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Abstract 

Electrical synapses are composed of gap junctions, made from paired hemi-channels that 

allow for the transfer of current from one neuron to another. Gap junctions mediate electrical 

transmission in neurons, where they synchronize spiking and promote rapid transmission, 

thereby influencing the coordination, pattern, and frequency of firing.  In the marine snail, 

Aplysia calfornica, two clusters of neuroendocrine bag cell neurons use electrical synapses to 

synchronize a 30-min burst of action potentials, known as the afterdischarge, which releases egg-

laying hormone and induces reproduction. In culture, paired bag cell neurons present a junctional 

conductance that is non-rectifying and largely voltage-independent. During the afterdischarge, 

PKC is activated, which is known to increase voltage-gated Ca
2+

 current; yet, little is understood 

as to how this pathway impacts electrical transmission. The transfer of presynaptic spike-like 

waveforms (generated in voltage-clamp) to the postsynaptic cell (measured in current-clamp) 

was monitored with or without PKC activation. It was found that pretreatment with the PKC 

activator, phorbol-12-myristate-13-acetate (PMA), enhanced junctional conductance between 

bag cell neurons. Furthermore, in control, presynaptic action potential waveforms mainly evoked 

postsynaptic electrotonic potentials at both -60 and -40 mV. However, with PKC activation the 

presynaptic stimulus consistently elicited postsynaptic action potentials from resting potentials of 

-40 mV, and would occasionally result in firing from repetitive input at -60 mV. Moreover, to 

assess whether this enhanced electrical transmission genuinely reflects a greater junctional 

conductance or a change in postsynaptic responsiveness, a fast-phase junctional-like current was 

applied to single bag cell neurons. Neurons in PMA always fired action potentials in response to 

current injection as opposed to control, which were less likely to spike. This outcome did not 

change when the junctional-like current was artificially enhanced in control conditions. Also, in 
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response to fast- and slow-phase electrotonic potential (ETP) waveforms, Ca
2+ 

current was 

markedly larger in single PMA-treated neurons. These findings suggest that PKC activation may 

contribute to afterdischarge fidelity by recruiting postsynaptic Ca
2+ 

current to promote 

synchronous network firing. Finally, Aplysia gap junction genes (innexins) were transfected into 

mouse N2A cells and characterized. This revealed a biophysical and pharmacological profile 

similar to native gap junctions. 
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Chapter 1 – Introduction  

Chemical vs. electrical synaptic transmission  

The synapse has been defined as a specialized structure that mediates a functional 

interaction between two neurons or between a neuron and another cell type. This zone of contact 

presents two distinctive elements, the presynaptic terminal and the postsynaptic target site, 

separated by the synaptic cleft (Bennett 2000). The nature of synaptic transmission was debated 

during the last century, where neuroscientists argued either in favor of an electrical mode, 

implying that the presynaptic action potential induces passive current flow into the postsynaptic 

cell, or in favor of a chemical substance, liberated from the presynaptic cell upon arrival of an 

action potential, which interacts with the postsynaptic cell and propagates the signal (Brazier 

1959; Grundfest 1959). The current collective opinion recognizes two main modalities of 

synaptic transmission: chemical and electrical. At chemical synapses, the information is 

transferred via the release of a neurotransmitter from one cell that is detected by an adjacent cell 

(Bennett 2000). Whereas in the in the case of electrical synapses, the cytoplasm of adjacent cells 

are directly connected by clusters of intercellular channels, called gap junctions, which allow for 

the bidirectional transfer of ionic current and solutes. Cells that communicate in such a way are 

considered to be electrically coupled, although when neurons are involved, the term electrical 

transmission is often used (Bennett and Zukin 2004).  

One of the most obvious distinctions between chemical and electrical synapse is their 

morphology. Chemical synapses are asymmetric as there is a presynaptic and postsynaptic 

region, each with their own distinct features, separated by the synaptic cleft (Peters et al. 1976; 

Cajal 1984; Landis 1987) (Figure 1A). Moreover, in keeping with its asymmetric morphology, 

chemical synapses are generally unidirectional, where rapid transfer of information only occurs  



2 

 

Figure 1 

 

Figure 1. Chemical and electrical synapses. 

A) Electron micrograph of a chemical synapse between a parallel fiber axon and a Purkinje cell 

dendritic spine in cerebellar cortex. Specialized morphologies of the chemical synapse are 

labelled. Modified from Landis (1987). 

B) Freeze fracture from Aplysia bag cell neuron cluster, the preparation used in this thesis, 

reveals a gap junction array. The orientation shows a bird's-eye-view of the contact site between 

processes. Bar is 0.5 µm. Modified from Kaczmarek et al. (1979).   
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from the pre- to the postsynaptic cell. The asymmetry in structure and function seen with 

chemical synapses may be contrasted with the symmetrical morphology and typically 

bidirectional information transfer characteristic of electrical synapses. In that case, there are also 

no morphological specializations that characterize one cell as presynaptic or postsynaptic. Since 

signals can ostensibly move in both directions through electrical synapses, either cell may be 

pre- or postsynaptic at different times. Rather than having a synaptic cleft that separates the two 

cells, electrical synapses are characterized by an area of very close apposition, or “gap”, between 

the membranes of the pre- and postsynaptic cells; this is where gap junctions are found (Figure 

1B).  

Initially, clear evidence made a strong case for chemical transmission in the vertebrate 

brain and at the neuromuscular junction (Loewi 1921), suggesting that all synaptic transmission 

would be chemical. However, a direct demonstration of electrical synaptic transmission was first 

then obtained at the giant motor synapse of the crayfish, where it was shown that not only did the 

postsynaptic response arise in a fraction of a ms after presynaptic stimulation, but presynaptic 

hyperpolarization transferred to the postsynaptic neuron (Furshpan and Potter 1959). 

Independent from this, Watanabe (1958) also discovered an apparent case of electrical 

transmission between synchronized bursting neurons in the cardiac ganglion of the lobster. For 

vertebrates, a similar transfer of depolarizing and hyperpolarizing signals was later found 

between supramedullary neurons in pufferfish (Bennett 1960). Originally, there was a consensus 

that electrical transmission is more abundant in invertebrates and would play only a minimal role 

in higher vertebrates. However, electrical synapses have now been found in multiple areas of the 

mammalian brain, including the retina, inferior olive, olfactory bulb, thalamus, neocortex and 

hippocampus; generally, coupling constitutes a distinct phenotypic feature of inhibitory 
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interneurons (Galarreta and Hestrin 1999; Gibson et al. 1999; Galarreta and Hestrin 2001; 

Connors and Long 2004). Over the ensuing decades, gap junctions have been shown to be 

critical for neuronal output in both the vertebrate and invertebrate nervous system (Bennett and 

Zukin 2004). For example, pharyngeal contraction in the marine mollusc, Navanax (Levitan et 

al. 1970), swimming in the jellyfish, Polyorchis (Anderson 1979), periodic waves in the 

olfactory lobe of the garden slug, Limax (Ermentrout et al. 2004), circadian control in 

Drosophila (Cao and Nitabach 2008), inking in Aplysia (Carew and Kandel 1970), as well as 

synchronous spiking activity in mouse suprachiasmatic nucleus (Long et al. 2004) and 

hypothalamus (Vazquez-Martinez et al. 2001), are controlled by gap junction-connected 

neurons. 

The electrical synapse 

Electrical synapses are based on gap junctions, which are composed of paired hemi-

channels that connect the intracellular compartments of one neuron to another, and allow the 

transfer of current or solutes
 
(Bennett and Zukin 2004; Söhl et al. 2005; McCracken and Roberts 

2006) (Figure 2A). This thesis will consider the modulation of information transfer through 

electrically coupled neuroendocrine cells. A single gap junction channel is made of 12 protein 

subunits termed connexins (in vertebrates) and innexins (in invertebrates). Connexin proteins are 

arranged with four transmembrane segments linked by two extracellular loops with conserved 

amino acid sequence identity, and a single highly variable intracellular cytoplasmic loop (Figure 

2B). The presence of two to three Cys residues in the two extracellular loops is invariant. These 

cysteines are believed to form inter-loop di-sulfide bridges which stabilize each loop in the 

extracellular space, and permit a so-called "interdigitation" of loops from paired connexons  
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Figure 2. Gap junction structure.  

A) Two adjacent cells connected via a gap junction array (outlined by box) allows for transfer of 

ions, nutrients, metabolites, and second messengers.  

B) Two connexons from adjacent cells create a single gap junction. Each connexon is composed 

of six connexin protein subunits oriented perpendicular to the membrane to form a central pore. 

Inset, a single connexin has four transmembrane domains with two extracellular loops, 

containing conserved cysteine residues (C), and one cytoplasmic loop, the amino and carboxyl 

termini are in the cytoplasm (courtesy of Z. Dargaei and Dr. N.S. Magoski). 
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(Goodenough et al. 1996; Foote et al. 1998; Kovacs et al. 2007). Connexin proteins have an 

amino and carboxyl terminus that are positioned intracellularly, where the latter has often been 

found as a site for phosphorylation at serine and tyrosine residues, thus providing a means for 

regulation (Solan and Lampe 2005). The intracellular amino terminus is of similar length in all 

connexins, and the major difference between connexins lies in the length of the intracellular 

carboxyl tail and the sequence motifs contained therein (Evans and Martin 2002). The 

intracellular loop located between the second and third transmembrane segment was also deemed 

important for connexin regulation, particularly in chemical (pH) gating (Kumar and Gilula 

1996).  

Regarding the invertebrate counterpart, innexins have little sequence homology to 

connexins, although they share a similar topography with four transmembrane domains, as well 

as intracellular amino and carboxyl termini (Phelan and Starich 2001). In vertebrates, it was 

thought that only connexins were able to form gap junctions, however orthologs for innexins 

have been discovered in vertebrates, and were termed pannexins (D’hondt et al. 2009). Although 

connexins and pannexins evolved independently and, like innexins, display little sequence 

homology (Shestopalov and Panchin 2008), they possess many common structural and functional 

properties. Although pannexins share amino acid similarity to innexins, the former are found in 

vertebrates, and usually form channels to the extracellular space rather than between cells 

(Panchina et al. 2000).  

 Gap junction channels are constructed of two apposed connexin (or innexin) hexamer 

proteins arranged around a central pore. In turn, gap junctions are arranged as plaques or arrays 

of varying size, which form by the channels gradually accumulating laterally in the plasma 

membrane, as determined by electron microscopy of immunogold-labelled freeze fracture 
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replicas (Rash et al. 1998), immunocytochemistry (Severs et al. 2001), or fluorescently tagged 

connexins (Bukauskas et al. 2000, Falk 2000, Rutz and Hulser 2001). Since most cell types 

express more than one connexin/innexin isoform, the hemichannels can be homomeric or 

heteromeric. As such, once paired with another hemichannel from an adjacent cell, gap junctions 

can be homotypic or heterotypic in composition (Bennett and Zukin 2004). An arrangement of 

gap junctions, or electrical synapse, allows for current to flow between neurons, thus promoting 

synchronized activity or reliable information transfer. This has been studied extensively with 

respect to connexin-based gap junctions; however, it is also important for coupling mediated by 

innexins. In Caenorhabditis an innexin-3 mutation caused abnormal contacts between 

hypodermal cells and failure of the midbody to elongate during development (Starich et al. 

2003). Similarly, mutation of innexin-2 in Drosophila prevented normal embryonic epithelial 

morphogenesis to occur (Bauer et al. 2004). The expression of innexins has also been deemed 

important for locomotion in Caenorhabditis, as mutation of the innexin, UNC-9, inhibited 

junctional conductance between body-wall muscle cells and impaired locomotor activity (Liu et 

al. 2006).   

Gap junctions exist in many types of cells and mediate electrical coupling in both 

neuronal and non-neuronal cells, such as in the heart, where gap junctions ensure synchronize 

contractions of cardiac myocytes, rhythmic pumping, and the electrical syncytium through which 

action potentials propagate
 
(Rohr, 2004). Gap junctions can also mediate electrical coupling in 

primary sensory neurons of mouse dorsal root ganglia, where after tissue injury, neurons recruit 

adjacent neurons, which normally does not occur in naïve animals, leading to heightened pain 

sensitivity (Kim et al. 2016). One test that is often used to establish whether a pair of cells is 

connected by gap junctions is dye coupling (Stewart 1978), as not only is electrical information 
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passed between cells but also solutes and second messengers. This has been recognized as a key 

feature during development, where progenitor cells, neuroblasts and proliferating cells located in 

several areas of neurogenesis are strongly coupled, which is required for cell viability (Furshpan 

and Potter 1968; Dermietzel and Spray 1993; Fulton 1994; Kandler and Katz 1995; Mellitzer et 

al. 1999). 

 Another distinguishing feature of gap junctions is that they provide a low resistance 

pathway for ion flow between the cells without leakage to the extracellular space (Makowski et 

al. 1977); thus, signals can be transmitted with little attenuation. This mode of transmission 

offers two important functional properties. One, as mentioned, would be that information can be 

bidirectional where functional symmetry coincides with structural symmetry. There are examples 

where transmission is higher from one cell than in the other (known as a rectifying or 

asymmetrical synapse), such as in the first electrical synapse studied between two large axons in 

crayfish (Furshpan and Potter 1959); however, symmetrical bidirectionality generally holds true 

for most electrical synapses and is an important criterion for identifying them (Bennett 1977). A 

functional property of electrical synapses is that transmission is fast. There is no delay analogous 

to that seen with chemical synaptic transmission. Surprisingly, the electrical properties of gap 

junctions appear similar in many respects to those of ions channels found in the plasma 

membrane. Despite the fact that gap junctions allow for the passage of large molecules, 

recordings of the opening and closing of gap junctions resemble the gating of channels that allow 

specific ions to cross the plasma membrane (Burt and Spray, 1988). Figure 3 shows a whole-cell 

voltage-clamp of a pair of coupled cells. Due to having a direct connection via an electrical 

synapse, when the two cells are voltage-clamped at different potentials, and the gap junction  
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Figure 3 

 

Figure 3. Single channel recording of gap junctions.  

In a cell pair with low junctional conductance, single channel events were observed when a 

transjunctional driving force was created by voltage clamping cell 1 at 0 mV and cell 2 at -38 

mV. Single channel events (three channel closings are indicated by arrows) are recognized by 

their equal and opposite character in the two current traces. When the gap junction channel 

opens, the current that flows between the cells is recorded as outward current in cell 1 and 

inward current in cell 2. Modified from Burt and Spray (1988). 
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channel opens, the current that flows between the cells is recorded as outward current in cell 1 

and inward current in cell 2. 

Gap junction modulation 

 Gap junctions provide cell-to-cell diffusion of small molecules, including ions, amino 

acids, nucleotides, and second messengers; the latter of which have been shown to play a role in 

the regulation of gap junctional communication via connexin phosphorylation (Lampe and Lau 

2004). A number of kinases and signal transduction pathways are known to affect gap junctions 

and/or phosphorylate connexins, such as protein kinase A (PKA), protein kinase C (PKC), 

mitogen-activated protein kinase (MAPK), casein kinase 1, and Ca
2+

-calmodulin-dependent 

(CaM) protein kinase (Cruciani and Mikalsen 2002). Phosphorylation has been implicated in the 

regulation of gap junctions at several stages of the connexion lifecycle, including trafficking, 

assembly/disassembly, degradation, as well as channel gating (Randriamampita et al. 1988; 

Laird 2005). The present study explores how PKC modulates both junctional conductance and 

electrical transmission between the bag cell neurons of Aplysia (see subsequent section of 

Introduction). 

For some connexins, notably Cx43, which has been widely studied due to its ubiquitous 

expression in tissues and cell lines, phosphorylation may trigger internalization and degradation. 

One example was shown by Goodall and Maro (1986), where there was a loss of gap junction 

coupling during mitosis in the developing mouse embryo. This finding was confirmed in Rat1 

and human endothelial cells, and further explored in parallel by three laboratories, that 

collectively showed how Cx43 was phosphorylated by p34
cdc2

 protein kinase to a unique 

phospho-isoform (Xie et al. 1997; Kanemitsu et al. 1998; Lampe et al. 1998). p34
cdc2

 protein 

kinase-dependent phosphorylation of Cx43 correlated with cells rounding and gap junction 
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internalization into large structures which resemble internalized annular junctions ready for 

degradation. Moreover, inhibition of electrical coupling is commonly seen following 

phosphorylation by kinases, like PKC (Randriamampita et al. 1988; Somogyi et al. 1989; Lampe 

et al. 2000; Cruciani et al. 2001; Pogoda et al. 2016). 

Regulation of gap junctions can also occur via ubiquitination. In rat liver epithelial cells, 

it was found that the ubiquitin-protein ligase, Nedd4, binds to Cx43 at the PY motif in the 

carboxyl terminal (Lamothe and Zhang 2016). Knockdown of Nedd4 led to an increase in Cx43 

expression and the number of gap junction in the plasma membrane; moreover, following 

phosphorylation of the connexin, through epidermal growth factor and MAPK, the 

internalization and degradation of Cx43 by the proteasome was enhanced. Also, PKC activation 

was found to induce ubiquitination and subsequent internalization of Cx43 through 

phosphorylation of the protein. Finally, PKA was found to increase gap junction communication 

via cyclic adenosine monophosphate (cAMP) (Stagg and Fletcher 1990; Sáez et al. 1993). The 

cAMP/PKA pathway may also affect intracellular communication by changing the kinetics 

through the Golgi system, as it was found that 24-hr exposure to cAMP decreased the amount of 

intracellular Cx43, suggesting a recruitment of Cx43 from the Golgi to the cell membrane 

(Atkinson et al. 1995).  

Other second messengers that affect gap junctions include inositol 1, 4, 5-triphosphate 

(IP3), which triggers the release of Ca
2+

 from intracellular stores (Saez et al. 1989; Krysko et al. 

2005), and has been implicated in inhibition of gap junctions (Spray and Bennett 1985). The 

diacylglycerol derivative, 1-oleoyl-2-acyl-sn-glycerol (OAG), is a PKC activator; addition of 

OAG to pairs of murine pancreatic acinar cells induced a progressive reduction of junctional 

conductance (Somogyi et al. 1989). When the PKC inhibitor, polymyxin B, was applied to these 
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cells, the OAG-stimulated electrical uncoupling was completely suppressed. On the contrary, 

PKC-mediated phosphorylation of mouse Cx45 or rat gap junctions in cardiac myocytes was 

found to enhance junctional conductance (Spray and Burt 1990; van Veen et al. 2000).   

In addition to second messengers, neuromodulatory transmitters and agonists were also 

found to have an impact on gap junction communication. During early postnatal development of 

the rat neocortex, application of serotonin reduced dye-coupling between lamina II/III pyramidal 

cells in a concentration-dependent and reversible manner (Rörig and Sutor 1996). Moreover, the 

IP3 antagonist, heparin, as well as the PKC inhibitor, NPC 15437, supressed the uncoupling 

action of serotonin, suggesting that it involved IP3 receptor-mediated release of Ca
2+

 from 

intracellular stores. In rat lacrimal glands, application of acetylcholine was shown to decrease 

junctional conductance (Randriamampita et al. 1988). The activation of metabotropic glutamate 

receptors, via an agonist such as (1S,3R)-1-aminocyclopentane-1,3-dicarboxylic acid, has been 

shown to cause long-term reduction of electrical synapse strength between the inhibitory neurons 

of the rat thalamic reticular nucleus (Landisman and Connors 2005).  

Coupled neuroendocrine systems and the Aplysia bag cell neurons 

In certain neuronal networks, simultaneous burst-firing and consequent pulsatile release 

of neurotransmitters requires the synchronous recruitment of neurons. Thus, electrical coupling 

is key for en masse transmitter release and triggering or coordinating fundamental events, such 

as drinking, food intake, lactation, parturition, or ovulation (Belin and Moos 1986; Vasquez-

Martinez et al. 2001; Heinrichs and Domes 2008). In particular, periodic bursts of action 

potentials can lead to the secretion of neuropeptides into the circulatory system to regulate these 

diverse bodily functions. For example, the mammalian hypothalamus contains populations of 

neurons that control fundamental behaviors through neuroendocrine function (Bear et al. 2007). 
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Within the supraoptic and paraventricular nuclei of the hypothalamus, the secretion of oxytocin 

elicits milk injection due to synchronous discharge in specific neurons (Belin and Moos 1986). 

Furthermore, it has been recently shown that the hypothalamus of cichlid fish contain neurons 

that are strongly and uniformly interconnected by electrical synapses, which in turn promotes 

coordinated spike firing to secrete gonadotropin-releasing hormone in a pulsatile manner (Karla 

et al. 2003; Ma 2015). 

In the neuroendocrine bag cell neurons of the marine snail, Aplysia calfornica, electrical 

synapses coordinate a synchronous 30-min burst of action potentials, known as the 

afterdischarge, during which egg-laying hormone (ELH), a 36-amino acid peptide, is released 

to induce reproduction
 
(Kaczmarek et al. 1978, 1979; Conn and Kaczmarek 1989). Egg-laying 

behaviour is initiated when ELH is secreted into the blood stream at a neural-hemal area in the 

pleuro-abdominal connective (Frazier et al. 1967) (Figure 4A,B). ELH acts on nervous system 

targets as well as peripheral organs to elicit a series of behaviors, including increased respiratory 

pumping, reduced locomotion, suppressed defensive responses, redistribution of blood flow, and 

head waving, before culminating in egg deposition
 
(Arch and Smock 1977; Mayeri et al. 1979; 

Stuart et al. 1980; Mackey and Carew 1983; Rothman et al. 1983; Ligman and Brownell 1985; 

Goldsmith and Byrne 1993).  

The afterdischarge can be evoked by a brief stimulus to descending, primarily cholinergic 

afferents (Zhang and Kaczmarek 2008; White and Magoski 2012) and is accompanied by an 

increase in intracellular Ca
2+

, due to both influx and release
 
(Fisher et al. 1994; Geiger and 

Magoski 2008). Ca
2+

 influx occurs through action potentials triggering voltage-gated Ca
2+

 

channels
 
(Acosta and Dudek, 1981; Woolum and Strumwasser, 1988). An extracellular recording  
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Figure 4. Aplysia californica nervous system and afterdischarge. 

A) The animal is ~15 cm long and ~5 cm wide. During reproduction, it releases a string-like 

mass of fertilized eggs (modified from Kandel 1976). 

B) Dorsal view of Aplysia nervous system. Two clusters of bag cell neurons are found anterior to 

the abdominal ganglion. Neurons project axons to a neuralhemal area (outlined by dashed box); 

shown are the position of stimulating and recording electrodes (courtesy of Dr. N.S. Magoski). 

C) Brief stimulation of the synaptic input (stim) to the bag cell neurons induces an 

afterdischarge. Extracellular recording from the intact cluster shows a fast and a slow phase of 

action potential firing (truncated for clarity, courtesy of Dr. N.S. Magoski). 
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from an entire cluster shows a lengthy burst (up to 30 min) characterized by a fast- and slow-

phase of firing (Figure 4C) (Conn and Kaczmarek, 1989). The fast-phase of the afterdischarge 

involves a shift in membrane potential from ~-60 mV to ~-40 mV leading to firing at 5 Hz, 

where action potentials become taller and broader from the input phase. As the afterdischarge 

carries on into the slow phase, firing slows to 1 Hz and the spikes grew even slightly taller and 

broader (Kaczmarek et al. 1978, 1982).  

Electrical coupling between bag cell neurons 

The action potentials observed over the course of the afterdischarge appear to represent 

the synchronous firing of all cells in both clusters, with simultaneous intracellular recordings 

always revealing neurons firing in unison (Figure 5A,B)
 
(Kupfermann and Kandel 1970; 

Blankenship and Haskins 1979; Haskins and Blankenship 1979; Dargaei et al. 2014). During 

dual current-clamp experiments within the intact cluster, injecting negative current (Figure 5C, 

left, lower) or positive current (Figure 5C, right, lower) into either cell evokes a 

hyperpolarization or depolarization respectively in the other cell, indicative of coupling. The 

strength of coupling between neurons in the cluster is weak, likely reflecting current flow to 

many partners connected by gap junctions. As such, more recent work has involved dual current- 

or voltage-clamp recordings from paired bag cell neurons in culture, where the conditions are 

more controlled. These experiments show that the junctional conductance is voltage-independent 

(not changed by junctional or membrane voltage), non-rectifying (equal in both directions), and 

sensitive to the gap junction blockers, niflumic acid, meclofenamic acid, and 5-nitro-2-(3-

phenylpropylamino) benzoic acid
 
(Srinivas and Spray 2003; Dargaei et al. 2014). Recordings 

from the intact bag cell neuron cluster reveal that these blockers disrupt both synchronous 

spiking and generation of the afterdischarge itself (Dargaei et al. 2014).  
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Figure 5. Bag cell neurons are electrically coupled and fire in synchrony.  

A) Schematic of bag cell neuron clusters, with each cluster connecting electrically to the other 

via the abdominal ganglion. Within a cluster there are electrically coupled bag cell neurons 

(courtesy of Z. Dargaei and Dr. N.S. Magoski).  

B) Sharp-electrode recording from two neurons in a cluster. During the afterdischarge, both 

neurons fire synchronously following synaptic stimulation.  

C) Additional recordings from the cluster show that injecting negative current into one neuron 

(left, bottom) or injection of positive current (right, bottom) hyperpolarizes the second neuron it 

is coupled to (left, top) or evokes a small depolarization (right, top), respectively. B and C 

modified from Dargaei et al. (2014).  
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 During the afterdischarge, Ca
2+

 influx through voltage-gated Ca
2+

 channels triggers 

calmodulin (CaM)-kinase
 
(DeRiemer et al. 1984; Fisher et al. 1994; Wayne et al. 1999). Our lab 

has shown that CaM-kinase inhibits the electrical synapse by decreasing junctional conductance
 

(Dargaei  et al. 2015). This attenuation of junctional conductance may seem counterintuitive in 

promoting synchronous firing; however, very strong junctional conductance presumably allows 

for more leak current to adjacent cells, thus weakening trans-junctional current and lowering the 

chance recruiting all neurons. 

Intracellular signalling during the afterdischarge   

Over the slow-phase, Ca
2+

-induced Ca
2+

 release from the mitochondria and endoplasmic 

reticulum takes place
 
(Geiger and Magoski 2008), while the production of IP3 and activation of 

IP3 receptors liberates additional Ca
2+

 from the endoplasmic reticulum (Fink et al. 1988). Once 

stimulated, the afterdischarge is maintained by modulating various channels through second 

messengers
 
(Conn and Kaczmarek 1989; Zhang and Kaczmarek 2008). These include the 

voltage-dependent Kv2.1 channel, which partially inactivates during repetitive firing to cause 

frequency-dependent broadening of action potentials; moreover, elevated levels of cAMP and 

PKA reduce the amplitude of essentially all voltage-dependent K
+
 channels to increase 

excitability (Strong 1984; Kaczmarek and Strumwasser 1984; Strong and Kaczmarek 1986; 

Zhang and Kaczmarek 2008).  

Also during the slow phase of the afterdischarge, PKC is activated (Figure 6)  and there is 

an increase in Ca
2+

 current due to the recruitment of new voltage-dependent Ca
2+

 channels to the 

plasma membrane (DeRiemer et al. 1985; Wayne et al. 1998; Zhang et al. 2008). This involves a 

covert Ca
2+

 channel, Cav2, which associates with actin and inserts into the plasma membrane,  
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Figure 6 

 

Figure 6. The time-course for Ca
2+

 and PKC activity.  

Well after the onset of the afterdischarge, PKC activity is upregulated and peaks during the slow 

phase. PKC activity is maintained throughout the remainder of the afterdischarge as stimulation 

of secretion occurs and intracellular calcium concentration slowly decays. Upper panels courtesy 

of Dr. N.S. Magoski (left) and modified from Kandel (1976) (right). Lower panel based on 

Loechner et al. (1990), Fisher et al. (1994), and Wayne et al. (1999). 
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alongside the basal channel, Cav1, upon PKC activation (White and Kaczmarek 1997; White et 

al. 1998; Zhang et al. 2008). Using capacitance tracking and Ca
2+

 imaging, our lab has shown 

that Cav2 strongly augments stimulus-evoked Ca
2+

 entry and secretion (Groten and Magoski 

2015). This strengthens excitation-secretion coupling, as PKC-activated bag cell neurons present 

an elevation in membrane capacitance that was twice the magnitude of control, reflecting the 

exocytosis of vesicles containing ELH. Furthermore, the opening of Ca
2+ 

current during action 

potentials, results in Ca
2+

 influx and triggers a nonselective cation current that depolarizes the 

membrane for many min (Hung and Magoski 2007; Tam et al. 2011). In turn, this activates a 

persistent voltage-dependent Ca
2+

 current to support the prolonged depolarization (Tam et al. 

2009). However, any role for PKC and/or Ca
2+

 current in regulating bag cell neuron gap 

junctions is currently unknown. 

Rationale and Hypotheses 

 Bag cell neurons communicate by electrical transmission, i.e., a postsynaptic membrane 

potential response is dictated by presynaptic input. Activation of PKC during the afterdischarge 

has the potential to alter this transmission. Whether PKC achieves this indirectly (via known 

changes in Ca
2+

 current) or directly (via unknown changes in junctional conductance) is yet to be 

determined. Since electrical transmission normally relies on both presynaptic firing and 

excitability to recruit the postsynaptic neuron, any impact of PKC on membrane conductance, 

like Ca
2+

 channels, could have novel effects. Hence, the following will be tested: 

1) PKC activation alters junctional conductance between bag cell neurons. 

2) PKC activation alters electrical transmission between bag cell neurons by changing 

    postsynaptic membrane conductance.  
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The impact of any PKC modulation aside, the molecular nature of the Aplysia gap 

junction remains unclear; nevertheless, some genes coding for putative innexins have been 

identified (Moroz et al. 2006). Therefore, the following will also be tested: 

3) Aplysia innexin proteins form functional gap junctions. 

Synchronizing neuronal activity with gap junctions is common to most animals. With 

roles in reproduction, stress-induced responses, and cardiovascular function, electrical synapses 

likely contribute to pulsatile firing and coordinated output for both vertebrates and invertebrates. 

Therefore, elucidating the role of electrical coupling and modulation of electrotonic transmission 

during the afterdischarge will advance the understanding of nervous system function. 
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Chapter 2 – Material and Methods  

Animals 

Adult Aplysia californica (a hermaphrodite) 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) at 

15ºC on a 12/12-hr light/dark cycle and fed Romaine lettuce 5 times a week. 

Cell culture of Aplysia bag cell neurons 

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 CaCl2·2H2O, 55 MgCl2·6H2O, 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 rinsed in tcASW for 1 hr, after which the 

bag cell neuron clusters were dissected from their connective tissue.  Using a fire-polished 

Pasteur pipette and gentle trituration, neurons were dispersed in tcASW onto 35 × 10 mm 

polystyrene tissue culture dishes (353001; Falcon/Fisher Scientific, Ottawa, ON, Canada).  

Cultures were maintained in a 14ºC incubator and used within 1-3 d.  Salts were obtained from 

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

Cell culture of Neuro-2a cells 

Mouse neuroblastoma Neuro-2a (N2A) cells (CL131; American Type Culture Collection 

(ATCC), Manassas, VA, USA), taken from Mus musculus, were cultured in Eagle’s Minimum 
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Essential Medium (EMEM) (30-2003; ATCC; see https://www.atcc.org/products/all/30-

2003.aspx for composition) with added fetal bovine serum (12483020; Grand Island Biological 

Company (GIBCO)/Fisher Scientific) to a final concentration of 10% (v/v). Cells were 

maintained in 100 × 20 mm culture dishes (430167; Corning/Fisher) in a humidified 37ºC 

incubator with a 5% CO2 in air atmosphere and the EMEM changed every 2 d. When the cells 

reached a confluency of 80-100%, they were passaged (usually once a wk) by discarding the 

EMEM and rinsing the cell layer with 0.25% (w/v) Trypsin-0.53 mM ethylenediaminetetraacetic 

acid (EDTA) (25200-072; GIBCO/Fisher Scientific). Cells were observed under an inverted 

microscope until the cell layer was dispersed (within 5-15 min). EMEM (6-8 ml) was then added 

and cells were aspirated by gentle pipetting with a 1-ml disposable plastic pipette at least 20 

times. Three ml of cell suspension was combined with 9 ml of EMEM in fresh 100 × 20 mm 

dishes and returned to the incubator. To prepare cells for recording, a 200 µl aliquot of the cell 

suspension was combined with 1.8 ml of EMEM and placed onto glass coverslips (12-544-10; 

Fisher Scientific) contained within 35 x 10 mm dishes (353001; Falcon/Fisher Scientific), and 

returned to the incubator. The next day, these dishes were ~50% confluency with dispersed 

aggregates and a few isolated cells throughout the coverslip.  

Whole-cell, voltage- and current-clamp recording from bag cell neurons or N2A cells 

Cells were viewed under phase contrast with a TS100-F inverted microscope (Nikon, 

Mississauga, ON, Canada) equipped with a Nikon Plan Fluor 20X objective (numerical aperture 

(NA) = 0.5) or Plan Fluor extra-long working distance 40X objective (NA = 0.6).  In the case of 

N2A cells, which were used to express both select Aplysia innexins and green fluorescent protein 

(GFP) (see Materials and Methods, Sub-cloning and heterologous expression of Aplysia innexins 

for details) epifluorescence was employed to verify expression.  GFP was excited using a 50-W 

https://www.atcc.org/products/all/30-2003.aspx
https://www.atcc.org/products/all/30-2003.aspx
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Hg lamp and 480/15-nm band pass filter, with the fluorescence emitted to the eyepiece or a 

camera (see below) through a 505-nm dichroic mirror and 520-nm barrier filter. 

Photomicrographs (1392 x 1040 pixels) were acquired at the mid-level focal plane on the vertical 

axis of the soma using a Pixelfly USB camera (Photon Technology International, London, ON, 

Canada) and the Micro-Manager 1.4.5 plugin (http://micro-manager.org) for ImageJ 1.44n9 

(http://rsbweb.nih.gov/ij/) with 100-500 ms exposure times. 

Membrane and junctional current and/or membrane potential were recorded using EPC-8 

amplifiers (HEKA Electronics; Mahone Bay, NS, Canada) and the tight-seal, whole-cell method 

(Hamill et al. 1981).  Microelectrodes were pulled from 1.5-mm external, 1.2-mm internal 

diameter borosilicate glass capillaries (TW150F-4; World Precision Instruments; Sarasota, FL, 

USA) using a PIP-6 puller (HEKA) either a #9 disk spacer for bag cell neurons or a #5 disk 

spacer for N2A cells. Glass capillaries were fire-polished (or left un-polished for N2A cells) and 

they had a resistance of 1-2 MΩ when filled with regular bag cell neuron intracellular saline (see 

below) or 3-5 MΩ when filled with N2A 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 MΩ for bag cell neurons, 5-7 MΩ for N2A cells) was 

compensated to 80% and monitored throughout the experiment.  Current was filtered at 1 kHz 

while voltage was filtered at 5 kHz by the EPC-8 built-in Bessel filter and sampled at 2 kHz 

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

(Molecular Devices; Sunnyvale, CA, USA), and the Clampex acquisition program of pClamp 

software (v8.2; Molecular Devices). Clampex was also used to control the membrane potential 

under voltage-clamp and inject current in current-clamp; in addition, neurons were manually set 



24 

 

to -60 mV or -40 mV in current-clamp by delivering constant bias current with the EPC-8 V-

hold. Data was gathered at room temperature (20-22°C). 

For bag cell neurons, recordings were made with normal artificial seawater (nASW; 

composition as per tcASW but lacking the glucose and antibiotics) in the bath, while the pipette 

was filled with standard intracellular saline (composition in mM: 500 K
+
-aspartate, 70 KCl, 1.25 

MgCl2·6H2O, 10 HEPES, 11 glucose, 10 glutathione, 5 ethylene-glycol-bis(aminoethyl-ether)-

tetraacetic acid (EGTA), 5 adenosine 5’-triphosphate 2Na·H2O (ATP; A3377; Sigma-Aldrich), 

and 0.1 guanosine 5’-triphosphate Na·H2O (G8877; Sigma-Aldrich); pH 7.3 with KOH).  The 

free Ca
2+

 concentration was set at 300 nM by adding 3.75 mM 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. 

In some experiments, voltage-gated Ca
2+

 current was recorded in single cells. In this case, 

the bath was composed of (in mM): 460 TEA-Cl, 10.4 CsCl, 55 MgCl2·6H2O, 11 CaCl2·2H2O, 

15 HEPES; pH 7.8 with CsOH. Whole-cell pipettes were filled with a Cs
+
Asp-based intracellular 

(composition in mM: 70 CsCl, 10 HEPES, 11 glucose, 10 gluthione, 1.25 MgCl2·6H2O, 5 

EGTA, 500 aspartic acid; pH 7.3 with CsOH). A junction potential of 20 mV was calculated for 

intracellular saline vs nASW and compensated for by subtraction off-line. 

For N2A cells, recordings were made with a Na
+
-based external saline (composition in 

mM: 140 NaCl, 5 KCl, 2 CsCl, 1 MgCl2·6H2O, 2 CaCl2·2H2O, 1 BaCl2·2H2O, 5 HEPES, 5 mM 

glucose, and 2 Na
+
-pyruvate; pH to 7.4 with NaOH) in the bath, while the pipette was filled with 

a Cs
+
-based intracellular saline (composition in mM: 130 CsCl, 3 MgCl2·6H2O, 10 mM HEPES, 

10 EGTA, 5 mM ATP; pH 7.2 with CsOH).  The free Ca
2+

 concentration was set at 10 nM by 

adding 0.5 mM CaCl2, again as calculated by WebMaxC.  A junction potential of 5 mV was 

http://www.stanford.edu/~cpatton/webmaxcS.htm
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calculated for N2A intracellular saline vs N2A extracellular saline and again compensated for by 

subtraction off-line. 

Drug application and other reagents 

Solution changes were accomplished using a calibrated transfer pipette to exchange the 

bath (tissue culture dish) solution. Drugs were introduced by initially removing a small volume 

(∼75 µl) of saline from the bath, combining that with an even smaller volume (<10 µl) of drug 

stock solution, then reintroducing that mixture back into the bath. Care was taken to pipette near 

the side of the dish and as far away as possible from the cells. Niflumic acid (NFA; N0630; 

Sigma-Aldrich), 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB; N4779; Sigma-Aldrich), 

and phorbol 12-myristate 13-acetate (PMA; P8139; Sigma-Aldrich) were dissolved as stocks of 

100 mM, 50 mM, and 100 µM, respectively, in dimethyl sulfoxide (DMSO; BP231-1; Fisher). 

The maximal final concentration of DMSO ranged from 0.05% to 0.5% (v/v), which in control 

experiments had no effect on holding current, membrane conductance, or junctional current 

(Hung and Magoski 2007; Geiger and Magoski 2008; Gardam and Magoski 2009; Hickey et al. 

2010; Tam et al. 2011; Groten et al. 2013; Hickey et al. 2013; Dargaei et al. 2014, 2015). 

In silico identification of Aplysia innexins 

Putative Aplysia innexins (ApInx) DNA sequences were searched from the University of 

California Santa Cruz Sea Hare Genome Browser (http://genome.ucsc.edu/), September 2008 

Broad 2.0/aplCal1 assembly) by employing the BLAST-like alignment tool (BLAT) with 

published ApInx sequences from the Aplysia neuronal transcriptome 

((http://aplysiagenetools.org) (Moroz et al. 2006) or orthologues from the Lymnaea stagnalis (a 

related pulmonate mollusc) CNS deep RNA sequencing project and large transcriptome shotgun 

assembly (http://www.ddbj.nig.ac.jp) (Sadamoto et al. 2012).  The BLAT queries used the 

http://genome.ucsc.edu/
http://aplysiagenetools.org/
http://www.ddbj.nig.ac.jp/
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following published ApInx DNA sequences: ApInx-1 (GenBank
TM

 accession number 

AY631273), ApInx-2 (AY631274), ApInx-3 (AY631275), ApInx-4 (AY631276), ApInx-5 

(AAX24144), ApInx-6 (AAX24145), ApInx-7 (AAX24146), ApInx-8 (AAX24147), ApInx-9 

(EF015585.1), and ApInx-10 (EF015586.1), as well as the following Lymnaea innexin (LnInx) 

sequences: LnInx-1 (DNA Data Bank of Japan accession number FX18871), LnInx-2 

(FX181449), LnInx-3 (FX186689), LnInx-4 (JR504053), LnInx-5 (EZ546519), LnInx-6 

(FX199162), LnInx-11 (FX187001), and LnInx-17 (FX196483).  This yielded 20 predicted 

partial to full-length ApInx.  These were lengthened up- and downstream of the start and stop 

codon, respectively, with Prot2Gene (courtesy Dr. P Liang, Brock University; 

http://genomics.brocku.ca/Prot2gene/), which allowed for precise exon prediction and mapping 

with large stretches of the Aplysia genome and full-length or nearly full-length ApInx and/or 

LnInx protein sequences as input.  In total, the following putative Aplysia full-length innexin 

genes were identified: ApInx-1, 2, 3, 4, 5, 6, 7, 8a, 8b, 8c, 9, 10, 11a, 11b, 12, 13, 14, 15, 16, and 

17.  The numbering is based upon the original order established by Moroz et al. (2006).  At the 

nucleotide level, some of the identified sequences were very similar if not the same as the 

original 10 ApInx reported by Moroz et al. (2006); moreover, additional homologues of these 

original genes as well as novel sequences were found (see Results, Identification of potential 

innexins in Aplysia for details).  Note that Moroz et al. (2006) originally designated the Aplysia 

genes as putative pannexins; however, given that pannexins are now conventionally thought of as 

vertebrate homologues of invertebrate innexins that code for proteins which function as channels 

to the extracellular space (D’hondt et al. 2009), these Aplysia sequences have been re-designated 

as innexins. 

 

http://genomics.brocku.ca/Prot2gene/
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PCR of full-length Aplysia innexin cDNA sequences 

Abdominal ganglia were dissected from Aplysia and the bag cell neuron clusters 

removed. Ganglia were snap-frozen in liquid N2 and homogenized in lysis solution from a 

Norgen Total RNA isolation kit (17200; Norgen Biotek Corp, Thorold, ON, Canada). Total RNA 

was then isolated and purified from these ganglia using the Norgen kit. cDNA was synthesized 

by reverse transcription with an iScript cDNA synthesis kit (170-8890; Bio-Rad Laboratories, 

Mississauga, ON, Canada) using a mixture of poly-A and random hexamer primers. PCR 

amplification of ApInx cDNA sequences was performed with a Techne Touchgene Gradient 

Thermocycler (FTGARD2D; Fisher Scientific) using 1 μL of cDNA as template, 25 µM of 

forward and reverse primer sets against the 20 different ApInx (Table 1), Advantage 2 Taq 

polymerase mix (639207; Clonetech; California, USA) and the following program: 38 cycles at 

94°C for 30 sec, annealing at 68°C for 30 sec and elongation at 72°C for 2 min with a terminal 

extension at 72°C for 3 min. Analysis of products was carried out on 1% agarose (AGA001; 

BioShop, Burlington, ON, Canada) gels in standard tris-acetate-EDTA (TAE in mM; 40 tris 

base, 20 acetic acid, 1 EDTA) buffer stained with 4 µL of 1% (w/v) ethidium bromide (final 

0.08% w/v) (BP1302; Fisher Scientific). Fragments of interest were excised from the gel, 

purified with an UltraClean GelSpin DNA extraction kit (12400; MO BIO Laboratories Inc, 

Carlsbad, CA, USA) and sequenced directly by GénomeQuébec (Montréal, QC, Canada) using 

an Applied Biosystems 3730xl DNA Analyzer.   

Real-time PCR 

RNA was isolated from either Aplysia bag cell neuron clusters, abdominal ganglia (sans 

the bag cell neurons), or paired buccal ganglion using the Norgen Total RNA isolation kit.  RNA 

purity was analyzed by spectrophotometry (NanoDrop Lite; Thermo Fisher Scientific, Otttawa,  
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Table 1. Full-length primers for Aplysia innexins 

 

ApInx forward primer (5' to 3')                   reverse primer (5' to 3') 
 

1a GGAAAGAGAGGGATTGCCGGATGTT        CTGGTGCTGCTGCTGCTGATACTGA 

 

1b TGTTGGATGCCTGTCGTGGATTCT               CTGGTGCTGCTGCTGCTGATACTGA 

 

2  CGGTGGAAAAAGGAGTGGGAGTTGA         CGCCCAGCTAGAATTCAGCAGAAGA 

 

3 AACCGTCGACTTTTCGCCTCTCATC             GCCGTGGAAGTGACCAAGACTGTCA 

 

4 GCCCGTGTGACGCTTGTGTACCTTA            GAGGGCGTCGGTGATCTATGACTGG 

 

5 TGGTGGGTCTGTTGGCAGTCGTATT            GGGTGCTCTCGTGTGGTTTGATCCT  

 

6 TTGGACGAAAGCGATGTGAAACGTC          GAAGGTCTGAATTCCACATGAAGTGC  

 

7 GCCAGTGTCTGGTGCTTGAGGAGAA          GAGAATCGTGCCCAGAGCGATCTAA  

 

8a  TCAGCGGAAGTGGTCAAACTAGAACC       TTTTTGAGAATCGTGCCCTGAAAGA  

 

8b  GAACCGACATGCCTTTCCTACAACGA        GAACCGACGGCTAATGCGACACTTT  

 

8c  TCAGCGGAAGTGGTCAAACTAGAACC       GGCCCACTTTAAGTTGAAGGGATCTGC  

 

9 TGTGGTGACGCACAGACACTTGACA          AAACTGCACAACTGCCTGGCCAAT  

 

10  TGGGAGAGTGAAATGCCAAGGGTTC         TGCTGTCACGCATCATACCCTTTCC  

 

11a ACAGTAACTTGCGGGGGCAGTTTGA          CAGGCTAGGGTAGACATCCAGCTTGC  

 

11b CCCTTCGCCCTCGCTTTACCTTTCT             CAGGCTAGGGTAGACATCCAGCTTGC  

 

12 GCTGTCCACCTCTCGCTTCTGTCCT            TCCTCGCCCTCCTAATCCCATTCAT  

 

13 CGCGAGATTTGTGTTGGTGTGTGTG          AGAGCGAGAGGCAAAGACGGACAAA  

 

14 CGGCACTCTGCCTTACAAGATCAGG         GCCTCTAGGCCTTTCAAAACGAATGG  

 

15 GGAGTTCACGGGAGCAATGGTTGTT        CTGGCCCAATAGACTTGCCTGTTTCA  

 

16 TGTCTTGTGAGCGACTGTTTCACCTG       TGGAGGCTTTCCTCCCTTTTACTCG  

 

17 TCAATGTTGGGACCGCACAACTAG          GGACGAGTTGGCCATATGTACAGCAG  
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ON, Canada), and cDNA synthesized by reverse transcription using the iScript cDNA 

synthesis kit and 500 ng of total RNA with a mixture of poly-A and random hexamer primers. 

Each forward and reverse primer (Table 2) was designed by Primer3 (v4.0.0; 

http://frodo.wi.mit.edu) to generate 100-150 bp amplicons. Prior testing ensured that each primer 

pair had a 95-99% amplification efficiency using a 10-fold dilution series. The 20 μL final 

reaction mixture contained 1 μL of cDNA, 10 μL of iQ SYBR Green Supermix (170-8880; Bio-

Rad Laboratories) and 0.4 μM of each primer. The relative expression of each ApInx gene was 

estimated, as done previously for ionotropic acetylcholine receptor genes in both Lymnaea (van 

Nierope et al. 2005, 2006) and Aplysia (White et al. 2014); specifically, ApInx gene expression 

was calculated relative to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Aplysia 

GAPDH GenBank accession number KC417387) gene expression. However, the relative 

expression of multiple genes could be influenced by differences in primer pair efficiency, and 

thus must be considered an estimate.  Real-time PCR was performed in low-profile 96-well clear 

PCR multiplates (MLL-9601; Bio-Rad Laboratories) 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 60.0°C for 40 sec. Subsequently, PCR products were heated to 95.0°C for 

15 sec and a melt curve generated by measuring fluorescence during a temperature increase from 

65.0°C to 95.0°C in 0.5°C/10 sec increments. Bio-Rad CFX Manager software v3.0 was used to 

generate the cycle threshold (Ct) values of the transcripts. 

Amino acid sequence analysis and phylogenetic tree generation 

ApInx amino acid sequences were translated from nucleotide sequences and aligned 

using ClustalW from the Institute of Biology and Protein Chemistry in Lyon France  

http://frodo.wi.mit.edu/


30 

 

Table 2. Realtime PCR primers 

ApInx forward primer (5' to 3')   reverse primer (5' to 3') 

1  GCTCCGCTACCTCAAGAAGTT   CGAGTCGCAAGACGAAGATAC  

2 CCAGAACATCCAGACATGGAC   CCAAGTTCAAGCAGGTGAGAG  

3 TTCTCTGGAGGATGTTCAACG   TACTTGGCGATGTGTCCTACC  

4 AAGCACAACTACAGCGTCCAG   CAGAGCCAGGACAAGAAACTG  

5 TTCGTGATGATGGAGTCTTCC                 CCTCCTTACGGTTGCTCTTTC  

6 ACGTGATGAAAAGATGGGACA   AAACACCATATCACGCTGGAG  

7 TCTGTTCTCCCCAACAGACAC                 AGTCTGGACAGCCAAGTGAGA  

8 ATCGAGCCACAGTGTCGTATC   TGTTGCTGTATGGGTTGTCCT  

9 TTCGCCAGTTACAATCAGTCC                 TAGGTCGCACATTACGTCCAT 

10 TCTCGTTGTCTTGGTTTGTCC                 TCTTCTCCTTCAGCTGGTTCA  

11a CACTATCAGGACCATGCCAAC   TGCAAGGCTGTTAAGTTGCTT 

11b AGATCATGCCAATGCCTACTG   TGCAAGGCTGTTAAGTTGCTT 

12 CCTACAGCCTCATCAAGTGGA   GGAATTCCCGTTTGTATCGAC  

13 AATCTTCGCCTTTCTGTGGAT                 GCGGTGAGGAACTTGTTGATA  

14 CAGTGCGTCTTATCCGTCAAT                 TCTTTTGTTTTCGACCACAGC   

15 CTTGTCGTATCTGGGCTTGAA    GTGTTGGGAGTGTTGTGGTTC  

16 GTCGTCTTCCAGCTACAGTGC                 GATGATCCACCGGAATAGGTT  

17 CACGCTACTTGTCTCCTCTGC                 CGGGATGTAGTACGTGTTGCT 
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(https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_clustalw.html) (Thompson et al. 

1994). Transmembrane sites were predicted with TMHMM Transmembrane Helices in proteins 

from the Center for Biological Sequence Analysis at the Technical University of Denmark 

(http://www.cbs.dtu.dk/services/TMHMM/).  The alignment was used to create a tree with the 

neighbor joining method using ClustalX v2.1 (http://www.clustal.org/) (Saitou and Nei 1987).  

Positions with gaps were excluded by bootstrap resampling up to 1000 trials and a random 

number generator seed of 111.  Bootstrap labels were placed on nodes and saved for observation 

using Treeview v1.6.6 (http://taxonomy.zoology.gla.ac.uk/rod/treeview.html).  The tree was 

rooted with Caenorhabditis elegans innexin-1 (GenBank accession number U39677) as an out-

group. 

Sub-cloning and heterologous expression of Aplysia innexins 

Certain ApInx proteins were functionally assayed under voltage-clamp following 

heterologous expression in N2A cells. The genes for these innexins were subcloned into the 

Nhe1, EcoR1, and/or Sac1 restriction sites of the bicistronic vector, pIRES, which allows the 

same mRNA to simultaneously express channel protein followed by GFP (Rees et al. 1996).  

Gene-specific primers with appropriate overhanging restriction enzyme sequences at the 5’ end 

(Table 3) were designed to amplify the genes for ApInx-2, 7, 8a, 8b, 8c, and 10 by PCR for 

subsequent subcloning into pIRES. 

Transfections were carried out by diluting 2 µg of ApInx-2, ApInx-7, ApInx-8a, ApInx-

8b, ApInx-8c, or ApInx-10 cDNA and 12 µL of Lipofectamine (Invitrogen 18324-111) into 500 

µL of OptiMEM (31985070; GIBCO/Fisher Scientific; see 

https://www.thermofisher.com/order/catalog/product/31985070?ICID=search-31985-070 for 

composition) and left to combine for 15 min at room temperature. EMEM was removed from  

https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_clustalw.html
http://www.cbs.dtu.dk/services/TMHMM/
http://www.clustal.org/
http://taxonomy.zoology.gla.ac.uk/rod/treeview.html
https://www.thermofisher.com/order/catalog/product/31985070?ICID=search-31985-070
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 Table 3. Primer for subcloning into Nhe1, EcoR1, or Sac1 sites 

ApInx primer (5' to 3') 

 

2 GTATGCTAGCCGGTGGAAAAAGGAGTGGGAGTTGA – Nhe1 forward    

GTCTGAATTCCGCCCAGCTAGAATTCAGCAGAAGA – EcoR1 reverse  

7 GTATGCTAGCGCCAGTGTCTGGTGCTTGAGGAGAA – Nhe1 forward           

GTCTGAATTCGAGAATCGTGCCCAGAGCGATCTAA – EcoR1 reverse  

8a GTATGCTAGCTCAGCGGAAGTGGTCAAACTAGAACC – Nhe1 forward        

GTCTGAATTCTTTTTGAGAATCGTGCCCTGAAAGA – EcoR1 reverse  

8b GTATGCTAGCGAACCGACATGCCTTTCCTACAACGA – Nhe1 forward       

GTCTGAATTCGAACCGACGGCTAATGCGACACTTT – EcoR1 reverse  

8c GTATGCTAGCTCAGCGGAAGTGGTCAAACTAGAACC – Nhe1 forward      

GTCTGAATTCGGCCCACTTTAAGTTGAAGGGATCTGC – EcoR1 reverse  

10 GTATGCTAGCTGGGAGAGTGAAATGCCAAGGGTTC – Nhe1 forward          

GTATGAGCTCTGCTGTCACGCATCATACCCTTTCC – Sac1 reverse  
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cell cultures, which were then rinsed with 2 mL of OptiMEM, following which 2 mL of EMEM 

was added back into the culture dish. The preincubated DNA/Lipofectamine/OptiMEM solution 

was then added to the cells, and culture dishes placed in a 37ºC incubator overnight. The 

following day, EMEM was removed and replaced with 2 mL of fresh EMEM, after which cells 

were ready for use. Recordings were made from paired cells that both expressed GFP and were 

separate from all other cells (see Results, Aplysia gap junction genes show similarities to bag 

cell neuron electrical synapses when expressed in mouse neuroblastoma N2A cells for details). 

Analysis 

Most analysis involved cell pairs designated as neuron 1 and neuron 2 (or cell 1 or cell 2 

for N2A cells), with membrane potentials and membrane currents specified as V1, V2, I1, and 

I2, respectively. The Clampfit (v8.1 or 10.2) analysis program of pCLAMP was used to 

determine the amplitude and area of membrane current or voltage. For current, a pair of cursors, 

5-20 ms apart, was placed 1 ms prior to the response evoked by a given voltage step, and the 

mean current between these two cursors taken as baseline. If the current was measured at steady-

state, another pair of cursors, 20 ms apart, was placed 170 ms into the response, and the mean 

current measured between these two cursors compared to baseline and taken as the amplitude. If 

the current was measured at peak or the area of the current response was determined, cursors 

were placed just after (1-5 ms) the onset of the response and when the current had just returned 

to baseline. The peak or area, relative to the baseline, was then calculated by pCLAMP. 

Similarly, for voltage, a pair of cursors, also 5-20 ms apart, was placed 1 ms prior to the 

estimated inflection point of the response (electrotonic potential or action potential), and the 

mean voltage between these two cursors taken as baseline. In addition, cursors were placed 1-5 

ms after the inflection point and when the response had just returned to baseline, respectively. 
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Again, the peak or area, relative to the baseline, was then calculated by pCLAMP.  

Junctional current was plotted against the test voltage using Prism (v6.0; GraphPad 

Software; La Jolla, CA, USA). The peak-to-peak latency between waveform and ETP was 

calculated as the difference between these times. The percent change in junctional current 

following PKC activation was calculated by comparing the subsequent current to control. In 

cases where a gap junction blocker was applied, junctional current or ETP amplitude was 

measured both immediately before the drug was delivered to the bath and 10 min later. Finally, 

action potential area was measured by placing cursors at the beginning of the spike and at the 

steady-state voltage after the action potential. The difference between the two cursors was taken 

as the region of the action potential, above which the action potential area was calculated.  

Statistics were performed using InStat (v3.1; GraphPad). Data are presented as the mean 

± standard error of the mean. The Kolmogorov-Smirnov method was used to test data sets for 

normality. For normality distributed data, Student’s paired or unpaired t-test was used to test for 

differences between two means, while a standard one-way analysis of variance (ANOVA) with 

Dunnett multiple comparisons test was used to test for differences between multiple means. 

Also, a repeated measured ANOVA, following a test for linear trend, was used to examine an 

increasing or decreasing change in group data. For not-normal distributed data, a Mann-Whitney 

U-test was used to test for differences between two means. Difference in action potential 

occurrence was studied using either Fisher's exact test or a Chi-square test. Data was considered 

statistically different if the two-tailed p-value was <0.05. 
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Chapter 3 – Results  

Pairs of cultured bag cell neurons are electrically coupled and show a voltage-independent 

junctional conductance 

 In the intact cluster, bag cell neurons are coupled to many more than one partner, limiting 

the ability to study the properties of electrical transmission. Thus, to examine these synapses 

under more controlled conditions, bag cell neurons were dissociated and plated in close 

proximity to each other. After 2-3 d in culture, pairs formed either a neurite-neurite, neurite-

soma or soma-soma synapse, the latter being the most common (Figure 7A), and exhibited 

electrical coupling. Whole-cell recording either in voltage- or current-clamp was used, and 

unless stated otherwise, recordings were made in nASW as the extracellular solution with a K
+
-

Asp-based intracellular saline in the recording pipettes (see Materials and Methods, Whole-cell, 

voltage- and current-clamp recording from bag cell neurons or N2A cells for details) (Figure 

7E). Neurons were identified as neuron 1 and neuron 2, with the protocols run using neuron 1 as 

presynaptic (receiving test voltage or current pulses) and neuron 2 as postsynaptic reporting the 

junctional current or the effect of junctional current or membrane voltage. 

 To confirm the presence of an electrical synapse, a 1-nA, 125-ms depolarizing current 

was injected into neuron 1 under current-clamp (Figure 7B, left). This elicited action potential 

firing in neuron 1 which, due to the presence of electrical coupling, generated electrotonic 

potentials (ETPs) in neuron 2. Voltage transfer was also seen with a hyperpolarizing 50-pA, 1-

sec current step into neuron 1, which hyperpolarized both neuron 1 and, after a short delay, 

neuron 2 (Figure 7B, right).  

 Junctional current was measured under voltage-clamp by applying a test potential to 

neuron 1 and measuring the current in neuron 2 (Bennett 1966). Pairs were both held at    



36 

 

 

Figure 7. Cultured pairs of bag cell neurons are electrically coupled and show a voltage 

independent junctional conductance. 

A) Phase-contrast photomicrograph of paired bag cell neurons, in the soma-soma configuration 

after 2 d in primary culture. Large processes are visible in the upper portion of the field of view. 

The electrodes are slightly out of focus in the lower field of view. 

B) Dual whole-cell current-clamp of electrically coupled bag cell neurons in nASW dialyzed 

with standard K
+
-Asp-based intracellular saline. A 1-nA depolarizing current injection into 
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neuron 1 evokes action potential (AP) firing (V1, bottom-left). This results in electrotonic 

potentials (ETPs) in neuron 2 (V2, top-left). A negative 50-pA current step into neuron 1 induces 

steady-state hyperpolarization (bottom-right) and, soon after, neuron 2 follows neuron 1 (top-

right). Time-base applies to both top and bottom traces. 

C) Dual whole-cell voltage-clamp of coupled bag cell neurons. Both neurons are held at -60 mV, 

and neuron 1 is stepped from -90 to +60 mV in 200-ms intervals (V1, top). This evokes voltage-

dependent membrane current in neuron 1 (I1, upper-middle) and voltage-independent junctional 

current in neuron 2 (I2, bottom). Time-base applies to all panels. 

D) Plotting the average end-pulse current from neuron 2 as postsynaptic or junctional current (I-

post) against the presynaptic voltage of neuron 1 (V-pre) shows a mainly linear, voltage-

independent relationship; albeit at more positive presynaptic voltages, there is some rectification. 

E) Recording configuration, with both cells under either voltage-clamp or current-clamp.  
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-60 mV, then neuron 1 was stepped through a series of 10-mV square pulses from -90 to +60 mV 

in 200-ms intervals, while maintaining neuron 2 at -60 mV (n=20) (Figure 7C). In response to 

the step commands, the presynaptic neuron 1 displayed membrane current that was linear near -

90 mV, but then rectified outwardly in a voltage-dependent manner at more positive potentials. 

In contrast, the postsynaptic neuron 2 presented a nearly instantaneous and largely non-rectifying 

current. This corresponds to the current passed by the voltage-clamp necessary to keep neuron 2 

at -60 mV, and thus represents the junctional current flowing across the electrical synapse. When 

the average steady-state postsynaptic current (junctional current) was plotted against the 

presynaptic voltage step, an essentially linear relationship was observed, although, slight 

rectification occurred above 0 mV (Figure 7D). 

Action potential-like voltage-clamp waveforms evoke electrical transmission between 

coupled bag cell neurons under presynaptic voltage- and postsynaptic current-clamp 

 During the afterdischarge, changes to electrical transmission are likely context specific as 

to both the shape of the action potential at different phases and what second messengers or 

effectors (like PKC) are activated. Thus, rather than simply driving presynaptic spikes and 

recording the postsynaptic response, action potential waveforms were delivered to neuron 1 

under voltage-clamp, and the resulting change in the membrane potential of neuron 2 was 

measured under current-clamp. By controlling presynaptic voltage, the influence of kinases or 

blockers on the transfer of electrical information can be directly evaluated, particularly 

differentiating between modulation of junctional vs. pre- or postsynaptic membrane conductance. 

Moreover, any changes to presynaptic threshold or excitability, including how the presynaptic 

neuron responds to depolarizing current injection prior to and during an action potential, can be 

prevented from confounding the assay. 
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Action potential-like waveforms that correspond to the different phases of the 

afterdischarge were constructed based on measurements made by White and Magoski (2012), 

Dargaei et al. (2014), and Sturgeon and Magoski (2016) during current-clamp recordings of 

genuine afterdischarges in the intact cluster. Neuron 1 received either an input-phase-like 

waveform from -60 mV (Figure 8A, upper), or a fast- (Figure 8B, upper) or slow- (Figure 8C, 

upper) phase-like waveform from -40 mV. Specifically, the input-phase waveform was a ramp 

from -60 to +20 mV in 20 ms, then a ramp to 0 mV in 15 ms, followed by another ramp to -65 

mV in 25 ms, and finally a ramp back to -60 mV in 50 ms. The fast- and slow-phase waveform 

were ramps from -40 to +30 mV (fast) or +40 mV (slow) in 25 ms, then a ramp to +5 mV in 20 

ms (fast) or to +15 in 40 ms (slow), followed by an additional ramp to -50 mV in 25 ms, and 

lastly a ramp back to -40 mV in 50 ms. In each instance, neuron 2 was initially current-clamped 

to the appropriate membrane potential (-60 or -40 mV) prior to delivery of the presynaptic 

waveform. The stimuli each evoked a corresponding action current in neuron 1 (Figure 8A,B,C, 

middle) and a postsynaptic ETP in neuron 2. The input stimulus elicited a slow ETP (Figure 8A, 

bottom), while both the fast- and slow-phase stimulus generated an ETP that often more closely 

followed the presynaptic waveform (Figure 8B,C, lower). 

Gap junction blockers lower electrical transmission between bag cell neurons 

 Gap junctions can be blocked by a variety of compounds, including some 

arylaminobenzoates (Harks et al. 2001; Srinivas et al. 2001; Srinivas and Spray 2003). To be 

certain that the transmission observed under the voltage-current-clamp configuration was 

mediated by electrical coupling, gap junction blockers previously established as effective in bag  



40 

 

 

Figure 8. Action potential-like waveforms from different phases of the afterdischarge show 

electrical transmission between coupled bag cell neurons. 

A) When neuron 1 is voltage-clamped and neuron 2 is current-clamped (inset), the response of 

the postsynaptic membrane potential can be viewed during presynaptic action potential-like 

stimulation from a specific phase of the afterdischarge. A spike waveform from -60 mV, 

mimicking the input stimulus of the afterdischarge (V1, top), elicits an action current in neuron 1 

(I1, middle) and evokes an ETP in neuron 2 current clamped to -60 mV (V2, bottom). 

B, C) Waveforms akin to the action potential during fast (B) or slow (C) phase of the 

afterdischarge, both from a holding potential of -40 mV, again evoke action currents in neuron 1 

as well as produce spikelet ETPs in neuron 2. The slow-phase ETP is slightly broader. In A-C, 

the time-base applies to the top, middle, and bottom panels.  
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cell neurons were employed, specifically niflumic acid (NFA) and 5-nitro-2-(3-

phenylpropylamino) benzoic acid (NPPB) (Dargaei et al. 2014). Initially, the ability of these 

reagents to inhibit junctional current was confirmed under voltage-clamp, where both neurons 

were held at -60 mV and the voltage in neuron 1 was stepped to -90 mV for 200 ms while 

maintaining neuron 2 at -60 mV (Figure 9A). The resulting junctional current in neuron 2 was 

measured before and 10 min after introducing 100 µM of either NPPB (n=5) or NFA (n=4). In 

both cases, the junctional current was diminished by ~80% (Figure 9A), and on average the 

effect was significant (Figure 9B).  

 Next, the impact of gap junction blockers was evaluated under presynaptic voltage-clamp 

and postsynaptic current-clamp. Neuron 1 received either the input- (Figure 9C, left), fast- 

(Figure 9D, left) or slow- (Figure 9E, left) phase-like waveform, and the voltage transfer to 

neuron 2 was monitored. In control, ETPs were generated in response to all three stimuli; 

however, after delivery of NPPB (n=5) or NFA (n=4 input, slow; n=5 fast), electrical 

transmission was significantly lowered in all cases (Figure 9C-E, right). 

PKC activation modulates electrical transmission  

 Shortly after the onset of the afterdischarge, PKC activity is upregulated and stays 

elevated throughout (Conn et al. 1989; Wayne et al. 1999). PKC has been shown to regulate 

electrical coupling in different cells (Peracchia 1987; Saez et al. 1990; Spray and Burt 1990; 

Lampe et al. 2000). Here, the effect of the phorbol ester, phorbol-12-myristate-13-acetate 

(PMA), a PKC activator that is well established as effective in Aplysia (Castagna et al. 1982; 

DeRiemer et al. 1985; Azhderian and Kaczmarek 1991; Sossin et al. 1994), was tested on 

electrically coupled bag cell neurons. For junctional conductance, neuronal pairs were initially 



42 

 

 

Figure 9. Block of junctional current and voltage transfer between bag cell neurons. 

A) Under whole-cell voltage-clamp, a bag cell neuron pair is held at -60 mV. A 200-ms pulse to 

neuron 1 evokes membrane current in neuron 1 (I1) and junctional current in neuron 2 (I2) (black 

traces). Bath application of 100 µM 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB) for 

10 min inhibits junctional but not membrane current (grey traces). 

B) Summary graph shows both NPPB and niflumic acid (NFA; 100 µM) significantly reduce 

junctional current (*p<0.04, NPPB; p<0.004, NFA; both paired Student’s t-test). 

C-E) While voltage clamping neuron 1 and current clamping neuron 2, delivering the input- (C), 

fast- (D), or slow- (E) phase stimulus (stim; at arrow head) to neuron 1 elicits an ETP in neuron 2 

(black trace). In all cases, 100 µM NPPB reduces the ETP (grey trace). Control traces in (D) and 

(E) from Figure 8. Summary graphs show that both NPPB and NFA significantly lower all 

postsynaptic responses (*p<0.05 input, NFA; p<0.04 fast, NFA; p<0.05 slow, NFA; p<0.02 

input, NPPB; p<0.04 fast, NPPB; p<0.02 slow, NPPB; all paired Student’s t-test). 
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voltage-clamped at -60 mV and pretreated with DMSO (the vehicle) or 100 nM PMA for 20-30 

min (Figure 10A, inset). Subsequent to whole-cell recording, neuron 1 was then pulsed to -90 

mV and the junctional current evoked in neuron 2 was more than two-fold greater in PMA 

(n=10) compared to DMSO (n=12), which was significant (Figure 10B,C). 

 To see if the change in junctional conductance impacted electrical transmission per se, 

pairs were examined under presynaptic voltage-clamp and postsynaptic current-clamp. Because 

PKC is not turned on until the afterdischarge has started (Wayne et al. 1999), only the fast- and 

slow-phase action potential waveforms were initially applied, while holding neuron 1 at -40 mV 

under voltage-clamp and current-clamping neuron 2 to -40 mV (Figure 11A, inset). Pairs in 

DMSO (n=10) most often displayed ETPs when faced with either waveform, and only showed 

spikes around one-third of the time (Figure 11A,B, left). However, when PKC was activated 

(n=11), neuron 2 more often (around three quarters of the time) exhibited bona fide postsynaptic 

action potentials that clearly overshot 0 mV in response to either stimulus (Figure 11A,B, right). 

This difference in the instance of action potential occurrence was significant (Figure 11D). Pairs 

were also given the fast- or slow-phase stimulus twice at the physiological rate of 5 or 1 Hz, 

respectively. In PMA (n=12), neuron 2 often spiked to both stimuli (Figure 11C), but this was 

less likely for DMSO (n=10), where neuron 2 would normally fire once in between the two 

stimuli. Again, this difference in dual action potential firing was significant (Figure 11D and E). 

A hallmark of the bag cell neuron action potential is that, when evoked from rest, it 

presents clear use-dependent broadening (Kaczmarek et al. 1981, 1982; Whim and Kaczmarek 

1998). This broadening effect was mimicked by stimulating neuron 1 with the input-phase 
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Figure 10. PKC activation increases junctional current between cultured bag cell neurons. 

A) Following pretreatment with DMSO, a pair of bag cell neurons under voltage-clamp is held at 

-60 mV. When a pulse to -90 mV in neuron 1 is given (inset), it evokes junctional current (I2). 

B) Junctional current is larger in a pair exposed to 100 nM of the PKC activator, phorbol 12-

myristate 13-acetate (PMA). Scale bars also apply to trace in (A). 

C) Summary data shows the enhancement of junctional current by PMA reaches significance 

(*p<0.006; Mann-Whitney U-test). 
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Figure 11. PKC modulates electrical transmission between coupled bag cell neurons. 

A) Neuron 1 is voltage-clamped and neuron 2 is current-clamped (inset) after being pretreated 

for 20-30 min with either DMSO or 100 nM PMA. In control, from a holding potential of -40 

mV, a fast-phase stimulus to neuron 1 (stim, at arrow head; see also far inset) evokes an ETP in 

neuron 2 (V2, left). Pairs in PMA, which activates PKC, exhibit genuine postsynaptic action 

potentials (right) in response to the fast-phase stimulus (at arrow). Scale bar applies to both 

traces. 

B) The slow-phase stimulus (far inset) also elicits an action potential following pre-treatment 

with PMA (right) vs. DMSO (left). Scale bars apply to both traces.  

C) When neuron 1 receives a dual slow-phase stimulus at 1 Hz, PMA results in neuron 2 firing 

to both stimuli. Scale bars apply to both traces. 

D, E) PKC activation leads to a greater probability of postsynaptic spiking to single (D) or dual 

(E) presynaptic stimulation. For both the fast- and slow-phase stimulus, action potential 

occurrence is significantly greater in pairs pretreated with PMA than DMSO (*p<0.05; all groups 

Fisher’s exact test).  
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waveform 10 times, with each successive stimulus gradually increasing from a half-width of 28 

to 34 ms (Figure 12A, upper). This was done in pairs given either DMSO or PMA pretreatment, 

with neuron 1 held at -60 mV in voltage-clamp and neuron 2 current-clamped to -60 mV (Figure 

12A, inset). When PKC was activated (n=6), the broadening stimulus delivered to neuron 1 

evoked electrotonic potentials in neuron 2 that grew larger with each successive stimulation 

(Figure 12A, lower). By comparison the ETPs in DMSO (n=7), were relatively constant in 

amplitude (Figure 12A, middle).This trend of the ETPs in PMA to increase in magnitude with 

stimulus number was significantly different from DMSO (Figure 12B). Also to note, the peak-to-

peak latency of the broadening waveform to the postsynaptic ETP trended slightly up in control, 

i.e., became somewhat longer, whereas the latency following PKC activation remained stable 

(Figure 12C). Moreover, in two additional pairs, when PKC was activated, neuron 2 would fire 

action potentials in response to the subsequent broadening stimuli, as each successive ETP 

became larger and larger, eventually reaching threshold (Figure 12D).  

PKC activation enhances the responsiveness of bag cell neurons to a junctional current-like 

stimulus 

 The enhancement of electrical transmission by PKC may reflect the increased junctional 

conductance that was observed (see Figure 10) or a change in postsynaptic responsiveness. To 

investigate the latter, a more physiological, junctional current-like stimulus was used to test bag 

cell neuron excitability following PKC activation. This stimulus was derived by quantitating the 

normal junctional current between coupled bag cell neurons elicited by the presynaptic fast-

phase action potential waveform. Under dual voltage-clamp, cells were held at -60 mV, and 

neuron 1 received the waveform stimulus, eliciting a junctional current in neuron 2 (n=11) 



47 

 

 

Figure 12. Broadening of the input stimulus evokes larger and faster electrotonic potentials 

when PKC is activated. 

A) Neuron 1 is voltage-clamped while neuron 2 is current-clamped (inset), and 10 action 

potential waveforms resembling the input stimulus are applied to neuron 1 at a frequency of 5 

Hz. As each successive stimulus becomes broader (V1, top), it evokes an ETP in neuron 2. 

Compared to DMSO (V2, middle), a 30-min 100 nM PMA pretreatment results in ETPs (V2, 

bottom). Numbers indicate stimulation 1 through 10. Scale bars apply to all traces. 

B) The ETPs in PMA (black circles) show a significant upward trend (p<0.04, repeated measures 

ANOVA; p<0.0001, test for linear trend) compared to those in DMSO (clear circles) (p>0.05, 

repeated measures ANOVA).  

C) In PMA (black circles), the peak-to-peak latency of action potential-like waveform to ETP 

appears to shrink overtime, but this trend only approaches significance (p<0.06, repeated 

measures ANOVA). With DMSO (clear circles), the latency actually grows significantly with 

stimulus number (p<0.03, repeated measures ANOVA; p<0.03, test for linear trend).  

D) For some pairs in PMA, the broadening stimulus leads to action potentials in neuron 2 (V2). 
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(Figure 13A). This fast-phase junctional current represents the current that flows through the gap 

junction in the absence of PKC activation. The average peak amplitude of the junctional current 

was shown to be ~ -300 pA, with an area of ~ -10 nA × ms (Figure 13B). 

 At this point, an approximation of this fast-phase junctional current was applied to single 

bag cell neurons under current-clamp at -40 mV. The current was +300 pA, based on a 

depolarizing version of the aforementioned average (compare Figure 13B and Figure 13C, top). 

Cells were either pretreated with DMSO or 100 nM PMA for 20-30 min. Neurons in DMSO 

(n=9) displayed action potential firing in response to the fast-phase current injection 44% of the 

time. In contrast, cells pretreated in PMA (n=8) always fired action potential in response to the 

current injection. Not only was the occurrence of action potentials significantly greater in PMA 

pretreated cells, but so to was spike peak amplitude and area (Figure 13D, E and F).  

 These data would suggest PKC activation enhances postsynaptic responsiveness to 

junctional current. However PKC also enhances junctional current (see Figure 10); to control for 

this, the amplitude of the injected junctional-like current was augmented to reflect what might be 

expected following PMA. Specifically, the fast-phase waveform was increased from 300 pA to 

400 pA (n=9). Despite this, the summary data in Figure 13F shows that in the absence of PKC, 

greater junctional current did not produce more postsynaptic spiking versus control conditions.  

Bag cell neuron Ca
2+

 current is enhanced by PKC activation 

 The afterdischarge is accompanied by a PKC-dependent increase in voltage-gated Ca
2+

 

current, due to the membrane insertion of a second type of Ca
2+

 channel (DeReimer et al. 1985, 

Strong et al. 1987; Zhang et al. 2008). Thus, there is a distinct possibility that a change in 

postsynaptic Ca
2+

 current contributes to the enhanced postsynaptic responsiveness and 
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Figure 13. Fast-phase junctional current evokes action potentials more frequently when 

PKC is activated. 

A) Under dual whole-cell voltage-clamp (inset), a pair of bag cell neurons is held at -40 mV. A 

fast-phase waveform stimulus (top) applied to the presynaptic neuron (V1) induces an inward 

junctional current in the postsynaptic neuron (I2) (bottom).  

B) Summary data show a peak amplitude of ~-300 pA (left) and an area of ~10 nA × ms (right) 

of the junctional current evoked by the fast-phase stimulus.  

C) Single bag cell neurons in nASW are current-clamped (inset) and a depolarizing (positive) 

form of the fast-phase (top) junctional current is injected following either DMSO or 100 nM 

PMA. In DMSO, this induces an ETP (middle, grey line) 56% of the time and an action potential 

(middle, black line) 44% of the time. However, in PMA, the stimulus always evoked a spike. 

Scale bars apply to all traces. 

D,E) The average action potential amplitude (D) or area (E) are significantly greater when PKC 

is activated (*p<0.04 (D); p<0.009 (E); both unpaired Student’s t-test). 

F) The summary data of action potential occurrence shows that in PMA there is a significantly 

greater chance of spiking in response to the fast-phase current injection (*p<0.03; chi-square 

test). Also, under control conditions, in the face of an increased fast-phase current (+300 pA to 

+400 pA), in order to simulate conditions in PMA, the action potential occurrence is not 

enhanced.   
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electrical transmission following PKC activation in paired bag cell neurons. The impact of PKC 

activation on voltage-gated Ca
2+

 current was first confirmed using standard, square steps under 

voltage-clamp. To isolate the Ca
2+

 current, single bag cell neurons were held at -60 mV, bathed 

in Ca
2+

-Cs
+
-TEA ASW, and dialyzed with Cs

+
-Asp-based intracellular saline (Tam et al. 2009; 

Groten et al. 2013). Cells were pretreated with either DMSO (n=7) or 100 nM PMA (n=6) for 

20-30 min, and then pulsed through a series of 200-ms steps from -60 to +40 mV (Figure 14A). 

This evoked a voltage-dependent membrane Ca
2+

 current that was larger in cells pretreated with 

PMA vs. DMSO, as shown previously by both our laboratory and others (Tam et al. 2009; 

Groten et al. 2015; DeRiemer et al. 1984, 1985). Plotting peak Ca
2+

 current against test potential 

showed a non-linear relationship that peaked around 0 mV; Ca
2+

 current was significantly 

enhanced in PKC-activated cells at test potentials between -30 to +40 mV (Figure 14B).  

 Within the context of electrical transmission, it was important to determine if the ETP 

was capable of recruiting Ca
2+

 current, and what impact PKC may have on this outcome. The 

Ca
2+

 current was evaluated by delivering a “control” fast- or slow-phase-like ETP, i.e., voltage 

waveforms were constructed similar in shape and size to the postsynaptic ETPs seen in response 

to the presynaptic fast- and slow-phase action potential stimuli in DMSO/control conditions. 

Specifically, these waveforms were ramps from -40 to -25 mV in 35 ms (fast) or 45 ms (slow), 

followed by holding at -25 mV for 10 ms, then ramping to -40 mV in 85 ms (fast) or 95 ms 

(slow). Waveforms were applied to voltage-clamped single cells recorded with the same 

solutions described above to isolate Ca
2+

 current (Figure 14C). While both the fast- or slow-

phase ETP waveform were capable of eliciting modest Ca
2+

 current under DMSO (n=7) 

conditions, the current was significantly enhanced by three-fold in PMA pretreated cells (n=6) 

(Figure 14D). 
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Figure 14. Bag cell neuron Ca
2+

 current is enhanced by PKC activation. 

A) Single bag cell neurons bathed in Ca
2+

Cs-TEA ASW and pretreated with either DMSO or 100 

nM PMA are voltage-clamped and dialyzed with Cs
+
Asp-based intracellular saline. From -60 

mV, neurons are stepped in 200-ms, 10-mV intervals to +40 mV. This evokes a voltage-

dependent Ca
2+

 current that is much larger in PMA (bottom) vs. DMSO (top). Scale bar applies 

to both traces. 

B) Plotting peak current against step voltage shows a non-linear, voltage-dependent relationship. 

The Ca
2+

 current peaks at 0 mV in both DMSO (clear circles) and PMA (black circles). Yet, the 

peak in PMA is significantly greater than DMSO at potentials > -30 mV (*p< 0.02, -30 mV; 

p<0.01, -20 mV; p<0.01, -10 mV; p<0.01, 0 mV; p<0.02, +10 mV; p<0.02, +20 mV; p<0.02, 

+30 mV; p<0.02, +40 mV; all Mann-Whitney U-test). 

C) Fast phase-like (top-left) and slow phase-like (top-right) ETPs are given to single bag cell 

neurons voltage-clamped at -40 mV while recording Ca
2+

 current. Cells pretreated with DMSO 

display a much smaller Ca
2+

 current (grey trace) than those in PMA (black trace) in response to 

either waveform.  

D) The peak amplitude is significantly greater in PMA for both the fast phase (*p<0.004) and 

slow phase (*p<0.005); both unpaired Student’s t-test).  Scale bars apply to all current traces. 
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Identification of potential innexins in Aplysia 

To better understand the molecular basis of the bag cell neuron electrical synapse, 

Aplysia innexins were examined after heterologous expression through transfection of mouse 

neuroblastoma N2A cells. A former post-doctoral fellow in our lab, Dr. Chris Carter, cloned the 

Aplysia innexin (ApInx) genes, while I performed the transfections and recordings of ApInx-

mediated currents. Moroz et al. (2006) reported 10 putative pannexins (here referred to as 

innexins) in their initial study of the Aplysia neuronal transcriptome.  Using both homology to 

these original ApInx proteins and other conserved features of innexins, such as two pairs of 

invariant extracellular Cys (Panchin et al. 2000; see below for details), the University of 

California, Santa Cruz Aplysia genome was searched using BLAT and Prot2Gene with both 

ApInx and Lymnaea innexin protein sequences as input (see Materials and Methods, In silico 

identification of Aplysia innexins for details).  This produced predicted nucleotide sequences for 

20 Aplysia innexins, which were named ApInx-1 through 17, and included both sequences which 

were the same or very similar to that of Moroz et al. (2006) (ApInx-1, 2, 3, 4, 5, 6, 7, 8a, 9, and 

10) as well as sequences which were either previously unidentified or recognized only by 

genomic prediction (ApInx-8b, 8c, 11a, 11b, 12, 13, 14, 15, 16, and 17).  The naming convention 

continued that of Moroz et al. (2006), with the exception of ApInx-8a, which was originally 

designated ApInx-8 (see below). 

After attaining in silico nucleotide sequence for all 20 innexins, PCR was used to achieve 

overlapping full-length open reading frames; see Table 1 for primers against non-coding 5' and 3' 

untranslated regions.  At the nucleotide level, ApInx-2, 4, and 9 were identical to that published 

by Moroz et al. (2006), while ApInx-1, 3, 5, 6, 7, and 10 differed from the corresponding Moroz 

et al. (2006) sequences by 1, 1, 2, 2, 6, and 8 bases, respectively.  ApInx-8a was 4 nucleotides 
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different from the Moroz et al. (2006) version (designated there as 8), while ApInx-11a, 11b, 12, 

14, 16, and 17 were previously identified as predicted Unc-like genes by the annotation of the 

Aplysia genome.  Finally, ApInx-8b and 8c (close homologues of ApInx-8a) as well as ApInx-13 

and 15 were heretofore uncharacterized innexin gene isoforms. 

The protein sequences for all putative ApInx were translated from the nucleotide 

sequences and aligned (Figure 15) (see Materials and Methods, Amino acid sequence analysis 

and phylogenetic tree generation for details).  This showed that the Aplysia proteins presented 

the key features of other innexins, including intracellular amino and carboxy termini, four 

transmembrane domains, two extracellular loops, two pairs of Cys residues in the extracellular 

loops (vertebrate connexins have three pairs), and a Pro-X-X-X-Trp motif at or near end of the 

second transmembrane domain (Phelan 2005; Sosinsky and Nicholson 2005).  The extracellular 

Cys are important for inter-subunit binding to stabilize the channel (Dahl et al. 1992; Foote et al. 

1998), while the Pro-X-X-X-Trp sequence mediates gating (Suchyna et al. 1993).  The Cys pairs 

were absolutely conserved in all ApInx, as were two, separate Asp residues in the amino and 

carboxy terminus, respectively.  The Pro-X-X-X-Trp motif was present in all but ApInx-16, 

which retained the Pro but had a Tyr substituted for the Trp.  There was also strong conservation 

for a Tyr-Tyr-X-Trp-Val/Ala/Ile sequence, which is found in many other innexins but not 

pannexins (Phelan 2005), near the start of second transmembrane domain.  Specifically, ApInx-

1, 2, 3, 4, 12, 13, 14, and 17 had Tyr-Tyr-X-Trp-Val, while ApInx-5, 6, 11a, 11b, and 16 had X-

Tyr-X-Trp-Val/Ile, but ApInx-7, 8a, 8b, 8c, 9, 10, and 15 had only the final Val/Ala.  Lastly, just 

after the beginning of the fourth transmembrane domain, there was complete conservation of a 

Trp-Phe-Trp motif in ApInx-1, 2, 3, 4, 5, 6, 11a, 11b, 16, and 17. 
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Figure 15. Protein sequence alignment of innexins from Aplysia. 
ClustalW-derived multiple sequence alignment of putative Aplysia innexin proteins. The ApInx 

number is given at the left margin, while the amino acid number is at the upper right margin of 

each sequence block. The first residue of each sequence is the amino terminus. Transmembrane 
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regions (TM) 1-4 are highlighted in light grey. Two pairs of conserved C amino acids in the first 

and second extracellular loops (between TM2 and 3 and TM 3 and 4) are designated by black 

highlight and white text as well as an asterisk. Two conserved D residues, in the intracellular 

amino terminus and carboxy terminus, respectively, are labelled with white on black as well as 

an open, downward-pointing triangle. The nearly absolutely conserved P-X-X-W motif at or 

close to the end of TM2 is indicated by closed, downward-pointing triangles and bold text. Two 

other sequences which showed strong but not total conservation are a W-W-X-Y-V/A/I motif 

adjacent to the beginning of TM2 (demarked by a solid bar) and a W-F-W motif in TM4 (noted 

by a dashed line). 
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Phylogeny and relative expression of Aplysia innexins 

To examine how the innexins proteins from Aplysia are related to one another, a rooted 

tree for the ApInx was constructed using the Caenorhabditis elegans innexin-1 as an out-group 

(Figure 16A) (see Material and Methods, Amino acid sequence analysis and phylogenetic tree 

generation for details).  This suggested two main groups of innexins (ApInx-1, 2, 3, 4, 13, and 

17 vs. ApInx-5, 6, 7, 8a, 8b, 8c, 9, 10, 11a, 11b, 12, 14, 15, and 16) could have diverged from a 

common ancestor.  Within these two groups were more closely related sub-groups; in particular, 

ApInx-11a and 11b, which shared 94% amino acid identity, as well as ApInx-8a, 8b, and 8c, 

which were 80% identical.  After that, the homology of any ostensible sub-group was less 

substantial, with ApInx-1 and 4 sharing 49%, ApInx-2, 3, and 17 exhibiting 42%, ApInx-9, 10, 

and 15 showing 30%, and ApInx-5, 6, and 14 having 27% amino acid identity, respectively. 

To ascertain which innexins were potentially expressed in the Aplysia nervous system, 

real-time PCR was performed using cDNA from either bag cell neuron clusters, the abdominal 

ganglion (sans the bag cell neuron clusters), or the paired buccal ganglia (both left and right 

together) and normalized to the housekeeping gene, Aplysia GAPDH (see Materials and 

Methods, Real-time PCR and Analysis for details).  This was comparable to the approach carried 

out previously by both our laboratory (White et al. 2014) and others (van Nierop et al. 2005, 

2006) to examine acetylcholine receptor expression in Aplysia and Lymnaea, respectively.  It 

was possible to design primers to detect all of the innexin gene isoforms with the exception of 

ApInx-8a, 8b, and 8c; see Table 2 for real-time PCR primers. The sequence similarity of ApInx-

8a, 8b, and 8c precluded distinguishing between isoforms, so instead the expression of simply 

ApInx-“8” is reported here, which presumably reflects one or more of this innexin sub-group. 

The bag cell neurons showed the greatest extent of overall innexin expression (relative to 
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Figure 16. Phylogenetic tree and real-time PCR of Aplysia innexins. 

A) Tree of all the ApInx proteins rooted with the Caenorhabditis elegans innexin-1 (CeInx-1) as 

an out-group. Bootstrap numbers placed on nodes are based on 1000 replicates, with the scale 

bar representing substitutions per site. Two overall groupings of innexins appear to emerge from 

a common ancestor: the upper main branch of the tree houses ApInx-5, 6, 7, 8a, 8b, 8c, 9, 10, 

11a, 11b, 12, 14, 15, and 16, while the lower main branch has ApInx-1, 2, 3, 4, 13, and 17. 

Several other sub-groupings of isoforms are also apparent, some of which are strongly related 

(ApInx-11a and 11b; ApInx-8a, 8b, and 8c), and others which are less identical (ApInx-1 and 4; 

ApInx-2, 3, and 17; ApInx-9, 10, and 15; ApInx-5, 6, and 14). 

B) Expression levels of ApInx using cDNA template derived from the bag cell neuron clusters 

(left, black bars), the abdominal ganglion (middle, dark grey bars), or the buccal ganglia (right, 

light grey bars). Real-time PCR of ApInx expression levels relative to the housekeeping gene, 

ApGAPDH. The ordinate shows the outcome of raising the base of 2 to the negative delta Ct (Ct 

of a given ApInx minus the Ct of ApGAPDH). In general, there is higher relative innexin 

expression in the bag cell neurons vs. the abdominal ganglion or the buccal ganglia. That aside, 

in all three CNS regions, the levels of ApInx-7, “8”, and 10 are consistently greater, while there 

is more modest relative expression of ApInx-2, 3, 4 5, 6, 9, 12, 14, 15, and 16, and low or very 

low levels of ApInx-1, 11a, 11b, 13, and 17. 
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GAPDH) compared to the abdominal ganglion or the buccal ganglia (Figure 16B, black bars vs 

dark grey or light grey bars). The relative expression of a given ApInx isoform in the bag cell 

neurons was either similar or up to ~3-fold higher than in the abdominal ganglion, and ~2- to ~4-

fold higher than in the buccal ganglia. However, within a particular CNS region, the relative 

expression was consistently elevated for ApInx-7, “8”, and 10, with the level of these genes 

being at least twice that of the other innexins in an area. By comparison, the relative expression 

of ApInx-2, 3, 4 5, 6, 9, 12, 14, 15, and 16 was intermediate, while some innexins showed 

uniformly low (ApInx-1) or very low (ApInx-11a, 11b, 13, 17) levels across the three CNS 

regions. It is important to note that the relative expression of multiple genes could be influenced 

by differences in primer pair efficiency, and must ultimately be regarded as an estimate. 

Aplysia gap junction genes show similarities to bag cell neuron electrical synapses when 

expressed in mouse neuroblastoma N2A cells  

Next the ApInx were functionally characterized using an electrophysiological assay 

following heterologous expression in N2A cells. Rather than test all of the innexins, only those 

isoforms whose genes were expressed at elevated levels in the bag cell neurons by real-time PCR 

were pursued, i.e., ApInx-7, “8”, and 10. Because the relative expression of ApInx-“8” may have 

represented any or all of ApInx-8a, 8b, and 8c, all three of these isoforms were examined. In 

addition, many of the other innexins were expressed in the bag cell neurons at around half the 

level of ApInx-7, “8”, and 10. As such, we also chose to also investigate ApInx-2, which had the 

highest relative expression of this secondary group of innexins in bag cell neurons. Full-length 

transcripts of ApInx-2, 7, 8a, 8b, 8c, and 10 were amplified by PCR and inserted into the pIRES 

expression vector, which expresses both the inserted protein and green fluorescent protein (GFP) 

separately (Rees et al. 1996); see Table 3 for sub-cloning primers. These constructs were then 
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transfected into N2A cells, then after 1-3 days in the incubator, protein expression was initially 

confirmed by detecting GFP with epifluorescence and electrical coupling tested under voltage-

clamp (Figure 17C) (see Material and Methods, Sub-cloning and heterologous expression of 

Aplysia innexins and Whole-cell, voltage- and current-clamp recording from paired bag cell 

neurons or N2A cells for details).  

Under dual voltage-clamp, pairs of N2A cells transfected with a given ApInx gene were 

held at 0 mV. Cell 1 was pulsed through a series of voltage steps from either -30 mV or -60 mV 

to +60 mV (Figure 17A, top) which evoked membrane current in cell 1 and junctional current in 

cell 2 (Figure 17A, upper-middle and bottom). Due to the lack of voltage-gated membrane 

channels in N2A cells, membrane current was voltage-independent (Figure 17A, upper-middle); 

moreover, the junctional current was also voltage-independent (Figure 17A, bottom). The 

junctional current plotted against the presynaptic membrane potential maintained its linear 

relationship, like native bag cell neurons. Transfections with the ApInx-8b gene yielded clear 

junctional current (Figure 17B), as did ApInx-8c and 2, which also displayed a similar linear 

voltage-independent junctional current (Figure 17D and E). Among these three innexins, the 

innexin gene 8b appeared to have the strongest coupling capabilities, as evident by the junctional 

current being about twice as large as ApInx-8c and about three times as large than ApInx-2 at 

+60 mV. Genes for ApInx-7, 8a and 10 were also tested, and although a linear voltage-

independent relationship was exhibited (Figure 18A), the junctional current was extremely low, 

to a point where coupling was barely present (Figure 18B, C, D) Compared to ApInx-7, 8a and 

10, ApInx-8b displayed junctional current that was markedly bigger. 

For the innexins that did present coupling, gap junction blockers NPPB and NFA were 
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Figure 17. Aplysia innexins 8b, 8c and 2 expressed in N2A cells display similar 

electrophysiology. 

A) Under dual whole-cell voltage-clamp, N2A cells transfected with the Aplysia innexin 8b 

(ApInx-8b) gene are both held at 0 mV. The bath contained a Na
+
-based saline while both cells 

were dialyzed with a Cs
+
-based intracellular saline. Pulsing cell 1 through a series of voltage 
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steps from -30 to +60 mV (V1, top) evokes voltage-independent membrane current in cell 1 (I1, 

upper-middle) and junctional current in cell 2 (I2, bottom). 

B) Summary current-voltage relationship shows that the presynaptic voltage steps evoke linear 

junctional current.  

C) When the ApInx-8b gene is inserted into the pIRES-GFP vector and transfected into paired 

N2A cells (phase, upper), expression is indicated by green fluorescence (lower). Scale bar 

applies to both photomicrographs. 

D, E) Under dual whole-cell voltage-clamp, N2A cells transfected with the innexin 8c (ApInx-

8c) or innexin 2 (ApInx-2) gene are both held at 0 mV. Pulsing cell 1 from -60 to +60 mV 

evokes a junctional current in cell 2 (I2), albeit for ApInx-2, the coupling is weaker. 

F, G) Plotting the average end-pulse current from cell 2 against the presynaptic voltage shows a 

linear, voltage-independent relationship. ApInx-8c and -2 have a similar voltage-independent 

relationship, although it is weaker for ApInx-2 compared to both the innexin 8b and 8c. 
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Figure 18. Aplysia innexins 7, 8a and 10 display a low junctional current when 

heterologously expressed 

A) Under dual whole-cell voltage-clamp, N2A cells transfected with innexin 7 (top) or 10 

(bottom) are both held at 0 mV. In both cases, the junctional current, evoked by stepping cell 1 

from -60 mV through to +60 mV, is low. 

B-D) Plotting the average end-pulse current from the postsynaptic cell (I-post) transfected with 

innexin 7 (B), innexin 8a (C) or innexin 10 (D) against the presynaptic voltage (V-pre) shows a 

linear, almost flat line voltage-independent relationship.  
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applied to evaluate if the pharmacology was similar to bag cell neuron gap junctions. Pairs of 

N2A cells were held at 0 mV under dual voltage-clamp and a step to -30 mV delivered to cell 1, 

which elicited junctional current in cell 2. Either 100 µM NPPB or NFA was added, and after 10 

min the coupling was tested again. In all cases, compared to DMSO, instances were observed 

where the junctional current dropped after blocker addition (Figure 19A); however, only ApInx-

2 and 8b reached significance with NPPB, whereas NFA significantly reduced ApInx-8a and 8c 

junctional current (Figure 19B). Although the effect of NPPB on ApInx-2 appeared clear, the n-

value was too low to include in testing. Similarly, a small sample number may be why NFA 

failed to significantly lower ApInx-2 or 8a coupling. 
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Figure 19. Gap junction blockers decrease junctional conductance in coupled N2A pairs. 

A) Under dual whole-cell voltage-clamp, coupled N2A cells transfected with genes for either 

ApInx-8b, 8c or 2, are both held at 0 mV. Cell 1 (V1) is stepped to -30 mV from 0 mV for 200-

ms to evoke junctional current in cell 2 (I2). For ApInx-8b, addition of 100 µM NFA (top-left) or 

100 µM NPPB (bottom-left) markedly reduces the junctional current (grey traces) compared to 

before the blockers (black traces). For ApInx-8c (top-right) or 2 (bottom-right), junctional 

current was also decreased but not as strongly as with pairs transfected with the ApInx-8b. 

B) Summary graph compares the change in junctional current before and after NPPB, NFA, or 

DMSO. Although the junctional current appears to fall in all cases where a blocker was given, 

these differences reach significance only in pairs transfected with ApInx-8b (*p< 0.002) and 2 

(*p< 0.002) with NPPB and ApInx-8c (*p<0.007) with NFA; One-way ANOVA with Dunnett 

multiple comparisons test). For obvious reasons, that the NPPB and ApInx-2 dataset was not 

included in the ANOVA. 
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Discussion 

Neuronal networks communicating through electrical synapses has been confirmed since 

the 1970’s (Bennett 1977), where electrical transmission mediates reciprocal, synchronized 

interactions. Synchronization can occur locally between interneurons and/or projection neurons, 

which in turn interact with neurons or targets elsewhere to elicit a physiological response 

(Bennett and Zukin 2004). Neuroendocrine cells are typical in this regard, where a signal triggers 

a neuroendocrine system, leading to synchronization and the secretion of hormones (Magoski 

2017). For example, pancreatic beta cells in the islet of Langerhans communicate through gap 

junctions, and show synchronous activity in response to an increase in blood glucose, resulting in 

the release of insulin (Meissner 1976; Eddlestone et al. 1984; Perez-Armendariz et al. 1991). 

High glucose elevates the ATP-to-ADP ratio, which closes ATP-sensitive K
+
 channels, 

depolarizes the membrane potential, and opens voltage-gated Ca
2+

 channels to cause exocytosis 

of vesicles containing insulin (Lang and Light 2010). Another example is chromaffin cells of the 

adrenal medulla, where synchronous firing provokes an intracellular Ca
2+

 rise and catecholamine 

exocytosis after splanchnic nerve activation (Martin et al. 2001; Desarmenien et al. 2013). Also, 

magnocellular neurons in the paraventricular and supraoptic nucleus, fire collective bursts to 

elicit oxytocin and vasopressin release (Andrew et al. 1981; Belin and Moos 1986; Yang and 

Hatton 1988). In bag cell neurons, acetylcholine stimulates an afterdischarge of synchronous 

firing, due to electrical coupling, which triggers the en masse release of egg-laying hormone 

(ELH) (Conn and Kaczmarek 1989, Loechner and Kaczmarek 1990, White and Magoski 2012). 

The evidence is clear that transmission between bag cell neurons is electrically, and not 

chemically, mediated. For electrical transmission, injection of hyperpolarizing current into one 

neuron results in a corresponding hyperpolarization of the coupled neuron (Bennett 1966, 1977, 
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2000). At a chemical synapse, where transmitter is released presynaptically upon reaching 

threshold, hyperpolarizing current should have no direct impact on a follower neuron (Katz and 

Meledi 1967). A short latency to the postsynaptic depolarization is a good indication of electrical 

transmission (Furshpan 1964; Bennett 1966; Pappas and Bennett 1966). In contrast, chemical 

transmission is characterized by a definite delay (Grundfest 1961; Eccles 1964; Katz and Miledi 

1965), consisting of the time for both the presynaptic spike to initiate transmitter release, plus the 

progression of the postsynaptic response (Berry and Pentreath 1976). The present experiments 

show that as the presynaptic waveform is applied, the ETP develops well before the peak. 

Similarly, depolarizing the presynaptic neuron evokes almost immediate inward current in the 

postsynaptic neuron, and the most straightforward explanation of this is electrical coupling. 

Finally, electrical transmission between bag cell neurons is sensitive to gap junction blockers, 

which were also found to inhibit junctional conductance in multiple species, including rat, rabbit, 

frogs, and the bag cell neurons themselves, while not interfering with chemical synaptic input 

(Harks et al. 2001; Harris 2001; Eskandari et al. 2002; Srinivas and Spray 2003; Pan et al. 2007; 

Dargaei et al. 2014).  

A role for electrical transmission in bag cell neuron function, and by extension the 

afterdischarge, can also be garnered from the outcome of the real-time PCR assay. To some 

extent, the bag cell neuron clusters express, relative to GAPDH, 13 of the 20 ApInx genes, i.e., 

ApInx-2, 3, 4, 5, 6, 7, “8”, 9, 10, 12, 14, 15, and 16.  For ApInx-7, “8”, and 10, the expression 

was considerably higher, with ApInx-8a, 8b, and 8c, which could not be separated, potentially 

contributing singularly or in combination to the overall level of ApInx-“8”.  That these genes are 

expressed in the intact cluster is consistent with the conclusion that the electrical coupling and 

synchronous firing observed in bag cell neurons is due to innexin-based gap junctions. 
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The ApInx sequences show conserved residues that are expected for pore-forming 

subunits of gap junction channels. In particular, the two Cys in each extracellular loop are 

understood to establish inter-loop disulfide bridges, thereby creating β-sheets that lock with those 

from other subunits, like fingers from opposing hands, to form a channel (Foote et al. 1998).  

Mutating these Cys in connexins prevents assembly and junctional formation (Dahl et al. 1992).  

A nearly absolute conserved sequence of Pro-X-X-X-Trp is found in the second transmembrane 

domain, with only ApInx-16 showing a Tyr rather than Trp. This matches innexins from 

Caenorhabditis, the sea butterfly Clione, Drosophila, and the leech, Hirudu (Phelan 2005), along 

with various vertebrate connexins (Suchyna et al. 1993). Altering the equivalent Pro impacts 

Cx26 voltage gating, suggesting it acts as a hinge to twist the second transmembrane α-helices 

and occlude the pore formed by the third transmembrane helices (Suchyna et al. 1993; Samson 

and Weinstein 2000; Oshima 2014). Because both the ApInx and native Aplysia gap junctions 

close weakly to changes in transjunctional voltage, the Pro here may have a more general gating 

function rather than responding to voltage per se. For example, a similar Pro residue in the first 

transmembrane helix of every ligand-gated ion channel is involved in translating agonist binding 

to opening (England et al. 1999). Lastly, it is unclear why all ApInx have a conserved Asp 

residue in the amino and carboxy termini, as well as why many ApInx present the Tyr-Tyr-X-

Trp-Val/Ala/Ile and Trp-Phe-Trp sequences at the beginning of the second and fourth 

transmembrane domains, respectively. 

Also enigmatic is the apparent expression of such a large number of ApInx genes in the 

bag cell neurons, as well as other nervous system areas, like the abdominal or buccal ganglia.  

However, these numbers are in keeping with what is reported for Caenorhabditis, Drosophila, 

and Hirudo (Phelan et al. 1998; Bauer et al. 2005; Kandarian et al. 2010), as well as most 
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vertebrates (Rackauskas et al. 2010; Abascal and Zardoya 2013). With respect to mollucs, the 

DNA Data Bank of Japan has at least eight innexins for the pond snail, Lymnaea (see Materials 

and Methods, In silico identification of Aplysia innexins), the Joint Genome Institute reports 12 

innexins from the limpet, Lottia (see Kandarian et al. 2012), and a single innexin has been 

published for Clione (Panchin et al. 2000). Work on leech suggests that a diversity of innexin 

genes may be important for selective electrical transmission between neurons in specific circuits 

(Firme et al. 2012). In Aplysia, this may be the case for electrically coupled neurons in the 

abdominal (Carew and Kandel 1977) or buccal ganglia (Gardner 1971), although for the bag cell 

neurons, which are thought to be homogenous, the necessity of numerous ApInx is not intuitive. 

The electrical coupling observed between cultured bag cell neurons in this thesis is 

comparable to prior studies. Pairs of cultured bag cell neurons formed electrical synapses after 2-

3 d of incubation, in most cases as a soma-soma configuration. Previous work showed pairs 

forming soma-soma or neurite-neurite synapses within a few d, with the former configuration 

offering stronger coupling (Kaczmarek et al. 1979; Dargaei et al. 2014, 2015). The cultured bag 

cell neuron electrical synapse is evident by the passage of hyperpolarization from one cell to its 

partner. Reported coupling ratios (ΔV coupled cell/ΔV current-injected cell) varied from 0.8 to 

0.01, where typically neurite-neurite synapses exhibited the lower range of coupling (Kaczmarek 

et al. 1979; Lin and Levitan 1987; Dargaei et al. 2014). Although coupling ratios where not 

explicitly reported here, most pairs used were soma-soma synapses and displayed strong ratios 

ranging from 0.4-0.8 (n=11; C.C. Beekharry and Dr. N.S. Magoski unpublished). 

The junctional conductance between cultured bag cell neurons in this thesis was ~3.5 nS, 

which is slightly lower than earlier reports of ~7 nS (Dargaei et al. 2014, 2015). This may be 

explained by the time of the year in which experiments took place. Aplysia are reproductively 
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active during the summer and less so during the winter (Kupfermann 1970; Audesirk 1979); 

recordings for the present study took place year-round, which may have accounted for the lower 

coupling. Although junctional conductance was not systematically categorized here according to 

date, anecdotally, pairs made from winter and spring Aplysia appear to couple less strongly (C.C. 

Beekharry and Dr. N.S. Magoski unpublished). Another feature of junctional conductance 

observed here is a lack of voltage dependence, as per previous studies (Dargaei et al. 2014, 

2015); however, the present study tested non-physiological positive potentials (+10 to +60 mV), 

where the junctional current shows some rectification and a decrease. Because uncoupling of the 

network is undesirable, this lack of voltage-dependence may be suitable for reproductive 

purposes by maintaining the afterdischarge even if the neurons are strongly depolarized or during 

the peak depolarization of the action potential. Conversely, in early amphibian embryos the 

permeability of developmental signals and messengers between cells is restricted by a voltage-

dependent junctional conductance. This allows specific cells to uncouple at specific times, thus 

offering flexibility in developmental programs where timing is key (Spray et al 1979; Obaid et 

al. 1983). 

The largely absent voltage-dependence of the junctional current between cultured bag 

cell neurons was similar to the biophysical properties of those ApInx genes expressed as 

homomers in N2A cells. That stated, only ApInx-2, 8b, and 8c showed appreciable junctional 

current, despite all N2A cells presenting green fluorescence when transfected with the pIRES 

vector containing any of ApInx-2, 7, 8a, 8b, 8c, or 10. This may reflect a need for either 

heteromeric pairing with other ApInx or the expression of additional proteins necessary for 

trafficking. Like Aplysia, EAT-5 and Shak-B (neural) innexins from Caenorhabditis and 

Drosophila, as well as connexins Cx32.7 and Cx31.1 from fish and human, fail to form 
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functional gap junctions when expressed in paired frog oocytes (Hennemann et al. 1992; 

Bruzzone et al. 1995; Phelan et al. 1998; Landesman et al. 1999). These matters aside, the 

evidence that some ApInx recapitulate bag cell neuron gap junction biophysics is again in 

keeping with these proteins mediating electrical transmission in the cluster and during the 

afterdischarge. 

The role for coupling in bag cell neurons may be to support the all-or-none aspect of the 

afterdischarge, i.e., once a high threshold is exceeded, the burst spreads throughout the cluster 

(Kupfermann and Kandel 1970; Brown et al. 1989). Due to extensive coupling, currents 

generated at an individual synapse are shunted, and only a large or simultaneous input would 

generate sufficient current to fire the entire bag cell neuron network. Synchrony of firing is a key 

feature of the afterdischarge, and electrical coupling is likely a strong contributing factor 

(Blankenship and Haskins 1979). Moreover, the bidirectionality of electrical synapses allows bag 

cell neurons to coordinate network activity and detect any coincident simultaneous subthreshold 

depolarizations within the cluster (Dargaei et al. 2014), a phenomenon that has been shown to 

increase neuronal excitability and promote synchronous firing in networks from the mollusc, 

Tritonia, as well as rat neocortex, trigeminal nucleus, and retina (Getting 1974; Getting and 

Willows 1974; Galarreta and Hestrin 2001; Veruki and Hartveit 2002; Curti et al. 2012). For bag 

cell neurons, this is apparent in that gap junction blockers not only disrupt electrical coupling in 

the intact cluster, but also silence the afterdischarge all together (Dargaei et al. 2014). This 

suggests electrical transmission promotes synchrony and recruits the entire network through 

electrotonic spread. 

Electrical transmission exhibits a low-pass filter characteristic, which is a consequence of 

the junctional conductance feeding into the parallel capacitance (charging the membrane) and 
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conductance of the postsynaptic cell (Bennett 2004). Thus, postsynaptic responses are slowed 

and attenuated relative to the presynaptic potential. This can be seen in the action potential 

waveform experiments done here, where ETPs were slow in relation to the presynaptic stimulus. 

The postsynaptic potential becomes detectable only as the postsynaptic capacitance is charged. 

For the intact cluster, the input that triggers the afterdischarge appears to innervate at least a 

subset of bag cell neurons (Brown and Mayeri 1989); therefore, recruitment may not require 

ultra-fast latency, and synchrony is still achieved despite low-pass filtering.  

In experiments where PKC was activated by PMA pretreatment, junctional conductance 

between bag cell neurons was increased. Considering how PKC activity is upregulated within 5 

min of onset of the afterdischarge (Wayne et al. 1999), it implies that PKC contributes to the 

maintenance of the network afterdischarge. The mechanism may be through direct 

phosphorylation of gap junctions or recruitment of channels to the membrane. Case in point, an 

in silico analysis, using KinasePhos (v2.0;  http://kinasephos2.mbc.nctu.edu.tw/), of ApInx-2, 7, 

8a, 8b, 8c, and 10 protein sequences reveals one or more potential PKC consensus 

phosphorylation sites in the amino and/or carboxy termini of each innexin.  Prior literature 

concerning non-neuronal cells and expression systems generally reveals PKC-dependent 

phosphorylation of connexins to negatively affect junctional communication (Lampe and Lau 

2000, 2004), including in the hamster fibroblast v79 cell line (Cruciani et al. 2001), rat epithelial 

cells (Lampe et al. 2000), normal rat kidney and HeLa cells (Li et al. 1996), rat lacrimal glands 

(Randriamanipita et al. 1988), and murine pancreatic acinar cells (Somogyi et al. 1989). Most 

studies have focused on Cx43, where PKC increases phosphorylation and is associated with 

decreased gap junction assembly, a reduced connexin half-life, and/or downregulation of 

junctional conductance (Lampe and Lau 2000, 2004; Bao et al. 2004; Thevenin et al. 2013; Liao 

http://kinasephos2.mbc.nctu.edu.tw/
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et al., 2013; Wang et al. 2013, 2015). Additionally, while PKC phosphorylation of Cx43 at S368 

was correlated with a decreased assembly into gap junctions, another protein kinase, p34
cdc2

, 

causes internalization of Cx43 (Lampe et al. 2000; Solan et al. 2003; Laird 2005). However, 

although PKC increases dye permeability between coupled rat hepatocytes and cardiac myocytes 

(Cruciani et al. 2001; Lampe and Lau 2004; Pogoda et al. 2016), there is little evidence for PKC-

mediated enhancement of junctional conductance in neurons. To the best of my knowledge, the 

present study is a novel case where junctional communication is actually upregulated by PKC 

activation in neurons. 

 This thesis also shows that the fidelity of transmission between bag cell neurons 

increases with PKC activation. Following PMA, single presynaptic waveforms evoked 

postsynaptic action potentials from afterdischarge-like resting potentials, i.e., the fast- and slow-

phase waveforms at -40 mV. Also, from a pre-afterdischarge resting potential of -60 mV, 

repetitive broadening presynaptic waveforms occasionally evoked postsynaptic spikes. This 

suggests that PKC may assist in maintaining the afterdischarge by recruiting postsynaptic 

neurons to fire in synchrony within the network. The production of burst firing from a 

maintained depolarization of individual neurons in a network can also be seen in the escape 

swimming circuit of Tritonia, where synchronous firing is mediated by a slow depolarization of 

all neurons in the population, and the generation of ETPs (Getting and Willows 1974). For both 

Tritonia and Aplysia, the bidirectional electrical synapses and large number of neurons results in 

regenerative firing until synchrony of the population occurs.  

Increases in bag cell neuron junctional conductance by PKC may influence the fidelity of 

network firing. Although current is lost through the low-pass filter, this does not affect the ability 

of the network to recruit postsynaptic firing. For example, junctional-like current was able to 
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evoke action potential firing consistently in PKC-activated neurons. However, increasing the 

junctional-like current in DMSO conditions did not enhance action potential occurrence any 

further, suggesting a PKC-dependent change in postsynaptic responsiveness. In all likelihood, 

PKC-activation improves fidelity by increasing postsynaptic Ca
2+

 current, given that PMA 

enhanced Ca
2+

 current in single bag cell neurons, as assayed by both voltage steps and, 

importantly, ETP-like waveforms. There is strong evidence that activation of PKC in bag cell 

neurons rapidly recruits a second type of Ca
2+

 channel, CaV2, to the plasma membrane 

(DeRiemer et al. 1985; Strong et al. 1987; Zhang et al. 2008; Tam et al. 2011). Overall, PKC 

results in more junctional current and postsynaptic Ca
2+

 current, which together charge the 

postsynaptic capacitance faster, thus driving spiking and ameliorating the initial slow ETP.  

Electrical coupling recruits postsynaptic membrane currents to promote synchrony of 

firing in many other networks, such as in goldfish Mauthner cells, as well as rat cerebellar 

interneurons, thalamocortical neurons, and trigeminal or dorsal cochlear nuclei (Mann-Metzer 

and Yarom 1999; Curti and Pereda 2004; Curti et al. 2012; Haas and Landisman 2012; 

Apostolides and Trussell 2014). This is typically achieved by activating voltage-gated Na
+
 

current, often subthreshold Na
+
 current, but may also involve deactivating hyperpolarization 

activated currents, in the postsynaptic neuron. Bag cell neurons appear to employ Ca
2+

, rather 

than Na
+
, current for similar purposes. Moreover, bag cell neuron Ca

2+
 current displays a 

persistent component, particularly between -40 and -20 mV (Tam et al. 2010). This voltage 

range is within what would be produced by an ETP; thus, with enhanced Ca
2+

 current, an ETP 

would be more likely to recruit postsynaptic firing and potentially impact synchrony during the 

afterdischarge.  
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Future directions  

To further elucidate the mechanism of how PKC enhances electrical transmission, 

whether by recruitment of postsynaptic currents or direct enhancement of gap junction channels, 

one may perform voltage-/current-clamp experiments in pairs pretreated with a PKC-activator 

plus gap junction blockers. In this scenario, the effect of PKC on junctional current and 

transmission can be evaluated when gap junctions are inhibited, and compared to conditions of 

no PKC activation. If the results are similar, it would suggest that the gap junction-mediated 

increase in conductance has a greater effect on fidelity; otherwise PKC maintains fidelity by 

recruitment of postsynaptic Ca
2+

 current. Also, the PKC-induced upregulation of junctional 

current can be tested by blocking channel trafficking from the endoplasmic reticulum.  

Other future directions would be to see which, if any, ApInx are phosphorylated upon 

PKC activation during the afterdischarge. A Western blot of phospho-stained innexin proteins 

from control, PMA-treated, or afterdischarge clusters may be performed. If phosphorylation is 

found, PKC-consensus residues will be removed by mutagenesis (Ser or Thr changed to Ala or 

Val) to test if an increase in junctional conductance is prevented. Additionally, to confirm which 

ApInx correspond to the native gap junction, RNA interference knock-down of innexin genes 

can be performed. Pairs of cultured bag cell neurons or the intact cluster can be incubated in 

double-stranded interfering RNA against one or more innexin isoform and assayed for 

suppression of coupling, or in the case of the cluster, disruption of the afterdischarge. 

Furthermore, N2A cells transfected with select ApInx may be treated with PMA to test if an 

increase in junctional conductance still occurs and which isoform is sensitive to such modulation.   
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