylcholine.  The latter 

would require co-release from the same pathway as acetylcholine or autocrine 

release by the bag cell neurons themselves. There is, as yet, no evidence to implicate 

acetylcholine in direct activation of PKC or cAMP.  Despite only producing a small 

depolarization on individual bag cell neurons, �-bag cell peptide can increase cAMP 

levels in the cluster.  

 The contribution of cAMP to the afterdischarge (Supplemental Fig. 1.3) 

begins with PKA-dependent switching of the voltage-dependent cation channel 

from silent to bursting mode through activation of a tyrosine phosphatase to 

dephosphorylate the cation channel, and in the process, expose a PKC binding site 

(Wilson et al. 1993).  Likely at the same time, my results indicate inhibition of the 

cholinergic current.  

 In a distinct pathway from cAMP/PKA, PKC activation shuttles a previously 

covert Ca2+ channel to the plasma membrane to increase both transient and 

persistent Ca2+ currents (Supplemental Fig. 1.4).  PKC can also activate the voltage-

dependent cation-channel, now that its binding site is exposed from the previously 

mentioned tyrosine dephosphorylation.  The activation of this cation channel 

appears as a watershed moment, through which Ca2+ entry is ultimately required for 

entry into the refractory period.  The third effect of PKC involves increased activity 

of the BK current, presumably to counteract the depolarization produced by the 

voltage-dependent cation channel (Zhang et al. 2004)  
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7.3 Relevance of nicotinic receptor subunits 

A surprisingly large cohort of mRNA transcripts for nicotinic receptors is 

contained in the bag cell neuron cluster.  A first step towards further understanding 

of the role of individual nicotinic receptors could be to explore which potential 

ApAchR subunits form functional proteins in bag cell neurons.  Despite the mRNA 

for 16 cationic nicotinic receptor subunits, I have evidence only for the cholinergic 

current being mediated by at least two potential nicotinic subunits.  While the 

nicotinic current is very likely mediated by an ionotropic receptor, we cannot be 

certain it is one of the observed nicotinic subunits.  Identification of the 

corresponding endogenous ligand or heterologous expression of the activating 

receptor would prove invaluable in its classification.  As for the nicotine-block 

current, if it is receptor-dependent, it would either be non-conducting, or as 

proposed by Thany et al. (2008), constitutively open and closed upon binding of 

nicotine.  Speculating on the function for a number of the oldest ApAchR subunits is 

futile, especially considering alterations in the binding pocket allude to an alternate 

endogenous agonist from acetylcholine.  Other than choline gating �7 (Alkondon et 

al. 1997) receptors in vertebrates and an isolated receptor in C. elegans (Yassin et al. 

2001), alternate endogenous agonists are rare.  Explaining the presence of a 

seemingly large cohort of subunits amounts to whether one believes they have been 

positively selected for, and hence possess physiological relevance, or simply exist as 

evolutionary holdovers.   

 One potential use for a wide diversity of nicotinic subunits could be changes 

to synaptic strength during development. Since Aplysia bag cell neurons do not 

undergo an afterdischarge prior to adulthood (Nick et al. 1996b), the requirement for 

acetylcholine could change over time.  In the case of muscle nicotinic receptors, they 

contain gamma subunits during development, and then acquire an epsilon subunit 

with adulthood (Mishina et al. 1986).  Also early in development, prior to making 
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synaptic connections, neurons express a number of subunits in diverse locations that 

become segregated into high density regions of homogeneous subtypes, as is the 

case in chick sympathetic ganglia (Brussaard et al. 1994) 

Other potential roles for bag cell neuron nicotinic receptors include 

chemotaxis.  Aplysia can respond to chemotaxic agents such as attractin and secretin 

originating from egg masses, by laying eggs themselves (Susswein and Nagle 2004).   

It is not implausible to propose that early nicotinic receptors, which do not appear 

able to respond to acetylcholine, would respond to potential chemotaxic agents 

released by the egg mass.  The phyologenetically ancient ligand-gated ion channels 

likely used metabolites such as glycine, choline, GABA and glutamate as gating 

factors, as opposed to more complicated neurotransmitters.  The appearance of a 

high sensitivity to acetylcholine could be a way of mediating fast synaptic 

transmission through rapid breakdown by acetylcholinesterase.  This is based on the 

DEG3 nicotinic receptor subgroup located in non-synaptic regions, particularly the 

sensory endings of neurons that have receptors with similar affinity for the 

metabolite, choline (EC50: 1.8 mM) vs. acetylcholine (EC50: 2.9 mM), yet present a 13-

fold increase in current magnitude (Yassin et al. 2001).   

The importance of subunit diversity involving ligand-gated ion channels can 

manifest itself in a number of different ways.  Each respective subunit could have a 

direct specialized role in mediating ionotropic neurotransmission with regards to 

agonist sensitivity, gating kinetics, ion permeability and receptor desensitization.  

Extended receptor pathways may combat co-exploitation by predators that co-

evolved along with the endogenous agonist (Albuquerque et al. 2009).  More than 

half of the Aplysia nicotinic subunits appear to be older than �7, with ApAchR-A 

being the nearest evolutionary ancestor.  Moreover, these ancient receptors appear to 

predate the split into � and � subunits, based on overall amino acid similarity and 

homologous residues at the ligand-binding domain, and represent a valid source for 
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an alternate endogenous agonist or possible hybrid receptors within the cys-loop 

receptor subfamily.  In fact, the �9/�10 nicotinic receptor already presents similar 

binding homology to either GABA- or 5-HT-activated cys-loop receptors (Rothlin et 

al. 1999; Verbitsky et al. 2000; McIntosh et al. 2009).  Understanding the diversity in 

nicotinic receptors has implications for tracing the evolutionary lineage of the 

archetypical nicotinic receptor. 

7.4 Implications of research and further directions  

The unique functional and pharmacological properties of nicotine found in 

Aplysia bag cell neurons have potential relevance for the treatment of a number of 

disorders.  Accelerated aging, difficulty in fighting infection, delayed wound-

healing, initiation of cancers and metabolic disorders are all properties affected by 

nicotinic receptor dysfunction (Albuquerque et al. 2009).  Attempts to reduce the age-

dependent loss in the cholinergic system, especially in the hippocampus, are being 

used to combat the symptoms of Alzheimer’s.  The key issue with many disorders is 

finding specific receptor selective ligands tailored to the affected pathway.  Despite 

not possessing high homology to human nicotinic receptors, Aplysia nicotinic 

receptors with similar binding pockets or novel amino acid substitutions could be 

used to develop novel cholinergic ligands.  Any novel endogenous ligand found to 

affect the nicotinic channel, without impacting the cholinergic channel, would be 

particularly useful in the search for therapeutics. 

Based on what I observed regarding cholinergic transmission, three future 

goals are evident: first, locating the presynaptic source of the cholinergic current 

involved with afterdischarge initiation; second, functional expression of Aplysia 

nicotinic receptors subunits, especially those with non-canonical ligand binding 

domains; third, identification of the endogenous transmitter associated with the 

nicotine-activated currents.  
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Beginning with the search for presynaptic cholinergic neuron (s), one could 

either try the ‘stab and go’ protocol, where I would intracellularly stimulate 

individual neurons in the cerebral and pleural ganglion while recording possible 

effects in single bag cell neurons. A starting point would be with neurons in and 

around the cerebral ganglion F cluster, which some have shown capable of initiating 

afterdischarge.  Alternatively, I could narrow down possible choices by injecting a 

retrograde tracer, or dye, directly into the bag cell cluster in vivo, followed by 

stimulation of indicated neuronal regions.  Once pre-synaptic neurons are located, 

their cholinergic nature would be for confirmed by co-staining with choline 

acetyltransferase, as well as attempting to block signalling to bag cell neurons with 

mecamylamine and �-conotoxin ImI.  

Confirmation of a nicotinic receptor failing to be gated by acetylcholine 

requires functional expression of the receptor in a heterologous system.  A number 

of Aplysia 5-HT G-protein coupled receptors were successfully expressed in human 

embryonic kidney (HEK) cell lines (Angers et al. 1998; Lee et al. 2009), while both 

cloned bag cell neuron K+ channels required oocytes for expression.  Given that van 

Nierop et al. (2005, 2006) successfully expressed LnAchR-A, starting with ApAchR-A 

would likely yield the best chance at success.  Although this may not help to 

differentiate nicotinic from cholinergic currents since expressed LnAchR-A is gated 

by both agonists.  After that, ApAchR-H and P would be the next logical candidate, 

which provide an unusual binding pocket composition.  While van Nierop et al. 

(2005) could not generate heteromeric receptors, they only had one � receptor to 

work with, nor did they have the sequence for LnAchR-Q.  In our system, ApAchR-

Q displays the highest mRNA expression by far, despite appearing not capable of 

binding acetylcholine.  My hypothesis is that ApAchR-Q is used in either a 

structural role or as a chaperone for shuttling to the membrane.  Therefore I would 

include the mRNA for ApAchR-Q along with mRNA for ApAchR-H during 
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injection into oocytes.  It is important to remember that even though bag cell 

neurons possess the mRNA for 16 nicotinic receptor subunits it does not necessarily 

mean they are going to be expressed as functional receptors.  If an expressed 

nicotinic receptor proves distinctive in its binding to acetylcholine, raising 

polyclonal antibodies would become an option, to definitively observe its presence 

in bag cell neurons. 

Finding potential endogenous agonists could follow the same pattern used in 

discerning binding properties of the bacterial cys-loop receptor homologue, ELIC.  

In this case, acetylcholine and other quaternary amines act as an antagonist, whereas 

the secondary amines appear to open the channel (Pan et al. 2012).  Testing different 

amines, from primary to tertiary, could narrow down potential ligands and 

corresponding binding pocket conformation. 

Clearly, cholinergic transmission within the bag cell neurons appears much 

more complicated than expected: only two distinct responses to agonists, yet the 

presence of at least 16 different receptor subunits.  The default assumption has to 

attribute functional roles for all the subunits rather than them being evolutionary 

holdovers. With that in mind, the likelihood exists for the presence of either a novel 

endogenous ligand or, alternatively, non-synaptic roles.  Either way, a wealth of 

knowledge can be obtained from the exploration or functional expression of such 

distinct nicotinic receptor subtypes, whether they are directly involved with the 

afterdischarge or some unknown function. 
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APPENDIX: SUPPLEMENTARY FIGURES 
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Supplemental Figure 1.1:  Positions of pressure pipette and perfusion barrel 
compared to the cultured neuron. 
A) View of a cultured bag cell neuron (n) with attached voltage clamp patch pipette 
(pp).  Due to the placement of the perfusion barrel (within 1 mm), it was necessary 
to place the acetylcholine (Ach)-containing pressure-ejection pipette within a few 
micrometres of the neuron. B) Magnified view of panel A, focusing on the ejection 
pipette near the bottom of the dish.  
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Supplemental Figure 1.2:  Acetylcholine binding to its receptor initiates the 
afterdischarge via voltage-dependent Ca2+ channel activation. 
Initial binding of acetylcholine (Ach) to its ionotropic receptor rapidly and 
sufficiently depolarizes bag cell neurons sufficiently to activate voltage-dependent 
Ca2+ channels.  Activation of this channel requires tyrosine phosphorylation (Tyr-P). 
This Ca2+ influx leads to a global intracellular Ca2+ increase and corresponding 
activation of Ca2+-dependent K+ channel (BK). The magnitude of the BK current (and 
other K+ currents not shown), determines the excitability of the bag cell cluster and 
its ability to generate an afterdischarge. It is the baseline level of excitability that, 
according to my model, is determined by basal levels of mainly cAMP/PKA and 
PKC. 
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Supplemental Figure 1.3:  Model of bag cell neuron afterdischarge: contributions 
from cAMP-dependent processes. 
Within 2 min of afterdischarge initiation, cAMP levels peak and begin to return to 
baseline levels shortly after.  While the cause of this cAMP activation is not currently 
known, it is either through a Ca2+-mediated event or through autocrine action of bag 
cell peptides (not shown). During this time, the presumed effector of cAMP 
activation, PKA, inhibits the initial cholinergic current. This is in conjunction with 
the known inhibition of the BK current by cAMP and the transition from silent to 
bursting mode by PKA on the voltage-dependent cation channel.  
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Supplemental Figure 1.4:  Model of bag cell neuron afterdischarge: contributions 
from PKC-dependent processes. 
In a distinct process from the cAMP increase, PKC begins to rise between 2 and 5 
min subsequent to afterdischarge initiation. Again, although not fully defined, it is 
thought to be Ca2+-dependent activation of phospholipase that leads to PKC 
activation. This enhanced PKC concentration increases the open probability of the 
voltage-dependent cation channel (+) and recruits a previously covert Ca2+ channel 
to the plasma membrane. Ca2+ influx from both the initial depolarization and PKC 
recruited Ca2+ channel, as well as the cation channel, keeps intracellular Ca2+ above 
baseline and continues to activate the cation channel. Contrary to the increased 
cAMP that returns to baseline during the afterdischarge, PKC levels remain high for 
2-3 hours.  
  


