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Abstract 

Retinoic acid (RA), the active metabolite of vitamin A, has an established role in 

development of the nervous system, but has recently emerged as a critical regulator of  

adult nervous system function. RA is important for learning and memory in both 

vertebrates and invertebrates. It is also important for synaptic plasticity at rodent 

hippocampal synapses and is known to interact with Ca2+ signaling to regulate receptor 

expression and influence synaptic transmission. How RA signaling might mediate 

plasticity in an invertebrate nervous system has not yet been studied. Voltage-gated Ca2+ 

channels (CaV) represent a ubiquitous means of Ca2+ entry into a cell, and which  regulate 

neuronal functioning (such as gene expression and neurotransmitter release).  As such, CaV 

channels represent a potentially important locus for inducing plasticity in both vertebrates 

and invertebrates.  It is not known in any species, whether RA might mediate changes in 

neuronal communication by influencing the functional properties of CaV channels.  

Here I show, utilizing cultured neurons from the molluscan pond snail, Lymnaea 

stagnalis, that RA signaling modulates CaV channel function. RA signaling inhibited CaV 

channel function by shifting the voltage dependence of channel activation to more 

depolarized potentials. I found that RA also produced spike broadening and activity-

dependent complex spiking, an effect I determined was mediated by RA-induced inhibition 

of delayed rectifier voltage-gated K+ channels (KV), (and enhanced inactivation of these 

KV channels). Paradoxically, the effect of RA to induce spike broadening and activity-

dependent complex spiking, enhanced Ca2+ influx through CaV channels. However, the 

concurrent inhibition of CaV2 channels limited this enhanced Ca2+ influx.  



 
 

 
 

I also provide evidence that constitutive/basal retinoid receptor signaling 

upregulates CaV channel function. I show that a retinoic acid receptor (RAR) antagonist 

produced G-protein-mediated voltage-dependent inhibition of CaV channels, a ubiquitous 

form of presynaptic plasticity that occurs at vertebrate synapses. I also show that a retinoid 

X receptor (RXR) antagonist produced a novel G-protein-independent form of voltage-

dependent inhibition of CaV channels. Overall, my study indicates that retinoid signaling 

diversely regulates CaV channel function in this invertebrate species and provides insights 

into the mechanisms by which RA signaling might mediate neuronal and/or synaptic 

plasticity. 
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CHAPTER 1 

 

GENERAL INTRODUCTION AND LITERATURE REVIEW 

 

In this study, I sought to investigate how information processing and storage occur 

in the nervous system at the cellular level. Information processing and storage occur 

through changes in the activity of neural circuits, referred to as neural plasticity. At the 

molecular level, changes in neural circuit function inevitably result from changes in ion 

channel function, which occur as a result of activation (or inhibition) of important cellular 

signaling pathways. One such pathway, the retinoic acid (RA) signaling pathway, has 

emerged as important for cognition; that is, RA signaling is important for learning and 

memory formation in both vertebrates and invertebrates (Chiang et al., 1998; Nomoto et 

al., 2012; Rothwell & Spencer, 2014). In addition, it has been shown that RA signaling is 

important for the neuronal plasticity underlying learning and memory in rodents (Chiang 

et al., 1998; Nomoto et al., 2012).  However, it is not yet known how RA signaling might 

influence ion channel function to mediate changes in neural circuit activity during neuronal 

plasticity. 

Voltage-gated Ca2+ channels are ion channels that conduct Ca2+ ions in response to 

changes in voltage, and ubiquitously regulate neuronal plasticity through changes in 

synaptic transmission and/or gene transcription, functions that are conserved across 

species. As such, a mechanism by which RA might influence neuronal plasticity and 

behaviour is through modulation of voltage-gated Ca2+ channels. In this thesis, I have thus 

examined how RA influences voltage-gated Ca2+ channels in cultured neurons from the 
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great pond snail, Lymnaea stagnalis, an invertebrate species in which RA has been shown 

to be important for long-term memory formation.   

 

1.1  Principles of neural circuit development, function, and plasticity in the nervous 

system. 

For the nervous system to function properly, neuronal circuits must wire appropriately 

during development. That is, presynaptic neurons must find the appropriate postsynaptic 

partner with which to form a synapse (a process known as synaptogenesis). This ensures 

that neural circuits process information accurately and execute the appropriate behavioural 

output throughout life. The proper formation of synaptic partners in neural circuits involves 

many signaling systems, including trophic factors. However, these circuits that wire during 

development, must also continually change, a process referred to as neural plasticity; this 

allows an organism to learn, remember, and adapt to a continually changing environment.  

There are many ways in which neural circuits can change to process and store 

information and appropriately respond to new information. Principally, neural circuits 

increase or decrease their activity to encode and store information, and this can be achieved 

in several ways. Neurons can functionally alter the information transfer that occurs at 

synapses by increasing or decreasing transmitter release from presynaptic neurons. 

Neurons can also increase or decrease the post-synaptic membrane localization of 

ionotropic receptors. For example, changes in glutamate receptors, and particularly α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-type glutamate receptors, 

can mediate changes in excitatory synaptic transmission, whereas changes in gamma-
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aminobutyric acid (GABA) receptors can mediate changes in inhibitory synaptic 

transmission. Changes in pre- or post-synaptic function result in changes in synaptic 

transmission and inevitably neural circuit activity. Synaptic partners can also increase or 

decrease the number of synapses they form with each other, which also ultimately affects 

their communication. Changes in neural circuit function that occur during processes such 

as learning and memory involve engagement of trophic factor signaling pathways, similar 

to those that are activated during neural circuit formation. One example of a signaling 

molecule that can act as a trophic factor and is known to affect neural plasticity, is RA. 

 

1.2 Overview of the retinoid signaling system 

RA, the active metabolite of vitamin A, plays a well characterized role in nervous 

system development in vertebrates (Maden, 2007). It is important for neuronal 

differentiation, neurite outgrowth, and synapse formation. As such, RA acts as a trophic 

factor during development to establish neuronal circuits (Maden, 2007). Over the past few 

decades, studies into the roles of RA have indicated that it is not only important for neural 

development, but that it also plays an important role in the regulation of adult nervous 

systems (though far less is understood of such roles). For example, RA has been reported 

to contribute to adult neural regeneration (Carter et al., 2011), in addition to synaptic 

plasticity and learning and memory (Chen et al., 2014; Chiang et al., 1998). 

The RA precursor, Vitamin A (or retinol), is taken up in the diet and converted to retinyl 

esters, which are then stored in the liver (Widjaja-Adhi & Golczak, 2020; Wongsiriroj et 

al., 2008; Batten et al., 2004). When RA is required, the retinyl esters are converted to 

retinol and delivered to tissues through interactions with retinol binding proteins (RBPs), 



 
 

 
 

4 

primarily RBP4 (Kanai et al., 1968; Sundram et al., 1998; Quadro et al., 1999; Widjaja-

Adhi & Golczak, 2020; Vieira & Saraiva, 2014). Once these retinol-bound proteins reach 

their cellular targets, they interact with the STRA6 receptor (Widjaja-Adhi & Golczak, 

2020; Sundram et al., 1998; Chen et al., 2016), which transports retinol into the cell, where 

it subsequently binds to cellular retinol binding proteins (CRBP1-4), primarily CRBP1 

(Widjaja-Adhi & Golczak, 2020; Sundram et al., 1998; Folli et al., 2001). Retinol, while 

still bound to cellular retinol binding proteins, is converted to retinaldehyde via retinol 

dehydrogenase (RDH), a reaction that is reversible and rate-limiting (Widjaja-Adhi & 

Golczak, 2020; Kedishvili, 2013; Fig. 1.1). The final, rate-limiting step in RA synthesis 

(Widjaja-Adhi & Golczak, 2020; Kedishvili, 2013) is the conversion of retinaldehyde to 

RA by retinaldehyde dehydrogenase (RALDHs1-4; primarily RALDH2; Fig. 1.1). RA then 

binds to cellular retinoic acid binding proteins (CRABP1-2; primarily CRABP2) in the 

cytoplasm, which results in the exposure of a nuclear localization signal (NLS), and 

subsequent nuclear import of the RA-bound proteins, which deliver RA to the nuclear 

retinoid receptors, retinoic acid receptor (RAR) and retinoid X receptor (RXR) (Widjaja-

Adhi & Golczak, 2020; Kedishvili, 2013). Alternatively, RA may diffuse (across cell 

membranes) within cells or between cells as a result of its hydrophobic structure to reach 

receptors and affect cellular signaling.  The RA signalling cascade is terminated when RA 

is metabolized by Cyp26 enzymes (Kedishvili, 2013). Following activation of their 

signaling by RA, the RAR and RXR can also become degraded through the proteasome 

pathway (Kopf et al., 2000).  
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Figure 1.1. Retinoic acid synthesis pathway and isomers.  

Retinol is oxidized by alcohol dehydrogenase (ADH) to generate retinaldehyde (retinal). 

Retinaldehyde is then oxidized by retinaldehyde dehydrogenase (RALDH) to generate two 

primary isomers of RA, all-trans RA and 9-cis RA.  

 

 

1.3 Genomic actions of retinoic acid signaling 

RA exerts many of its cellular effects by binding to the RAR (paralog isoforms a, b, & 

g) and the RXR (paralog isoforms a, b, & g), both of which act as ligand-activated 

transcription factors.  These receptors primarily consist of (from N to C-terminus), a DNA-

binding domain, a hinge region, and a ligand-binding domain (Rochette-Egly & Germain, 

2009). The RAR can bind both all-trans and 9-cis isoforms of RA, whereas RXR 

predominantly binds 9-cis RA (at least in vertebrates). Once RA is bound to the ligand-

binding domain, the receptors undergo a conformational change that allows them to interact 

with signaling proteins (such as coactivators), to increase the transcription of target genes 

(Egea et al., 2000; Allenby et al., 1994; Rochette-Egly & Germain, 2009; Tanoury et al., 

2013).  
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In the nucleus, the RAR and RXR can heterodimerize and bind to DNA. In particular, 

RAR-RXR heterodimers bind retinoic acid response elements (RAREs), which are specific 

sequences in the enhancer regions of genes. This interaction with RAREs allows RAR-

RXR heterodimers to bind to DNA and simultaneously interact with proteins that either 

turn on or turn off gene transcription, which inevitably regulates the expression of 

particular genes. When RAR-RXR heterodimers are bound to DNA in the absence of RA, 

they interact with proteins referred to as corepressors, that turn off gene transcription by 

rendering the chromatin in the vicinity of that particular gene inaccessible (Rochette-Egly 

& Germain, 2009). The delivery of RA to the receptors subsequently results in the 

recruitment of coactivator proteins to the receptor, which increases the accessibility of 

DNA and produces an increase in gene transcription of the retinoid target genes.  

RA can also alter the genomic location of RAR-RXR heterodimers, suggesting that 

retinoid receptors do not necessarily turn on and turn off every gene they regulate (Mahony 

et al., 2011; Simandi et al., 2018). That is, RAR-RXR heterodimers might only repress 

transcription of some genes in the absence of RA, but will not activate them when RA is 

present.  For other genes, RAR-RXR heterodimers might only turn them on in the presence 

of RA, but not repress them. Moreover, in some genomic contexts, RA binding to 

heterodimers can result in the recruitment of corepressors, not co-activators, resulting in 

gene repression (Kumar & Duester, 2014; Mahony et al., 2011; Simandi et al., 2018). Thus, 

RA can alter gene transcription in four different ways as a result of binding to the RAR-

RXR heterodimeric receptors: 1. heterodimers initially bound to DNA, repressing 

transcription, then switching to transcriptional activation; 2. heterodimers bound to DNA 

repressing transcription are released from the DNA resulting in release from transcriptional 
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repression (Simandi et al., 2018). 3. recruitment of the heterodimers to DNA, activating 

transcription (Simandi et al., 2018). 4. receptor recruitment to DNA together with 

corepressors, resulting in transcriptional repression (Kumar & Duester, 2014; Mahony et 

al., 2011; Simandi et al., 2018). Thus, regulation of gene expression by retinoid receptors 

is likely to be far more complex than initially proposed, and also likely to be either cellular 

and/or context-dependent.  

 

1.4 Nongenomic signaling by retinoic acid 

In addition to classical retinoid genomic signaling, retinoid signaling can also mediate 

nongenomic effects, independently of gene transcription. For example, atRA can bind to 

the C2 domain of protein kinase C (PKC) to influence PKC signaling (Lopez-Andreo et 

al., 2005; Ochoa et al., 2003). Retinoid receptors can also activate extracellular regulated 

kinase (ERK)/mitogen activated protein kinase (MAPK) signaling (Canon et al., 2004; 

Chen & Napoli, 2008) as well as phosphoinostitide-3 kinase (PI3K) signaling (Masia et al., 

2007), both of which can influence protein synthesis in cells.  

Retinoid receptors can also couple to G-proteins, which are GTP binding intracellular 

signaling proteins that consist of a and bg subunits. For example, in cancer cells and 

trophoblast stem cells, RAR couples to Gaq and Gb, respectively (Piskunov & Rochette-

Egly, 2012; Tsai et al., 2015), whereas in platelets, RXR receptors can couple to Gaq 

subunits (Moraes et al., 2007). RARa can also directly bind to mRNA and as a result, has 

been shown to regulate local protein synthesis (Chen et al., 2008; Chen et al., 2014). For 

example, RARa binds to AMPA receptor mRNA, regulating its translation and thus 

receptor expression, and subsequently synaptic plasticity. Finally, RARa has also been 
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shown to interact with fragile X mental retardation protein to influence local protein 

synthesis (Park et al., 2021).  

 

1.5 Retinoid signaling and synaptic plasticity in the adult brain 

Retinoid receptors are present throughout the vertebrate CNS, including the cortex 

and hippocampus, and retinoid signaling has been shown to play an important role in 

synaptic plasticity and learning and memory. For example, Vitamin A deprivation blocks 

long-term memory formation in rodents (Cocco et al., 2002), and knockout of both the 

RAR and RXR can impair spatial long-term memory formation (Chiang et al., 1998). 

Concurrently, long-term potentiation (LTP) and long-term depression (LTD) are also 

perturbed (Chiang et al., 1998). These are forms of synaptic plasticity thought to be 

involved in learning and memory formation, both in the hippocampus and in other areas of 

the brain. In addition, retinoid signaling is involved in cognitive flexibility (Hsu et al., 

2019), the process of updating previously learned information with new information. In 

particular, it has been shown that knockout of RARa in environmentally enriched mice, 

results in reduced cognitive flexibility. Concurrently, synapses become over-potentiated 

(referred to as synaptic runaway), inhibiting further synaptic plasticity (Hsu et al., 2019). 

These findings indicate that RA signaling plays an important role in learning and memory 

in the vertebrate brain.  

In addition to its role in LTP and LTD, RA signaling has also been shown to be 

involved in homeostatic synaptic plasticity, a form of plasticity that maintains neuronal 

activity within an optimal range (Chen et al., 2014). Either an extremely high or extremely 

low level of neural circuit activity can result in changes at synapses to subsequently reduce 
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or increase the activity of neural circuits, respectively. At rodent hippocampal synapses, a 

decrease in neuronal firing and the resulting decrease in postsynaptic Ca2+ influx, induces 

RA synthesis (Chen et al., 2014; Aoto et al., 2008; Arendt et al., 2015b). Increased levels 

of RA then subsequently bind to RARa, resulting in increased dendritic translation of Ca2+ 

permeable AMPA-type glutamate receptors, a process that is prevented by blocking 

NMDA receptors (Chen et al., 2014, Aoto et al., 2008, Arendt et al., 2015a, Arendt et al., 

2015b). The increased presence / incorporation of the new AMPA receptors allows for an 

adjustment of neural activity to higher levels. Simultaneously (but independently), RA 

signaling can also decrease GABA-mediated inhibitory synaptic transmission through 

post-synaptic endocytosis of GABA receptors (Sarti et al., 2013). These two concurrent 

forms of plasticity result in an increase in excitatory transmission and Ca2+ influx in 

postsynaptic neurons.  

These studies illustrate that multiple forms of RA-regulated synaptic plasticity can 

occur through nongenomic mechanisms and can even occur concurrently in the same 

neuron. Furthermore, RA-regulated homeostatic synaptic plasticity can block subsequent 

LTP (Arendt et al., 2015a), suggesting that RA-regulated synaptic plasticity can interact 

with other forms of synaptic plasticity. Retinoid signaling can also influence the structure 

of synapses in postsynaptic neurons. RAR-mediated RA signaling can activate ERK 

signaling to increase the size of dendritic spines at rodent hippocampal synapses (Chen & 

Napoli, 2008). In addition, RA can increase the number of synapses (as well as decrease 

the number of silent synapses: glutamatergic synapses that only contain NMDA receptors), 

in hippocampal neurons (Arendt et al., 2015a). Together, such studies have shown that RA 

signaling can influence both the structure and function of synapses.  
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The above studies indicate various post-synaptic mechanisms by which RA 

signaling can regulate synaptic transmission, but it can also act via presynaptic 

mechanisms. For example, RA signaling can also regulate homeostatic synaptic plasticity 

in central neurons by a reduction in inhibitory synaptic transmission via a pre-synaptic 

mechanism that is distinct from GABA receptor endocytosis and depends on Fragile X 

mental retardation protein (Zhong et al., 2018). RA can also nongenomically regulate 

synaptic transmission in peripheral neurons using pre-synaptic mechanisms. In particular, 

RA can increase neurotransmitter release at the Xenopus neuromuscular junction through 

a phospholipase C and PI3 kinase-dependent mechanism (Liou et al., 2005).  

In addition to regulating plasticity through nongenomic mechanisms, retinoid 

signaling can also regulate transcription of genes in the nucleus of neurons, a process that 

is thought to mediate long-term changes in neuronal activity during learning and memory. 

RAR-mediated RA signaling can activate CREB-dependent transcriptional regulation 

through ERK signaling (Canon et al., 2004), a process that also occurs during synaptic 

plasticity in both vertebrates and invertebrates. In addition, neuronal activity in rodent 

hippocampal neurons enhances RAR-mediated gene transcription through nuclear export 

of corepressors (McKenzie et al., 2005). Collectively, these findings indicate that retinoid 

signaling regulates diverse cellular functions in the nervous system of vertebrates.  

 

1.6 Retinoid signaling in Lymnaea stagnalis 

Though the functions and molecular mechanisms of RA-mediated neuronal 

plasticity have begun to be elucidated in vertebrates, very little is known about the role of 

retinoid signaling in neural plasticity in invertebrates. The molluscan pond snail, Lymnaea 
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stagnalis is a well-suited invertebrate neurobiology model system to study retinoid-

mediated neuronal plasticity. Lymnaea performs many easily identifiable and quantifiable 

behaviours, some of which can be conditioned to study learning and memory. For example, 

the aerial respiratory behaviour of Lymnaea can be operantly conditioned, whereas its 

feeding behaviour can be classically conditioned (Spencer et al., 2017) (Fig. 1.2). The 

neural circuits involved in both of these (and many other) behaviours as well as the neural 

circuit changes that occur during learning and memory have been well studied (Fig. 1.2). 

These circuits contain identifiable neuronal cell-types that can be studied both in the intact 

brain and in neuronal cell culture.  

 

Figure 1.2. Lymnaea stagnalis as a neurobiological model system. 

A. The great pond snail, Lymnaea stagnalis, can perform measurable behaviours (such as 

aerial respiration shown here) that can be conditioned to form associative memory. Aerial 

respiration is performed through opening and closing of the pneumostome (indicated by 

arrow). Scale Bar: 5 mm. Adapted from Spencer et al. (2017). B. The CNS of Lymnaea 

stagnalis is formed by a central ring of 9 ganglia (with an additional two buccal ganglia 

not shown) that contain many individually identifiable neuronal cell types, including 

Visceral F (VF) neurons (indicated by arrow), which were used for many of the studies in 

this thesis.  
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Lymnaea has been shown to contain many components of the retinoid signaling 

machinery. The CNS of Lymnaea contains both all-trans (~693 nM) and 9-cis retinoic acid 

(~380 nM) (Dmetrichuk et al., 2008). The Lymnaea retinoid receptors (LymRXR) and a 

putative RAR (LymRAR) have been cloned (Carter et al., 2010, 2015), as has been the 

synthetic enzyme RALDH. RA signaling also appears to be important for many of the same 

physiological functions in Lymnaea, as in vertebrates. For example, RA signaling regulates 

Lymnaea development; both increasing and decreasing retinoid signaling with retinoid 

receptor agonists and antagonists, respectively, produces developmental abnormalities 

(Johnson et al., 2019; Carter et al., 2015). RA also enhances regenerative neurite 

outgrowth, both in organ culture (Walker et al., 2018) and in cell culture (Dmetrichuk et al 

2006) and induces growth cone turning (Dmetrichuk et al 2006, Farrar et al 2009). It can 

also act as a trophic factor to enhance excitatory synapse formation between cultured 

Lymnaea neurons (Rothwell et al., 2017). Many of these functions suggest that RA might 

regulate network function in the Lymnaea CNS. Both the Lymnaea RAR and RXR are 

expressed and are localized to the cytoplasm and membrane in Lymnaea adult neurons, 

possibly suggesting a role in nongenomic-mediated modulation of neuronal function 

(Carter et al., 2010; Carter et al., 2015). Indeed, RA signaling can mediate growth cone 

turning in Lymnaea neurons through a nongenomic mechanism that requires both protein 

synthesis and calcium influx (Farrar et al., 2009).  

In the adult snail, RA signaling has been shown to be important for memory 

formation following both operant conditioning of the aerial respiratory behaviour 

(Rothwell & Spencer, 2014) as well as following classical conditioning of the feeding 

behaviour (Wong, 2019). In particular, RA signaling was required for normal long-term 
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memory formation (but not learning), and enhancing retinoid signaling (using retinoid 

agonists) was shown to both promote long-term memory formation, and to extend its 

duration (Rothwell & Spencer, 2014). These findings indicate that, as in vertebrates, RA 

signaling plays functional roles during development and in the adult nervous system of this 

invertebrate.  

In addition to evidence that RA affects behaviour in Lymnaea, there is also previous 

cellular evidence that it modulates neuronal function in a manner that may ultimately affect 

neuronal plasticity. Relatively high concentrations (10 µM) of atRA produce spike 

broadening and complex spiking in Lymnaea Visceral F (VF) and RPeD1 neurons, an 

effect that is independent of transcription and protein synthesis (Vesprini & Spencer, 2014; 

Vesprini et al., 2015). Furthermore, this effect occurs with atRA, but not with 9-cisRA, 

indicating an isomer-specific effect (Vesprini & Spencer, 2014). In addition, similar 

concentrations of atRA reduce the intracellular Ca2+ concentration and inhibit voltage-

gated Ca2+ channels in VF neurons (Vesprini et al., 2015).  

These previous findings indicate that RA signaling may modulate neuronal firing 

patterns as well as voltage-gated Ca2+ channels and/or Ca2+ signaling, which in turn might 

mediate neuronal plasticity during information processing and storage in an invertebrate 

nervous system. Despite many studies on synaptic plasticity in vertebrates, we still know 

very little about whether RA can influence other forms of neuronal modulation and 

plasticity, such as the plasticity of neuronal firing. Neuronal firing is dependent on the 

activity of ion channels in the neuronal membrane and very little is known regarding how 

RA may influence ion channel activity in any species (vertebrate or invertebrate).  
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1.7 Neuronal firing properties shape circuit function 

Neurons can exhibit vast diversity in their firing properties that can influence Ca2+ 

signaling, gene expression and downstream neural circuit activity, and thus inevitability 

influencing information processing. For example, neurons can be silent until excitatory 

synaptic activity ensues to elicit action potential firing. Neurons can also exhibit 

spontaneous tonic firing, which constitutes persistent neuronal firing in the absence of 

synaptic transmission. Action potential bursts or even prolonged depolarizations, referred 

to as plateau potentials, are also exhibited by neurons, both of which will be collectively 

referred to herein as complex spikes (Connors & Gutnick, 1990). Neurons are capable of 

firing at a diverse range of frequencies (which may be determined by the strength of 

synaptic input), which can ultimately result in altered gene regulation and downstream 

circuit activation (Silver, 2010). In addition, the action potential shape and duration can be 

modulated and change during neuronal firing. In particular, action potentials can become 

broader in shape, and this can influence neuronal signaling by, for example, affecting the 

amount of neurotransmitter release (Byrne & Kandel, 1996).  

Specific neuronal firing properties/patterns not only tune the function and output of 

neural circuits, but are also required for storing information in the nervous system. For 

example, burst firing is required for memory formation in specific circuits of the rodent 

brain, by enhancing Ca2+ signaling and synaptic transmission (Xu et al., 2012). Moreover, 

spike broadening and a subsequent increase in neurotransmitter release occurs at Aplysia 

sensory-motor synapses during memory formation (Byrne & Kandel, 1996).  
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1.8 Action potentials are generated and shaped by voltage-gated ion channels 

 Many types of voltage-gated ion channels coordinate to generate and shape the 

action potential, and as such, to fine-tune the firing properties of neurons. Action potentials 

consist of two phases, the rising phase, in which neuronal depolarization occurs, and the 

falling phase, in which neuronal repolarization occurs (Bean, 2007). In response to 

excitatory synaptic transmission, and if the action potential threshold is reached, voltage-

gated Na (NaV) channels rapidly open, allowing Na+ ions into the cell, producing a 

depolarizing voltage response and generating the rising phase of the action potential. In 

response to this depolarization generated by Na+ influx, delayed opening of voltage-gated 

K+ channels (KV) allows K+ efflux, which repolarizes the membrane potential, generating 

the falling phase of the action potential (Bean, 2007). Importantly, there is a great diversity 

of KV channels that shape the firing properties of neurons, many of which can undergo 

modulation to alter action potential shape as well as firing patterns (Bean, 2007). In 

addition, during the depolarizing phase of the action potential voltage-gated calcium 

channels (CaV) become activated, allowing activation of many calcium-dependent cellular 

pathways, including synaptic transmission and gene transcription (Bean, 2007; Nanou & 

Catterall, 2018). As such, modulation of CaV by various signaling pathways can have 

profound effects on neuronal function.  

 

1.9  Molecular architecture and a model of voltage-gated ion channel gating 

Voltage-gated ion channels typically consist of a primary a subunit that may 

interact with auxiliary subunits that fine tune the channel’s properties (Catterall et al., 
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2017). Channels such as CaV and NaV may consist of one a subunit that contains 4 domains, 

whereas KV channels consist of four separate a subunits, each containing 1 domain 

(Catterall et al., 2017). Each a subunit domain consists of 6 transmembrane segments (S1 

to S6); segments 1 through 4 typically contain the voltage sensor domain, whereas 

segments 5 and 6 make up the pore domain (Catterall et al., 2017; Fig. 1.3). The voltage 

sensor contains positive charges, typically in the form of arginines, which move upward in 

the membrane in response to depolarization, generating an outward gating current, 

coupling the voltage across the membrane to channel opening. In contrast, the pore domain 

contains the selectivity filter, allowing for selective permeability of ions. Selective 

permeability allows CaV channels to predominately conduct Ca2+ and for KV channels to 

predominately conduct K+. As such, selective permeability of ion channels is what allows 

precise regulation of neuronal signaling and firing properties (Catterall et al., 2017). In 

addition, CaV and KV channels contain intracellular loops as well as intracellular N and C 

termini, allowing for modulation of trafficking and gating by diverse intracellular signaling 

pathways, such as Ca2+ signaling pathways. Ion channel properties, such as activation and 

inactivation, are also modulated through interactions with auxiliary subunits (Dai et al., 

2009).  

Voltage-gated ion channels exist in three broad gating states: closed, open, and 

inactivated.  At the negative resting membrane potential of a neuron (for example at around 

-55 mV to -60 mV), many (but not all) KV and CaV channel subtypes exist in a closed 

conformation in which ions cannot permeate the channel. In this state, the channels are 

capable of transitioning to the open state given the appropriate signal. Upon membrane 

depolarization, CaV and KV channels transition to the open state (due to activation of all 4 
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voltage sensors transitioning to the activated state), and thus allowing ions to permeate the 

channel. From the open state, channels can then either transition back to the closed state 

through a process referred to as deactivation or to an inactivated state (through channel 

inactivation), a nonconductive state in which channels cannot reopen unless they first 

recover from such inactivation (Catterall et al., 2017).  

Upon membrane repolarization, channels deactivate and enter the closed state and 

are able to reopen upon subsequent membrane depolarization. In contrast, during prolonged 

depolarization, channels enter the inactivated state and must recover from inactivation 

(upon repolarization to a more negative membrane potential) to be able to open again 

(Catterall et al., 2017). The rates of both activation and inactivation differ among various 

sub-types of KV and CaV channels and are also influenced by interactions with auxiliary 

subunits and diverse signaling pathways. For example, the rate of inactivation of CaV 

channels is influenced by interactions with specific b subunits, as well as intracellular Ca2+ 

levels (Nanou & Catterall, 2018; Zamponi et al., 2015).  

The rates of activation and inactivation of CaV and KV channels have important 

consequences on neuronal function. For example, KV inactivation regulates the firing 

pattern and action potential shape of neurons, as an increase in inactivation can broaden 

action potentials (Bean, 2007). An additional property of inactivation is that it is not always 

coupled to channel activation and can be voltage-dependent. Thus, the “voltage history” of 

a neuron can shape future neuronal activity.  
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Figure 1.3. Voltage-gated ion channel structure. 

A. Structures of voltage-gated Na+ (NaV), Ca2+ (CaV), and K+ (KV) channels. B. Voltage-

gated ion channels consist of either 4 domains or subunits. C. Each domain or subunit 

contains a voltage sensing module and a pore module. D. Each domain or subunit consists 

6 transmembrane spanning segments (S1-S6). Segements 1 through 4 form the voltage 

sensor, whereas segments 5 and 6 form the pore and selectivity filter. A-C. Adapted from 

Catterall et al. (2017). D. Adapted from Nichols et al. (2001). 
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1.10 Voltage-Gated Ca2+ channels 

CaV channels are transmembrane ion channels that are selectively permeable to 

Ca2+ ions and that open in response to changes in membrane voltage. CaV channels are 

localized to the plasma membrane and the primary a1 subunit is comprised of 4 domain 

repeats, each domain with 6 transmembrane segments (S1 to S6), similar to NaVs (Zamponi 

et al., 2015; Catterall et al., 2017). CaV channels exist as multisubunit channel complexes 

comprised of the primary a1 subunit, and b, a2d, and g subunits. The main a1 subunit 

comprises the voltage sensor and pore domain, whereas the b, a2d, and g subunits are 

auxiliary subunits that regulate trafficking and gating of the channel complex (Zamponi et 

al., 2015).  In vertebrates, there are three evolutionarily conserved subtypes encoded by 

multiple genes; CaV1 (L-type; 4 genes), CaV2 (non-L-type, 3 genes), and CaV3 (T-type, 3 

genes). In contrast, invertebrates such as Lymnaea stagnalis and Drosophila melanogaster 

contain only 1 gene for each CaV subtype (Spafford et al., 2003; Spafford et al., 2006). 

CaV subtypes can be distinguished from one another based on Ca2+ conductance, 

neuronal localization, pharmacology, as well as function. L-type (CaV1) channels generate 

Large Ca2+ currents, whereas non-L-type channels generate intermediate sized currents and 

T-type generate Tiny Ca2+ currents (Zamponi et al., 2015). Neuronal L-type channels tend 

to be localized to the cell body and dendrites, where they regulate activity-dependent gene 

transcription. CaV2 channels are trafficked and localized to presynaptic terminals, where 

they regulate neurotransmitter release (Zamponi et al., 2015; Nanou & Catterall, 2018). 

However, they can also regulate Ca2+ signaling processes in the cell body, such as gene 

transcription and vesicle secretion. T-type calcium channels are localized to dendrites 
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where they regulate the firing properties of neurons (Zamponi et al., 2015; (Cheong & Shin, 

2013).  

Small molecules or peptides agonize or antagonize specific subsets of neuronal CaV 

channels, thus allowing their pharmacological isolation. For example, dihydropyridines, 

benzothiazipines, and phenylalkylamines inhibit L-type calcium channels, whereas peptide 

toxins from various snails (e.g. the conotoxins) inhibit non-L-type channels (Zamponi et 

al., 2015). As a result of vertebrate CaV channels being encoded by 10 genes, isolation of 

vertebrate CaV channel subtypes becomes a complicated process. In contrast, invertebrate 

CaV channel subtypes, being represented by only 3 genes, can be isolated with relative ease.  

Both CaV1 and CaV2 channels exist in large macromolecular signaling complexes 

to regulate neuronal signaling and function in response to neuronal firing. As such, they 

are modulated by many signaling pathways in these complexes. For example, CaV1 

channels exist in signaling complexes with protein kinase A. This close association allows 

activation of CaV1 channels to couple to PKA-mediated genomic signaling (Zamponi et 

al., 2015). Indeed, CaV1 channels have a “gating advantage” of signaling to the nucleus 

compared to CaV2. That is, greater depolarization is required for CaV2-mediated Ca2+-

dependent gene transcription compared with CaV1 (Wheeler et al., 2012).   

CaV2 channels also exist in large signaling complexes with G-protein coupled 

receptors and can directly interact them (Zamponi et al., 2015; Zamponi & Currie, 2013). 

Activation of G-protein coupled receptors results in dissociation of the Ga and bg subunits. 

The dissociated bg subunits can then signal locally by interacting with CaV2 channels to 

produce voltage-dependent inhibition of the CaV2 channels. Voltage-dependent inhibition 

occurs as a result of direct interaction of the bg subunit with the channel. Such voltage-
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dependent inhibition of CaV2 channels is an ubiquitous mechanism of presynaptic 

plasticity, and is characterized by a depolarizing shift in the voltage-dependence of channel 

activation and a slowing of channel activation (Zamponi & Currie, 2013). Inhibition of the 

CaV channel by the bg subunit can be relieved by a large-depolarizing prepulse or high 

frequency firing.  

Overall, RA signaling is important for learning and memory in both vertebrates and 

invertebrates and mediates diverse forms of neural plasticity that likely involve modulation 

of Ca2+ signaling. CaV channels are ubiquitous mediators of Ca2+-mediated neuronal 

plasticity and may comprise a mediator through which RA signaling influences neuronal 

plasticity.  

 

1.11 Main aims of thesis: 

Based on previous preliminary findings (Vesprini & Spencer, 2014; Vesprini et al., 

2015), I hypothesize that RA signaling modulates neuronal firing properties and influences 

voltage-gated Ca2+ channel function in adult Lymnaea neurons, and further propose that 

this modulation is likely relevant to information processing in neural circuits.  

Chapter 2: My first aim was to determine how exogenous application of RA modulates the 

biophysical properties of CaV channels, which channel sub-types are affected, and whether 

these effects might be mediated through retinoid receptors (RXR or RAR).  

Chapter 3: My second aim was to determine whether constitutive/basal levels of retinoid 

receptor signaling (RXR or RAR) can regulate CaV channel activity, and if so, to examine 

the potential mechanisms involved.  
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Chapter 4:  The final aim of my thesis was to further examine RA-mediated modulation of 

neuronal firing properties (spike shape), to examine the cellular mechanisms involved, and 

to also determine how these retinoid-mediated changes in spike shape influence CaV 

channel activity during ongoing firing.  
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CHAPTER 2 

 
RETINOIC ACID INHIBITS NEURONAL VOLTAGE-GATED CALCIUM 

CHANNELS 

 

 

Published in Cell Calcium as: 

de Hoog E, Lukewich MK, Spencer GE (2018) Retinoic acid inhibits neuronal voltage-

gated Ca2+ channels. Cell Calcium 72:51-61. 

 

100% of experiments and data analysis were carried out by Eric de Hoog.  

Eric de Hoog, Mark Lukewich, and Gaynor Spencer designed the experiments and wrote 

and edited the manuscript. 
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2.1 Abstract 

Retinoic acid is the active metabolite of vitamin A and regulates several important 

cellular processes by activating retinoic acid receptors (RAR) and retinoid X receptors 

(RXR). These receptors generally act as transcription factors, though non-genomic actions 

of both retinoic acid and the receptors have also been reported. One such nongenomic effect 

includes the modulation of Ca2+ levels during homeostatic synaptic plasticity in the 

hippocampus. Retinoic acid can thus affect Ca2+ signaling and can potentially control both 

synaptic plasticity and neuronal firing.  However, whether retinoic acid can regulate 

voltage-gated Ca2+ channels, which are fundamental to these processes, (either via genomic 

or nongenomic actions), has not yet been studied in detail.  

Here we demonstrate the effects of retinoic acid on the biophysical properties of 

voltage-gated Ca2+ channels in cultured invertebrate motorneurons. Overnight exposure to 

physiological concentrations of retinoic acid significantly inhibited the voltage-gated Ca2+ 

current (ICa) in an isomer-dependent manner. Specifically, all-trans retinoic acid (atRA), 

but not 9-cis RA (9cRA), depolarized the voltage of half-maximal activation of ICa. AtRA 

also reduced the rate of channel activation and delayed recovery from inactivation. We 

provide evidence that both L-type and non-L-type voltage-gated Ca2+ channels are affected 

by atRA, as both nifedipine-sensitive and nifedipine-resistant ICa were inhibited in these 

neurons. These effects of retinoic acid are thought to be at least partially mediated by the 

retinoid receptors, as treatment of the neurons with synthetic RAR and RXR agonists 

produced a similar inhibition of ICa. 

 



 
 

 
 

25 

2.2 Introduction 

Retinoic acid, the active metabolite of vitamin A, plays a prominent role in nervous 

system development, but can also regulate synaptic plasticity and learning and memory in 

the adult brain. Retinoids exist as different biologically active isomers in the nervous 

system, the most predominant being all-trans retinoic acid (atRA) and 9-cis retinoic acid 

(9cRA) [Werner & Deluca, 2002; Dmetrichuk et al., 2008]. Retinoic acid regulates gene 

transcription through the activation of two nuclear receptors; the retinoic acid receptor 

(RAR) and the retinoid X receptor (RXR). Evidence suggests that atRA and 9cRA have 

different binding affinities for these receptors and may thus regulate different cellular 

functions.  

More recently, it has been determined that retinoic acid can also exert nongenomic 

effects in the central nervous system (CNS) (Carter et al., 2010; Carter et al., 2015; Farrar 

et al., 2009; Aoto et al., 2008; Magshoodi et al., 2008). A negative feedback loop was 

identified between cellular atRA synthesis and Ca2+ entry via ligand-gated ion channels in 

hippocampal neurons, and was proposed to mediate homeostatic synaptic plasticity 

(Ardent et al., 2015; Wang et al., 2011b). Recently, we have also demonstrated an 

antagonistic interaction between atRA and intracellular Ca2+ in neurons of the invertebrate 

Lymnaea stagnalis. In particular, application of atRA reduced basal intracellular [Ca2+] in 

CNS motorneurons (Vesprini et al., 2015). Importantly, our preliminary studies indicated 

that atRA may rapidly inhibit the voltage-gated Ca2+ current (ICa) in these neurons 

(Vesprini et al., 2015).  

Voltage-gated Ca2+ channels are ubiquitous in the CNS of both vertebrates and 

invertebrates and play a vital role in nervous system function (Zamponi et al., 2015). 
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Several voltage-gated Ca2+ channel sub-types have been identified and can be distinguished 

based on their biophysical properties, pharmacological sensitivities and cellular functions. 

Specifically, L-type and non-L-type voltage-gated Ca2+ channels are high voltage-activated 

(HVA) channels and are involved in the regulation of gene transcription and 

neurotransmitter release, respectively. T-type Ca2+ channels are classified as low voltage-

activated (LVA) channels and are generally involved in regulating the firing properties of 

neurons (Zamponi et al., 2015).  

Many of the known physiological effects of retinoids in the mammalian nervous 

system are conserved in the invertebrate Lymnaea, including effects on development, 

synapse formation or modulation, and memory formation. We have previously shown that 

the CNS of Lymnaea contains both atRA and 9cRA isomers (Dmetrichuk et al., 2008), as 

well as important retinoid signalling machinery such as an RXR (LymRXR), a putative 

RAR (LymRAR) (Carter et al., 2010; Carter et al., 2015), and various metabolic enzymes. 

The Lymnaea CNS is thus an appropriate model for studying RA signaling and its 

functional consequences. In this study, we determine for the first time, that retinoic acid 

exerts many different effects on the biophysical properties of voltage-gated Ca2+ channels, 

which may include either genomic or nongenomic effects. We provide evidence for the 

sub-type of channel affected, as well as evidence for the role of the retinoid receptors in 

these effects. 
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2.3 Methods 

2.3.1 Animals 

The gastropod mollusc Lymnaea stagnalis, used in these experiments originated 

from Vrije University (Netherlands), and were bred at Brock University. Lymnaea were 

raised in a laboratory environment at room temperature and maintained on a fixed 12:12 

hour light-dark cycle in aerated, dechlorinated water. Animals were fed a combination of 

romaine lettuce and Nutrafin Max Spirulina fish food (Hagen) daily. All animals used for 

cell culture ranged from 18 to 22 mm in shell length.  

 

2.3.2 Cell culture 

All dissections were performed under sterile conditions as previously described 

(Vesprini et al., 2015; Rothwell et al., 2017). Briefly, Lymnaea were anesthetized by 

exposure to saline containing 25% Listerine © (containing menthol, 0.042% w/v). 

Lymnaea were then pinned in a dissection dish containing antibiotic saline (ABS; normal 

saline containing 225 µg/mL gentamicin (Sigma-Aldrich)) and were dissected to expose 

the CNS consisting of the central ring ganglia. The CNS was removed and given three 10 

minute washes in ABS. The CNS was treated with trypsin (Sigma-Aldrich; 2 mg/mL) in 

Defined Medium (DM; 50% Leibovitz’s L-15 medium, Gibco) for 18 to 19 minutes at 21 

°C, and was subsequently treated with trypsin inhibitor (Sigma-Aldrich; 2 mg/mL in DM) 

for 10 minutes. The CNS was then pinned out in high osmolarity DM and the outer sheath 

of connective tissue was removed. This was followed by removal of the inner sheath to 

expose the neurons. Individual visceral F (VF) motorneurons were removed from the 

ganglia using a fire polished glass pipette coated with Sigmacote (Sigma-Aldrich) to 
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prevent cell adhesion. Gentle suction was applied via a microsyringe (Gilmont) to remove 

individual neuronal cell bodies. VF cells were then plated on poly-L-lysine (Sigma-

Aldrich) coated plastic culture dishes containing DM. Cells were subsequently treated with 

either atRA (Sigma-Aldrich), 9cRA (Sigma-Aldrich), the synthetic retinoid agonist EC23 

(Tocris Bioscience) or the RXR pan-agonist SR11237 (Tocris Bioscience) overnight. Each 

compound was originally prepared as a 10-2 M stock solution in 100% DMSO and diluted 

in DM to produce a final bath concentration ranging from 0.5 to 5 µM. Control experiments 

were performed, where cells were treated with an equivalent concentration of DMSO 

overnight.  

 

2.3.3 Electrophysiology 

The biophysical properties of voltage-gated Ca2+ channels were assessed using 

whole-cell voltage clamp electrophysiology. Recordings were performed on cultured VF 

neurons using a MultiClamp 700A amplifier, a Digidata 1322A digitizer and Clampex 9.2 

software (Axon Instrument, Sunnyvale, CA). ICa was assessed using an external solution 

containing 10 mM BaCl2, 45.7 mM tetraethylammonium chloride (TEA-Cl), 1 mM MgCl2, 

10 mM HEPES and 2 mM 4-aminopyridine (4-AP), with a pH of 7.9 achieved using TEA-

OH. Ba2+ was used as the charge carrier through voltage-gated Ca2+ channels to eliminate 

Ca2+-dependent inactivation (Taiakina et al., 2013). Patch electrodes with a resistance 

between 4 and 8 MΩ were filled with internal solution containing 29 mM CsCl, 2.3 mM 

CaCl2, 2 mM MgATP, 0.1 mM GTP-Tris, 11 mM EGTA and 10 mM HEPES, with a pH 

of 7.4 achieved using HCl (Hui & Feng, 2008). Recordings were performed on cells with 
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an access resistance of < 15 MΩ. The liquid junction potential was estimated to be +10 

mV, which was not adjusted for. Recordings were performed at room temperature.  

 

2.3.4 Current-voltage relationship  

To determine the current-voltage (IV) relationship for ICa, cells were held at -100 

mV and stepped to membrane potentials ranging from -80 to +60 mV in 5 mV increments 

for 400 ms and stepped down to -100 mV for 1 s to remove any inactivation (Vesprini et 

al., 2015). Peak ICa was measured for each voltage step using Clampfit 9.2 and normalized 

to cell capacitance. The IV relationships were compared across treatment conditions using 

a two-way ANOVA, followed by a Bonferroni post-hoc test. 

 

2.3.5 Voltage-dependence of channel activation 

To assess the voltage-dependence of activation, channel conductance was first 

calculated for each membrane potential used in the IV relationship protocol described 

above. Conductance was calculated using the equation, !
(#$%&'())

, where I represents 

current, Vm represents membrane potential and Erev represents the reversal potential. Erev 

was calculated by linear extrapolation of the IV curve at potentials more depolarized than 

that at which the peak current occurs. Conductance values for each voltage were 

normalized to the maximal conductance, gmax, for each neuron.  g/gmax values were fit to 

the Boltzman equation: 𝑓(𝑉) = 	 +$,-

./	(
("#$%&")

"()
+ 𝐶 where Vmid represents the voltage of 

half maximal activation, V represents the membrane potential, Vc represents the slope 

factor and C represents a constant. The voltage of half-maximal activation and slope factor 
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produced for each treatment condition were compared using an unpaired t-test or a Mann-

Whitney rank sum test, as appropriate. 

 

2.3.6 Activation, inactivation and deactivation kinetics 

To investigate the kinetics of voltage-gated Ca2+ channel activation, inactivation, 

and deactivation, individual traces were fit in ClampFit 9.2 using the exponential 

cumulative probability equation: 𝑓(𝑉) = ∑ 𝑃𝑖	(1 − 𝑒%1 𝒯345
36. ) + C, where 𝜏𝑖 represents the 

time constant. For activation and inactivation kinetics, the rising phase and decay phase of 

ICa generated at +10 mV were fit, respectively. Activation and inactivation time constants 

were compared across treatment conditions using either an unpaired t-test or a Mann-

Whitney rank sum test, as appropriate. To determine deactivation kinetics, cells were held 

at -100 mV and stepped to +20 mV for 15 ms to achieve complete channel activation. The 

membrane potential was then immediately stepped to potentials ranging from -100 to -20 

mV in 10 mV increments for 1 s to produce tail currents (Senatore & Spafford, 2006). The 

decaying phase of the tail current was then fit using the exponential cumulative probability 

equation to produce a time constant, as described above. Time constants were then 

compared between treatment conditions using a two-way ANOVA with a Bonferroni post-

hoc test.  

 

2.3.7 Voltage-dependence of channel inactivation 

To determine the voltage-dependence of voltage-gated Ca2+ channel inactivation, 

cells were held at -100 mV and stepped to +20 mV for 200 ms to generate the control ICa, 

(Icontrol). Icontrol was measured with each sweep of the protocol to account for any rundown 
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that may have occurred over the course of the recording. Voltage-dependent inactivation 

was achieved by holding cells at -100 mV and stepping to membrane potentials between -

100 and +60 mV for 5 seconds in 10 mV increments. The membrane potential was then 

immediately stepped to +20 mV for 200 ms to generate the test ICa (Itest) (Senatore et al., 

2011). To generate a steady-state inactivation curve, conductance was calculated for each 

IControl and each Itest. gtest/gcontrol values for each test potential were then fit in ClampFit using 

the Boltzman equation. The voltage of half-maximal inactivation and the slope factor 

produced during each treatment condition were compared using an unpaired t-test.  

 

2.3.8 Recovery from channel inactivation 

In order to determine the recovery from inactivation, cells were held at -100 mV 

and stepped to +20 mV for 200 ms to generate Icontrol.. Maximal voltage-dependent 

inactivation was achieved by depolarizing the membrane potential to +20 mV for 5 

seconds. The membrane potential was then returned to -100 mV for a variable duration of 

time ranging from 0 to 1 s in 50 ms-intervals, to allow the channels to recover from 

inactivation. The membrane potential was then stepped to +20 mV for 200 ms, to generate 

the test current, Itest (Spafford et al., 2006). Itest produced during each recovery period was 

then normalized to Icontrol and plotted against the duration of time allowed for recovery. The 

resultant recovery from inactivation curve was compared across treatment conditions using 

a two-way repeated measures ANOVA. To determine the recovery from inactivation time 

constant, the recovery from inactivation curve was fit with the exponential cumulative 

probability equation. The time constant of the recovery from inactivation was compared 

between treatment groups using the Mann-Whitney rank sum test.  
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2.3.9 Voltage-gated Ca2+ channel subtype characterization with the use of nifedipine. 

The selective L-type Ca2+ channel blocker, nifedipine (Sigma-Aldrich), was used 

to determine the effects of atRA on L-type and non-L-type voltage-gated Ca2+ channels. 

Cells were incubated overnight in either 5 µM atRA or 0.05% DMSO. A stock solution of 

nifedipine was prepared at a concentration of 10-2 M using 100% DMSO. Nifedipine was 

acutely perfused (at 10 µM) onto the VF motorneurons that had been exposed to either 

atRA or DMSO. Control neurons (exposed to either atRA or DMSO overnight) were 

perfused with an equivalent concentration of DMSO (0.1%). During these experiments, an 

initial IV relationship was established prior to treatment with nifedipine or DMSO, as 

described above. VF neurons were then held at -100 mV and stepped to +20 mV for 200 

ms once every 30 seconds while the inhibitor or control solution was applied to the bath, 

until peak inhibition was attained. A second IV was then subsequently established. These 

experiments allowed for the determination of both nifedipine-sensitive (L-type) and 

nifedipine–insensitive (nonL-type) currents. Nifedipine insensitive current was determined 

by the IV relationship of ICa remaining in the presence of nifedipine. To determine the IV 

relationship of nifedipine-sensitive currents, the IV relationship of the remaining current 

after nifedipine perfusion (nifedipine-insensitive current) was subtracted from the IV 

relationship before nifedipine perfusion. Subtraction was performed offline using Clampfit 

9.2. The voltage-dependence of channel activation and the voltage of half maximal 

activation were determined as described above.  
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2.3.10 Statistical analysis 

All statistical analysis was performed using SigmaStat 3.2 and graphs were generated 

using Graph Pad Prism 5.03. Values are presented as mean ± S.E.M. and differences 

deemed significant when p ≤ 0.05.  
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2.4 Results 

We have previously shown that application of a relatively high concentration of 

atRA (10 µM) rapidly decreases ICa in Lymnaea VF motorneurons (Vesprini et al., 2015). 

In this study, we first sought to determine whether overnight exposure to lower, more 

physiologically relevant concentrations of atRA, could similarly inhibit ICa in these neurons 

and also whether the isomer 9cRA would exert a similar effect.  

VF motorneurons were treated overnight with either 500 nM atRA or 9cRA (or an 

equivalent concentration of vehicle (0.005% DMSO)), and an IV relationship was 

generated for ICa using the protocol shown in Fig. 2.1A. Examples of raw recordings 

obtained from cells in each condition are shown in Fig. 2.1B. A two-way ANOVA revealed 

a significant effect of retinoid treatment [F(2,1189) = 17.55; p<0.001]. Post-hoc analysis 

revealed that atRA significantly inhibited ICa between -5 and +20 mV compared to DMSO-

treated controls, whereas no significant difference was observed between 9cRA-treated 

cells and control cells (Fig. 2.1C), suggesting that these effects are isomer-specific (Fig. 

2.1C). Thus, the remainder of the experiments in this research article used atRA to further 

investigate this channel inhibition. 

Concentrations of atRA previously shown to affect hippocampal synaptic plasticity 

ranged from 1 to 5 µM (Aoto et al., 2008; Magshoodi et al., 2008). We also tested these 

concentrations of atRA (or equivalent concentration of DMSO), and these concentrations 

also inhibited ICa in VF neurons. Cells were incubated overnight in either 1 or 5 μM atRA 

overnight (or equivalent concentrations of DMSO as controls) and the current density was 

again determined by generating an IV relationship. Both 1 and 5 μM atRA reduced the 

current density through voltage-gated Ca2+ channels. A two-way ANOVA revealed a 
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significant interaction between treatment and voltage for cells exposed to both 1 μM atRA 

[F(28,899) =2.73; p<0.001] and 5 μM atRA [F(28,841) =9.4; p<0.001]. Peak current density was 

significantly reduced at -5 and -10 mV in neurons incubated in 1 μM atRA (compared to 

0.01% DMSO-treated controls; Fig. 2.2A i and ii), whereas 5 μM atRA reduced the peak 

current density at potentials between -15 and +25 mV (compared to DMSO-treated cells 

(0.05%); Fig. 2.2Bi and ii). Overall, these data indicate that micromolar concentrations of 

atRA (previously shown to affect vertebrate synaptic plasticity) also inhibit voltage-gated 

Ca2+ channels in invertebrate neurons. These concentrations were used for the remaining 

analysis of the effects of atRA on the biophysical properties of the voltage-gated Ca2+ 

channels. 
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Figure 2.1. Physiological concentrations of retinoic acid reduce ICa in an isomer-

dependent manner.  A. Voltage-step protocol used to activate ICa.  B. Raw recordings of 

ICa from cells treated overnight with either 0.5 μM atRA, 0.5 μM 9cRA, or 0.005% DMSO. 

C. 0.5 μM atRA, but not 9cRA significantly reduced peak ICa current density at potentials 

ranging between -5 and +20 mV compared to 0.005% DMSO-treated cells. * p<0.05; ** 

p<0.01; ***p<0.001 (compared to DMSO). 
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Figure 2.2. AtRA significantly reduces peak current density.  

A. i. Raw recordings of ICa following overnight treatment with either 1 μM atRA or 0.01% 

DMSO at a potential of -10 and -5 mV. ii. 1 μM atRA significantly reduced the ICa current 

density at potentials of -10 and -5 mV, compared to 0.01% DMSO. B. i. Raw recordings 

of ICa in VF neurons treated with 5 μM atRA or 0.05% DMSO. ii. 5 μM atRA significantly 

reduced the ICa current density at potentials ranging between -15 and +25 mV, compared 

to 0.05% DMSO. * p<0.05; ** p<0.01; ***p<0.001 (compared to DMSO). 
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2.4.1 AtRA depolarizes the voltage-dependence of Ca2+ channel activation 

We next investigated the effect of atRA on the voltage-dependence of Ca2+ channel 

activation. This property determines the magnitude of depolarization required for rapid 

Ca2+ influx through voltage-gated Ca2+ channels and can therefore have important 

consequences on Ca2+ signaling. AtRA shifted the activation curve for ICa to more 

depolarized membrane potentials.  The voltage of half-maximal activation was 

significantly depolarized by exposure to 1 μM atRA (Mann-Whitney U statistic = 200; 

p<0.05; Fig. 2.3Ai and ii) and 5 μM atRA (t = 4.042; p<0.001; Fig. 2.3Bi and ii). No 

significant difference in the slope of channel activation was observed for cells treated with 

1 μM atRA (Fig. 2.3Aiii), though 5 μM atRA significantly increased the slope factor for 

channel activation (Mann-Whitney U statistic = 233; p<0.001; Fig. 2.3Biii). Overall, these 

data suggest that atRA increases the magnitude of depolarization required to activate 

voltage-gated calcium channels in VF motorneurons. 
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Figure 2.3. AtRA shifts the voltage-dependence of channel activation of voltage-gated 

Ca2+ channels.  A. i. Activation curve of cells treated with either 1 μM atRA or 0.01% 

DMSO. ii. 1 μM atRA significantly depolarized the voltage of half maximal channel 

activation compared to 0.01% DMSO but had no effect on the slope factor of channel 

activation compared to 0.01% DMSO (iii). B. i. Activation curve of cells treated with either 

5 μM atRA or 0.05% DMSO. ii. 5 μM atRA significantly depolarized the voltage of half 

maximal channel activation compared to 0.05% DMSO. iii. 5 μM atRA significantly 

increased the slope factor of channel activation compared to 0.05% DMSO. * p<0.05; ** 

p<0.01; ***p<0.001 (compared to DMSO). 

 

 

2.4.2 AtRA does not affect the voltage-dependence of channel inactivation. 

During sustained depolarizations, voltage-gated Ca2+ channels undergo voltage- 

and time-dependent inactivation, which prevents additional Ca2+ from passing through the 

channel.  Importantly, once a voltage-gated Ca2+ channel has entered an inactivated state it 

cannot be re-activated until the cell is brought to a more hyperpolarized membrane 

potential and inactivation is removed. The voltage-dependence of channel inactivation 

therefore plays an important role in determining the proportion of Ca2+ channels that are 

available to open at a particular membrane potential. Incubation of VF motorneurons in 

either 1 μM or 5 μM atRA did not significantly affect the voltage dependence of Ca2+ 

channel inactivation, as shown by inactivation curves in Fig. 2.4B and 2.4C, respectively.  
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Figure 2.4. AtRA has no effect on the voltage dependence of channel inactivation.  

A. Voltage-dependence of steady-state inactivation voltage-step protocol. B. Steady-state 

inactivation curve of cells treated with either 1 μM atRA or 0.01% DMSO. C. Steady-state 

inactivation curve of cells treated with either 5 μM atRA or 0.05% DMSO. There was no 

significant difference between groups at either concentration, compared to DMSO. 
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2.4.3 AtRA alters the kinetics of voltage-gated Ca2+ channel activation and inactivation 

The rate at which voltage-gated Ca2+ channels activate to open their central pore 

and inactivate to prevent further ion flow during sustained depolarization, can have 

important consequences on the amount of Ca2+ that enters the cell.  We therefore next 

determined whether exposure to atRA could modulate the kinetics of voltage-gated Ca2+ 

channel activation and voltage-dependent inactivation. Due to the use of Ba2+ as the charge 

carrier, these data represent measurements of only voltage-dependent inactivation and do 

not consider Ca2+-dependent inactivation. The time constants of channel activation and 

inactivation were measured at a membrane potential of +10 mV to ensure full channel 

activation was achieved in both control and atRA-treated neurons. In addition, only one 

membrane potential (+10 mV) was used to determine changes in kinetics (as inactivation 

kinetics of Lymnaea HVA channels do not depend significantly on voltage (Spafford et al., 

2006). Incubation in 1 μM atRA (t = 2.751; p<0.05) (Fig. 2.5Ai and ii) and 5 μM atRA 

(Mann-Whitney U statistic = 198; p<0.01) (Fig. 2.5Bi and ii) significantly delayed voltage-

gated Ca2+ channel activation compared to DMSO-treated controls. No significant 

differences in the kinetics of voltage-dependent channel inactivation were observed 

between neurons treated with 1 μM atRA or DMSO (Fig. 2.5Ci and ii). However, 5 μM 

atRA increased the rate of voltage-dependent channel inactivation compared to controls 

((Mann-Whitney U statistic = 57; p<0.05) (Fig. 2.5Di and ii)). Taken together, these results 

suggest that atRA reduces Ca2+ influx during sustained depolarization by reducing the rate 

of channel activation and accelerating the rate of voltage-dependent inactivation.  
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Figure 2.5. AtRA significantly alters gating kinetics of voltage-gated Ca2+ channels.  

A. i. Normalized raw recordings of ICa being activated at a potential of +10 mV in cells 

treated with either 1 μM atRA (grey trace) or 0.01% DMSO (black trace). ii. 1 μM atRA 

significantly increased the time constant of channel activation compared to 0.01% DMSO. 

B. i. Normalized raw recordings of voltage-gated Ca2+ channel activation at a potential of 

+10 mV in cells treated with either 5 μM atRA (grey trace) or 0.05% DMSO (black trace).  

ii. 5 μM atRA significantly increased the time constant of channel activation compared to 

0.05% DMSO. C. i. Normalized raw recordings of voltage-dependent Ca2+ channel 

inactivation at a potential of +10 mV in cells treated with either 1 μM atRA (grey trace) or 

0.01% DMSO (black trace). ii. 1 μM atRA had no effect on the time constant of voltage-

dependent channel inactivation compared to 0.01% DMSO. D. i. Normalized raw 

recordings of voltage-dependent inactivation of ICa at a potential of +10 mV in cells 

cultured overnight in the presence of either 5 μM atRA (grey trace) or 0.05% DMSO (black 

trace) ii. 5 μM atRA significantly decreased the time constant of voltage-dependent channel 

inactivation compared to 0.05% DMSO. * p<0.05; ** p<0.01 (compared to DMSO). 
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2.4.4 AtRA decreases the rate of recovery from channel inactivation 

Voltage-gated Ca2+ channels must recover from inactivation before they can be 

reactivated during subsequent depolarizations. The rate of recovery from inactivation helps 

determine the number of channels available to open upon further stimulation of the cell. 

Our next aim was thus to determine whether atRA affects the recovery of voltage-gated 

Ca2+ channels from inactivation. VF motorneurons were depolarized to +20 mV for 5 s to 

achieve maximal channel inactivation. Recovery from inactivation was promoted by 

holding the membrane potential at -100 mV for a variable duration before a test pulse to 

+20 mV was provided to activate the channels that had recovered (Fig. 2.6A). Overnight 

incubation of neurons in 1 μM atRA significantly reduced the proportion of channels that 

had recovered from inactivation following 50 to 450 ms of membrane repolarization, 

compared to DMSO-treated controls [F(20,360) = 1.595; p=0.05; Fig. 2.6Bi). However, 1 μM 

atRA did not significantly increase the time constant for the recovery from channel 

inactivation (Fig. 2.6Bii; p = 0.09). The proportion of channels that had recovered from 

inactivation by 0 to 600 ms was also significantly reduced following treatment of VF 

neurons with 5 μM atRA [F(20,360)= 2.468; p<0.001; Fig. 2.6Ci). In addition, 5 μM atRA 

significantly increased the time constant for the recovery from channel inactivation 

compared to DMSO-treated controls (Mann-Whitney U statistic = 87; p<0.05) (Fig. 

2.6Cii). These data suggest that atRA delays the recovery from inactivation of voltage-

gated Ca2+ channels upon membrane repolarization.  
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Figure 2.6. AtRA significantly reduces recovery from inactivation of voltage-gated 

Ca2+ channels. A. Recovery from inactivation voltage-step protocol. B. i. 1 μM atRA 

significantly reduced recovery from inactivation between 50 and 450 ms compared to 

0.01% DMSO but had no significant effect on the time constant of recovery from 

inactivation compared to 0.01% DMSO (ii). C. i. 5 μM atRA significantly reduced recovery 

from inactivation between 0 and 600 ms compared to 0.05% DMSO. ii. 5 μM atRA also 

significantly increased the time constant of the recovery from inactivation compared to 

0.05% DMSO. * p<0.05; ** p<0.01; ***p<0.001 (compared to DMSO). 
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2.4.5 AtRA increases the rate of voltage-gated Ca2+ channel deactivation 

Voltage-gated Ca2+ channels close their central pore upon membrane repolarization 

through a process known as deactivation. To determine whether atRA affects channel 

deactivation, we next assessed the kinetics of voltage-gated Ca2+ channel closure during 

membrane repolarization at potentials from -100 to -20 mV (Fig. 2.7A). However, due to 

the potential of channels activating at -20 mV, only time constants between -100 and -30 

mV were used in analysis. Normalized raw recordings from cells exposed to 1 or 5 μM 

atRA, at a potential of -30 mV, are shown in Figs. 2.7Bi and Ci, respectively. A two-way 

ANOVA revealed a significant interaction between treatment and voltage for VF 

motorneurons treated with 1 μM atRA [F(7,240) = 2.509; p<0.05] and a significant effect of 

treatment for 5 μM atRA [F(1,200)= 4.107; p<0.05]. Post-hoc analysis revealed that both 1 

and 5 µM atRA significantly decreased the time constant of channel deactivation at -30 

mV compared to controls (Figs. 2.7Bii and Cii, respectively). In order to rule out any 

possibility that the increased time constant in DMSO-treated cells represented any loss of 

voltage clamp, we determined that the peak tail current density did not significantly differ 

between atRA- and DMSO-treated cells at these potentials. In addition, there was no 

significant correlation between peak tail current density and time constant in DMSO-

treated cells. Overall, these data suggest that atRA increases the rate that channels close 

upon membrane repolarization. 
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Figure 2.7. AtRA significantly reduces the time constant of voltage-gated Ca2+ 

channel deactivation. A. Deactivation voltage-step protocol B. i. Normalized raw traces 

of ICa deactivating at -30 mV in cells treated with either 1 μM atRA (grey trace) or 0.01% 

DMSO (black trace). ii. 1 μM atRA significantly reduced the time constant of channel 

deactivation at -30 mV compared to 0.01% DMSO. C. i. Normalized raw traces of ICa 

deactivating at -30 mV in cells treated with either 5 μM at RA (grey trace) or 0.05% DMSO 

(black trace). ii. 5 μM atRA significantly reduced the time constant of channel deactivation 

at -30 mV compared to 0.05% DMSO. ***p<0.001 (compared to DMSO). 
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2.4.6 atRA significantly inhibits L-type and non-L-type channels 

Lymnaea neurons express L-type and non-L-type HVA Ca2+ channels, which can 

be pharmacologically isolated using the dihydropyridine, nifedipine (10 µM) (Spafford et 

al., 2006). Our next aim was thus to assess the effects of atRA (5 µM) on L-type and non-

L-type Ca2+ channels in VF motor neurons.  

Prior to nifedipine perfusion, atRA significantly inhibited ICa [F(28,695) = 9.695; 

p<0.001] at potentials ranging between -15 and +15 mV, compared to DMSO, as expected 

(Fig. 2.8A). VF neurons were then perfused with 10 µM nifedipine to inhibit L-type Ca2+ 

channels. In the presence of nifedipine, cells treated with atRA overnight still exhibited 

significantly reduced ICa compared to DMSO-treated controls. The IV relationship of 

nifedipine-insensitive currents was analyzed with a two-way ANOVA, and showed a 

significant interaction between treatment and voltage [F(28,638)= 5.326; p<0.001] (Fig. 

2.8Bii). That is, atRA treatment significantly inhibited nifedipine-insensitive currents 

between -10 and +25 mV, compared to DMSO. AtRA also depolarized the voltage-

dependence of nifidepine-insensitive channel activation and significantly depolarized the 

voltage of half-maximal activation [Mann-Whitney U statistic = 35; p<0.05] (Fig. 2.8Biii 

and iv).  

Currents carried by L-type Ca2+ channels were obtained by subtracting nifedipine-

insensitive currents from total ICa. The IV relationship of nifedipine-sensitive currents was 

analyzed with a two-way ANOVA, and showed a significant interaction between treatment 

and voltage [F(28,638)= 6.037; p<0.001] (Fig. 2.8Cii). AtRA was also found to significantly 

inhibit nifedipine-sensitive currents between -15 and +5 mV (Fig. 2.8Cii), and depolarized 
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the voltage of half-maximal channel activation compared to DMSO [t = -4.399; p<0.001] 

(Fig. 2.8C iii and iv).  Taken together, these data suggest that atRA inhibits both L-type 

and non-L-type Ca2+ channels in VF motorneurons. 
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Figure 2.8. Retinoic acid inhibits L-type and non-L-type channels.  

A. AtRA (5 µM) significantly inhibited total ICa at potentials ranging between -15 and +15 

mV, compared to 0.05% DMSO. B. i. Raw traces of nifedipine-insensitive ICa at peak 

current density in cells treated with either 5 µM atRA or 0.05% DMSO. ii. atRA 

significantly inhibited nifedipine-insensitive ICa current density between -10 and +25 mV, 

compared to DMSO. iii. Activation curve of nifedipine-insensitive ICa in cells cultured in 

the presence of 5 µM atRA or 0.05% DMSO. iv. 5 µM atRA significantly depolarized the 

voltage of half maximal activation of nifedipine-insensitive ICa. C. i. Raw traces of 

nifedipine-sensitive ICa at peak current density in cells treated with either 5 µM atRA or 

0.05% DMSO. ii. atRA significantly inhibited nifedipine-sensitive ICa current density 

between -15 and +5 mV, compared to 0.05% DMSO. iii. Activation curve of nifedipine-

sensitive currents in the presence of 5 µM atRA or 0.05% DMSO. iv. 5 µM atRA 

significantly depolarized the voltage of half maximal activation of nifedipine-sensitive ICa. 

* p<0.05; ** p<0.01; ***p<0.001 (compared to DMSO). 
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2.4.7 Synthetic retinoid agonists mimic some effects of atRA  

In vertebrates, atRA binds to the RAR, whereas 9cRA binds to both RARs and 

RXRs (Allenby et al., 1994; Heyman et al., 1992). Lymnaea possess an RXR (LymRXR), 

as well as a putative RAR (LymRAR) and previous experiments in Lymnaea have shown 

that synthetic retinoids mimic the effects of natural retinoids (Carter et al., 2010; Carter et 

al., 2015). Our next aim was therefore to determine whether exposure to the synthetic 

retinoid, EC23 (vertebrate RAR agonist) (Maltman et al., 2021; Gluyas et al., 2012), or 

SR111237 (vertebrate RXR agonist) could inhibit ICa, in a similar manner as atRA. VF 

motorneurons were treated with either 1 µM EC23, 1 µM SR11237, or the equivalent 

concentration of DMSO overnight and an IV relationship was generated. Raw recordings 

in Fig. 2.9A illustrate the reduction in peak current produced by EC23 and, to a lesser 

extent, by SR11237. A two-way ANOVA revealed a significant interaction between 

retinoid treatment and voltage [F(56,1015)= 1.528; p<0.01]. In particular, incubation of 

motorneurons in 1 μM EC23 significantly decreased ICa between 0 and +30 mV compared 

to that of DMSO-treated cells, whereas exposure to 1 μM SR11237 produced a slight, but 

statistically significant inhibition of ICa at -10 and -5 mV (Fig. 2.9B; p < 0.05). However, 

unlike atRA, the voltage-dependence of Ca2+ channel activation was not significantly 

affected by either EC23 or SR11237 (Fig. 2.9C; p > 0.05). These data suggest that 

inhibition of voltage-gated Ca2+ channels by retinoic acid may at least partially be mediated 

through the retinoid receptors, RAR and RXR. 
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Figure 2.9. Synthetic retinoid agonists reduce ICa current density, but do not alter the 

voltage-dependence of channel activation. 

A. i. Raw recordings of ICa in cells treated with either 1 μM EC23 or 0.01% DMSO. ii. 

Raw recordings of ICa in cells cultured in the presence of either 1 µM SR11237 or 0.01% 

DMSO at a potential of -10 and -5 mV. B. A synthetic retinoid, EC23 (1 μM) significantly 

reduced the current density produced between  0 and +30 mV whereas the RXR pan-

agonist, SR11237 (1 μM) significantly reduced the ICa current density at potentials of -10 

and -5 mV, compared to 0.01% DMSO. C. Activation curve in the presence of either 1 μM 

EC23, 1 μM SR11237, or 0.01% DMSO.  No significant difference was found between 

groups. * p<0.05; ** p<0.01; ***p<0.001 (compared to DMSO). 
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2.5 Discussion 

In this study, we identified novel effects of retinoic acid on Ca2+ signalling through 

voltage-gated Ca2+ channels. We have shown that physiologically relevant concentrations 

of atRA inhibit voltage-gated Ca2+ channels in an isomer-dependent manner and have 

provided the first thorough investigation of how atRA affects the biophysical properties of 

voltage-gated Ca2+ channels.  In particular, atRA inhibited ICa carried by L-type and non-

L-type Ca2+ channels and depolarized the voltage-dependence of channel activation. AtRA 

also delayed the rate of channel activation, accelerated channel inactivation, inhibited 

recovery from inactivation, and increased the rate of deactivation. These findings suggest 

that voltage-gated Ca2+ channels may favour the closed state following exposure to atRA.  

Previous studies identified a negative feedback loop between atRA synthesis and 

intracellular Ca2+ levels.  In hippocampal neurons, a reduction in intracellular Ca2+ 

concentration due to decreased neuronal activation, induced the synthesis of atRA (Wang 

et al., 2011b). The newly synthesized atRA then acted in an autocrine manner to increase 

the expression of Ca2+ permeable AMPA receptors, which leads to synaptic potentiation 

(Aoto et al., 2008; Magshoodi et al., 2008). However, the resultant increase in Ca2+ influx 

through AMPA receptors then produced a calcineurin-mediated inhibition of atRA 

synthesis, thereby forming a negative feedback loop (Ardent et al., 2015).  These previous 

studies demonstrated a clear link between atRA and Ca2+ influx through ligand-gated ion 

channels. In the present study, the impact of atRA on neuronal Ca2+ signaling has been 

further extended to include voltage-gated Ca2+ channels. These channels can profoundly 

increase intracellular Ca2+ levels in actively firing neurons and play a role in cell firing, 

gene transcription, and neurotransmitter release.  
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2.5.1 Isomer-dependent effects and the potential involvement of RAR and RXR.  

Many components of the retinoid signaling machinery are conserved in invertebrate 

nervous systems, particularly those of molluscan species (Urushitani et al., 2013; 

Gutierrez-Mazariegos et al., 2014). Specifically, the CNS of Lymnaea contains an RXR 

(Carter et al., 2010), a putative RAR (Carter et al., 2015), as well as both biologically active 

retinoid isomers, atRA and 9cRA (Dmetrichuk et al., 2008). Indeed, the physiological 

concentrations that have previously been estimated in the Lymnaea CNS are in the order 

of 690 nM and 150 nM for atRA and 9cRA retinoid isomers, respectively (Dmetrichuk et 

al., 2008).  

We have previously shown that atRA rapidly alters neuronal firing and reduces 

intracellular [Ca2+], whereas 9cRA does not produce these effects (Vesprini et al., 2015; 

Vesprini & Spencer, 2014). Here, we now show that overnight exposure to physiologically 

relevant concentrations of atRA (500 nM), but not 9cRA, also reduce ICa through voltage-

gated Ca2+ channels. It is noteworthy that RA-induced changes in cell function are not 

always isomer-dependent. For example, both atRA and 9cRA have been shown to exert 

similar effects on neurite outgrowth and growth cone turning, as well as embryonic 

development in Lymnaea (Carter et al., 2010; Carter et al., 2015).  

Differential effects of retinoid isomers on various cellular functions have also been 

identified by others (Hellemans et al., 1999), however, the mechanisms that are responsible 

for this remain unclear. One explanation for our results may be differing binding affinities 

of the two isomers for the retinoid receptors, RXR and RAR, as occurs in vertebrates. The 

vertebrate RXR binds 9cRA with much higher affinity than atRA (Allenby et al., 1994; 

Heyman et al., 1992), though the same is not necessarily true for invertebrate RXRs, as the 
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locust RXR binds both atRA and 9cRA with similar affinity (Nowickyj et al., 2008). Far 

less is known about invertebrate RARs as these have only recently been discovered (Carter 

et al., 2015). Recent evidence from the mollusc T. clavigera suggests that atRA binds to 

the RXR but not the RAR (Urushanti et al., 2013). However, a mutation of two residues of 

another molluscan RAR, to those present in the vertebrate RARs, allowed it to bind atRA 

at higher concentrations (Gutierrez-Mazariegos et al., 2014). Interestingly, these residues 

present in the vertebrate RARs, are conserved in the Lymnaea RAR (Carter et al., 2015).  

In the present study, vertebrate RAR and RXR agonists were used to gain a better 

understanding of the receptor pathway responsible for the atRA-mediated inhibition of ICa. 

Both of these receptor agonists have previously been shown to mimic the effects of atRA 

in both Lymnaea growth cone assays [Spencer and Nasser unpublished observations] and 

behavioural assays (Carpenter et al., 2016). Interestingly, the RXR agonist, SR11237 

produced a small but significant reduction in the current density, but only at -10 and -5 

mV, whereas EC23 produced a large reduction in current density at potentials from 0 to 

+25 mV. These data suggest that most of the inhibition of peak ICa current density induced 

by atRA may be mediated by the RAR. However, it is important to note that neither the 

RAR agonist, EC23, nor the RXR agonist, SR11237, altered any of the biophysical 

properties of the channel.  It is possible that activation of both RAR and RXR together are 

required to alter the biophysical properties of voltage-gated Ca2+ channels. Alternatively, 

atRA may be acting through separate or parallel second messenger pathways, 

independently of the retinoid receptors, to produce these effects.  

As mentioned previously, retinoid activation of receptors can mediate both 

genomic and nongenomic effects within cells. Genomic effects usually require longer, 
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overnight incubations in RA, whereas nongenomic effects can be relatively rapid, and can 

occur as quickly as 20 to 60 minutes (Vesprini et al., 2015; Vesprini & Spencer, 2014).  In 

Lymnaea, we have previously observed nongenomic effects of atRA in inducing growth 

cone turning within 20 to 30 minutes (Carter et al., 2015; Farrar et al., 2009). Likewise, 

previous effects of higher concentrations of atRA on intracellular calcium concentrations 

and ICa inhibition can occur within 15 mins (Vesprini et al., 2015). In this study, we did not 

attempt to determine whether genomic or nongenomic effects were responsible for the 

effects of atRA. The inhibition of ICa following overnight incubation in atRA may thus 

represent either genomic effects (such as a change in channel expression) or nongenomic 

effects (as seen previously with higher concentrations of atRA), or even a combination of 

both. Indeed, changes in the biophysical properties might represent direct (nongenomic) 

effects on gating, either by effects on the channel protein or on auxiliary (modulatory) 

subunit proteins. AtRA is also known to directly bind to kinases (Aggarwal et al., 2006; 

Lopez-Andreo et al., 2005), which may also be a possible nongenomic mechanism of 

channel regulation. These possibilities will all require further investigation. 

 

2.5.2 Possible physiological consequences of retinoic acid’s effects on voltage-gated Ca2+ 

channels. 

The inhibition of peak ICa and the altered biophysical properties of voltage-gated 

Ca2+ channels induced by atRA are expected to greatly impair depolarization-induced Ca2+ 

influx in VF motorneurons. At the 5 µM concentration, atRA reduced peak ICa by over one 

third. The depolarizing shift in the voltage dependence of channel activation will likely 

further inhibit Ca2+ influx in VF neurons, by requiring a greater magnitude of 
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depolarization to induce channel opening.  Furthermore, the decreased rate of channel 

activation and accelerated rate of voltage-dependent channel inactivation observed 

following atRA treatment may reduce the overall amount of Ca2+ that is able to enter the 

cell during each action potential. As Ca2+ plays such a diverse role in neuronal function, 

from neurite outgrowth to synaptic communication, there are many potential consequences 

of impaired Ca2+ influx induced by atRA.  

In the present study, atRA inhibited ICa carried by both L-type and non-L-type 

channels. These data were obtained using the pharmacological blocker, nifedipine, which 

has previously been shown to block Lymnaea L-type, (but not non-L-type) Ca2+ channels 

expressed in HEK cells (Spafford et al., 2006). Nifedipine is also known to inhibit L-type 

channels in neurons of other molluscan species, such as Aplysia (Dunn & Sossin, 2013).  

Other studies using Lymnaea neurons have shown that they express both L-type and non-

L-type channels, and that the majority of the current is nifedipine-insensitive (Spafford et 

al., 2003). For example, genetic knockdown of non-L-type Ca2+ channels was found to 

eliminate a large proportion of ICa in Lymnaea VD4 neurons (Spafford et al., 2003). In our 

study, we also found that the majority of the ICa in Lymnaea VF motorneurons was carried 

by non-L-type channels. Furthermore, our study suggested that these activate at more 

depolarized potentials than the L-type channels. These results are congruent with findings 

from vertebrate superior cervical ganglion neurons in which non-L-type channels activate 

at more depolarized potentials and contribute a greater proportion of the fractional current 

(Wheeler et al., 2012).  

Lymnaea non-L-type channels have been shown to play a role in synaptic 

transmission, specifically in neurotransmitter release (Spafford et al., 2003; Spafford et al., 
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2004). It would be expected that the decrease in current through non-L-type channels 

produced by atRA would thus decrease neurotransmitter release. However, atRA (1 µM) 

applied to synaptically-paired Lymnaea neurons did not appear to decrease excitatory post-

synaptic potentials more than the vehicle, though in this previous study, cells were only 

exposed to atRA for up to one hour (Rothwell et al., 2017).  Lymnaea non-L-type channels 

are also present in growth cones and Ca2+ influx through voltage-gated Ca2+ channels plays 

an important role in neurite outgrowth in Lymnaea neurons.  In molluscan Helisoma 

neurons, a high concentration of the Ca2+ channel blocker, cadmium, inhibits neurite 

outgrowth whereas a lower concentration of cadmium actually enhances neurite outgrowth 

(Mattson & Kater, 1987). These findings suggest that reduced intracellular calcium levels 

might be growth promoting, a finding also supported by studies in cortical neurons, where 

blocking L-type channels with nifedipine lowered intracellular Ca2+ but increased neurite 

outgrowth (Tang et al., 2003). It is thus feasible that the enhanced neurite outgrowth 

previously observed following overnight incubation in atRA (Dmetrichuk et al., 2006), 

might at least partially occur as a consequence of its inhibition of voltage-gated Ca2+ 

channels.  

As in vertebrates, the Lymnaea L-type channel plays a role in regulating neuronal 

spiking, by shaping the firing properties of neurons (Spafford et al., 2006). Interestingly, 

we have previously shown that atRA induces spike widening and bursting in VF motor 

neurons (Vesprini et al., 2015; Vesprini & Spencer, 2014). It is feasible that such effects 

might have resulted from inhibition of L-type channels, which in turn would have reduced 

the activation of Ca2+-activated potassium channels.  L-type channels also play a prominent 

role in gene transcription in vertebrates; for example, L-type channels activate at more 
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hyperpolarized potentials in superior cervical ganglion neurons and thus have a “gating 

advantage” in inducing gene transcription (Wheeler et al., 2012).  Whether this is also true 

in invertebrates has not yet been fully investigated. If the roles of L-type channels are 

largely conserved between vertebrates and invertebrates, as the evidence suggests, then 

atRA might have the potential to inhibit Ca2+-dependent gene transcription.  

In summary, we have shown here for the first time that atRA inhibits voltage-gated 

Ca2+ channels in an isomer-dependent manner and alters the biophysical properties in such 

a way as to favour the closed state of the channel. Given that our findings suggest that atRA 

may affect both L-type and non-L-type Ca2+ channels, which play multiple and differential 

roles in neuronal signaling, these novel findings may provide mechanistic insights into the 

many diverse roles of RA signaling in neurons of both vertebrates and invertebrates.  
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CHAPTER 3 

 
RETINOID RECEPTOR-BASED SIGNALING PLAYS A ROLE IN VOLTAGE-

DEPENDENT INHBITION OF INVERTEBRATE VOLTAGE-GATED Ca2+ 
CHANNELS 
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role in voltage-dependent inhibition of invertebrate voltage-gated Ca2+ channels. Journal 
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3.1 Abstract 

The retinoic acid receptor (RAR) and retinoid X receptor (RXR) mediate the 

cellular effects of retinoids (derivatives of vitamin A). Both RAR and RXR signaling 

events are implicated in hippocampal synaptic plasticity. Furthermore, retinoids can 

interact with calcium signaling during homeostatic plasticity. We recently provided 

evidence that retinoids attenuate calcium current (ICa) through neuronal voltage-gated 

calcium channels (VGCCs). We now examined the possibility that constitutive activity of 

neuronal RXR and/or RAR alter calcium influx via the VGCCs. We found that in neurons 

of the mollusk Lymnaea stagnalis, two different RXR antagonists (PA452 and HX531) had 

independent and opposing effects on ICa, which were also time-dependent. Whereas the 

RXR pan-antagonist PA452 enhanced ICa, HX531 reduced ICa. Interestingly,  this effect of 

HX531 occurred through voltage-dependent inhibition of VGCCs, a phenomenon known 

to influence neurotransmitter release from neurons. This inhibition appeared to be 

independent of G proteins and was largely restricted to Cav2 Ca2+ channels. Of note, an 

RAR pan-antagonist, LE540, also inhibited ICa, but produced G protein-dependent voltage-

dependent inhibition of VGCCs. These findings provide evidence that retinoid receptors 

interact with G proteins in neurons and suggest mechanisms by which retinoids might 

affect synaptic calcium signaling.  
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3.2 Introduction 

Voltage-gated Ca2+ channels (VGCCs) play a prominent role in the functioning of 

both vertebrate and invertebrate nervous systems. High-voltage activated (HVA) VGCCs 

include both Cav1 (L-type) and Cav2 (non-L-type) channels. In the nervous system, Cav1 

channels are generally involved in the regulation of gene transcription, whereas Cav2 

channels play an important role in neurotransmitter release (Zamponi et al., 2015). 

Importantly, HVA channels are modulated by diverse signaling pathways and can therefore 

contribute to dynamic changes in cell function.  

Retinoic acid, the active metabolite of Vitamin A, plays a role in synaptic plasticity 

(Chiang et al., 1998) as well as learning and memory in many different species (Jiang et 

al., 2012; Nomoto et al., 2012). Interestingly, an interaction between intracellular retinoic 

acid and calcium has been shown to be important for hippocampal homeostatic plasticity 

(Aoto et al., 2008).  Moreover, we have recently shown in invertebrate neurons that retinoic 

acid inhibits both Cav1 and Cav2 VGCCs and alters their biophysical properties (de Hoog 

et al., 2018). In particular, retinoic acid reduced voltage-gated Ca2+ current (ICa) density 

and shifted the voltage-dependence of channel activation of both Cav1 and Cav2 channels 

(de Hoog et al., 2018). Some of these effects are also mimicked by retinoid receptor 

agonists, suggesting a role for retinoic acid receptors (RAR) and retinoid X receptors 

(RXR) in the modulation of VGCCs (de Hoog et al., 2018). However, the precise signaling 

mechanisms by which retinoic acid exerts its effects on VGCCs are not yet known.  

Classically, retinoic acid exerts its cellular effects by binding to the RAR and/or the 

RXR (Heyman et al., 1992; Allenby et al., 1994) to alter the transcription of target genes. 

However, it has recently been established that retinoic acid can also modulate cell signaling 
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and function in a nongenomic manner, either by activation of retinoid receptors (Aoto et 

al., 2008) or possibly by direct binding to other molecules (Lopez-Andreo et al., 2005; 

Aggarwal et al., 2006). Non-genomic retinoid signaling has also been shown to involve the 

coupling of the RAR and the RXR to G protein subunits. Specifically, the G protein 

subunits, Gaq and Gβ, can associate with the RAR in cancer cells and dopaminergic 

progenitor cells, respectively (Piskunov & Rochette-Egly, 2012; Tsai et al., 2015). 

Similarly, RXR binds to Gaq in platelets and prevents its downstream signaling (Moraes 

et al., 2007). G protein subunits are also well known to bind to and modulate VGCCs 

(Zamponi & Currie, 2013). For example, β𝛾 subunits can bind to Cav2 Ca2+ channels, 

producing a decrease in ICa, a depolarizing shift in the voltage-dependence of channel 

activation and a slowing of activation kinetics. This form of channel inhibition is known 

as voltage-dependent inhibition, as it is relieved by strong depolarization, which causes the 

β𝛾 subunits to dissociate from the channel (Zamponi & Currie, 2013; Herlitze et al., 1996; 

De Waard et al., 1997; Herlitze et al., 2001). It is possible that the modulation of ICa 

produced by retinoids might include an interaction with G protein subunits. 

Recent evidence suggests that the RAR and the RXR may have constitutive activity 

(Farboud et al., 2004, Delacroix et al., 2010), and we hypothesize that such activity might 

include regulation of neuronal Ca2+ signaling through interactions with signaling molecules 

such as G proteins. Receptor antagonists have previously been used to determine the role 

of constitutive melanocortin 4 receptor activity in the modulation of VGCCs (Agosti et al., 

2017). In the present study, we used RXR and RAR antagonists to determine whether 

constitutive retinoid receptor activity might affect neuronal calcium influx through 

VGCCs.  



 
 

 
 

66 

We provide compelling new evidence that RAR and RXR antagonists produce 

voltage-dependent inhibition of VGCCs through G protein-dependent and possible G 

protein–independent mechanisms, respectively. These findings strengthen the mounting 

evidence for an important link between retinoids and calcium signaling in the nervous 

system.  
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3.3 Methods 

3.3.1 Animals 

The mollusc Lymnaea stagnalis (pond snail) used in these experiments, were bred 

at Brock University. Animals were raised in a laboratory environment at room temperature 

and maintained on a fixed 12:12 hour light-dark cycle in aerated, dechlorinated water. They 

were fed a combination of romaine lettuce and Nutrafin Max Spirulina fish food (Hagen) 

daily. All animals used for cell culture ranged from 18 to 22 mm in shell length.  

 

3.3.2 Cell culture  

All dissections were performed under sterile conditions as previously described 

(Vesprini et al., 2015; Rothwell et al., 2017). Briefly, Lymnaea were anesthetized by 

exposure to saline containing 25% Listerine © (containing menthol, 0.042% w/v), pinned 

in a dissection dish containing antibiotic saline (ABS; normal saline containing 225 µg/mL 

gentamicin (Sigma-Aldrich)) and dissected to expose the CNS, consisting of the central 

ring ganglia. The CNS was removed and given three 10-minute washes in ABS. The CNS 

was then treated with trypsin (Sigma-Aldrich; 2 mg/mL) in Defined Medium (DM; 50% 

Leibovitz’s L-15 medium, Gibco) for 18 to 19 minutes at 21 °C and was subsequently 

treated with trypsin inhibitor (Sigma-Aldrich; 2 mg/mL in DM) for 10 minutes. The CNS 

was then pinned out in high osmolarity DM and the outer sheath of connective tissue was 

removed, followed by removal of the inner sheath to expose the neurons. Individual 

visceral F (VF) motorneurons were removed from the ganglia using a fire polished glass 

pipette coated with Sigmacote (Sigma-Aldrich) to prevent cell adhesion. Gentle suction 

was applied via a microsyringe (Gilmont) to remove individual neuronal cell bodies. VF 
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neurons were then plated on poly-L-lysine (Sigma-Aldrich) coated plastic culture dishes 

containing DM. Cells were subsequently treated with either the RXR pan-antagonist 

HX531 (Tocris Bioscience), RXR pan-antagonist PA452 (Tocris Bioscience), or the RAR 

pan-antagonist LE540 (Tocris Bioscience). Each compound was originally prepared as a 

10-2 M stock solution in 100% DMSO and diluted in DM to produce a final concentration 

of either 500 nM or 1 µM. Control experiments involved treating cells with 0.01% DMSO.  

 

3.3.3 Electrophysiology 

The biophysical properties of ICa were assessed using whole-cell voltage clamp 

electrophysiology. Recordings were performed on cultured VF neurons using a 

MultiClamp 700A amplifier, a Digidata 1322A digitizer and Clampex 9.2 software (Axon 

Instruments, Sunnyvale, CA). ICa was assessed using an external solution containing 10 

mM BaCl2, 45.7 mM tetraethylammonium chloride (TEA-Cl), 1 mM MgCl2, 10 mM 

HEPES and 2 mM 4-aminopyridine (4-AP), with a pH of 7.9 achieved using TEA-OH. 

Ba2+ was used as the charge carrier through VGCCs to minimize Ca2+-dependent 

inactivation (Taiakina et al., 2013). Patch electrodes with a resistance between 4 and 8 MΩ 

were filled with internal solution containing 29 mM CsCl, 2.3 mM CaCl2, 2 mM MgATP, 

0.1 mM GTP-Tris, 11 mM EGTA and 10 mM HEPES, with a pH of 7.4 achieved using 

HCl (Hui & Feng, 2008). Recordings were performed on cells with an access resistance of 

< 15 MΩ and the series resistance was compensated by 85%. The liquid junction potential 

was estimated to be +10 mV, which was not adjusted for. Recordings were performed at 

room temperature.  
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3.3.4 Current-voltage relationship  

To determine the current-voltage (IV) relationship for ICa, cells were held at -100 

mV and stepped to membrane potentials ranging from -80 to +60 mV in 5 mV increments 

for 400 ms. Cells were subsequently stepped down to -100 mV for 1 s to remove any 

inactivation before the next depolarizing pulse was applied (de Hoog et al., 2018; Vesprini 

et al., 2015). Peak ICa was measured for each voltage step using Clampfit 9.2 and 

normalized to cell capacitance. The IV relationships were compared across treatment 

conditions using a two-way ANOVA, followed by a Bonferroni post-hoc test.  

 

3.3.5 Activation kinetics 

To investigate the kinetics of voltage-gated Ca2+ channel activation, the rising 

phase of individual traces of ICa generated at +10 mV were fit in ClampFit 9.2 using the 

exponential cumulative probability equation: 𝑓(𝑉) = ∑ 𝑃𝑖	(1 − 𝑒%1 𝒯345
36. ) + C, where 𝜏𝑖 

represents the time constant. Activation time constants were compared across treatment 

conditions using either an unpaired t-test or a Kruskal-Wallis one-way ANOVA on Ranks, 

as appropriate.  

 

3.3.6 Voltage-dependence of channel activation 

To determine the voltage-dependence of VGCC activation, channel conductance 

was calculated for each membrane potential used in the IV relationship protocol described 

above using the equation, 𝑔 = !
(#$%&'())

, where I represents current, Vm represents 

membrane potential and Erev represents the reversal potential. Erev was calculated by linear 

extrapolation of the IV curve at potentials more depolarized than that at which the peak 
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current occurred. Conductance values for each voltage were normalized to the maximal 

conductance, gmax, for each neuron. For each individual neuron, g/gmax values were fit to 

the Boltzmann equation: 𝑓(𝑉) = 	 +$,-

./	(
("#$%&")

"()
+ 𝐶 where Vmid represents the voltage of 

half maximal activation, V represents the membrane potential, Vc represents the slope 

factor and C represents a constant. Values for the voltage of half-maximal activation were 

compared using either an unpaired t-test or a one-way ANOVA, as appropriate. Values for 

the slope were compared using either a one-way ANOVA, an unpaired t-test, or a Mann-

Whitney rank sum test, as appropriate. 

 

3.3.7 Voltage-dependence of channel inactivation 

To determine the voltage-dependence of VGCC inactivation, cells were held at -

100 mV and stepped to +20 mV for 200 ms to generate the control ICa (Icontrol). Icontrol was 

measured with each sweep of the protocol to account for any rundown that may have 

occurred over the course of the recording. Voltage-dependent inactivation was achieved by 

holding cells at -100 mV and stepping to membrane potentials between -100 and +60 mV 

for 5 seconds in 10 mV increments before immediately applying a test pulse to +20 mV 

for 200 ms (Itest) (Senatore et al., 2011). Due to the pronounced slowing of activation 

kinetics produced by HX531, the control and test pulses were extended to 400 ms for 

HX531. To generate a steady-state inactivation curve, Itest/Icontrol values for each pre-pulse 

potential were then fit in ClampFit using the Boltzmann equation for each individual 

neuron, as described above. Values for the voltage of half-maximal inactivation were 

compared using either an unpaired t-test, or a Mann Whitney Rank Sum test, as appropriate. 

Slope values were compared using an unpaired t-test.  



 
 

 
 

71 

 

3.3.8 Voltage-dependent inhibition of ICa.  

Voltage-dependent inhibition of ICa can be relieved through strong depolarization 

of the membrane potential. To determine whether the inhibition of ICa produced by HX531 

and LE540 was voltage-dependent, cells were first stepped from a holding potential of -

100 mV to +5 mV for 450 ms to generate Icontrol. Cells were then subsequently stepped 

down to -100 mV for 5 seconds to remove any inactivation, followed by a second pulse to 

+5 mV for 450 ms to generate Ipre. After being held at -100 mV for 5 seconds, cells were 

given a strong depolarizing pre-pulse to +150 mV for 50 ms. Cells were then stepped down 

to -100 mV for 25 ms to remove any inactivation and were subsequently stepped to +5 mV 

for 450 ms to generate Ipost. The facilitation produced by the depolarizing pre-pulse was 

determined by dividing Ipost by Ipre. The degree of facilitation produced was compared using 

either a Kruskal-Wallis one-way ANOVA on Ranks, or a Mann Whitney Rank Sum Test, 

as appropriate. To ensure that repeated pulses alone didn’t produce facilitation, as well as 

to examine differences in Ipre and Ipost densities, the current densities at Icontrol, Ipre, and Ipost 

were compared using a two-way RM ANOVA.  

 

3.3.9 Voltage-dependent inhibition produced by acute application of HX531 or LE540 

To determine whether acute application of HX531 or LE540 produced voltage-

dependent inhibition of ICa, Ipre and Ipost were first measured as described above in untreated 

cells immediately following cell break-through and after stable whole-cell recordings were 

obtained. Cells were then perfused with either HX531 or LE540 until peak inhibition was 

achieved, as determined by 200 ms pulses to +20 mV from a holding potential of -100 mV, 
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once every 30 seconds. Once peak inhibition was achieved, Ipre and Ipost were then 

reassessed. In control experiments, 0.01% DMSO was acutely applied for a similar 

duration to that used for LE540 and HX531, and Ipre and Ipost were then measured.  

To determine whether voltage-dependent inhibition was mediated through a G 

protein-dependent mechanism, 10 mM GDP-β-S, was added to the internal solution in the 

pipette in place of GTP-Tris and allowed to diffuse into the cell for 30 minutes following 

break-through. Ipre and Ipost were measured and cells were then acutely perfused with 

HX531 or LE540 for the duration of time that was shown to produce peak inhibition. Ipre 

and Ipost were subsequently reassessed in the presence of HX531 or LE540. Ipost/Ipre was 

calculated for each treatment group and compared using a two-way RM ANOVA. A 

separate series of experiments were also carried out using the same protocol as above, 

except 1 mM βARKct, a β𝛄 G protein subunit-sequestering peptide (Tocris) was added to 

the pipette in place of GDP-β-S. 

 

3.3.10 Voltage-gated Ca2+ channel subtype characterization with the use of nifedipine. 

The selective Cav1 Ca2+ channel blocker, nifedipine (Sigma-Aldrich), was used to 

determine the effects of RXR and RAR antagonists on either Cav1 or Cav2 VGCCs. A stock 

solution of nifedipine was prepared at a concentration of 10-2 M using 100% DMSO, and 

then diluted to 10 µM in external recording solution. To test the effects of HX531, cells 

were acutely perfused with either 1 µM HX531 or 0.01% DMSO until peak current 

inhibition occurred. The IV-relationship and the level of pre-pulse induced facilitation were 

then established, as described above. Nifedipine (10 µM in combination with HX531 or 

DMSO) was then acutely perfused onto the VF motorneurons until peak inhibition 
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occurred.  The IV relationship and the level of pre-pulse induced facilitation was again 

established, now in the presence of nifedipine. The current remaining in the presence of 

nifedipine was taken to represent ICa carried by Cav2 VGCCs. Nifedipine-sensitive (Cav1 

channel) currents were measured by subtracting the nifedipine-insensitive current from that 

obtained before nifedipine perfusion. Subtraction was performed offline using Clampfit 

9.2. The voltage-dependence of channel activation, the voltage of half maximal activation, 

and the slope of activation were then determined and analysed as described above. Similar 

protocols were used to test the effects of PA452 on Cav1 or Cav2 VGCCs, though for this 

antagonist, cells were incubated overnight as it did not induce any acute effects. Similarly, 

to determine the combined effects of HX531 with either PA452 or LE540 on nifedipine-

insensitive Cav2 channels, cells were also incubated overnight in the antagonists. 

 

3.3.11 Statistical analysis 

All statistical analyses were performed using SigmaStat 3.2 and graphs were 

generated using Graph Pad Prism 5.03. Values are presented as mean ± S.E.M. and 

differences were deemed significant when p < 0.05. 
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3.4 Results 

We recently provided evidence that retinoic acid inhibits ICa and modifies the 

biophysical and kinetic properties of VGCCs. Retinoic acid shifted the voltage-dependence 

of channel activation to more positive membrane potentials, decreased the rate of both 

channel activation and recovery from inactivation, and increased the rate of channel 

inactivation and deactivation. Many of these inhibitory effects were mimicked by retinoid 

receptor agonists, strongly suggesting a role for the retinoid receptors (RAR and RXR) in 

mediating this channel inhibition (de Hoog et al., 2018). Due to evidence that retinoid 

receptors might be constitutively active, we aimed to determine whether inhibition of 

retinoid receptor activity using selective retinoid receptor antagonists would alter VGCC 

function.  

 

3.4.1 RXR pan-antagonists, PA452 and HX531, exert different effects on ICa. 

To characterize the role of the RXR in modulating Ca2+ signaling, VF motorneurons 

were incubated overnight in the RXR pan-antagonists, PA452 (1 µM) or HX531 (500 nM 

or 1 µM), or the highest equivalent concentration of DMSO (0.01%; vehicle control). Cells 

were voltage-clamped to record ICa and an IV relationship was established using the 

voltage-step protocol shown in Fig. 3.1A. A two-way ANOVA revealed a significant 

interaction between treatment and voltage [F(84,1073) = 10.161; p < 0.001]. Raw current 

recordings in Fig. 3.1B illustrate that PA452 enhanced ICa, compared to cells incubated in 

DMSO and post-hoc analysis revealed that PA452 significantly enhanced ICa at membrane 

potentials between -20 and -5 mV (Fig. 3.1C). Surprisingly, we discovered that HX531 had 

the opposite effect to PA452, and instead inhibited ICa (Fig 3.1B). Post-hoc analysis 
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revealed that HX531 (1 µM) significantly inhibited ICa between -5 and +15 mV (Fig. 3.1C). 

This inhibition was accompanied by significant slowing of current activation, which was 

not previously seen in the inhibition produced by retinoic acid and RXR agonists (de Hoog 

et al., 2018).  

HX531 is a widely-used RXR pan-antagonist and is believed to have differential 

activity at the RXR compared to PA452 (Takahashi et al., 2002). To ensure selective 

actions of this RXR antagonist, our analysis included a lower concentration of HX531 (500 

nM). Raw recordings (Fig. 3.1B) and post-hoc analysis show that 500 nM HX531 also 

significantly inhibited ICa between -5 and +25 mV, compared to 0.01% DMSO (Fig. 3.1C).  

The rate at which VGCCs activate, helps determine the time course and overall 

magnitude of Ca2+ influx through Ca2+ channels. As seen in the raw recordings (Fig 3.1B), 

HX531 (1 µM) appeared to slow the rate of VGCC activation. A Kruskal-Wallis one-way 

ANOVA on Ranks [H = 30.532; p <0.001] and subsequent post-hoc analysis of the time 

constants of channel activation in each condition revealed that, indeed, HX531 (1 µM) 

significantly increased the time constant of VGCC activation compared to DMSO (Fig. 

3.1D). The time constant of channel activation was not significantly different between cells 

treated with PA452 or HX531 (500 nM) and DMSO-treated controls (Fig. 3.1D).  
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Figure 3.1. RXR pan-antagonists modulate ICa in an antagonist-specific manner.  

A. Voltage-step protocol used to activate ICa.  B. Raw recordings of ICa from cells treated 

with either 0.01% DMSO, 1 µM PA452, 1 µM HX531, or 500 nM HX531. Arrow indicates 

slowing of channel activation in cells treated with 1 µM HX531. C. 1 µM PA452 increased 

peak ICa density at potentials between -20 and -5 mV compared to 0.01% DMSO-treated 

cells. In contrast, 1 µM HX531 inhibited ICa at potentials between -5 and +15 mV, 

compared to 0.01% DMSO. Similarly, 500 nM HX531 inhibited ICa at potentials between 

-5 and +25 mV. D. 1 µM HX531 significantly increased the time constant of channel 

activation at +10 mV, compared to DMSO.  * p<0.05;** p<0.01; ***p<0.001 compared to 

DMSO.   
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3.4.2 Differential effects of RXR antagonists on the voltage-dependence of channel 

activation and inactivation. 

We next sought to characterize the effects of these RXR antagonists (PA452 and 

HX531) on the biophysical properties of ICa.  We first measured the voltage-dependence 

of channel activation following overnight incubation of VF neurons in either PA452 (1 

µM), HX531 (1 µM or 500 nM) or DMSO. This biophysical parameter determines the 

amount of depolarization required for channel activation and therefore Ca2+ influx. A one-

way ANOVA [F(3,37) = 47.96; p < 0.001] revealed a significant effect of treatment on the 

voltage of half-maximal activation. 1 µM HX531 significantly depolarized the voltage of 

half-maximal activation (p < 0.001), though 500 nM HX531 had no significant effect (p = 

0.724) (Figs. 3.2Ai and Aii). Conversely, PA452 (1 µM) shifted the voltage-dependence 

of channel activation to more negative potentials (as illustrated by the activation curve, Fig. 

3.2Ai) and significantly hyperpolarized the voltage of half-maximal activation (p < 0.001; 

Fig. 3.2Aii). These data suggest that PA452 increased the probability of channel opening 

at more hyperpolarized potentials, whereas HX531 (1 µM) increased the degree of 

depolarization required to activate VGCCs.  The slope factor of channel activation provides 

information on the voltage-sensitivity of a voltage-gated ion channel, and a one-way 

ANOVA revealed a significant effect of treatment on the slope factor for ICa [F(3,37) = 

16.266; p < 0.001].  PA452 had no effect on the slope factor, whereas HX531 (at 1 µM and 

500 nM) significantly increased the slope factor compared to DMSO (p < 0.001; Fig. 

3.2Aiii), suggesting that HX531 decreased the voltage-sensitivity of VGCCs.  

We next determined whether HX531 also affected the voltage-dependence of 

steady-state channel inactivation, which determines the proportion of VCGGs that are 
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available for activation at a given membrane potential and can thus determine the amount 

of Ca2+ influx through VGCCs upon membrane depolarization. Cells were held at -100 mV 

and steady-state inactivation was achieved using 5 second voltage-steps, ranging from -

100 to +60 mV. ICa was then immediately elicited by a test pulse to +20 mV (Fig. 3.2Bi). 

The inactivation curve shown in Fig. 3.2Bii clearly illustrates that HX531 (1 µM) did not 

alter the voltage-dependence of channel inactivation.  Neither the voltage of half maximal 

inactivation [t = -1.100; p = 0.286; unpaired t-test] nor the slope factor of inactivation [t = 

-1.889; p = 0.075; unpaired t-test] was significantly different between HX531- and DMSO-

treated cells (Fig. 3.2Biii & Biv).  
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Figure 3.2. HX531 and PA452 alter the voltage-dependence of Ca2+ channel 

activation. 

Ai. Boltzmann-fitted activation curve of ICa in cells treated with either 1 µM PA452, 1 µM 

HX531, 500 nM HX531, or 0.01% DMSO. Aii. The voltage of half-maximal activation of 

ICa was significantly depolarized by 1 µM HX531 and significantly hyperpolarized by 1 

µM PA452, compared to 0.01% DMSO. Aiii. The slope factor of activation was 

significantly increased by HX531 (1 µM & 500 nM), compared to 0.01% DMSO. Bi. 

Voltage-dependence of steady-state inactivation voltage-step protocol. Bii. Boltzmann-

fitted inactivation curve of ICa of cells treated with either 1 µM HX531 or 0.01% DMSO. 

Biii. 1 µM HX531 had no effect on the voltage of half-maximal inactivation, compared to 

0.01% DMSO. Biv. 1 µM HX531 had no effect on the slope factor of inactivation, 

compared to 0.01% DMSO. *** p<0.001 compared to DMSO. 

 

3.4.3 An RAR pan-antagonist, LE540, also inhibits ICa. 

Given that we have previously shown that RAR agonists are capable of inhibiting 

ICa in VF neurons (de Hoog et al., 2018), our next aim was to determine whether antagonism 

of the RAR could also influence ICa. VF motorneurons were treated overnight with the 

RAR pan-antagonist, LE540 (1 µM), or the equivalent concentration of DMSO (0.01%), 

and an IV relationship was established. Raw recordings in Fig. 3.3A illustrate the inhibition 

of ICa produced by LE540. A two-way ANOVA revealed a significant interaction between 

treatment and voltage [F(28,580) = 3.7; p < 0.001]; LE540 significantly inhibited ICa between 

-5 and +45 mV, compared to DMSO (Fig. 3.3B). However, unlike with 1 µM HX531, 1 

µM LE540 did not significantly alter the time constant of channel activation (LE540: 3.95 

± 0.56 ms; DMSO: 5.90 ± 1.24 ms; t = -1.598; p = 0.126; unpaired t-test).  

We next determined whether the voltage-dependence of channel activation was 

affected by LE540.  As shown in the activation curve in Fig. 3.3Ci, LE540 appeared to 
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shift the ICa conductance at more positive potentials (upper portion of activation curve in 

Fig. 3.3Ci).   However, LE540 did not significantly affect the voltage of half-maximal 

activation (Fig. 3.3Cii; t = 1.437; p = 0.166; unpaired t-test) but did significantly increase 

the slope factor of activation (Fig. 3.3Ciii; Mann-Whitney U Statistic = 102.00; p < 0.01). 

These data suggest that LE540 inhibits ICa, but only moderately affects the voltage-

dependence of channel activation.  

We also determined whether LE540 affected the voltage-dependence of steady-

state channel inactivation (Fig. 3.3Di). Analysis of the voltage of half-maximal inactivation 

revealed no significant difference between LE540 and DMSO (Fig. 3.3Dii; Mann-Whitney 

U Statistic = 82.00; p = 0.788). However, LE540 produced a slight but significant increase 

in the slope factor of activation, compared to DMSO (Fig. 3.3Diii; t = 4.295; p < 0.001). 

These results suggest that LE540 had little effect on the voltage-dependence of channel 

inactivation.  
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Figure 3.3. The RAR pan-antagonist, LE540, inhibits ICa.  
A. Raw recordings of ICa from cells treated with either 1 µM LE540 or 0.01% DMSO. B. 
1 µM LE540 reduced peak ICa density at potentials between -5 and +45 mV, compared to 
0.01% DMSO-treated cells. Ci. Boltzmann-fitted activation curve of cells treated with 
either 1 µM LE540 or 0.01% DMSO. Cii. 1 µM LE540 had no significant effect on the 
voltage of half-maximal activation, compared to 0.01% DMSO. Ciii. 1 µM LE540 
significantly increased the slope factor of activation, compared to 0.01% DMSO. Di. 
Boltzmann-fitted inactivation curve of cells treated with either 1 µM LE540 or 0.01% 
DMSO. Dii. 1 µM LE540 had no significant effect on the voltage of half-maximal 
inactivation, compared to 0.01% DMSO. Diii. 1 µM LE540 significantly increased the 
slope factor of inactivation, compared to 0.01% DMSO.  * p<0.05; ** p<0.01; ***p<0.001 
compared to DMSO.  
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3.4.4 HX531 and LE540 produce voltage-dependent inhibition of VGCCs. 

 The slowing of activation kinetics and the depolarizing shift in the voltage 

dependence of channel activation (with no effect on channel inactivation) produced by 

HX531, are both characteristic of the voltage-dependent inhibition of VGCCs in vertebrate 

neurons. Voltage-dependent inhibition can be relieved by a large depolarizing pre-pulse, 

known to cause the release of inhibitory Gβγ proteins from the channel (Bean, 1989; 

Boland & Bean, 1993; Elmslie & Jones, 1994; Lee & Elmslie, 2000; Dong et al., 2018). 

To determine whether HX531 produced voltage-dependent inhibition in VF neurons, cells 

were treated overnight with either 1µM or 500 nM HX531, or the equivalent concentration 

of DMSO (0.01%). Cells were then stepped from -100 mV to a test potential of +5 mV for 

450 ms to elicit Icontrol. This was again repeated after 5 s to produce Ipre, and to confirm that 

repeated test pulses alone did not facilitate ICa.  After 5 s, the cells were then subjected to 

a large depolarizing pre-pulse to +150 mV, followed almost immediately by another test 

pulse to +5 mV for 450 ms to generate Ipost (Fig. 3.4A). 

Raw recordings in Fig. 3.4B illustrate the inhibition of ICa produced by HX531 

(blue traces), compared to DMSO controls (black traces). Analysis of current densities 

(Icontrol, Ipre, Ipost) for both 1µM HX531 (Fig 3.4Bi) and 500nM HX531 (Fig 3.4Bii) with a 

two-way RM ANOVA revealed a significant interaction between treatment and current 

density [F(4,54) = 20.971; p < 0.001].  Post-hoc analysis revealed that Ipre was significantly 

reduced in both 1µM (p < 0.01) and 500 nM HX531 (p < 0.05), compared to DMSO. 

However, strong depolarization of the membrane potential was found to facilitate ICa in 

HX531-treated cells, but not in DMSO-treated cells, and analysis of Ipost revealed no 

significant difference in the current density in either 1µM or 500 nM HX531, compared to 
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DMSO.  This suggests that HX531 caused voltage-dependent inhibition which was 

completely relieved by the depolarizing pre-pulse.  Indeed, analysis of the pre-pulse 

induced facilitation of ICa (Ipost / Ipre; Fig 3.4C) demonstrated significantly greater 

facilitation of ICa in HX531-treated cells compared to DMSO [Kruskal-Wallis one-way 

ANOVA on Ranks; H = 18.938; p < 0.001], further confirming that HX531 (at both 500 

nM and 1µM), produced voltage-dependent inhibition of VGCCs.  

We next examined whether overnight treatment with LE540 also produced voltage-

dependent inhibition of ICa. A two-way RM ANOVA analysis of current densities in 

LE540- and DMSO-treated neurons identified a significant interaction [F(2,50) = 4.104; p < 

0.05]. Post-hoc analysis revealed that Ipre was significantly reduced following LE540 

treatment compared to DMSO (p < 0.001). Raw recordings in Fig. 3.4Biii illustrate that 

following the depolarizing pre-pulse, significant facilitation of ICa occurred in LE540-

treated neurons. A Mann-Whitney Rank Sum Test revealed an effect of treatment on 

facilitation [Mann-Whitney U Statistic = 145.000; p = 0.001] and that facilitation of ICa 

occurred only in cells exposed to LE540, but not DMSO (Fig. 3.4D). However, an analysis 

of Ipost also revealed that the current density in LE540-treated neurons remained 

significantly lower than DMSO controls (p < 0.001), suggesting that LE540 produces 

inhibition that is only partially relieved by a depolarizing pre-pulse. These data suggest that 

the RAR pan-antagonist, LE540, inhibited ICa only partially through a voltage-dependent 

mechanism.  
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Figure 3.4. HX531 and LE540 produce voltage-dependent inhibition. 

A. Voltage-step protocol for voltage-dependent, pre-pulse induced facilitation of ICa. Bi-

iii. Raw recordings of Icontrol, Ipre, and Ipost of cells treated with either i. 1 µM HX531 (blue 

traces), ii. 500 nM HX531 (blue traces), iii. 1 µM LE540 (red traces), or 0.01% DMSO 

(black traces; i-iii). C-D. The inhibition produced by both 1 µM and 500 nM HX531 (C) 

and 1 µM LE540 (D) was significantly relieved by a depolarizing pre-pulse, which was not 

evident in DMSO-treated neurons. * p<0.05; *** p<0.001 compared to DMSO. 
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In vertebrates, voltage-dependent inhibition of VGCCs can occur rapidly via 

activation of G protein coupled receptors (and subsequently G protein βγ subunits). Our 

next aim was therefore to determine whether G proteins participate in the voltage-

dependent inhibition produced by LE540 or HX531. However, to carry out these 

experiments, we first needed to confirm that acute addition of the antagonists to the cells 

would mediate similar effects as overnight treatment. Indeed, both acute perfusion of 1 

µHX531 or LE540 inhibited ICa compared to DMSO (Fig 3.5Ai), within 10 mins of their 

application. A two-way ANOVA [F(56, 1131) = 4.183; p < 0.001] revealed a significant 

interaction between treatment and voltage. LE540 significantly reduced ICa at potentials 

ranging from -15 and +10 mV, and HX531 significantly reduced ICa at potentials ranging 

from -15 to +5 mV, compared to DMSO (Fig 3.5Aii). We also found that acute application 

of LE540 and HX531 shifted the voltage-dependence of channel activation to more 

depolarized potentials (Fig 3.5Bi). Acutely-applied LE540 and HX531 both significantly 

depolarized the voltage of half-maximal activation compared to DMSO [one-way 

ANOVA; F(2,39) = 14.975; p < 0.001; Fig 3.5Bii] and significantly increased the slope factor 

[one-way ANOVA; F(2,39) = 14.447; p < 0.001; Fig 3.5Biii]. We also tested the effects of 

acute application of PA452 and interestingly, discovered that this antagonist did not induce 

acute effects on ICa (Fig 3.5C). This highlights the fact that the RXR antagonists, HX531 

and PA452, likely modulate ICa through different, time-dependent mechanisms. 
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Figure 3.5. Acutely applied HX531 and LE540 inhibit ICa and depolarize the voltage-

dependence of channel activation.   

Ai. Raw recordings of ICa from cells acutely treated with either 0.01% DMSO, 1 µM 

HX531, or 1 µM LE540. Aii. Acutely applied 1 µM HX531 significantly inhibited ICa at 

potentials ranging from -15 to +5 mV, compared to DMSO. Similarly, acutely applied 1 

µM LE540 significantly inhibited ICa at potentials ranging from -15 to +10 mV, compared 

to DMSO, and at potentials ranging from -5 to +5 mV, compared to HX531. Bi. 

Boltzmann-fitted activation curve for cells treated with either 0.01% DMSO, 1 µM HX531, 

or 1 µM LE540. Bii. 1 µM HX531 and 1 µM LE540 significantly depolarized the voltage 

of half-maximal activation compared to DMSO. Biii. 1 µM HX531 significantly increased 

the slope factor of activation compared to DMSO, and 1 µM LE540 significantly increased 

the slope factor of activation compared to both DMSO and HX531. C. Acute treatment of 

cells with 1 µM PA452 had no effect on ICa compared to DMSO.  * p<0.05; ** p<0.01; 

***p<0.001 (compared to DMSO); # p<0.05; ##p<0.01 (compared to HX531).  
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3.4.5 LE540, but not HX531, produces voltage-dependent inhibition through a G protein-

dependent mechanism. 

We next determined whether the G protein inhibitor GDP-β-S (16) could prevent 

the voltage-dependent inhibition mediated by the retinoid antagonists LE540 and HX531. 

Cells treated with GDP-β-S were given 30 minutes to allow it to diffuse from the recording 

electrode into the neurons. Ipre and Ipost were then measured using the protocol outlined in 

Fig 4A to first assess the effects of GDP-β-S alone. LE540 (1 µM) or HX531 (1 µM) was 

then acutely perfused over the cells until peak inhibition of ICa was achieved, at which time 

Ipre and Ipost were re-assessed. Vehicle control experiments were first carried out to 

determine that DMSO alone (0.01%) had no effect on facilitation of ICa (before: 0.99 ± 

0.00; after: 1.03 ± 0.03; Friedman RM ANOVA on Ranks: Chi-square = 2.667; p = 0.219], 

and separate control experiments also ruled out any change in ICa as a function of time 

alone (data not shown).  

A two-way RM ANOVA revealed a significant interaction between LE540 and 

GDP-β-S treatment on current density [F(3,66) = 4.848; p < 0.01]. In the absence of GDP-β-

S treatment (Fig 3.6Ai; upper traces),  Ipre was significantly reduced by LE540 (p < 0.001), 

with peak inhibition of ICa occurring within 10 minutes. Following the depolarizing pre-

pulse, Ipost was significantly increased compared to Ipre (p < 0.001), but the inhibition was 

again, only partially relieved by the pre-pulse (as with overnight incubation in LE540). 

These data suggest that acute LE540 produces voltage-independent inhibition, in addition 

to voltage-dependent inhibition of ICa.   

In the presence of GDP-β-S (Fig. 3.6Ai; lower traces), current densities were also 

significantly reduced following LE540 application (Ipre; p < 0.001; Ipost; p < 0.01). The 
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effects of LE540 on pre-pulse induced facilitation of ICa (Ipost / Ipre) in the presence and 

absence of GDP-β-S (Fig 3.6Aii), analysed using a two-way RM ANOVA, revealed a 

significant interaction between LE540 treatment and treatment with GDP-β-S [F(1,22)= 

10.211; p < 0.01]. However, post-hoc analysis confirmed that significant pre-pulse induced 

facilitation of ICa occurred in cells treated with LE540 in the absence of GDP-β-S but did 

not occur in the presence of GDP-β-S (Fig. 3.6Aii). That is, following the depolarizing pre-

pulse, ICa density in LE540-treated neurons did not significantly increase from Ipre to Ipost. 

These data strongly suggest that voltage-dependent inhibition of ICa mediated by the RAR 

antagonist, LE540, was indeed G protein-dependent.   

We next assessed whether the voltage-dependent inhibition produced by HX531 

was also mediated by G proteins. In the same manner as above, HX531 (1 µM) was acutely 

perfused over the cells (either in the presence or absence of GDP-β-S) until peak inhibition 

of ICa was achieved, at which time Ipre and Ipost were re-assessed. Indeed, in the absence of 

GDP-βS, a two-way RM ANOVA [F(3,36) = 44.003; p <0.001] and subsequent post-hoc 

analysis revealed a significant effect of HX531 on Ipre (p < 0.001) but not on Ipost (p = 

0.293), indicating that the depolarizing pre-pulse relieved the inhibition produced by 

HX531. Raw recordings in Fig. 3.6Bi (lower traces) also show voltage-dependent 

inhibition of ICa during acute application of HX531 in the presence of GDP-β-S. Analysis 

revealed that HX531 continued to significantly reduce Ipre (p < 0.001), but not Ipost (p = 

0.084) in the presence of GDP-β-S. A two-way RM ANOVA of the current facilitation 

(Ipost / Ipre) produced in the presence and absence of GDP-β-S revealed a significant effect 

of HX531 treatment only [F(1,12) = 19.177; p < 0.001]. Pre-pulse induced facilitation of ICa 

seen following HX531 treatment was not blocked by GDP-β-S (Fig. 3.6Bii).  
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The data obtained above using GDP-β-S, suggested that the voltage-dependent 

inhibition mediated by HX531 may be independent of G proteins. However, G protein bg 

subunits can bind to receptors independently of the a subunit (Kumar et al., 2007) and bg 

signaling can also be activated independently of Ga nucleotide exchange (Yuan et al., 

2007). Thus, to further test whether bg subunits might mediate the voltage-dependent 

inhibition, we next used 1 mM βARKct, which can sequester G protein βγ subunits and 

inhibit G protein βγ signaling at this concentration (Koch et al., 1993).  However, HX531, 

even in the presence of βARKct, again induced voltage-dependent inhibition of ICa (Fig 

3.6Ci). A two-way RM ANOVA of current facilitation (Ipost / Ipre) indicated a significant 

effect of HX531 treatment only [F(1,20) = 4.813; p < 0.05], and indicated that the pre-pulse 

induced facilitation of ICa was not blocked by βARKct (Fig 3.6Cii). Together, these data 

suggest that the voltage-dependent inhibition produced by HX531 might indeed be 

mediated through a pathway independent of G proteins, as it was not blocked either by the 

G protein inhibitor GDP-β-S, or by the βγ sequestering peptide, βARKct. 
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Figure 3.6. LE540, but not HX531, produces voltage-dependent inhibition through a 

G protein-dependent mechanism.  

All recordings were made both before (black traces) and after (colour traces) perfusion of 

either 1 µM LE540 (A) or 1 µM HX531 (B, C).  Ai. Top traces: Raw recordings of ICa 

before (Ipre) and after (Ipost) the depolarizing pre-pulse in the presence or absence of LE540.  

Bottom traces: Raw recordings of ICa before (Ipre) and after (Ipost) the depolarizing pre-

pulse, but with 10 mM GDP-β-S present in the pipette throughout the recording. Aii. GDP-

β-S blocks voltage-dependent inhibition produced by 1 µM LE540, and thus no current 

facilitation occurs following the depolarizing pre-pulse. (***p<0.001). Bi. Top traces: Raw 

recordings of ICa before (Ipre) and after (Ipost) the depolarizing pre-pulse in the presence or 

absence of HX531. Bottom traces: Raw recordings of ICa both before (Ipre) and after (Ipost) 

the depolarizing pre-pulse, but with 10 mM GDP-β-S present in the pipette throughout the 

recording. Bii. 10 mM GDP-β-S had no effect on the voltage-dependent inhibition 

produced by 1 µM HX531. Ci Top traces: raw recordings of ICa before (Ipre) and after (Ipost) 

the depolarizing pre-pulse in the presence or absence of HX531. Bottom traces: Raw 

recordings of ICa both before (Ipre) and after (Ipost) the depolarizing pre-pulse, but with 1 

mM bARKct present in the pipette throughout the recording. Bii. 1 mM bARKct had no 

effect on the voltage-dependent inhibition produced by HX531. (ns = no significant 

difference). 
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3.4.6 HX531 inhibits Cav2 channels but enhances Cav1 Ca2+ currents.  

Classical G protein-mediated voltage-dependent inhibition of VGCCs specifically 

occurs at Cav2 channels (Zamponi & Currie, 2013). To determine whether the voltage-

dependent inhibition produced by HX531 that appears to be independent of G proteins, is 

also mediated through Cav2 VGCCs, we isolated Cav2 Ca2+ currents using the 

dihydropyridine, nifedipine (10 µM), which selectively blocks only Cav1 channels 

(Spafford et al., 2006). VF neurons were perfused with either 1 µM HX531 or 0.01% 

DMSO until peak inhibition occurred, and a control IV relationship was established. These 

data indicated the total inhibition of ICa produced by HX531. The presence of voltage-

dependent inhibition was also established using the depolarizing pre-pulse induced current 

facilitation protocol described previously. Cells were then subsequently perfused with 10 

µM nifedipine to inhibit Cav1 Ca2+ channels. An IV relationship was again produced to 

determine the current carried by Cav2 channels (nifedipine-insensitive). Finally, the ability 

of the depolarizing pre-pulse protocol to induce current facilitation (mediated by Cav2 

channels) was again determined.  

In the presence of nifedipine, acute application of HX531 inhibited ICa compared 

to DMSO, as shown by the raw recordings in Fig. 3.7Ai. A two-way ANOVA of the effects 

of HX531 on nifedipine-insensitive currents (Cav2), indicated a significant interaction 

between treatment and voltage [F(28,493) = 9.996; p < 0.001]. HX531 treatment significantly 

inhibited nifedipine-insensitive (Cav2) currents between -5 and +45 mV, compared to 

DMSO (Fig. 3.7Aii). HX531 also depolarized the voltage-dependence of nifedipine-

insensitive (Cav2) channel activation (Fig. 3.7Bi), significantly depolarized the voltage of 

half-maximal activation [t = -4.690; p < 0.001; unpaired t-test; data not shown] and 
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significantly increased the slope factor [t = -4.744; p < 0.001; unpaired t-test; data not 

shown]. Raw recordings in Fig. 3.7Bii show that HX531 also produced voltage-dependent 

inhibition of nifedipine-insensitive (Cav2) currents, as the depolarizing pre-pulse again 

induced current facilitation. A Mann-Whitney Rank Sum Test [Mann-Whitney U Statistic 

= 80.000; p < 0.001] revealed that facilitation of nifedipine-insensitive Cav2 currents 

occurred in HX531-treated cells, but not in the DMSO-treated control cells (Fig. 3.7Biii).  

An analysis of possible effects of HX531 on currents carried by Cav1 Ca2+ channels 

was obtained by subtracting nifedipine-insensitive (Cav2) currents from the total ICa. The 

IV relationship of nifedipine-sensitive (Cav1) currents was analyzed with a two-way 

ANOVA and showed a significant interaction between HX531 treatment and voltage 

[F(28,493) = 1.732; p < 0.05]. However, HX531 significantly inhibited nifedipine-sensitive 

(Cav1) currents only at -10 mV, and instead, was found to enhance Cav1 currents between 

0 and +20 mV (Fig. 3.7Ci). HX531 had no effect on the voltage-dependence of Cav1 

channel activation (voltage of half maximal activation; DMSO: -6.898 ± 2.082; HX531: -

1.883 ± 2.447; t = -1.543; p = 0.141; slope factor: DMSO: 0.3204 ± 0.085; HX531: 1.118 

± 0.731; Mann-Whitney U statistic = 47.000; p = 0.903; data not shown). The absence of 

depolarizing pre-pulse-induced current facilitation also indicated that HX531 did not 

produce voltage-dependent inhibition of the nifedipine-sensitive, Cav1 channels (Fig 

3.7Cii; Mann-Whitney U statistic = 54.000; p = 0.230). Taken together, these data suggest 

that the G protein-independent voltage-dependent inhibition produced by HX531 is largely 

selective for Cav2 Ca2+ channels.  
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Figure 3.7. HX531 produces voltage-dependent inhibition of Cav2 voltage-gated Ca2+ 

channels.   

Ai. Raw recordings of nifedipine-insensitive (Cav2) ICa at peak current density in cells 

acutely treated with either 1 µM HX531 or 0.01% DMSO. Aii. 1 µM HX531 significantly 

inhibited nifedipine-insensitive (Cav2) ICa density at potentials between -5 and +45 mV, 

compared to 0.01% DMSO. Bi. Boltzmann-fitted activation curve of nifedipine-insensitive 

(Cav2)  ICa in cells treated with either 1 µM HX531 or 0.01% DMSO. Bii. Raw recordings 

of nifedipine-insensitive (Cav2) ICa before (Ipre) and after (Ipost) a depolarizing pre-pulse in 

cells treated with either 1 µM HX531 or 0.01% DMSO. Biii. 1 µM HX531 caused pre-

pulse induced facilitation of nifedipine-insensitive (Cav2) ICa, which was absent in cells 

treated with 0.01% DMSO. Ci. 1 µM HX531 significantly inhibited nifedipine-sensitive 

(Cav1) ICa density at -10 mV only, but enhanced nifedipine-sensitive (Cav1) ICa density at 

potentials between 0 and +20 mV, compared to 0.01% DMSO. Cii. 1 µM HX531 treatment 

did not cause pre-pulse induced facilitation of nifedipine-sensitive (Cav1) ICa, compared to 

0.01% DMSO.  * p<0.05; ** p<0.01; ***p<0.001 compared to DMSO. 

 

 

As the RXR antagonists HX531 and PA452 exerted such different effects on ICa, 

we next determined which population of Cav channels might also be responsible for the 

enhancing effects of overnight application of PA452 on ICa. Fig 3.8A illustrates the IV 

relationship following overnight application of PA452, again showing the enhanced ICa, as 

indicated by the two-way ANOVA which revealed a significant effect of treatment [F(1,435) 

= 15.778; p < 0.001]. Following application of nifedipine, the enhancement of ICa (Cav2 

only) persisted [F(1,435) = 8.362; p < 0.01; Fig 3.8B] and PA452 enhanced ICa of Cav2 at -

15 mV. However, following subtraction of the IV relationship in nifedipine from the total 

IV, PA452 was not found to induce any significant enhancement of ICa through Cav1 

[F(1,435) = 3.596; p = 0.059; data not shown].  



 
 

 
 

98 

Taken together, these data indicate that the RXR antagonist HX531 exerts rapid 

voltage-dependent inhibition of ICa mediated by Cav2s, whereas the RXR antagonist PA452 

(which fails to exert any rapid effects; Fig 3.5), induces an enhancement of ICa mediated 

mainly by Cav2s, following overnight incubation. 

 

 

 

 

Figure 3.8. PA452 enhances ICa mediated by Cav2 voltage-gated Ca2+ channels. 

A. Overnight treatment of cells with 1 µM PA452 significantly enhanced ICa at -15 mV and 

potentials ranging from 0 to +10 mV compared to 0.01% DMSO. B. Overnight treatment 

of cells with 1 µM PA452 also significantly enhanced nifedipine-insensitive Cav2 ICa at -

15 mV. * p<0.05; ** p<0.01; ***p<0.001 compared to DMSO.  
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3.4.7 The retinoid antagonists exert independent effects on ICa. 

Given the finding above that the RXR antagonists exert apparently opposing effects 

on ICa mediated by Cav2s, we next determined whether overnight exposure to PA452 

(which enhances ICa), could occlude the rapid voltage-dependent inhibitory effects of 

HX531. Cells were incubated overnight in either 1 µM PA452 or 0.01% DMSO, and IV 

relationships were obtained. HX531 (1 µM) was then acutely perfused over cells in each 

condition until peak inhibition (less than 10 mins) was achieved, and a second IV 

relationship was established.  A two-way ANOVA [F(84,928) = 3.546; p < 0.001] revealed a 

significant interaction between treatment and voltage. As expected, overnight treatment of 

cells with PA452 significantly enhanced ICa (at potentials ranging from -15 and +5 mV) 

(Fig 3.9Ai), compared to DMSO (Fig 3.9Aii). In both PA452 (Fig 3.9Ai) and DMSO-

treated cells (Fig 3.9Aii), HX531 application significantly reduced ICa. We next determined 

the proportion of inhibition produced by HX531 at membrane potentials that elicited peak 

ICa (obtained prior to HX531 perfusion). A Mann-Whitney rank sum test revealed no 

significant difference in the inhibition (at peak current) produced by HX531 in cells 

incubated overnight in PA452, compared to those incubated in DMSO (Fig 3.9Aiii). 

Following HX531 perfusion, there was significant depolarization of the voltage-

dependence of channel activation in both PA452-treated (Fig 3.9Bi) and DMSO-treated 

(Fig 3.9Bii) cells, but the change in the voltage of half-maximal activation produced by 

HX531 was not significantly different between groups [t-test; t = -0.120; p = 0.906, Fig 

3.9Biii]. Overall, these data suggest that overnight incubation in PA452 was unable to 

occlude the inhibitory effects of acutely applied HX531. 



 
 

 
 

100 

We next performed co-applications of various antagonists overnight to gain further 

insights into their possible mechanistic interactions. We co-applied the RXR antagonist 

HX531 (1 µM) with either the RXR antagonist PA452 (1 µM), or with the RAR antagonist 

LE540 (1 µM). We then compared the IV relationship in each condition, with that obtained 

with HX531 (1 µM) alone (or 0.02% DMSO as a control). 

The IV relationships indicated that ICa was significantly inhibited in all three 

antagonist treatment conditions, compared to DMSO alone (Fig 3.10A). A two-way 

ANOVA revealed a significant interaction between treatment and voltage [F(84,1363) = 

8.611; p < 0.001]. The inhibition produced by co-application of PA452 with HX531, was 

not significantly different from the inhibitory effects of HX531 alone, further suggesting 

that PA452 was unable to occlude the effects of HX531 on ICa.  However, co-application 

of the RAR antagonist LE540 with HX531 exerted significantly greater inhibitory effects 

on ICa than HX531 alone, at potentials ranging from +15 to +60 mV, indicating an additive 

effect of these two antagonists.  This result might be expected considering HX531 likely 

exerts its effects via the RXR, whereas LE540 exerts its effects via the RAR.  

 The Cav1 channel inhibitor, nifedipine, was next used to determine whether the 

combined inhibitory effects of the antagonists were mainly exerted through Cav2 channels. 

The IV relationship in the presence of nifedipine (ICa through Cav2) is shown in Fig 3.10B.  

A two-way ANOVA [F(84,986) = 7.664; p < 0.001] again revealed a significant interaction 

between treatment and voltage.  In the presence of nifedipine, there was little difference 

between HX531 and co-application of PA452 and HX531 (Fig 3.10B). In contrast, co-

application of HX531 and LE540 inhibited Cav2 currents at potentials ranging from +20 to 

+60 mV, compared to HX531 alone, suggesting that LE540 also inhibits Cav2 channels. 
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There was little difference between the inhibition of ICa either before (Fig 3.10A) or after 

(Fig 3.10B) application of nifedipine, indicating that the combined inhibitory effects of the 

antagonists appear to be largely mediated through Cav2 (as previously shown with HX531 

alone).  

In summary, we have demonstrated very different effects of various retinoid 

receptor antagonists on ICa in Lymnaea neurons. The effects differed depending on whether 

the antagonists were applied overnight or were acutely applied, suggesting differences in 

their mechanisms of action. Importantly, we have provided evidence that both an RXR and 

RAR antagonist were capable of mediating voltage-dependent inhibition of ICa, an effect 

that was, until recently, thought to be restricted to vertebrate neurons. These data further 

highlight the growing body of evidence linking retinoid signaling with neuronal calcium 

signaling.  
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Figure 3.9. PA452 does not occlude the effects of HX531. 

Ai. Overnight treatment of cells with 1 µM PA452 significantly enhanced ICa at potentials 

ranging from -15 to +5 mV, compared to DMSO (+++ p<0.001). Acute perfusion of 1 µM 

HX531 to these PA452-treated cells induced a significant inhibition of ICa (at potentials 

ranging from -15 to +15 mV; depicted by *).  However, ICa in the presence of PA452 and 

HX531 was significantly enhanced (depicted by #), compared to DMSO and HX531 (# 

p<0.05; ## p<0.01).  Aii. 1 µM HX531 also significantly inhibited ICa at potentials ranging 

from +5 to +25 mV (depicted by *) in the absence of PA452 (0.01% DMSO only).  Aiii. 

The proportional inhibition (at peak current) produced by 1 µM HX531, did not differ 

between PA452-treated cells and DMSO-treated cells. Bi. Boltzmann-fitted activation 

curve of cells treated overnight with 1 µM PA452 in the absence and presence of 1 µM 

HX531. Bii. Boltzmann-fitted activation curve of cells treated overnight with 0.01% 

DMSO in the absence and presence of 1 µM HX531. Biii. The depolarization of the voltage 

of half-maximal activation produced by HX531 was not significantly different between 

PA452-treated cells and DMSO-treated cells. * p<0.05; ** p<0.01; ***p<0.001 compared 

to DMSO. 
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Figure 3.10. Co-application of HX531 and LE540 has an additive effect on the 

inhibition of ICa.  

For clarification, only statistical comparisons with HX531 (but not to DMSO) are shown 

here. A. Overnight treatment of cells with a combination of 1 µM LE540 and 1 µM HX531 

significantly inhibited ICa at -5 mV and potentials ranging from +15 to +60 mV, compared 

to cells treated overnight with 1 µM HX531 only. In contrast, overnight treatment of cells 

with a combination of 1 µM PA452 and 1 µM HX531 did not significantly inhibit ICa, more 

than cells treated with 1 µM HX531 alone. B. Overnight treatment of cells with a 

combination of 1 µM LE540 and 1 µM HX531 significantly inhibited nifedipine-

insensitive Cav2 ICa at potentials ranging from +20 to +60 mV, compared to cells treated 

overnight with 1 µM HX531 only. Overnight treatment of cells with a combination of 1 

µM PA452 and 1 µM HX531 did not significantly affect nifedipine-insensitive Cav2 ICa, 

compared to HX531 only, except at +25 mV; p<0.05; ** p<0.01; ***p<0.001 compared to 

1 µM HX531.  
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3.5 Discussion 

In this study, we have demonstrated significant effects of both RXR and RAR 

antagonists on ICa. Many of these effects were mediated rapidly and largely affected Cav2 

channels, suggesting that these retinoid receptors may mediate fast, non-genomic effects 

on channels responsible for neurotransmitter release in neurons (in addition to any potential 

slower transcriptional effects). 

An unexpected, but interesting observation from this study was that two RXR 

antagonists induced opposing effects, with PA452 enhancing ICa, but HX531 inhibiting ICa. 

PA452 enhanced ICa only with overnight incubation and failed to exert any acute effects. 

This suggests that PA452 might enhance ICa via a transcriptional or translational 

mechanism, which may include an increased expression of VGCCs. Indeed, if this was the 

case, it may explain why PA452 could not occlude the proportional inhibition of ICa 

mediated by subsequent addition of HX531. Interestingly however, HX531 overnight was 

able to occlude any enhancing effects mediated by PA452. Previous studies in human 

leukemia cells (Takahashi et al., 2002) as well as Lymnaea neurons (Carter et al., 2010) 

have shown that both 1 µM HX531 or PA452 can inhibit the effects of RXR agonists, 

supporting their role as RXR antagonists. However, it should be noted that the antagonistic 

effects may also extend to actions at heterodimers of RXRs with RAR (or other receptors), 

at least in vertebrates (Takahashi et al., 2002, Ebisawa et al., 1999), possibly explaining 

the differing effects. However, co-application of HX531 with the RAR antagonist LE540 

had an additive effect on the inhibition of ICa, as might be expected if these antagonists 

were acting via different receptors. Interestingly, both antagonists appeared to exert their 
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inhibitory effects largely via Cav2, possibly supporting a role for both RXRs and RARs in 

the control of VGCCs involved in synaptic transmission.  

Taken together, these data indicate that RXR signaling interactions with VGCCs 

are potentially complex in nature and may involve both rapid voltage-dependent inhibition, 

as well as an ability to enhance ICa over longer time periods, possibly via 

transcriptional/translational mechanisms (and/or potentially as heterodimers with other 

receptors). Notably, the differing effects of the RXR appeared to largely involve Cav2 

channels (as opposed to Cav1 channels), which are important for mediating 

neurotransmitter release during synaptic transmission.  

 

3.5.1 Modulation of biophysical properties of Ca2+ channels are consistent with voltage-

dependent inhibition.  

In vertebrate neurons, the binding of G protein β𝛾 subunits to Cav2 VGCCs 

transitions the channel from the willing (to open) state, to a reluctant (to open) state, thus 

inhibiting the channel and reducing ICa (Bean, 1989; Boland & Bean, 1993; Elmslie & 

Jones, 1994; Lee & Elmslie, 2000). This interaction of β𝛾 subunits with Cav2 also changes 

the biophysical properties of the channel, which include slowing of activation kinetics and 

a depolarizing shift in the voltage-dependence of channel activation (Herlitze et al., 1996; 

De Waard et al., 1997; Herlitze et al., 2001; Brody & Yue, 2000). It is thought that these 

effects result from β𝛾 subunits dissociating from the channel as it opens (while in the 

reluctant state), temporarily relieving channel inhibition (Elmslie & Jones, 1994). Large 

depolarizing pre-pulses (as well as high frequency firing), can rapidly remove βγ subunits 
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from VGCCs and greatly facilitate ICa, which is characteristic of voltage-dependent 

inhibition.  

In this study, HX531 and LE540 reduced ICa and their inhibitory effects were also 

relieved by the depolarizing pre-pulse, resulting in facilitation of ICa.  HX531 also produced 

the typical slowing of activation kinetics and depolarizing shift in channel activation 

whereas the voltage-dependence of steady-state inactivation was unaffected. These effects 

are consistent with properties of voltage-dependent inhibition seen in vertebrate neurons 

(Boland & Bean, 1993). Though voltage-dependent inhibition of ICa occurred with both 

overnight and acute exposure to LE540, the depolarizing shift in the voltage-dependence 

of channel activation was far more pronounced following acute application. One possible 

explanation for this is that overnight exposure to LE540 may also have caused 

downregulation of Cav2 channels via a transcriptional or translational mechanism. This 

might have masked some aspects of voltage-dependent inhibition, perhaps due to Cav2 

channels contributing a smaller proportion of ICa.  Whether or not this proves to be the case 

will, however, require further investigation.  

Our data suggest that the retinoid antagonists induce voltage-dependent inhibition 

of VGCCs, likely through the binding of inhibitory signaling proteins to the channel, which 

subsequently then dissociate during channel opening. However, it should be noted that the 

inhibition produced by each antagonist may be biophysically distinct, due to the slowing 

of activation kinetics in the presence of HX531, but not in the presence of LE540.  This 

effect may relate to differences in the ability of the VGCC to undergo “reluctant openings” 

in the presence of each antagonist, which might result from involvement of different 

signaling proteins. The pre-pulse induced facilitation of ICa (characteristic of voltage-
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dependent inhibition) in LE540 was blocked by GDP-β-S, suggesting the voltage-

dependent inhibition mediated by LE540 was G protein subunit dependent (as seen in 

vertebrate neurons). However, the rapid voltage-dependent inhibition produced by HX531 

persisted in the presence of both the G protein blocker, GDP-β-S, as well as the β𝛾 

sequestering peptide, βARKct, suggesting a novel G protein-independent mechanism 

might be involved. Interestingly, this possible G protein-independent voltage-dependent 

inhibition induced by HX531 was also specific to Cav2 channels. We might speculate that 

the differences in the biophysical characteristics of the voltage-dependent inhibition, 

depending on whether it was G protein-mediated (RAR) or not (RXR), may serve to fine-

tune the modulation of Cav2 channels at synapses, or perhaps to selectively modulate these 

channels under different conditions. Indeed, this possible involvement of multiple 

signaling pathways in mediating voltage-dependent inhibition in invertebrate neurons 

might highlight the potential importance of this process in regulating synaptic 

communication and plasticity.  

 

3.5.2 Invertebrate voltage-gated Ca2+ channels are capable of undergoing voltage-

dependent inhibition.  

Until recently, G protein-mediated voltage-dependent inhibition of Cav2 channels 

had been demonstrated only in vertebrate neurons and only voltage-independent 

mechanisms had been described in invertebrates. For example, Lymnaea Cav2 channels 

expressed in HEK cells failed to undergo voltage-dependent inhibition in the presence of 

purified rat β𝛾 subunits (Huang et al., 2010), (yet Lymnaea Ca2+ channels can undergo G 

protein-mediated voltage-independent inhibition) (Huang et al., 2010; McCamphill et al., 
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2008). Likewise, dopamine, acting at G protein coupled receptors, produced only voltage-

independent inhibition of Ca2+ channels in Aplysia neurons (Dunn & Sossin, 2013), 

(despite its ability to produce voltage-dependent inhibition of ICa in vertebrates). More 

recently however, evidence has emerged that dopamine mediates inhibition at a Lymnaea 

synapse, at least partially via voltage-dependent inhibition of ICa (Dong et al., 2018). Our 

findings here, that invertebrate VGCCs are indeed capable of undergoing G protein-

mediated voltage-dependent inhibition, provide further compelling evidence that this type 

of neuronal inhibition is conserved between vertebrates and at least some invertebrates.  

 

3.5.3 Physiological consequences of voltage-dependent inhibition of ICa. 

Activation of G protein-coupled receptors by neurotransmitters or neuromodulators 

can produce voltage-dependent inhibition of Cav2 channels (Bean, 1989; Elmslie & Jones, 

1994; De Waard et al., 1997; Zamponi & Currie, 2013), likely via direct binding of the G 

protein β𝛾 subunit. As Cav2 channels play a prominent role in neurotransmitter release 

during synaptic transmission, voltage-dependent inhibition of these channels results in 

changes in transmitter release and contributes to synaptic plasticity (Brody & Yue, 2000). 

Indeed, voltage-dependent inhibition allows for dynamic modulation of information 

processing at synapses, which has new implications for synaptic plasticity in invertebrate 

nervous systems.  

Regulators of G proteins (such as RGS2) have been shown to enhance synaptic 

output by downregulating basal G protein-mediated voltage-dependent Ca2+ channel 

inhibition (Han et al., 2006). In contrast, activators of G protein signaling (such as AGS1 

and Rhes) increase tonic G protein inhibition (Thapliyal et al., 2008). It is possible that 
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similar mechanisms also exist in invertebrate neurons, further enhancing the complexity of 

this interaction. Indeed, our data suggest that the RAR might act to inhibit tonic G protein 

inhibition in invertebrate neurons, possibly by sequestering G proteins and/or AGS 

proteins.  

Retinoid receptors are known to mediate synaptic plasticity, as disruption of RAR 

and RXR signaling impairs hippocampal LTP and LTD (Chiang et al., 1998; Nomoto et 

al., 2012). To date, however, the roles of G proteins and retinoid receptors in synaptic 

plasticity have only been described independently of one another. Indeed, the association 

of retinoid receptors (RAR and RXR) with G protein subunits (Gaq or Gβ), has only 

previously been described in vertebrate cells such as platelets, cancer cells and progenitor 

cells (Moraes et al., 2007, Piskunov & Rochette-Egly, 2012; Tsai et al., 2015). We now 

provide compelling evidence for a link between G proteins and retinoid receptors in adult 

neurons.   

The fact that we have previously shown that retinoids and retinoid receptor agonists 

can also exert inhibitory effects on ICa (de Hoog et al., 2018) might suggest that VGCCs 

require an optimal level of retinoid receptor activation for normal functioning, above or 

below which ICa becomes inhibited.  However, our findings here might also suggest that 

the RXR and/or RAR are constitutively active. Indeed, there is some evidence for this in 

their role as nuclear transcription factors (Farboud & Privalsky, 2004; Delacroix et al., 

2010), where unliganded retinoid receptors are bound to genes which are still undergoing 

transcription.  Traditionally, it was thought that these bound retinoid receptors were acting 

as repressors of gene transcription, but this view has now been deemed over-simplistic, and 
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more complicated roles of bound retinoid receptors (including silent binding partners) have 

now been proposed (Delacroix et al., 2010).  

It is currently unclear whether the RAR / RXR involved in the effects seen here are 

acting transcriptionally in the nucleus, or post-translationally in the cytoplasm and/or 

membrane.  However, the fact that both HX531 and LE540 induced rapid voltage-

dependent inhibition of ICa, strongly suggests constitutive binding of the receptors to 

signaling proteins, either in the cytoplasm or the membrane. We propose that once these 

protein-protein interactions are disrupted by the antagonists, the retinoid receptor-

interacting proteins are then free to mediate voltage-dependent inhibition of the Ca2+ 

channels.  

Evidence for constitutive activity of the retinoid receptors in a non-genomic manner 

is limited.  In cancer cells, RARγ in the cytoplasm binds to the regulatory unit of PI3K 

(p85α) in the absence of RA, which the authors proposed could be responsible for 

constitutive activation of the downstream target Akt, known to occur in these cells (Yan et 

al., 2010). It is also well known that some membrane receptors, such as the melanocortin 

4 receptor, can display both agonist-evoked and constitutive activity. Constitutive activity 

of the melanocortin 4 receptor involves inhibition of various Ca2+ channel subtypes via G 

protein-dependent signaling (Agosti et al., 2017).  

Though we have not yet identified the class of G protein that might interact with 

the RAR in Lymnaea neurons, it is interesting that the Lymnaea Gq/11 (like the human Gq) 

contains a conserved motif (LXXLL) known to be involved in co-activator binding to 

retinoid receptors.  Vertebrate RAR is also known to localize with Gq in lipid rafts in cancer 

cells (Piskunov & Rochette-Egly, 2012), suggesting its ability to form microdomain 
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protein complexes with G proteins. Functional crosstalk between RXR and Gq/11 has also 

been demonstrated in human platelets which lack nuclei (Moraes et al., 2007). 

Interestingly, platelet RXR was found in both cytoplasmic and membrane domains, where 

it was capable of binding to G proteins, even in the unliganded state (Moraes et al., 2007). 

LymRXR and LymRAR, are also known to localize to both cytoplasmic and membrane 

domains (Carter et al., 2010, Carter et al., 2015) and can mediate non-genomic effects of 

retinoids (Farrar et al., 2009) including in Lymnaea VF neurons (Vesprini & Spencer, 

2014). The next challenge will be to determine which proteins might bind to these retinoid 

receptors. It will be necessary to determine not only which G proteins (and/or AGS 

proteins) may bind to the RAR, but also which proteins might interact with RXR, to 

subsequently mediate the possible G protein independent inhibition of ICa. Furthermore, 

future downregulation of each receptor (using siRNA), will hopefully provide more 

definitive information on possible distinct effects of RAR and RXR on VGCCs. 

In summary, we have shown here that various retinoid antagonists exert differential 

effects on VGCCs, and that these effects may also differ over time. Importantly, an RAR 

and RXR antagonist produce voltage-dependent inhibition of Ca2+ channels through G 

protein-dependent and possible G protein-independent pathways, respectively. These 

findings link retinoid receptors to G protein signaling in neurons for the first time and 

provide evidence that multiple signaling pathways might produce voltage-dependent 

inhibition of ICa in invertebrate neurons. It further adds to the growing body of evidence 

that retinoid signaling interacts with neuronal calcium signaling (de Hoog et al., 2018, 

Wang et al., 2011b), possibly to mediate synaptic plasticity (Aoto et al., 2008, Ardent et 

al., 2015).  
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ACTIVITY-DEPENDENT MODULATION OF NEURONAL KV CHANNELS BY 
RETINOIC ACID ENHANCES CaV CHANNEL ACTIVITY 

 

Published in Journal of Biological Chemistry as: 

de Hoog E, Spencer GE (2022) Activity-dependent modulation of neuronal KV channels 

by retinoic acid enhances CaV channel activity. Journal of Biological Chemistry 

298:101959.  
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4.1 Abstract 

The metabolite of vitamin A, retinoic acid (RA), is known to affect synaptic plasticity in 

the nervous system and to play an important role in learning and memory. A ubiquitous 

mechanism by which neuronal plasticity develops in the nervous system is through 

modulation of voltage-gated Ca2+ (CaV) and K+ (KV) channels. However, how retinoids 

might regulate the activity of these channels has not been determined. Here, we show that 

retinoic acid modulates neuronal firing by inducing spike broadening and complex spiking 

in a dose-dependent manner in peptidergic and dopaminergic cell types. Using patch-clamp 

electrophysiology, we show that RA-induced complex spiking is activity-dependent and 

involves enhanced inactivation of delayed rectifier voltage-gated K+ channels. The 

prolonged depolarizations observed during RA-modulated spiking lead to an increase in 

Ca2+ influx through CaV channels, though we also show an opposing effect of RA on the 

same neurons to inhibit Ca2+ influx. At physiological levels of Ca2+, this inhibition is 

specific to CaV2 (not CaV1) channels. Examining the interaction between the spike-

modulating effects of RA and its inhibition of CaV channels, we found that inhibition of 

CaV2 channels limits the Ca2+ influx resulting from spike modulation. Our data thus 

provide novel evidence to suggest that retinoid signaling affects both delayed rectifier K+ 

channels and CaV channels to fine-tune Ca2+ influx through CaV2 channels. As these 

channels play important roles in synaptic function, we propose these modulatory effects of 

retinoids likely contribute to synaptic plasticity in the nervous system. 
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4.2 Introduction 

Neural circuits are able to process and store information largely as a result of their 

ability to undergo plasticity and modulation. A ubiquitous mechanism through which 

neuronal plasticity occurs, is through modulation of voltage-gated Ca2+ (CaV) and voltage-

gated K+ (KV) channels (Nanou & Catterall, 2018; Cho et al., 2020). CaV channel activity 

influences synaptic transmission and gene transcription, whereas KV channel activity 

regulates action potential repolarization and neuronal excitability. Neurons can possess 

three major subtypes of CaV channels, CaV1, CaV2, and CaV3. The CaV1 (L-type) channels 

are activated at high voltages, are largely present in neuronal dendrites and the cell body, 

and mediate activity-dependent gene transcription (Hell et al., 1993; Wheeler et al., 2012). 

CaV2 (non-L-type) channels also activate at high voltages, are largely present at 

presynaptic terminals and mediate synaptic transmission, though can also mediate Ca2+ 

signaling in neuronal cell bodies (Nanou & Catterall, 2018; Wheeler et al., 2012). Finally, 

CaV3 (T-type) channels activate at low voltages and shape the firing properties of neurons 

(Cheong & Shin, 2013). There are many different gene families for KV channels. Two 

broad categories of Kv channels are the rapidly inactivating, A-type channels and the non-

rapidly inactivating, delayed rectifier channels (Gutman et al., 2005). Both these categories 

of KV channels have been implicated in shaping the firing properties of neurons, (e.g. 

hippocampal neurons) and have thus been implicated in synaptic plasticity in the nervous 

system (Cho et al., 2020; Balind et al., 2019).  

Retinoic acid (RA), the active metabolite of vitamin A, has recently emerged as a 

critical regulator of neural plasticity in the adult brain (in addition to its important roles in 

nervous system development). It can exert both genomic and nongenomic effects by 
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binding to retinoic acid receptors (RAR) and retinoid X receptors (RXR) (Chen et al., 2014, 

Cunningham & Duester, 2015), though its ability to bind directly to other signaling 

molecules has also been shown (Ochoa et al., 2003). RA signaling plays an important role 

in spatial learning and memory in rodents (Chiang et al., 1998, Cocco et al., 2002, Nomoto 

et al., 2012) and at the cellular level, contributes to long-term potentiation and/or 

depression in the hippocampus (Chiang et al., 1998, Nomoto et al., 2012; Upreti et al., 

2021). RA signaling can also interact with Ca2+ signaling during homeostatic plasticity at 

excitatory synapses (Chen et al., 2014, Aoto et al., 2008, Arendt et al., 2015a; Arendt et 

al., 2015b). In particular, activation of RA signaling induces local synthesis and membrane 

insertion of glutamate receptors, subsequently increasing Ca2+ influx into the post-synaptic 

neurons in an activity-dependent manner (Chen et al., 2014, Aoto et al., 2008, Arendt et 

al., 2015a, Arendt et al., 2015b). RA has also been shown to reduce inhibitory synaptic 

transmission through rapid endocytosis of post-synaptic GABA-A receptors (Sarti et al., 

2013). In addition to these post-synaptic effects of RA, it can both increase or decrease 

inhibitory synaptic transmission through pre-synaptic mechanisms, in a cell-type specific 

manner (Yee & Chen, 2016; Zhong et al., 2018). Thus, RA signaling can regulate activity-

dependent plasticity at different synapses through diverse pre- and post-synaptic 

mechanisms. 

In addition to modulating synaptic efficacy in the vertebrate CNS, RA signaling 

also affects neural circuitry in invertebrates.  We have previously shown that RA is required 

for normal associative learning and memory in the mollusc, Lymnaea stagnalis (Rothwell 

& Spencer, 2014) and can affect neuronal synapse formation and modulation in vitro 

(Rothwell et al., 2017).  However, the activity-dependent mechanisms by which RA 
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regulates neural plasticity are largely unknown. In Lymnaea neurons, RA produces spike 

broadening and complex spiking, that includes burst firing and plateau potentials (Vesprini 

& Spencer, 2014). Such modulation of spike shape and firing patterns are known to play a 

role in synaptic plasticity (during learning and memory) and can result in enhanced 

synaptic transmission in neural circuits (Xu et al., 2012). We have also shown that RA 

signaling inhibits voltage-gated Ca2+ channels in Lymnaea neurons (de Hoog et al., 2018).  

Whether the RA-induced spike broadening and complex spiking is activity-dependent, 

(and thus contributes to activity-dependent processes such as learning and memory), and 

how this effect interacts with concurrent RA-mediated inhibition of CaV channels, is not 

yet known.  In this study, we examine this interaction, and also determine whether changes 

in KV channel function contribute to these modulatory effects of RA on spike broadening 

and complex spiking activity. 

We show that micromolar concentrations of RA (similar to those eliciting effects 

in mouse and human neurons) produce spike broadening and complex spiking in an 

activity-dependent manner, and in diverse neuronal cell types. By playing back neuronal 

firing patterns (action potential clamp) into single neurons in vitro, we show that RA-

mediated inhibition of CaV2 channels limits the enhanced Ca2+ influx that occurs during 

RA-mediated spike broadening and activity-dependent complex spiking. We also 

determine that spike broadening and activity-dependent complex spiking likely occurs as 

a result of RA-mediated inhibition of delayed rectifier KV channels. These data provide 

novel insights into how multiple forms of neuromodulation mediated by RA might tune 

Ca2+ influx (and thus potentially neurotransmitter release) at neuronal synapses. 
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4.3 Methods  

4.3.1 Animals 

The gastropod mollusc, Lymnaea stagnalis, utilized in these experiments was bred 

at Brock University and maintained at room temperature on a fixed 12:12 hour light-dark 

cycle in aerated, dechlorinated water. Animals were fed a combination of romaine lettuce 

and Nutrafin Max Spirulina fish food (Hagen) daily. CNS from adult animals (20 to 23 mm 

in shell length) were used for cell culture. 

 

4.3.2 Cell culture 

All dissections were performed under sterile conditions as previously described (de 

Hoog et al., 2018, de Hoog et al., 2019). Briefly, Lymnaea were anesthetized through 

incubation in saline containing 25% Listerine © (containing menthol, 0.042% w/v). 

Lymnaea were subsequently pinned in a dissection dish containing antibiotic saline (ABS; 

normal saline containing 225 µg/mL gentamicin (Sigma-Aldrich)) and dissected to expose 

the CNS consisting of the central ring ganglia, which was removed and given three 10 

minute washes in ABS. The CNS was treated with trypsin (Sigma-Aldrich; 2 mg/mL) in 

Defined Medium (DM; 50% Leibovitz’s L-15 medium, Gibco) for 18 to 19 minutes at 21 

°C, and subsequently treated with trypsin inhibitor (Sigma-Aldrich; 2 mg/mL in DM) for 

10 minutes at 21 °C. The CNS were then pinned out in high osmolarity DM, followed by 

removal of the outer sheath of connective tissue. The inner sheath was subsequently 

removed to expose the neurons. Individually identified neurons were removed from the 

ganglia using a fire polished glass pipette coated with Sigmacote (Sigma-Aldrich) to 

prevent cell adhesion. Gentle suction was applied via a microsyringe (Gilmont) to remove 
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individual neuronal cell bodies from the CNS. Individual neurons were subsequently plated 

in DM on plastic culture dishes coated with poly-L-lysine (Sigma-Aldrich). Cells were then 

treated with all-trans retinoic acid (Sigma-Aldrich), prepared as a 10-2 M stock solution in 

100% DMSO and diluted in DM to produce a final bath concentration ranging from 1 to 5 

µM. Control cells were treated with an equivalent concentration of DMSO. The different 

cell types used in this study included Visceral F (VF) peptidergic neurons, the 

dopaminergic Right Pedal Dorsal 1 (RPeD1), Right Parietal B (RPB), and Right Parietal 

A (RPA) cells. VF neurons were the predominant cell type used. Between 5 and 8 VF cells 

were generally isolated from one CNS and plated in either 1 or 2 culture dishes. Most 

experiments used only one cell / dish (unless stated otherwise), and so no more than 1 to 2 

cells from each CNS were utilized for recordings.  

The firing properties of cultured neurons were assessed using current clamp 

electrophysiology, whereas the biophysical properties of voltage-gated Ca2+ and K+ 

channels were assessed using whole-cell voltage clamp electrophysiology (see below for 

details). All recordings from cultured cells were performed at room temperature, using a 

MultiClamp 700A amplifier, a Digidata 1322A digitizer and Clampex 9.2 software (Axon 

Instrument, Sunnyvale, CA). All external solutions were designed to mimic the ionic 

constituents of DM and to maintain a liquid junction potential of approximately +15 mV 

between all solutions, which was adjusted for.   

 

4.3.3 Current Clamp 

Current clamp recordings were performed in DM. Patch pipettes with a resistance 

between 2 and 6 MΩ were filled with an internal solution containing 2 mM Mg-ATP, 0.1 
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mM GTP-Tris, 5 mM EGTA, 1 mM CaCl2, 10 mM HEPES, 60 mM K-Gluconate with a 

pH of 7.4 achieved using K-OH (Sakakibara et al., 2005). To stimulate action potential 

firing, cells were held at 0 pA for 4 seconds followed by current steps between -100 and 

+400 pA in 25 pA intervals for 5 seconds. Current clamp recordings were not limited to 

one cell per dish, but only cells that had a RMP more negative than -40 mV were used.  

Recordings were performed on cells with an access resistance of < 15 MΩ and performed 

at room temperature. Due to the variability in capacitance between VF neurons (100 to 300 

pF) and between the 4 different cell types used in this study (100 to 600 pF), the firing 

properties of cells was assessed at the first current step in which at least 3 action potentials 

were elicited (rheobase 1), as well as the three subsequent current steps (referred to as 

rheobases 2 to 4). To assess spike broadening, the half-width of the first 3 spikes in a 

particular current step were averaged, as done previously (Vesprini & Spencer, 2014).  

To confirm there was an increase in the number of spikes (events) across rheobases 

1-4, the number of spikes was counted for each rheobase, (independent of whether it was 

a complex spike) and statistically analyzed to confirm an increase in activity across 

rheobases. To then assess activity-dependent complex spiking, the number of complex 

spikes was counted at rheobases 1 to 4. A cell was deemed to exhibit complex spiking if a 

doublet, triplet, burst, or plateau potential occurred at any of the 4 rheobases. 

Additional electrophysiological parameters measured included: the voltage at 

which the peak of the action potential occurred, the peak voltage of the 

afterhyperpolarization (AHP), resting membrane potential (RMP) and input resistance. The 

equation, R = 
t	
"
	was used to calculate the input resistance (obtained from hyperpolarizing 

current pulses) in each cell.  
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4.3.4 Voltage-gated Ca2+ channel recordings 

ICa for both voltage-clamp and action potential clamp was assessed using an 

external solution containing 4.1 mM CaCl, 40 mM tetramethylammonium chloride (TMA-

Cl), 1.5 mM MgCl2, 10 mM HEPES and 5 mM 4-aminopyridine (4-AP), at a pH of 7.9, 

achieved using TEA-OH. Patch electrodes with a resistance between 2 and 6 MΩ were 

filled with internal solution containing 29 mM CsCl, 1 mM CaCl2, 2 mM MgATP, 0.1 mM 

GTP-Tris, 5 mM EGTA, 10 mM HEPES, and 60 mM K-Gluconate with a pH of 7.4 

achieved using CsOH. Recordings were performed on cells with an access resistance of < 

15 MΩ with series resistance compensation to 85%. As spike firing characteristics could 

not be recorded in the exact same cell as ICa, in order to ensure that the RA-mediated effects 

were occurring in parallel, two VF cells from the same CNS were consistently plated 

together in one dish and exposed to identical treatments. One cell was first used to confirm 

the RA-mediated effects on spike broadening (current clamp), whereas the second cell was 

then used to record RA-mediated effects on ICa (voltage-clamp). 

 

4.3.5 Characterization of voltage-gated Ca2+ channel subtype using nifedipine. 

The selective L-type Ca2+ channel blocker, nifedipine (Sigma-Aldrich), was used 

to determine the effects of RA on L-type versus non-L-type voltage-gated Ca2+ channels. 

Cells were incubated overnight in either 2 µM RA or 0.02% DMSO (controls). A stock 

solution of nifedipine was prepared at a concentration of 10-2 M using 100% DMSO. 

Neurons that had been exposed to either RA or DMSO were first acutely perfused with 

external solution containing 0.1% DMSO (as a vehicle control) and an IV relationship was 
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obtained in DMSO, which represented total ICa. This solution was then replaced with 

external solution containing 10 µM nifedipine.  

VF neurons were held at -115 mV and stepped to +5 mV for 200 ms once every 30 

seconds while the inhibitor, nifedipine, was applied to the bath, until peak inhibition was 

attained. The IV relationship of the remaining nifedipine-insensitive ICa through CaV2 

(non-L-type) was established. The nifedipine-sensitive ICa through CaV1 (L-type) was then 

determined by subtracting nifedipine-insensitive ICa from total ICa.  Subtraction was 

performed offline using Clampfit 9.2. The voltage-dependence of channel activation and 

the voltage of half maximal activation were determined as described below. To assess the 

amount of channel rundown that might occur during nifedipine-mediated L-type Ca2+ 

channel block, additional control experiments were performed in which cells were only 

exposed to 0.1% DMSO, and rundown was assessed over a similar time period over which 

nifedipine block would normally occur. Voltage steps to +5 mV (from a holding potential 

of -115 mV) were conducted every 30 seconds over a 10-minute time course, and revealed 

no subsequent rundown of ICa (an actual 4.4% increase in ICa occurred; n = 6). 

 

4.3.6 Voltage gated K+ channel recordings 

Voltage-gated K+ channel currents (IK) were recorded using the same internal 

solution as used for current clamp recordings. Prior to obtaining recordings of K+ currents 

in voltage-clamp mode, voltage recordings of the firing properties of VF neurons (treated 

with either RA or DMSO) were obtained in current clamp mode. This was done in the 

presence of DM using a modified version of the current clamp protocol described above, 

to ensure that RA consistently produced spike broadening and complex spiking. The DM 
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was then replaced with the appropriate K+ channel external solution, depending on the K+ 

channel type being isolated. In this study, we isolated 4 different types of K+ channels: A-

type KV channels, delayed rectifier KV channels, Na-activated K+ channels and Ca2+-

activated K+ channels. To isolate Na-activated K+ channels, K+ currents were first recorded 

in an external solution containing 40 mM NaCl, 1.7 mM KCl, 4.1 mM CaCl2, 1.5 mM 

MgCl2, 10 mM HEPES pH 7.9 with K-OH (Na+-containing external solution). This 

external solution was then replaced with an external solution where NaCl has been 

substituted with the Na+-channel impermeate ion, Tetramethylammonium (40 mM TMA-

Cl; Na+-free external solution). Na+-activated K+ channel currents were obtained by 

subtracting K+ currents obtained in Na+-free external solution from K+ currents obtained in 

Na+-containing external solution. Ca2+-activated K+ channel currents were obtained by first 

recording IK in Na+-free external solution (Total IK). This Na+-free external solution was 

then replaced with Na+-free external solution containing 30 µM cadmium to block ICa, and 

IK was subsequently established. Subtraction of IK remaining in the presence of cadmium 

from total IK yielded Ca2+-activated K+ currents.  

Isolation of A-type IK was achieved using 4-AP. IK was first recorded in Na+-free 

external solution (total IK). This Na+-free external solution was then replaced with Na+-free 

external solution containing 5 mM 4-AP and IK was again established. Subtraction of IK 

remaining in the presence of 4-AP from total IK yielded A-type IK. Isolation of delayed 

rectifier (IKD) was achieved using TEA. Total IK was first recorded in Na+-free external 

solution containing 30 µM cadmium as calcium-activated K+ channels are also inhibited 

by TEA. This external solution was then replaced with Na+-free external solution 
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containing 30 µM cadmium and 50 mM TEA and IK was again established. Subtraction of 

IK remaining in the presence of TEA from total IK, yielded delayed rectifier IKD.  

 

4.3.7 Current-voltage relationship  

To determine the current-voltage (IV) relationship for ICa and IK, cells were held at 

-115 mV and stepped to membrane potentials ranging from -115 to +55 mV in 5 mV 

increments for 400 ms and stepped down to -115 mV for 1s to remove any inactivation. 

Peak ICa or IK was measured for each voltage step using Clampfit 9.2 and normalized to 

cell capacitance. For total and CaV2 ICa, an ohmic leak conductance was present. This was 

calculated from a +10 mV step and subtracted offline. The IV relationships were compared 

across treatment conditions using a two-way ANOVA, followed by a Bonferroni post-hoc 

test.  

 

4.3.8 Voltage-dependence of channel activation 

To assess the voltage-dependence of Ca2+ channel activation, channel conductance 

was first calculated for each membrane potential used in the IV relationship protocol 

described above. Conductance was calculated using the equation, !
(#$%&'())

, where I 

represents current, Vm represents membrane potential and Erev represents the reversal 

potential. Erev was calculated by linear extrapolation of the IV curve at potentials more 

depolarized than that at which the peak current occurs. Conductance values for each 

voltage were normalized to the maximal conductance, gmax, for each neuron.  g/gmax values 

were fit to the Boltzmann equation: 

 𝑓(𝑉) = 	 +$,-

./	(
"#$%&"

"()
+ 𝐶  
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where Vmid represents the voltage of half maximal activation, V represents the membrane 

potential, Vc represents the slope factor and C represents a constant. The voltage of half-

maximal activation and slope factor produced for each treatment condition were compared 

using an unpaired t-test or a Mann-Whitney rank sum test, as appropriate. 

 

4.3.9 Voltage-dependence of channel inactivation  

To determine the voltage-dependence of voltage-gated Ca2+ and K+ channel 

inactivation, cells were held at -115 mV and stepped to +5 mV for ICa or +35 mV for IK for 

200 ms to generate the control ICa or IK  (Icontrol). Icontrol was measured with each sweep of 

the protocol to account for any rundown that may have occurred over the course of the 

recording. Voltage-dependent inactivation was achieved by holding cells at -115 mV and 

stepping to membrane potentials between -115 and +55 mV for 500 ms in 5 mV 

increments. The membrane potential was then immediately stepped to +5 mV for ICa or 

+35 mV for IK for 200 ms to generate the test ICa (Itest) (de Hoog et al., 2018). To generate 

a steady-state inactivation curve, Itest/Icontrol was calculated for each test potential. Values 

for each test potential were then fit in ClampFit using the Boltzmann equation. In the case 

of delayed rectifier channels, as a result of U-type inactivation, Boltzmann fits were only 

performed on voltages between -115 and +25 mV, which is where the inactivation peaks, 

but this fit line was extended to +55 mV in Figure 8C to illustrate the U-type inactivation.  

The voltage of half-maximal inactivation and the slope factor produced during each 

treatment condition were compared using an unpaired t-test or a Mann-Whitney rank sum 

test, as appropriate.  
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4.3.10 Recovery from channel inactivation 

In order to determine the recovery from inactivation, cells were held at -115 mV 

and stepped to +5 mV for ICa or +35 mV for IK for 200 ms to generate Icontrol. Voltage-

dependent inactivation was achieved by depolarizing the membrane potential to +5 mV for 

ICa or +35 mV for IK for 500 ms. The membrane potential was then returned to -115 mV 

for ICa (or to both -115 mV and -45 mV for IK) for a variable duration of time ranging from 

0 to 1s in 50 ms-intervals for ICa or 0 to 200 ms in 10 ms-intervals for IK, to allow the 

channels to recover from inactivation. The membrane potential was then stepped to +5 mV 

for ICa or +35 mV for IK for 200 ms, to generate the test current (Itest). Itest produced during 

each recovery period was then normalized to Icontrol and plotted against the duration of time 

allowed for recovery. The resultant recovery from inactivation curve was compared across 

treatment conditions using a two-way ANOVA. To determine the time constant, the 

recovery from inactivation curve was fit with the exponential equation. The time constant 

of the recovery from inactivation was compared between treatment groups using an 

unpaired t-test or a Mann-Whitney rank sum test.  

 

4.3.11 Action Potential Clamp 

To determine whether the RA-mediated spike broadening and complex spiking 

influenced Ca2+ and KV channels, we utilized whole-cell action potential clamp. 

Representative current clamp voltage traces at rheobase 4 of a cell pre-treated with either 

2 µM RA (“modulated” protocol) or 0.02% DMSO (“control” protocol) were used as the 

voltage stimulus. VF neurons were exposed to either 2 µM RA or 0.02% DMSO overnight, 
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whole-cell voltage clamped and exposed to both the “control” protocol and the 

“modulated” voltage protocols. Both the control and modulated protocols consisted of 9 

spikes. Cells were held at -115 mV for 5 seconds to remove any inactivation, then stepped 

to -55 mV for 5 seconds to allows ion channels to occupy the appropriate gating states at 

the approximate RMP. Cells were then stimulated with the control and modulated voltage 

protocols. To remove the noise in the current recording that was generated as a result of 

the noise in the voltage recordings (used as the voltage protocols), a 200 Hz low-pass filter 

was applied to each recording offline in Clampfit. Each recording was manually inspected 

before and after this filter was applied to ensure only noise was removed. The current area 

that was coincident with each spike in both protocols was quantified in Clampfit and 

normalized to the capacitance of each cell and the current remaining at the end of the action 

potential firing protocol was subtracted as leak current.  

Four experimental conditions were analyzed: 1. overnight exposure to 2 µM RA, 

followed by the control protocol; 2. overnight exposure to 2 µM RA, followed by the 

modulated voltage protocol; 3. overnight exposure to 0.02% DMSO, followed by the 

control protocol; 4. overnight exposure to 0.02% DMSO, followed by the modulated 

voltage protocol. Groups were compared across all 9 spikes (of the protocol) using a 2-way 

ANOVA. To determine the contribution of capacitative current (during total ICa and CaV2 

ICa) during action potential clamp, control experiments were performed in Ca2+ channel 

external solution containing 0 mM Ca2+ and 30 µM cadmium to block all Ca2+ influx and 

revealed that the capacitative current was negligible.   
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4.3.12 Statistical analysis 

All statistical analyses were performed using SigmaStat 3.2 and graphs were 

generated using Graph Pad Prism 5.03. Values are presented as mean ± S.D. and 

differences deemed significant when p ≤ 0.05. 
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4.4 Results 

4.4.1 RA-induced neuromodulation is both concentration and activity-dependent 

Spike broadening and burst firing are important for information transfer and 

plasticity in neural circuits. We have previously shown that all-trans retinoic acid produces 

spike broadening and complex spiking (burst firing and plateau potentials) in Lymnaea 

Visceral F (VF) neurons (Vesprini & Spencer, 2014). However, the activity-dependence of 

these effects, as well as the underlying cellular mechanisms, have not yet been determined.  

VF neurons were incubated overnight in varying concentrations of RA (ranging 

from 1 to 5 µM), or the equivalent concentration of DMSO (as controls). The following 

day, individual neurons were current clamped and stimulated using a current-step protocol 

ranging from -100 pA to 400 pA in 25 pA intervals. To determine whether RA-mediated 

spike broadening and complex spiking was activity-dependent, we analyzed spike half-

width (spike broadening) and complex spiking at the first current step that elicited a 

minimum of 3 action potentials (rheobase 1), and at the three subsequent depolarizing 

current injection steps (rheobases 2 to 4). We found that all concentrations of RA between 

1 and 5 µM produced spike broadening (representative example shown in Fig 3.1A). We 

compared the spike half-width in the presence or absence of RA at all 4 rheobases and for 

each concentration of RA. A two-way ANOVA of spike half-width at each concentration 

(1, 2, 2.5, 3, 5 µM RA) revealed a significant effect of treatment (RA), but not rheobase 

(activity), for all concentrations including the lowest concentrations of 1 µM [F(1,84) = 

11.546; p = 0.001; Fig. 4.1B] and 2 µM [F(1,99) = 13.173; p < 0.001; Fig. 4.1C]. 
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We also determined whether RA influenced other physiological properties of 

neuronal activity. A two-way ANOVA of the peak voltage of the action potential across 

rheobases 1-4, for each concentration of RA, revealed that all concentrations of RA (except 

1 µM) significantly reduced the action potential peak voltage, including the lower 

concentration of 2 µM [F(1,99)  = 5.175; p = 0.025; RA: 39.24 ± 9.7 mV; DMSO: 41.9 ± 5.7 

mV]. Similarly, all concentrations of RA (including the lowest concentration of 1 µM 

[F(1,84) = 74.152; p < 0.001]) significantly depolarized the peak voltage of the 

afterhyperpolarization (AHP) [1 µM RA: -48.93 ± 6.4 mV; DMSO: -58.91 ± 5.8 mV], 

indicative of a reduced AHP amplitude. However, there were minimal effects of RA on the 

resting membrane potential or input resistance; only 2.5 µM RA had a significant effect on 

the RMP [RA: -52.77 ± 7.1 mV; DMSO: -44.25 ± 7.7 mV; t = -2.572; p = 0.019], whereas 

only 3 µM significantly reduced the input resistance [RA: 661.24 ± 275.5 MΩ; DMSO: 

919.86 ± 273.2 MΩ; t = -2.137; p = 0.046].  

To determine the concentration-dependence of complex spiking induced by RA, 

statistical analysis (Fishers-exact tests) revealed that all concentrations of RA produced a 

significant increase in the proportion of cells exhibiting complex spiking [1 µM RA: 69%; 

p = 0.002; 2 µM RA: 81%; p < 0.001; 2.5 µM RA: 82%; p < 0.001; 3 µM RA: 75%; p = 

0.001; 5µM RA: 86%; p < 0.001], compared to the equivalent concentrations of DMSO, at 

which no cells (0%) exhibited complex spiking. These data suggest that concentrations of 

RA in a range similar to those previously estimated to occur in the Lymnaea CNS 

(Dmetrichuk et al., 2008), and similar to those that induce effects in vertebrate neurons, 

produce both spike broadening, changes in spike amplitude and AHP, as well as complex 

firing in individual VF neurons.  
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Figure 4.1. RA produces spike broadening at low micromolar concentrations.  
A. The first 3 action potentials produced in response to current injection were recorded in 
the presence of either 0.01% DMSO or 1 µM RA. Representative traces illustrate spike 
broadening in RA (red) compared to DMSO (black).  B-D. Graphs illustrating that RA 
significantly increased the mean half-width (in ms) of VF cell action potentials, compared 
to DMSO, indicating RA-induced spike broadening.  Data obtained with 1 µM RA (B; 
green), 2 µM RA (C; red), and 5 µM RA (D; grey) are shown, though similar significant 
results were also obtained with 2.5 and 3 µM RA. *** p ≤ 0.001. Error bars represent S.D. 
Bracketed values over bars represent n values.  Rheobase 1 indicates the first current step 
that elicited a minimum of 3 action potentials, and rheobase 2 to 4 were the three 
subsequent depolarizing current injection steps. No significant effects of rheobase were 
found, and so the effects of RA on spike broadening were not activity-dependent.  
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To determine whether the effect of RA on complex spiking was activity-dependent, 

we compared the number of complex spikes that occurred across rheobases 1 to 4, for each 

RA concentration. An example of complex spikes in the presence of 1 µM RA (at rheobase 

4) is shown in Figure 4.2A. These representative recordings in Figure 4.2A also illustrate 

how the number of elicited spikes significantly increased from rheobase 1 to 4, (1 µM RA: 

H = 8.827; p = 0.032, ANOVA on ranks). This was also true for 2, 3 and 5 µM RA (and 

DMSO), confirming an activity-dependent increase in spike number across rheobases.  A 

one-way ANOVA on ranks revealed that the incidence of complex spiking was found to 

be activity-dependent at lower concentrations of 1 µM RA [H = 8.177; p = 0.042; Fig. 

4.2B], 2 µM [H = 9.019; p = 0.029; Fig. 4.2C] & 3 µM [H = 9.138; p = 0.028; Fig. 4.2D], 

but not at the higher concentration of 5 µM [H = 1.003; p = 0.8; Fig. 4.2E]. A concentration 

of 2 µM RA, which elicits both spike broadening and activity-dependent complex spiking 

was chosen for use throughout the remainder of this study.  

 

4.4.2 RA-induced neuromodulation occurs across multiple cell types. 

We next determined whether RA would produce spike broadening and activity-

dependent complex spiking in other neuronal cell-types, or whether this was specific to VF 

neurons. We assessed the effects of RA on the large dopaminergic interneuron, Right Pedal 

Dorsal 1 (RPeD1, n = 7), the neuroendocrine Right Parietal B (RPB) cells (n = 8), or the 

Right Parietal A (RPA) respiratory motorneurons (n = 6). A two-way ANOVA of spike 

half-width revealed a significant effect of treatment on RPeD1 [F(1,48) = 61.375; p < 0.001], 

RPB [F(1,54) = 12.363; p < 0.001], and RPA cells [F(1,40) = 16.601; p < 0.001], indicating 

that RA significantly increased spike half-width in all 3 cell types (compared to DMSO). 
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RA also significantly increased the proportion of cells exhibiting complex spiking at any 

of the 4 rheobases [RPeD1: RA 71.4%, DMSO 0%; p = 0.021; RPB: RA 100%, DMSO 

0%; p < 0.001; RPA: RA 83.3%, DMSO 0%; p = 0.015; Fisher’s exact tests]. The ability 

of RA to induce complex spiking was also activity-dependent in RPeD1 [H = 9.998; p = 

0.019; Fig. 2F] and RPB cells [H = 16.395; p < 0.001; Fig. 4.2G], (but not in RPA cells: 

F(3,20) = 1.114; p = 0.367). These data suggest that RA induces activity-dependent complex 

spiking in diverse neuronal subtypes, including dopaminergic and peptidergic cells, 

suggesting a possible wide range of influence on distinct cell types within the brain. 

 



 
 

 
 

134 

 



 
 

 
 

135 

Figure 4.2. Retinoic acid produces activity-dependent complex spiking in multiple cell 

types.  

A. Raw recordings of firing activity in VF neurons at either rheobase 1 (top) or rheobase 4 

(bottom) in the presence of either 0.01% DMSO (black) or 1 µM RA (red). Representative 

traces illustrate the significant increase in spikes elicited from rheobase 1 to 4, as well as 

the presence of complex spikes in the presence of RA (but not DMSO) at rheobase 4.  B-

E. Graphs illustrating the rheobase / activity-dependent increase in complex spiking in VF 

cells induced by 1 µM RA (B; green), 2 µM RA (C, red) and 3 µM atRA (D; purple), but 

not by 5 µM RA (E; grey).  * p ≤ 0.05. Bracketed values over bars represent n values. F-

G. A significant activity-dependent increase in complex spiking was also observed in the 

dopaminergic (RPeD1) cell-type (F) and the neuroendocrine Right Parietal B (RPB) cells 

(G) following exposure to  2 µM RA.  * p ≤ 0.05; *** p ≤ 0.001. Error bars represent S.D. 

 

 

4.4.3 RA modulates CaV2 channels in physiological [Ca2+] 

 As voltage-gated Ca2+ channels play an ubiquitous role in synaptic transmission 

and activity-dependent changes in gene expression, modulation of their activity might 

directly influence activity-dependent changes in neural circuits. We have previously shown 

that RA (1 and 5 µM) inhibit voltage-gated Ca2+ channels by shifting the voltage-

dependence of channel activation; a biophysical property that determines at which voltage 

the channels open, thus determining their activity during neuronal firing. However, the 

previous study was performed using 10 mM barium as the charge carrier, eliminating any 

subsequent effects of calcium influx (de Hoog et al., 2018). As RA is known to interact 

with Ca2+ signaling at hippocampal synapses (Arendt et al., 2015b, Wang et al., 2011b), 

we deemed it necessary to examine the effects of RA on voltage-gated Ca2+ channels in the 

presence of physiological concentrations of extracellular Ca2+.  
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VF neurons were cultured overnight in the presence or absence of RA and then 

voltage clamped in the presence of extracellular Ca2+ (4.1 mM). Cells were held at -115 

mV for 1 second and then stepped to potentials between -115 mV and +55 mV for 400 ms, 

in 5 mV increments. Raw recordings in Figure 4.3A illustrate the reduction in ICa in the 

presence of 2 µM RA. A two-way ANOVA of peak current density revealed a significant 

interaction between treatment and voltage [F(34,1260) = 2.758; p  < 0.001]. The IV 

relationship in Figure 3B illustrates that RA inhibited ICa at potentials between -15 and +35 

mV. However, RA did not significantly affect the voltage-dependence of channel 

activation (Fig. 4.3C), the voltage of half-maximal activation [RA: -2.683 ± 7.1 mV; 

DMSO: -5.224 ± 6.4 mV; p = 0.260] or the slope factor [RA: 5.777 ± 1.9; DMSO: 5.179 ± 

1.6; p = 0.186 ].  

Two additional properties that influence Ca2+ influx through voltage-gated Ca2+ 

channels are the voltage-dependence of inactivation, (the inactivation that occurs at a 

particular membrane potential), and the recovery from inactivation, (the time-dependence 

of the removal of inactivation at negative membrane potentials). However, a two-way 

ANOVA of ICa inactivation revealed that treatment (RA vs DMSO) had no effect on the 

voltage-dependence of inactivation [F(1,490) = 1.252; p = 0.264].  RA had no effect on the 

voltage of half-maximal inactivation [RA: -14.362 ± 4.5 mV; DMSO: -12.091 ± 4.4 mV; t 

= -1.021; p = 0.324] or the slope of inactivation [RA: 4.88 ± 0.4; DMSO: 4.504 ± 0.7; t = 

1.313; p = 0.210]. A two-way ANOVA of recovery from inactivation also revealed no 

significant effect of treatment [F(1,294) = 0.242; p = 0.623], suggesting that RA had no effect 

on the recovery from inactivation of voltage-gated Ca2+ channels. Though it was not 

possible to record firing activity and Ca2+ currents in the same cell (due to the presence of 
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K+ channel blockers), overall these data indicate that concentrations of RA that produced 

activity-dependent complex spiking, also inhibited ICa in the same cell type.  
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Figure 4.3. RA inhibits ICa in physiological levels of Ca2+. 

A. Raw representative recordings of ICa in VF neurons following exposure to either 0.02% 

DMSO (black traces, left) or 2 µM RA (red traces, right), illustrating the reduced peak ICa 

in the presence of RA.  B. IV relationship showing that RA (red circles) inhibited peak 

current density (ICa) at voltages between -15 and +35 mV. * p ≤ 0.05; ** p ≤ 0.01;  *** p 

≤ 0.001 (compared to DMSO, black squares). C. Activation curve illustrating that RA (red 

circles) had no significant effect on the voltage-dependence of channel activation, 

compared to DMSO (black squares). Error bars represent S.D. 
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4.4.4 RA specifically inhibits CaV2 channels in physiological [Ca2+] 

We next determined, using physiological concentrations of Ca2+, whether RA 

specifically affected L-type or non-L-type channels. VF neurons were cultured in the 

presence or absence of RA overnight and then voltage-clamped to record ICa. The CaV1 (L-

type) channel blocker, nifedipine (10 µM), was utilized to separate CaV2 (non-L-type) 

currents from CaV1 (L-type) currents (Spafford et al., 2008, de Hoog et al., 2019). The 

proportional block of ICa by nifedipine indicated that CaV1 current comprised 

approximately 20 to 25 % of total ICa. The proportional block by nifedipine was slightly 

(but non-significantly) greater following RA treatment, compared to DMSO [RA: 26.839 

% ± 15.7; DMSO: 20.26 % ± 12.1; t = 1.008; p = 0.329]. 

A two-way ANOVA of nifedipine-insensitive (CaV2; non-L-type) ICa revealed a 

significant interaction between treatment (RA vs DMSO) and voltage [F(34,665) = 2.244; p 

< 0.001]. Raw recordings (Fig. 4.4A) and the IV relationship (Fig. 4.4B) illustrate the 

inhibition of CaV2 channels by RA at voltages ranging from -10 to +20 mV. Furthermore, 

the activation curve in Figure 4.4C illustrates that RA inhibited CaV2 by shifting the 

voltage-dependence of channel activation to more positive potentials; RA significantly 

increased the voltage of half maximal activation [Fig. 4.4D], but had no significant effect 

on slope factor [RA: 7.101 ± 1.6; DMSO: 6.533 ± 1.3; t = 0.906; p = 0.376]. In contrast, 

RA had no significant effect on CaV1 channels (Fig. 4.4E and 4.4F). These data suggest 

that concentrations of RA (2 µM), known to produce activity-dependent complex spiking 

in these cells, also inhibited CaV2 (but not CaV1) channels, by shifting the voltage-

dependence of channel activation to more positive potentials.  
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Figure 4.4. RA inhibits CaV2 channels by shifting the voltage-dependence of channel 

activation.  

A. Raw representative recordings (obtained at +5 mV) illustrating the reduced amplitude 

of ICa through Cav2 channels following exposure to 2 µM RA (red, lower trace) compared 

to 0.02% DMSO (black, upper trace).  B. IV relationship showing that 2 µM RA (red 

circles) inhibited the peak current density through CaV2 channels at potentials from -10 to 

+20 mV. C. Activation curve illustrating that RA shifted the voltage-dependence of 

channel activation of CaV2 channels to more positive potentials. D. RA significantly 

increased the voltage of half-maximal activation, compared to DMSO. Bracketed values 

represent n values. * p ≤ 0.05; ** p ≤ 0.01;  *** p ≤ 0.001 (compared to DMSO). Error 

bars represent S.D.  E. Raw representative recordings (obtained at +5 mV) showing no 

difference in CaV1 channel currents following exposure to either 2 µM RA (red, lower 

trace) or to 0.02% DMSO (black, upper trace). F. IV relationship showing that 2 µM RA 

(red circles) had no significant effect on peak current density of CaV1 channels compared 

to DMSO (black squares).  

 

 

4.4.5 RA-mediated inhibition of CaV channels limits Ca2+ entry during activity-dependent 

neuromodulation. 

 The above results indicate that the RA-mediated spike broadening and activity-

dependent complex spiking occurs in the same cell type, and at the same concentrations as 

the RA-mediated inhibition of CaV2 channels. Presumably, the prolonged depolarizations 

occurring during spike broadening and complex spiking would enhance Ca2+ influx 

through CaV channels, and it is possible, that if occurring concurrently, RA might induce 

opposing effects on Ca2+ signaling. We next determined whether spike broadening and 

activity-dependent complex spiking does indeed enhance Ca2+ influx (ICa), and if so, 

whether this is influenced by concurrent RA-induced inhibition of CaV2 channels. To this 
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end, we utilized the action potential clamp technique, which uses previously recorded 

neuronal activity (spiking) as the voltage stimulus for recording ion channel activity. 

Specifically, the voltage stimulus protocol consisted of a total of 9 action potentials 

obtained from firing activity (rheobase 4) in a cell exposed to either 2 µM RA or 0.02% 

DMSO. The voltage protocol from DMSO treatment will be referred to hereafter as the 

“control” voltage protocol, whereas that from the RA-treated cell (exhibiting spike 

broadening and complex spiking) will be referred to as the “modulated” voltage protocol.  

VF cells were again cultured overnight in the presence or absence of RA. Each cell 

was held at -115 mV for 5 seconds, stepped to -55 mV (approximate RMP) for 5 seconds, 

followed by the “control” and then the “modulated” voltage protocols (Fig. 4.5A). We 

analyzed current area density (total ICa) generated by each spike from both control and 

modulated voltage protocols, and in cells treated with either RA or DMSO (representative 

traces in Fig 4.5B).  The modulated voltage protocol significantly increased ICa during each 

spike (compared to the control protocol), suggesting that the spike broadening and complex 

spiking induced by 2 µM RA, does in fact increase Ca2+ influx through CaV channels. This 

spike-broadening-induced increase in ICa from the modulated voltage protocol, occurred in 

cells exposed to either RA (red circles) or to DMSO (green triangles) (Fig. 4.5C; # 

symbols), though was significantly enhanced in DMSO-treated cells compared to RA-

treated cells (Fig. 4.5C; spikes 3 to 9, * symbols). These data therefore suggest that 

although RA-induced spike broadening significantly enhanced Ca2+ influx, this effect was 

dampened by the concurrent inhibitory effect of RA on voltage-gated Ca2+ channels.  

It is clear that during concurrent spike broadening and exposure to RA, the ICa-

enhancing effects of RA predominate. A comparison of ICa from the modulated protocol in 
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RA-exposed cells (red circles), to ICa from the control protocol in DMSO-exposed cells 

(black squares), indeed produced a significant interaction of treatment and spike number 

[F(8,162) = 4.2; p  < 0.001] with enhanced ICa in spikes 2-9 of RA-treated cells (Fig. 4.5C; ! 

symbols). Thus, the inhibition of ICa (through voltage-gated Ca2+ channels) by RA, limited 

(but did not prevent), the increase in ICa that occurred during prolonged depolarizations and 

neuronal activity (such as during spike broadening and complex spiking).    
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Figure 4.5. Spike broadening and complex spiking enhances Ca2+ influx via CaV 

channels, but this is limited by concurrent exposure to RA. 

A. Illustrations of the control and modulated voltage protocols. The control protocol 

consists of 9 action potentials recorded from a DMSO-exposed cell (at rheobase 4), 

whereas the modulated protocol consists of 9 action potentials recorded from a RA-

exposed cell. B. Raw recordings of ICa (top traces) corresponding to the 9 action potentials 

comprising the control and modulated voltage protocols (bottom traces), in the presence of 

either 0.02% DMSO (black, left) or 2µM RA (red, right). C. The modulated voltage 

protocol significantly enhanced ICa (in cells exposed to both RA (red, n = 11) or DMSO 

(green, n = 9)), compared to the control voltage protocols (in cells exposed to either RA 

(blue, n = 11) or DMSO (black, n = 9)).  # represents the comparison between modulated 

and control protocols (# p ≤ 0.05; ## p ≤ 0.01; ### p ≤ 0.001). The modulated protocol 

applied to cells exposed to DMSO showed enhanced ICa compared to the modulated 

protocol in cells exposed to RA.  * represents the comparison between modulated protocols 

in RA (red circles) and DMSO (green triangles) (* p ≤ 0.05; ** p ≤ 0.01).  ! represents the 

enhanced ICa between the modulated protocol in RA (red circles) and the control protocol 

in DMSO (black squares) (! p ≤ 0.05; !! p ≤ 0.01; !!! p ≤ 0.001).  

 

 

4.4.6 RA limits Ca2+ influx through CaV2 channels during neuronal activity 

CaV1 channels, predominately localized to dendrites and cell bodies (where they 

play a primary role in activity-dependent gene regulation), appear to be unaffected by RA 

in physiological Ca2+. In contrast, CaV2 channels, predominately localized to presynaptic 

terminals (where they mediate neurotransmitter release) are inhibited by RA. Therefore, 

RA-mediated spike broadening and complex spiking, which occur in both cell bodies and 

isolated neurites (Vesprini & Spencer, 2014), may have compartment-specific effects due 

to different localizations of the Ca2+ channel sub-types. We next determined whether the 
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enhanced Ca2+ influx occurring during spike modulation, occurs via CaV1 and/or CaV2 

channels.  

CaV1 and CaV2 currents were isolated and analyzed following application of both 

control and modulated voltage protocols. In cells exposed to either RA or DMSO, the 

modulated voltage protocol enhanced ICa through CaV2 during all spikes, compared to the 

control voltage protocol (Fig. 4.6A,B; # symbols), confirming that spike broadening and 

complex spiking enhanced Ca2+ influx through CaV2 channels. Once again however, this 

increase in ICa through CaV2, was significantly greater following DMSO exposure, 

compared to RA exposure (Fig. 4.6B; * symbols). These data suggest that spike broadening 

and activity-dependent complex spiking enhances ICa through CaV2 and that RA-mediated 

inhibition of CaV2 limits (but does not prevent) this enhancement. When we again 

compared CaV2 ICa following the modulated voltage protocol in cells exposed to RA (red 

circles), with the control voltage protocol in DMSO-exposed cells (black squares), there 

was a significant effect of treatment (two-way ANOVA [F(1,171) = 26.156; p  < 0.001]. 

However, in this instance, ICa was only enhanced during the complex spikes (spikes 6, 7, 

and 9; Fig 4.6B; ! symbols), but not during the broadened spikes (spikes 1 to 5). 

Analysis of CaV1 currents revealed that the modulated voltage protocol enhanced 

CaV1 ICa, compared to the control voltage protocol at spikes 2-9 (Fig. 4.6C; # symbols) for 

both RA and DMSO-treated cells. However, treatment with RA had no significant effect 

on CaV1 ICa during the modulated protocols (compared to treatment with DMSO). This 

suggests that the spike broadening and activity-dependent complex spiking can enhance 

overall Ca2+ signaling through CaV1 channels regardless of concurrent exposure to RA, 
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because unlike CaV2 channels, CaV1 channels are not inhibited by RA in physiological 

Ca2+.  

In summary, these data show that activity-dependent spike broadening and complex 

spiking (such as that induced by RA), results in the enhancement of ICa through both CaV1 

and CaV2 channels. However, exposure to RA also inhibits CaV2 channels (but not CaV1). 

Though spike broadening is sufficient to compensate for this inhibition, CaV2 ICa is only 

enhanced overall during complex spiking and not during spike broadening.  
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Figure 4.6. RA limits Ca2+ influx through CaV2, but not CaV1, channels during 

modulated spiking. 

A. Raw recordings of CaV2 ICa (top traces) during control and modulated voltage protocols 

in the presence of 0.02% DMSO (black, left) or 2µM RA (red, right). B. Graph indicating 

that the modulated voltage protocol significantly enhanced CaV2 ICa compared to the 

control protocol, but did so to a greater extent in the presence of DMSO (green, n = 11) 

than in the presence of RA (red, n = 10). * represents the comparison between modulated 

protocols in RA (red circles) and DMSO (green triangles) (* p ≤ 0.05; ** p ≤ 0.01). ! 

represents the enhanced ICa between the modulated protocol in RA (red circles) and the 

control protocol in DMSO (black squares). ! p ≤ 0.05; !! p ≤ 0.01; !!! p ≤ 0.001. C: The 

modulated voltage protocol (in RA and DMSO), significantly enhanced CaV1 ICa compared 

to the control voltage protocol. However, there was no significant effect of RA on ICa, 

compared to DMSO, regardless of voltage protocol. # represents a comparison between 

modulated and control protocols in both (B) and (C) ( # p ≤ 0.05; ## p ≤ 0.01; ### p ≤ 

0.001).   

 

 

4.4.7 RA inhibits delayed rectifier KV channels 

We have shown that RA inhibits voltage-gated CaV2 channels, but how it affects 

ion channels to induce spike broadening and complex spiking is not yet known. As voltage-

gated K+ (KV) channels play an essential role in repolarization of the action potential, we 

next determined whether RA might induce spike broadening by modulating KV function. 

KV channels include the rapidly inactivating A-type channels and non-rapidly inactivating 

delayed rectifier channels, known to regulate spike broadening and burst firing in 

hippocampal neurons, respectively (Cho et al., 2020, Balind et al., 2019). In Lymnaea 

neurons, A-type channels are blocked by 5 mM 4-aminopyridine (4-AP), whereas delayed 

rectifier channels are blocked by 50 mM tetraethyl ammonium (TEA) (Sakakibara et al., 
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2005). In order to isolate A-type channel current (IA) total potassium current was first 

recorded prior to perfusion of 4-AP. Following perfusion of 4-AP, the remaining 4-AP-

insensitive current was subtracted from total IK, yielding IA. Similarly, to isolate the 

delayed rectifier current (IKD) following TEA perfusion, the TEA-insensitive current was 

subtracted from total IK to yield IKD. To determine whether RA affected IA or IKD, VF 

neurons were cultured overnight in the presence or absence of RA and the IV relationships 

for both IA and IKD were established.  

Raw recordings of IA and IKD following exposure to RA (or DMSO) are shown in 

Figure 4.7A and B, respectively. A two-way ANOVA of either IA or IKD revealed a 

significant effect of treatment for IA [F(1,420) = 6.059; p =  0.014] and IKD [F(1,665) = 9.264; 

p =  0.002]. However, post-hoc analysis revealed non-significant effects at all potentials 

for IA, suggesting RA had only minimal effects on IA (Fig. 4.7A). The IV relationship in 

Figure 4.7B indicates that RA significantly reduced IKD at potentials from +25 to +55 mV, 

compared to controls (DMSO). As Ca2+-activated and Na+-activated K+ channels might 

also play a role in action potential repolarization and be affected by RA, we also examined 

these currents. However, isolation of either Ca2+-activated K channels (RA: 1.809 ± 3.0 

pA/pF; DMSO: 3.417 ± 4.6 pA/pF) or Na+-activated K+ channels (RA: 4.227 ± 2.3 pA/pF; 

DMSO: 2.504 ± 4.0 pA/pF) yielded extremely small peak current densities and were thus 

not studied further.  

Overall, these data suggest that RA inhibits delayed rectifier channels (IKD), and 

that this effect might contribute to the RA-induced spike broadening and activity-

dependent complex spiking.  
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Figure 4.7. RA inhibits delayed rectifier KV channels.  
A. Raw representative recordings (left) of A-type K currents (IA) in the presence of 0.02% 
DMSO (black, top) or 2µM RA (red, bottom). IV relationship (right) indicates that RA had 
no significant effect on the peak current density of A-type channels. B. Raw recordings 
(left) of delayed rectifier K channels (IKD) in the presence of 0.02% DMSO (black) or 2µM 
RA (red). IV relationship (right) shows that RA significantly inhibited IKD at potentials 
between +25 and +55 mV. * p ≤ 0.05; ** p ≤ 0.01, compared to DMSO. Arrows on raw 
traces in (A) and (B) indicate possible enhanced inactivation in the presence of RA.   
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4.4.8. RA enhances voltage-gated K+ channel inactivation  

Raw recordings previously shown in Figure 4.7A and B (arrows) suggest that RA 

might enhance the channel inactivation of IA and IKD. Voltage-gated K+ channel 

inactivation would limit the number of channels available for action potential 

repolarization and if modulated by RA, might mediate the activity-dependent changes in 

firing. Voltage-gated K+ channels can undergo several types of inactivation; A-type 

channels undergo a rapid form of inactivation which is coupled to channel opening 

(referred to as N-type inactivation), as well as a slower form of inactivation, referred to as 

U-type inactivation (Klemic et al., 2001, Klemic et al., 1998, Bett et al., 2011). Of these 

two forms of inactivation, delayed rectifier channels might only undergo U-type 

inactivation, if any (Klemic et al., 2001, Klemic et al., 1998, Bett et al., 2011). This U-type 

inactivation occurs at intermediate voltages but is reduced at more positive voltages, 

generating a typical “U” shape in inactivation curves (Klemic et al., 2001, Klemic et al., 

1998, Bett et al., 2011).  

VF neurons were again cultured overnight in the presence or absence of RA, and 

the voltage-dependence of channel inactivation of both IA and IKD examined. Following an 

initial “control” pulse to +35mV, cells were stepped from a holding potential of -115 mV 

to voltages ranging from -115 to +55 mV (for 500 ms) to induce inactivation, followed by 

a 200 ms “test” pulse to +35 mV (Fig. 4.8A). IA displayed an inactivation curve 

characteristic of N-type inactivation (Fig. 4.8B), whereas IKD displayed an inactivation 

curve typical of U-type inactivation (Fig. 4.8C).  

A two-way ANOVA of IA inactivation revealed a significant interaction between 

treatment and voltage [F(34,420) = 2.444; p  < 0.001]. Figure 4.8B shows that RA enhanced 
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the inactivation of IA at potentials between -5 and +55 mV, though had no effect on the 

voltage of half-maximal inactivation [RA: -12.27 ± 7.8 mV; DMSO: -13.393 ± 10.5 mV; 

p = 0.825] or the slope factor [RA: -14.99 ± 2.3; DMSO: -11.38 ± 2.6; p = 0.053].  

Similarly, a two-way ANOVA of IKD inactivation also revealed a significant 

interaction between treatment and voltage [F(34,420) = 3.689; p < 0.001]. RA enhanced 

inactivation of the delayed rectifier channel (IKD) at potentials between +5 and +55 mV 

(Fig. 4.8C), but had no effect on the voltage of half-maximal inactivation [RA: -3.037 ± 

9.9 mV; DMSO: -6.753 ± 9.1 mV; t = 0.867; p = 0.397], but did significantly increase the 

slope factor [RA: -5.542 ± 1.3; DMSO: -4.258 ± 1.1; t = 2.434; p = 0.026]. 

Together, these data suggest that RA enhanced channel inactivation of both A-type 

(IA) and delayed rectifiers (IKD), but did not alter the voltage-dependence of inactivation 

for either channel type.  
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Figure 4.8 . RA enhances inactivation of A-type and delayed rectifier KV channels. 

A. Voltage step protocol used to determine the voltage-dependence of inactivation for A-

type and delayed rectifier potassium channels. B-C. Inactivation curves for IA and IKD were 

generated by plotting I/Imax (Itest / I control) following steps to different voltages. Solid lines 

represent Boltzmann fits (only between -115 mV and +25 mV for IKD, due to U-type 

inactivation). 2µM RA significantly enhanced the inactivation of A-type channels (IA) at 

potentials between -5 and +55 mV (B) and also enhanced the inactivation of delayed 

rectifier channels (IKD) at potentials between +5 and +55 mV (C). Arrows in (C) indicate 

the presence of U-type inactivation present in delayed rectifier channels. * p ≤ 0.05; ** p 

≤ 0.01;  *** p ≤ 0.001, compared to DMSO. 
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4.4.9 RA enhances activity-dependent, closed state channel inactivation  

Recovery from inactivation is also an important property that determines the 

availability of KV channels for repolarization during neuronal activity. Importantly, KV 

channels can exist in a closed state (occurring at hyperpolarized potentials and 

characterized by all 4 voltage sensors being in the inactive position), or an intermediate-

closed state (occurring at intermediate voltages and characterized by at least 1 of 4 voltage 

sensors being in the active position). N-type inactivation subsequently allows for recovery 

from both closed and intermediate-closed states. U-type inactivation preferentially occurs 

from intermediate-closed states and recovery only occurs at potentials that promote the 

fully closed state (Klemic et al., 1998, Bett et al., 2011). This property of U-type 

inactivation generates a situation whereby repeated opening and closing of the channels 

results in inactivation, which has been proposed to occur during ongoing neuronal firing 

(Klemic et al., 1998).  

We determined whether RA influences recovery from inactivation at either an 

intermediate voltage or a hyperpolarized voltage. The protocol used to determine recovery 

from inactivation is shown in Figure 4.9A. After a control pulse to +35 mV, cells were 

stepped from a holding potential of -115 mV to +35 mV for 500 ms to induce inactivation 

and were subsequently stepped down to a potential of either -45 mV (intermediate voltage) 

or -115 mV (hyperpolarized voltage) for a variable duration between 0 and 200 ms in 10 

ms intervals, followed again by a test pulse to +35 mV.  

Recovery from inactivation was normalized to the baseline level of inactivation (at 

t = 0 ms) at both -45 mV and -115 mV. A two-way ANOVA for recovery from inactivation 

of A-type channels (IA) revealed a significant effect of treatment at both -45 mV [F(1,252) = 
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19.54; p < 0.001] and -115 mV [F(1,252) = 34.688; p < 0.001]. However, the recovery curve 

at -45 mV, was not significantly affected by RA at any particular time point, indicating that 

RA had minimal effects on recovery from inactivation of IA (Fig. 4.9B). Post-hoc analysis 

of the normalized recovery from inactivation of A-type channels (IA) at -115 mV revealed 

that RA enhanced the recovery from inactivation, compared to DMSO (Fig. 4.9C).   

The same analysis was next performed for IKD. The recovery from inactivation was 

again normalized to the baseline level of inactivation (at t = 0 ms). Interestingly, at the 

recovery potential of -45 mV, the current became further reduced over time (Fig. 4.9D) 

and there was no apparent recovery from inactivation (following treatment with either RA 

or DMSO). These data strongly suggest that the delayed rectifier channels exhibited 

intermediate closed-state inactivation at -45 mV. A two-way ANOVA of the normalized 

recovery from inactivation for IKD revealed a significant effect of RA treatment at -45 mV 

[F(1,336) = 74.261; p < 0.001]. Specifically, RA significantly reduced IKD at -45 mV 

(between 100 and 200 ms), suggesting that RA enhanced the intermediate closed-state 

inactivation at -45 mV (Fig. 4.9D).   

In contrast to -45 mV, recovery from inactivation was apparent at the recovery 

pulse to -115 mV (Fig. 4.9E), indicating voltage-dependence in recovery from inactivation. 

A two-way ANOVA of the normalized recovery from inactivation for IKD revealed a 

significant interaction between RA treatment and recovery time at -115 mV [F(20,378) = 

2.622; p < 0.001].  At -115 mV, RA significantly enhanced recovery from inactivation of 

IKD at later time points (130 to 200 ms) (Fig. 4.9E).   

In summary, the data obtained at -45 mV (but not -115 mV) suggests that RA 

enhanced U-type inactivation of IKD, coupled to both channel opening and the intermediate 
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closed state, an effect that is activity-dependent. This would likely generate an effect 

whereby repeated channel open and closure during firing activity in the presence of RA, 

could lead to progressively enhanced inactivation of delayed rectifier channels (IKD), 

potentially leading to activity-dependent complex spiking.  
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Figure 4.9. RA enhances the intermediate closed state inactivation of delayed rectifier 

channels. A. Recovery from inactivation voltage-step protocol for the potassium channel 

currents, indicating a recovery potential of either -45 mV or -115 mV over variable 

durations. B-E. Recovery from inactivation curves (for IA and IKD), normalized to the level 

of inactivation at t = 0 ms. 2µM RA had no significant effect on the recovery from 

inactivation of A-type channels at -45 mV compared to DMSO (B), but enhanced the 

recovery from inactivation of A-type channels at -115 mV, though only at time points 

between 170 and 200 ms (C). Recovery from inactivation of delayed rectifier channels 

failed to occur at -45 mV (downward curves suggested continued inactivation), which was 

significantly more pronounced in the presence of RA compared to DMSO (D). Due to there 

being both an inactivation phase and a recovery from inactivation phase at -115 mV (E), 

the recovery from inactivation for the delayed rectifier was fit with two exponentials (τ1 τ2, 

arrows in E). The recovery from inactivation of the delayed rectifier channel was 

significantly enhanced by RA at -115 mV  between 130 ms and 200 ms. * p ≤ 0.05; ** p ≤ 

0.01;  *** p ≤ 0.001, compared to DMSO. 

 

 

4.4.10 RA inhibits delayed rectifier channels during neuronal activity 

If, as we suggest above, the RA-enhanced inactivation of IKV leads to spike 

broadening and activity-dependent complex spiking, then we predict that exposure to RA 

would lead to a reduction of IKD during ongoing neuronal activity. To test this hypothesis, 

we again utilized our control and “modulated” voltage protocols to record either IA or IKD 

in VF neurons exposed overnight to RA (or DMSO).  We first examined whether exposure 

to RA affected IA during either the modulated (Fig. 4.10A, B) or the control (Fig. 4.10C) 

voltage protocols. Statistical tests revealed that though the modulated voltage protocol 

enhanced IA compared to the control protocol (#), there was no significant difference in IA 

following exposure to RA, compared to DMSO (using either stimulation protocol).  
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In contrast, we found that exposure to RA significantly reduced IKD during spikes 

3 to 9 of the modulated voltage protocol (Fig. 4.10D & E; * symbols). Exposure to RA also 

reduced IKD during spikes 7 and 8 of the control voltage protocol (Fig. 4.10F; * symbols). 

These data suggest that exposure to RA inhibited the delayed rectifier channel activity 

during ongoing neural activity, possibly due to enhanced inactivation as a result of repeated 

opening and closing of the channel. If this were indeed the case, then the RA-mediated 

reduction in IKD should be more pronounced with increased neuronal activity and thus, with 

increasing spike number during the voltage protocols (both control and modulated 

protocols). Hence the difference between IKD generated in DMSO and RA for each protocol 

should also increase with each spike. To examine this, the average IKD in the presence of 

RA was subtracted from the average IKD in DMSO, and plotted for both the modulated and 

control voltage protocols (Fig. 4.10G). Indeed, the difference in the averaged IKD exhibited 

an upward trajectory as a function of spike number for both the control protocol (grey line) 

and the modulated spike protocol (blue line). These data thus suggest that the RA-induced 

inhibition of the delayed rectifier channel (but not the A-type channel), occurs during 

ongoing neuronal activity and increases with spike number. 

Overall, we conclude that RA primarily produces activity-dependent modulation of 

neuronal firing by enhancing U-type inactivation of delayed rectifier channels, which likely 

occurs as a result of repeated opening and closing of the channel during such ongoing 

neuronal activity. 
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Figure 4.10. RA inhibits delayed rectifier channels during neuronal firing.  

A. Raw representative recordings of A-type channel currents (IA; top traces) during 

modulated voltage protocols (bottom traces) in the presence of either 0.02% DMSO (black, 

left) or 2 µM RA (red, right). B-C. Although the modulated protocols exhibited increased 

current area densities compared to the control protocols, RA had no significant effect on 

A-type channel current compared to DMSO, using either the modulated (B) or the control 

(C) voltage protocol. D. Raw recordings of delayed rectifier channel currents (IKD) during 

the modulated voltage protocol in the presence of either 0.02% DMSO (black, left) or 2 

µM RA (red, right).  E-F. RA significantly reduced delayed rectifier current area densities 

during both the modulated voltage protocol (E) and the control voltage protocol (F).  G. 

The average current in RA, subtracted from the average current in DMSO, plotted for both 

control and modulated voltage, increased as a function of spike number, suggesting that 

the RA-induced inhibition of the delayed rectifier channel occurs during ongoing neuronal 

activity and increases with spike number. * represents the comparison between modulated 

protocols in RA (red circles) and DMSO (green triangles); * p ≤ 0.05; ** p ≤ 0.01; ***, p 

≤ 0.001.   # represents a comparison between modulated and control protocols; # p ≤ 0.05; 

## p ≤ 0.01; ### p ≤ 0.001.  
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4.5 Discussion 

 In this study, we provide evidence for two neuromodulatory effects of RA that 

might ultimately affect synaptic transmission. We first show that RA induces complex 

spiking in an activity-dependent manner (an effect that occurs in multiple cell types) and 

provide evidence that the underlying mechanism involves enhanced inactivation of delayed 

rectifier KV channels. However, RA concurrently inhibits CaV2 channels, and we also 

determined how this interacts with the effects of modulated firing. Our data provide novel 

evidence to suggest that RA signaling modulates both neuronal firing activity and CaV2 

channel gating, to tune Ca2+ signaling mediated by CaV2 channels.  

 

4.5.1 RA alters the firing properties of neurons by acting on KV channels 

The average concentration of all-trans retinoic acid in the Lymnaea CNS was 

previously estimated at ~ 0.693 µM (Dmetrichuk et al., 2008). It is therefore conceivable 

that local concentrations (in neuronal microdomains) might be comparable to those used 

here to modulate firing properties and channel activity. We determined that RA 

concentrations as low as 1 µM induced spike broadening and activity-dependent complex 

spiking. The acute RA-mediated spike broadening and complex firing in Lymnaea neurons 

was previously shown to be both transcriptionally (Vesprini & Spencer, 2014) and 

translationally independent (Vesprini et al., 2015) and did not appear to involve PKA or 

PLC activation (Vesprini et al., 2015). We now provide novel evidence for RA-induced 

inhibition of neuronal delayed rectifier (KVD) channels, which we propose is largely 

responsible for spike broadening and activity-dependent complex spiking (though the 

precise molecular signaling pathway by which RA inhibits these channels remains to be 
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determined). To our knowledge, an RA-mediated reduction in delayed rectifier K channel 

currents has not previously been shown in the nervous system (either in vertebrates or 

invertebrates), though has been demonstrated in human lymphocytes (Vesprini et al., 

2015).  

We propose that the RA-induced reduction in delayed rectifier activity might be 

responsible for the RA-induced spike broadening, as both were found to be independent of 

activity. However, RA also enhanced inactivation (of both delayed rectifier and A-type 

channels), and as inactivation is an activity-dependent process, this provides evidence for 

activity-dependent regulation of both Kv channels by RA. Though we cannot rule out a 

role for the A-type channel inactivation, we propose that RA likely induces the activity-

dependent complex spiking via enhanced inactivation of the delayed rectifier (KVD) 

channels. In particular, we show that RA enhanced U-type inactivation, a form of 

inactivation that occurs at intermediate voltages (corresponding to open and intermediate 

closed states).  Previous research has shown that delayed rectifier channels expressed in 

non-neuronal cells (HEK cells), exhibit U-type inactivation and the authors proposed this 

may contribute to firing properties during ongoing neuronal activity (Klemic et al., 1998).  

Repeated opening and closure of the channel during ongoing neuronal activity would result 

in progressive inactivation due to repeatedly transitioning through “intermediate states”. 

To our knowledge, this is the first evidence for U-type inactivation of delayed rectifier 

channels in neurons, and we propose that this U-type inactivation underlies the activity-

dependent complex spiking induced by RA.   

Activity-dependent complex spiking may be a widespread effect as it occurred in 

many different cell types (peptidergic and dopaminergic), involved in different behaviours.  
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However, there may be some cell-type specificity, as we show that complex-spiking wasn’t 

activity-dependent in the RPA respiratory motorneurons. This differential sensitivity might 

result from differential expression of either retinoid receptors or ion channels sensitive to 

RA (and/or the presence or absence of compensatory mechanisms). The complex spiking 

was also not activity-dependent at higher concentrations, possibly due to greater effects of 

these higher concentrations on KV channels (Sidell & Schlichter, 1986).  

Delayed rectifier channels are highly conserved throughout evolution and both 

invertebrate and vertebrate delayed rectifier channels undergo U-type inactivation when 

expressed in insect and non-neuronal vertebrate cell lines, respectively (Klemic et al., 2001; 

Klemic et al., 1998; Carrillo et al., 2013), suggesting RA perturbation of these channels 

and U-type inactivation might modulate neuronal firing activity in both invertebrate and 

vertebrate neurons. Indeed, inhibiting delayed rectifier channels (such as KV2) in rat 

hippocampal neurons enhances burst firing properties. Interestingly, such burst firing 

occurs in vivo during spatial navigation and learning and memory (Balind et al., 2019, Xu 

et al., 2012, Epsztein et al., 2011), suggesting a possible mechanism for the known 

enhancing effects of retinoids on learning and memory in vertebrates (and invertebrates).  

 

4.5.2 RA signaling regulates activity-dependent neuronal signaling 

Both complex spiking and activity-dependent synaptic plasticity are proposed to be 

the basis for learning and memory. In vertebrates, RA signaling is important for activity-

dependent forms of synaptic plasticity, such as long-term potentiation (LTP) and long-term 

depression (LTD). Indeed, perturbations of retinoid receptors have been shown to affect 

both synaptic plasticity and behaviour; in rodents, downregulation of retinoid receptors 
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(such as RARb and/or RXRg) disrupts either LTP or LTD, and results in impaired novel 

object recognition and/or impaired working and spatial memories (Chiang et al., 1998, 

Nomoto et al., 2012, Upreti et al., 2021, Wietrzych et al., 2005).  

RA signaling also affects other forms of plasticity in the vertebrate hippocampus, 

such as homeostatic plasticity, a form of metaplasticity that maintains neuronal activity 

within an optimal range. Specifically, in response to reduced synaptic activity, RA 

increases the synthesis (and insertion) of Ca2+-permeable AMPA receptors, an effect that 

is dependent on NMDA receptor activity (Chen et al., 2014, Aoto et al., 2008, Arendt et 

al., 2015a). Interestingly, this RA-mediated increase in AMPA receptor expression then 

blocks subsequent long-term potentiation (Arendt et al., 2015a), suggesting that the effects 

of RA on different forms of plasticity are complex, and may have multiple interacting 

and/or opposing effects. To date, no studies have examined whether RA affects voltage-

gated Ca2+ or K+ channel currents in vertebrate neurons and/or synapses.   

We have previously shown that RA signaling is also required for normal long-term 

associative memory formation in Lymnaea (Rothwell & Spencer, 2014). It is thus feasible 

that the RA-mediated changes in neuronal firing and Ca2+ channel activity might contribute 

to synaptic plasticity in this molluscan species. Indeed, we have previously shown that 

inhibiting RA signaling (with retinoid receptor antagonists) produced voltage-dependent 

inhibition of Lymnaea CaV2 channels (de Hoog et al., 2019), an ubiquitous form of 

presynaptic plasticity in vertebrate neurons. The RA-mediated spike broadening shown 

here, is also reminiscent of the spike broadening in pre-synaptic neurons occurring 

following behavioural training, and which mediates synaptic facilitation in the mollusc 

Aplysia (Byrne & Kandel, 1996).  An important question to consider next is how changes 
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in neural activity (such as during learning) might lead to RA-mediated spike broadening. 

We propose that RA synthesis might be regulated by neuronal activity. Indeed, RA 

synthesis is affected by activity at hippocampal synapses (Arendt et al., 2015b; Wang et 

al., 2011b), and in the Lymnaea CNS, we have evidence that expression of the enzyme 

responsible for RA synthesis increases during memory formation (Rothwell et al., 2014).  

 

4.5.3 Multiple forms of RA-mediated neuromodulation coexist 

Multiple forms of RA-mediated modulation might coexist in the same neuron to 

produce similar outcomes on synaptic plasticity. For example, during homeostatic 

plasticity in vertebrates, RA signaling enhances excitatory synaptic transmission onto 

mouse hippocampal neurons whilst independently, but simultaneously, reducing inhibitory 

synaptic transmission onto the same cells by enhancing endocytosis of the post-synaptic 

GABA receptors. The coexistence of these differing effects of RA leads to a shift in 

synaptic weight to produce an overall increase in excitability (Sarti et al., 2013).  

 Our study has now also provided evidence for multiple modes of RA-mediated 

modulation coexisting and interacting in invertebrate neurons, though in this case, the 

effects oppose each other. We show that a concentration of RA (2 µM) that produces 

activity-dependent complex spiking (enhancing Ca2+ influx), also inhibits Ca2+ influx 

through CaV2 channels. We further provide evidence that these differing effects of RA 

interact. By using playback of modulated spiking protocols in the presence or absence of 

RA, we found that RA-mediated inhibition of CaV channels limits the enhanced Ca2+ influx 

that occurs during RA-mediated spike broadening and complex spiking. However, when 

the CaV2 channel currents were examined in isolation, the inhibition of CaV2 by RA 
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prevented the increase in Ca2+ influx during spike broadening. Indeed, it was only during 

complex spiking that the enhanced influx of Ca2+ dominated and overcame CaV2 channel 

inhibition.   

Despite these multimodal modulatory effects of RA, it is unlikely that the RA-

mediated inhibition of CaV2 channels is directly responsible for the RA-mediated changes 

in neuronal firing. CaV channels were blocked whilst examining actions of RA on IKD, and 

thus changes in Ca2+ influx (through Cav2s) could not account for these results. 

Furthermore, reduced Ca2+ influx is unlikely to affect Ca2+-activated K channels, as these 

particular channels generate very little current in these cells. RA-mediated effects on 

spiking might, however, have led to a homeostatic reduction in CaV2 activity (or vice 

versa), though we consider this unlikely as both effects of RA (on spiking and CaV 

channels) can occur rapidly and over similar time scales (Vesprini et al., 2015).  We thus 

propose that although RA-mediated modulation of spike activity and inhibition of CaV2 

channels co-exist in the same cell type, that they are likely independent effects.  

 

4.5.4 Differential effects of RA on CaV1s vs CaV2s  

We determined that spike broadening and complex spiking enhanced Ca2+ influx 

through CaV1 channels, though simultaneous RA exposure did not limit this, because RA 

did not inhibit Ca2+ influx via CaV1. Interestingly, we previously found that higher 

concentrations of RA (5 µM) did inhibit CaV1 channels, though using barium instead of 

physiological levels of Ca2+ (de Hoog et al., 2018). This may have affected the outcome, if 

we consider the possibility that the presence of Ca2+ might influence the actions of RA on 

CaV1 channels.  
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Due to the different locations and roles of CaV1 and CaV2 channels in neuronal 

microdomains, our results suggest a scenario whereby RA-induced modulation of spiking 

might enhance Ca2+ signaling involved in gene regulation (CaV1s), but would limit the 

enhancement in CaV2-mediated synaptic signaling. Moreover, CaV1 channels have been 

implicated in presynaptic plasticity mechanisms, such as presynaptic LTP (Fourcaudot et 

al., 2009), as well as neuropeptide release (Hsu et al., 2020), suggesting that specific 

regulation of CaV2 (but not CaV1) channels by RA during activity-dependent changes in 

spiking, may ultimately target selective Ca2+ signaling pathways or functions. RA-

mediated modulation of neuronal activity and its differential modulation of CaV1 and CaV2 

channels may thus be a mechanism to fine tune information processing in different 

compartments in invertebrate or vertebrate neurons. 

 

4.5.5 Possible consequences for synaptic transmission and plasticity. 

In both vertebrate and invertebrate neurons, depolarization during action potential 

firing, activates CaV2 channels present in pre-synaptic terminals, with the resulting Ca2+ 

influx mediating neurotransmitter release. When the duration of depolarization is 

prolonged, during either spike broadening or complex spiking, it would likely increase the 

fidelity and magnitude of synaptic transmission. Indeed, we found that RA-mediated 

complex spiking enhanced CaV2-mediated ICa, though RA-mediated inhibition of CaV2 

channels compensated for any increase in ICa during spike broadening. As such, the system 

might act as a high-pass filter, whereby only activity leading to complex spiking enhances 

synaptic output.  The ability of RA to limit enhancement of ICa (via inhibition of CaV2s), 

might also prevent synaptic “runaway”. Indeed, it has been shown that RA signaling can 
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limit LTP in mice following environmental enrichment (Hsu et al., 2019), and if RA 

signaling is disrupted, mice exhibit synaptic runaway, resulting in reduced cognitive 

flexibility. It should also be noted that during playback of the normal, control spiking 

protocols, RA also induced a reduction in CaV2 currents, which, albeit small and non-

significant, might also have physiological consequences on synaptic transmission. It is thus 

possible that RA might also inhibit CaV2-mediated synaptic transmission during “normal” 

spike trains.  

In this study, we present the first cellular evidence for activity-dependent 

modulation by RA in an invertebrate CNS. However, whether the RA-mediated activity-

dependent complex spiking plays a direct role in synaptic plasticity and/or memory 

formation requires further evaluation.  In mouse hippocampal neurons, complex spiking, 

such as burst firing of pre-synaptic neurons is involved memory formation (Xu et al., 2012). 

In contrast, burst firing in post-synaptic neurons can induce homeostatic synaptic 

depression (Chang et al., 2017), and postsynaptic spike broadening can lead to LTD (Zhou 

et al., 2005). Thus, determining the exact role of RA-mediated spike broadening and 

activity-dependent burst firing during synaptic transmission, by examining RA’s effects in 

both pre-and post-synaptic cells, will be needed. 

It is very likely that both short-term and long-term consequences of complex 

spiking on synaptic transmission will be synapse-specific and might depend on the release 

properties and dynamics of that particular synapse. Furthermore, the increases in Ca2+ 

influx during complex spiking will likely modulate various kinase pathways and/or local 

protein synthesis, as well as potentially mediate neuropeptide or neurotrophin release, in 

addition to the aforementioned gene transcription. To add a further level of complexity, 
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RA is known to enhance neurotransmitter  release from Xenopus motor neurons, in a 

manner that is independent of extracellular calcium (Liou et al., 2005).  Thus, determining 

the precise role of RA-induced activity-dependent complex spiking in synaptic modulation 

and plasticity, will require a thorough study of a number of different synapses, utilizing 

different neurotransmitters.  

In summary, the ability of RA to inhibit CaV2 channels must coexist with its ability 

to induce spike broadening and activity-dependent complex spiking, which ultimately 

enhances Ca2+ influx. This concurrent inhibition of CaV2 channels thus influences and fine-

tunes Ca2+ signaling during ongoing neuronal activity. 
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CHAPTER 5 

 

CONCLUSIONS AND PERSPECTIVES 

 

Overall, this thesis provides the first evidence (in any species) that retinoid 

signaling can modulate voltage-gated Ca2+ channel function through diverse mechanisms, 

providing greater insight into the mechanisms through which RA might mediate neuronal 

plasticity. 

Specifically, I have shown that stimulating retinoid signaling (by application of 

exogenous RA) inhibits CaV channels in an isomer-dependent manner, and at 

concentrations similar to those estimated to be present in the Lymnaea CNS. Micromolar 

concentrations of atRA inhibited both CaV1 and CaV2 channels by stabilizing the closed 

and inactivated states, an effect that may occur through multiple signaling pathways. 

Exogenous RA also modulates action potential firing properties, producing spike 

broadening and activity-dependent complex spiking, which I showed for the first time was 

a result of enhancing inactivation of delayed rectifier K+ channels. Paradoxically, this effect 

on spike shape enhances CaV channel activity, due to the prolonged depolarizations. 

Interestingly, the inhibition of CaV2 channel activity by RA limits the enhancement of CaV2 

channel activity mediated by spike broadening and complex spiking, resulting in activity-

mediated fine-tuning of Ca2+ influx.  

Antagonizing constitutive retinoid signaling (with the use of retinoid receptor 

antagonists) also regulates CaV channel function, albeit through a distinct biophysical 
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mechanism. In particular, I showed that retinoid receptor antagonists inhibit CaV2 channels 

by producing both G-protein-dependent and G-protein–independent voltage-dependent 

inhibition. This finding was, at the time of publication, only the second demonstration of 

voltage-dependent inhibition of CaV2 channels in any invertebrate species. Furthermore, it 

was the first evidence in any species, that voltage-dependent inhibition might occur 

independently of G-proteins, though the novel mechanism involved has not yet been 

determined. 

There was previously some evidence in the literature that retinoids can modulate 

Ca2+ signaling in vertebrates by influencing glutamate receptor (AMPA) expression (Chen 

et al., 2014). I have now shown that retinoids can also modulate Ca2+ signaling in an 

invertebrate species, though by modulating the activity of voltage-gated Ca2+ channels. 

This modulation of CaV channels indicates that modulation of Ca2+ signaling may be an 

evolutionarily conserved mechanism by which RA might mediate neural plasticity. As 

these were the first studies to determine that RA modulates CaV channels, it is not yet 

known whether this form of Ca2+ channel modulation extends to vertebrate species. 

However, below I will provide anecdotal evidence as to why at least some aspects of RA 

signaling might be evolutionarily conserved and what this may mean for the regulation of 

nervous system plasticity.  

First of all, I showed that an RXR receptor agonist partially mimicked the effect of 

RA on CaV channels. The ligand binding properties of RXR receptors are highly conserved 

between invertebrate and vertebrate receptors (Reitzel et al., 2018). In addition, vertebrate 

RXR receptors are widely expressed throughout the adult nervous system and can mediate 

synaptic plasticity (Chiang et al., 1998; Krezel et al., 1999). These data suggest that RXR-
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mediated modulation of CaV channels is likely to be at least partially conserved. I also 

showed that an RAR antagonist produced G-protein-mediated, voltage-dependent 

inhibition of CaV channels, a ubiquitous form of presynaptic plasticity in vertebrates. 

Furthermore, the ability of both RAR and RXR receptors to bind to G-proteins has been 

documented in at least non-neuronal cells in vertebrates (Piskunov & Rochette-Egly, 2012; 

Tsai et al., 2015; Moraes et al., 2007), and RXR has been shown to be critical for G-protein-

dependent LTD at vertebrate synapses (Upreti et al., 2021). As such, these data are 

promising evidence that regulation of G-protein mediated, voltage-dependent inhibition by 

retinoid receptors is potentially conserved between vertebrates and invertebrates.  

Finally, I showed that RA produces activity-dependent complex spiking through 

enhanced U-type inactivation of delayed rectifier K+ channels. Though very little is known 

about the signaling pathways that influence U-type inactivation, delayed rectifier channels 

are highly conserved across evolution (Gutman et al., 2005). Overall, I propose that at least 

some aspects of my findings are likely conserved cellular mechanisms between 

invertebrates and vertebrates.  

If, indeed, retinoid-modulation of CaV channels is a conserved mechanism between 

invertebrates and vertebrates, then RA signaling could feasibly modulate Ca2+ signaling in 

vertebrates by influencing both CaV channels and AMPA receptor expression. As these are 

two important routes of Ca2+ entry into neurons that ubiquitously regulate nervous system 

plasticity, RA could potentially have profound and diverse influences on plasticity in 

almost every type of neuron in the nervous system.   

Regardless of whether RA can modulate vertebrate CaV channel function or not, 

the diverse retinoid-modulation of CaV channel function in Lymnaea indicates that retinoid 
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signaling is important for modulation of Ca2+ signaling in an invertebrate nervous system 

(at least in this molluscan species). Moreover, if RA can regulate both CaV and KV 

channels, there is also the possibility that RA signaling might regulate other classes of ion 

channels.  

 RA inhibits both CaV and KV channels to ultimately influence Ca2+ entry into the 

cell (and as a result, Ca2+ signaling within the cell). This effect indicates that atRA not only 

acts as a trophic factor to regulate neurite outgrowth and synapse formation in Lymnaea 

(Dmetrichuk et al., 2008; Rothwell et al., 2017), but also acts as a neuromodulator. Indeed, 

RA has been shown to be synthesized by both astrocytes and neurons (Wang et al., 2011a; 

Wang et al., 2011b), including the dendrites of hippocampal neurons (Wang et al., 2011b), 

indicating that RA may also be locally synthesized at post-synaptic locations. My 

demonstration that RA can also modulate voltage-gated Ca2+ channels, particularly the sub-

type predominantly responsible for neurotransmitter release, might indicate a novel form 

of synaptic neuromodulation, specifically at pre-synaptic sites. Ca2+ signaling is spatially 

regulated, and the inevitable effects of RA on Ca2+ signaling will depend on the cellular 

localization of RA effectors that modulate voltage-gated Ca2+ channels. As such, future 

research will be needed to identify how RA spatially regulates Ca2+ signaling and to 

identify the precise signaling pathways involved. 

In this thesis, I demonstrated that RA could affect both CaV and KV channels. I 

propose that these effects are likely independent of each other, as modulation of KV 

channels occurred in the absence of external Ca2+. However, RA induced the modulation 

of neuronal firing and voltage-gated Ca2+ channels along similar time scales (Vesprini et 

al., 2015), and CaV and KV channels can exist together in signaling complexes. These data 
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raise the question of whether CaV and KV channels might physically coexist in such 

signaling complexes, and whether their physical interaction might be required for their 

modulation by RA. As the modulation of KV channels (producing activity-dependent 

complex spiking) was required to enhance CaV-mediated Ca2+ influx, a coexistence of these 

channels in signaling complexes would ensure that RA-mediated neuromodulation of CaV2 

channels influences and tunes neuronal signaling. Little is still known of the molecular 

signaling pathways by which RA mediates such changes in ion channel function, but this 

raises the question of whether RA-mediated modulation of CaV and KV channels involves 

similar signaling pathways. 

CaV2 channels also exist in large signaling complexes with G-protein-coupled 

receptors (GPCRs), and activation of these GPCRs in the plasma membrane traditionally 

mediates voltage-dependent inhibition of CaVs through local signaling (Zamponi & Currie, 

2013). Here, I found that inhibition of retinoid signaling with antagonists mediated both 

G-protein-dependent and independent, voltage-dependent inhibition of CaV2 channels. As 

GPCRs (that mediate voltage-dependent inhibition) have been shown to physically interact 

with CaV2 channels (Zamponi & Currie, 2013), my findings suggest that invertebrate 

RARs (and potentially RXRs) might also exist in these signaling complexes with CaV2 

channels. If so, then retinoid receptors may play an important role in modulating synaptic 

transmission in these signaling complexes, either pre- or post-synaptically. Further 

molecular work will, however, be required to determine the exact nature of these retinoid 

receptor signaling complexes, as well as to determine whether retinoid receptors (either 

RAR or RXR) might physically interact with CaV2 channels. If voltage-dependent 

inhibition is typically mediated through activation of G-protein-coupled receptors, the 
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questions arises as to how retinoid receptor antagonists might activate both G-protein-

dependent and -independent, voltage-dependent inhibition. In platelets, association of the 

RXR with Gaq subunits prevents signaling (Moraes et al., 2007). Thus, I propose a model 

in which the RXR antagonist, HX531, and the RAR antagonist, LE540, both bind to 

residues in their respective receptors that disrupt existing interactions with signaling 

proteins, making these signaling proteins available to inhibit the CaV2 channel as a 

mechanism for both forms of voltage-dependent inhibition.  

Overall, in this thesis, I have expanded on previous studies that provided 

preliminary evidence for effects of RA on both cell firing and the activity of CaV channel 

function in Lymnaea neurons. Here, I provide novel evidence for how RA exerts 

neuromodulatory effects on various voltage-dependent ion channels and how such effects 

might prove important in mediating synaptic plasticity within neural circuits.  It is now 

well documented that a number of molluscan species contain a full complement of retinoid 

signaling machinery (unlike some other invertebrate lineages, in which some aspects of 

retinoid machinery have been lost), and that many retinoid functions shown in vertebrates 

have also been shown in Lymnaea. As such, the presence of identifiable neurons with 

known phenotypes and functions in the Lymnaea CNS, along with the relative simplicity 

of defined neural circuits mediating various behaviours (respiration and feeding), provides 

an advantageous animal model to further our knowledge of how retinoids mediate synaptic 

plasticity and subsequently affect learning and memory. 
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