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Abstract 

 

Communication between cells in the nervous system is dependent upon structures 

known as synapses. Synapses are broadly characterized as either chemical or electrical in 

nature, owing to the type of signals that are transmitted across them. Factors that can affect 

chemical synapses have been extensively studied. However, the factors that can influence 

the formation and modulation of electrical synapses are poorly understood. Retinoic acid, 

a vitamin A metabolite, is a known regulator of chemical synapses, yet its capacity to 

regulate electrical synapses is not as well established. Preliminary evidence from the 

central neurons of both invertebrates and vertebrates suggests that it is also capable of 

regulating the strength of electrical synapses. In this study, I provide further insights into 

how retinoic acid can act as a neuromodulator of electrical synapses. My findings suggest 

that retinoic acid is capable of rapidly altering the strength of electrical synapses in a dose- 

and isomer-dependent manner.  Further, I provide evidence that this acute effect might be 

independent of either the retinoid receptors or a protein kinase. In addition, I provide novel 

findings to suggest retinoic acid is also capable of regulating the formation of electrical 

synapses. Long term exposure to two isomers of retinoic acid, all-trans-retinoic acid and 

9-cis-retinoic acid, reduces both the proportion of cell pairs, and the average synaptic 

strength between cells that form electrical synapses. In summary, these investigations 

provide novel insights into the role that retinoids play in the both the formation and 

modulation of electrical synapses in the CNS. 
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General Introduction 

 

Retinoic acid (RA), a vitamin A metabolite, is a well-established signaling 

molecule involved in several neurological processes, spanning across early development 

into adulthood. During vertebrate neural development, retinoid signaling plays a critical 

role in differentiation (Schuldiner et al., 2001), patterning (Begemann & Meyer, 2001) and 

neurite outgrowth (Clagett-Dame et al., 2006). In the adult CNS of vertebrates, it is 

important for neuroplasticity (Lenz et al., 2021), neurogenesis (Jacobs et al., 2006) and 

vision (Travis et al., 2007). Over the past half-century, extensive research efforts have 

established RA as a critical bioactive molecule for normal physiology. 

 Canonically, RA exerts its biological effects through its interaction with retinoid 

receptors; the retinoic acid receptor (RAR) and retinoid X receptor (RXR), which are part 

of the nuclear receptor superfamily and function as ligand-activated transcription factors 

to regulate gene expression (Tanoury et al., 2013). In contrast to this genomic pathway, 

over the past two decades RA has also been shown to exert its effects in a nongenomic 

manner. In these cases, RA signaling can involve activation of extra-nuclear retinoid 

receptors (Poon & Chen, 2008) or can include RA binding directly to other signaling 

molecules, such as protein kinases (Radominska-Pandya et al., 2000).  

 Investigations into the role of RA signaling in the invertebrate CNS are limited. 

The effects of RA in the CNS of the pond snail, Lymnaea stagnalis, appear to be well 

conserved with those in the vertebrate CNS. Our research group has provided evidence for 

its involvement in embryonic development (Johnson et al., 2019), regeneration 

(Dmetrichuk et al., 2006), neuroplasticity (Rothwell et al., 2017; Wingrove et al., 2023) 

and memory formation in molluscs (Rothwell & Spencer, 2014; Wingrove et al., 2023). 
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Furthermore, RA (Dmetrichuk et al., 2008), as well as the retinoid receptors (Carter et al., 

2010, 2015)  have been detected in the Lymnaea CNS. However, the extent to which RA 

mediates its biological effects in Lymnaea via either genomic or nongenomic pathways is 

not yet clear. For instance, RA (Vesprini & Spencer, 2014), as well as both RAR and RXR 

agonists (de Hoog et al., 2018) and antagonists (de Hoog et al., 2019) rapidly induce 

changes in the biophysical properties of ion channels in a diverse set of neurons. There is 

also evidence that RA plays a nongenomic chemotropic role in the guidance of intact and 

isolated (transected from soma) growth cones (Farrar et al., 2009). The rapid time course 

of these effects suggests they are mediated by a nongenomic mechanism.  As such, it is my 

goal to further our understanding of a potential nongenomic role for RA signaling in the 

formation and modulation of electrical synapses in cultured Lymnaea neurons. 

 

Retinoic Acid: Metabolism, Machinery and Signaling 

 

Animals are incapable of de novo synthesis of vitamin A (retinol), and must acquire it 

through dietary means (Blomhoff & Blomhoff, 2006; Theodosiou et al., 2010); however, 

they can metabolize it into its bioactive form: retinaldehyde, a visual chromophore, and 

RA, a ‘regulator of gene expression’ (Blomhoff & Blomhoff, 2006). Dietary vitamin A is 

acquired by way of carotenoids (from plants) or retinyl esters (from animal tissues; 

(Theodosiou et al., 2010)), and it is then synthesized into endogenous RA via a two-step 

enzymatic process (Fig. 1). This enzyme-mediated process involves oxidation of vitamin 

A into retinaldehyde by alcohol dehydrogenases, followed by a second, irreversible 

oxidation of retinaldehyde into RA by retinaldehyde dehydrogenases (RALDH).  
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Figure 1. Biochemical synthesis of retinoids.  Alcohol dehydrogenase (ADH) catalyzes 

the oxidation of vitamin A (retinol) isoforms into retinaldehyde. Short-chain reductases 

(SDR) catalyze the reverse reaction, reducing retinaldehyde back into retinol. 

Retinaldehyde dehydrogenase (RALDH*) catalyzes the irreversible reduction of 

retinaldehyde into RA of which there are multiple stereoisomers. Modified from 

Theodosiou et al. (2010). 

 

In the cytoplasm, RA is associated with the cellular retinoic acid binding proteins 

(CRABP-1 and CRABP-2), which promote its translocation into the nucleus (Napoli, 

2017). Upon nuclear entry, RA then binds to nuclear receptors, which function as ligand-

activated transcription factors (Blomhoff & Blomhoff, 2006). Two families of these 

nuclear receptors exist: the retinoic acid receptor (RAR) and retinoid X receptor (RXR) 

(Blomhoff & Blomhoff, 2006). Three RARs (RAR, RAR, RAR) and three RXRs 

(RXR, RXR, RXR) are encoded by the vertebrate genome. For biological activity, 
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heterodimerization of the RAR and RXR receptors is thought to be necessary (Blomhoff 

& Blomhoff, 2006), but RXRs can also either homodimerize or heterodimerize with a 

number of other non-retinoid nuclear receptors (Lefebvre et al., 2010), which allows for 

activation of many divergent signaling pathways. Thus, the composition of the receptor 

complex is thought to vary as it can consist of multiple retinoid receptor isoforms and/or 

other nuclear receptors. Upon binding of RA to the ligand binding domain (LBD) on each 

retinoid receptor, dimerization occurs, which activates the receptor complex allowing it to 

bind to its target DNA sequence, the retinoic acid response element (RARE) (Maden, 

2007). In vertebrates, RARs are responsive to all-trans RA (atRA) and 9-cis RA, whereas 

RXRs are only thought to be responsive to 9-cis RA (Fig. 2; (Simões-Costa et al., 2008)).  

Retinoid receptors, in particular the RXRs, are found in most invertebrate phyla 

including Placazoa (Reitzel et al., 2018), Mollusca (Bouton et al., 2005; Castro et al., 2007; 

Urushitani et al., 2011, 2018) and Arthropoda (Eichner et al., 2015; Hayward et al., 1999), 

though the presence or function of RARs in invertebrate species is far less clear (Albalat 

& Cañestro, 2009; Campo-Paysaa et al., 2008; Gutierrez-Mazariegos et al., 2014; 

Urushitani et al., 2013). In Lymnaea, both a LymRXR (Genbank Accession No. 

AY846875) and LymRAR (Genbank Accession No. GU932671) have been successfully 

cloned from its CNS, but unlike vertebrates, they only express one isoform for each 

receptor subtype. The LymRALDH (Genbank Accession No. FJ539101) has also been 

cloned. Furthermore, RA has been shown to be present in Lymnaea’s CNS, while RALDH 

activity has been demonstrated in Lymnaea CNS extracts (Dmetrichuk et al., 2008).  Unlike 

in vertebrates, the binding affinities of RA isomers to RARs and RXRs are less known in 

invertebrates. AtRA and 9-cis RA seem to have similar binding affinities to the locust RXR 
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(Nowickyj et al., 2008), which suggests an evolutionary divergence in the retinoid 

signaling machinery in some protostomes. 

 

 

Figure 2. Retinoid signaling by nuclear receptors in vertebrates. In vertebrates, the 

nuclear retinoid receptors are bound by different RA isomers. The retinoic acid receptors 

(RARs) can be activated by either atRA or 9-cis RA, while retinoid X receptors (RXRs) 

are primarily bound and activated by 9-cis RA. Ligand-bound nuclear receptors either 

heterodimerize (RAR/RXR) or homodimerize (RXR/RXR). Once dimerization occurs the 

transcription complex binds to the RARE to regulate gene expression. Modified from 

Simões-Costa et al. (2008) 

 

To date, RAR orthologs cloned from molluscs, including Nucella lapillus (Gutierrez-

Mazariegos et al., 2014) and Tillandsia clavigera (Urushitani et al., 2013), have not been 

shown to activate transcription in the presence of atRA. Although recent evidence suggests 

that all-trans and 9-cis RA are both capable of binding to and activating transcription via 

the LymRXR (de Hoog et al., 2022) and other molluscan RXRs (Bouton et al., 2005; Castro 

et al., 2007; Urushitani et al., 2018), as of yet, both the LymRAR (Carter et al., 2015) and 
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LymRXR (Carter et al., 2010) have only been localized to non-nuclear compartments of 

Lymnaea neurons. 

 

A Comparison of Retinoid Signaling in Vertebrates and Invertebrates 

 

Although initially thought to be a vertebrate innovation, it is now clear that many of 

the effects of RA signaling are evolutionarily conserved in some invertebrate lineages. 

Akin to vertebrates, retinoid signaling in Lymnaea plays an important role in neurite 

outgrowth, axonal pathfinding and neuroplasticity. In vertebrates, the role that RA plays in 

neurite outgrowth and axonal pathfinding is most commonly studied in primary neuronal 

cell cultures. AtRA increases the survival rate and density of dissociated rat embryonic 

spinal cord neurons (Wuarin et al., 1990) and mouse spinal cord explants display increased 

neurite outgrowth (but not number of neurites) following exposure to atRA (Quinn & De 

Boni, 1991). Further, dissociated cultures of chick neural stem tubes also exhibit increased 

neurite length and number in the presence of RA (Corcoran et al., 2000). In Lymnaea, all-

trans and 9-cis RA increase the number and length of neurites extended from cultured CNS 

neurons (Dmetrichuk et al., 2006, 2008).  

 There is also evidence that RA exerts chemotropic effects and acts as a guidance 

molecule. Neurite extensions from chick neural tubes (Maden et al., 1998), spinal cord 

explants from the newt (Dmetrichuk et al., 2005) and cultured embryonic spinal cord 

neurons from Xenopus (Rand et al., 2017), display preferential growth towards gradients 

of atRA. This chemotropic effect is well conserved in Lymnaea, as again, both all-trans 

and 9-cis RA elicit chemoattractive responses in regenerating CNS neurons (Dmetrichuk 

et al., 2006, 2008). Nevertheless, retinoid-mediated growth cone turning has only been 

conclusively demonstrated in invertebrate species that also express RARs. For instance, 
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although the locust RXR has been identified, this species lacks an RAR and preliminary 

evidence indicates that locust growth cones are not  responsive to RA (Sukiban et al., 2014). 

In Lymnaea, both RAR (Johnson et al., 2019) and RXR (Carter et al., 2010) agonists can 

induce chemoattractive responses in Lymnaea growth cones, responses that are 

counteracted by complementary RAR/RXR antagonists (Carter et al., 2010, 2015). 

However, the specificity of retinoid receptor agonists in Lymnaea is not clear. For instance, 

there is new evidence to suggest that the synthetic retinoid, EC23, used by Johnson et al. 

(2019) to induce growth cone turning in Lymnaea neurons and previously thought to be a 

selective RAR agonist (based on vertebrate studies), is capable of binding to and activating 

transcription via the LymRXR (de Hoog et al., 2022). Hence, it is uncertain whether the 

effects of RA on neurite outgrowth and axonal pathfinding are mediated by LymRARs 

and/or LymRXRs, or an alternative (though less likely) signaling pathway (discussed 

below). 

 RA also plays an important role in memory and synaptic plasticity in vertebrates. 

In rodents, for example, decreased RA bioavailability is associated with deficits in 

hippocampal-dependent memory (Bonnet et al., 2008; Cocco et al., 2002), whereas 

disruptions to retinoid signaling machinery can lead to interruptions in the underlying 

cellular phenomena of long-term potentiation (LTP) (Jiang et al., 2012; Misner et al., 2001) 

and long-term depression (LTD) (Misner et al., 2001). Abnormal signaling via the various 

isoforms of the retinoid receptors influences behavioral and cellular deficits.  For example, 

knockout of RARβ eliminates LTP and LTD (and also impairs performance in learning and 

spatial memory tasks), whereas knockout of RXRγ eliminates only LTD, but also leads to 

deficits in spatial learning and  memory (Chiang et al., 1998). RA and its receptors are also 
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important for long-term memory formation following operant conditioning of Lymnaea’s 

aerial respiratory behaviour (Rothwell & Spencer, 2014) and classical conditioning of its 

feeding behaviour (unpublished observations). Incubation in either an RALDH inhibitor 

(Rothwell & Spencer, 2014; Wingrove et al., 2023) or a retinoid receptor antagonist 

(Rothwell & Spencer, 2014) prevents long-term memory formation, whereas retinoid 

receptor agonists (Carpenter et al., 2016) promote or enhance long-term memory 

formation.  

 Although it is clear that RA signaling contributes to a subset of analogous functions 

in the nervous systems of distinct evolutionary lineages, whether these functions are the 

result of similar mechanisms is less clear. In terms of producing translatable research on 

retinoid signaling, Lymnaea offers a suitable target of investigation to explore related 

mechanisms, the results of which might yield important insights into the fundamental 

principles involved in this evolutionarily ancient signaling pathway. 

 

Nongenomic Effects of Retinoid Signaling 

 

The basic mechanisms that govern retinoid signaling, specifically with respect to 

the role of RA as a transcriptional regulator, have been called into question in recent years. 

Demonstrations from both vertebrate and invertebrate species have provided evidence for 

a number of nongenomic effects of RA. It is suggested that these pathways might involve 

RA binding directly to other signaling molecules, such as protein kinases (Khatib et al., 

2019; Ochoa et al., 2003; Radominska-Pandya et al., 2000) or cAMP response element 

binding protein (CREB) (Aggarwal et al., 2006), or by binding directly to retinoid receptors 

that mediate signaling outside of the nucleus (N. Chen & Napoli, 2008; Piskunov et al., 

2014). It is also feasible that RA signaling, at times, depends on the involvement of both 
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genomic and nongenomic components. In human neuroblastoma cells (SH-SY5Y), both 

transcriptional activation and non-genomic ERK-1/2 phosphorylation is required to induce 

maximal neurite outgrowth following application of various retinoids (Khatib et al., 2019).  

 In an invertebrate nervous system, RA is capable of exerting its effects on growth 

cone guidance rapidly and independently of gene transcription. For example, RA can 

induce growth cone turning only minutes after its local application to growth cones, a 

response too fast to require gene transcription (Dmetrichuk et al., 2006). Furthermore, RA 

is not only capable of eliciting chemoattractive responses in intact neurites of cultured, 

regenerating Lymnaea neurons (Dmetrichuk et al., 2006, 2008), but also in isolated 

neurites, transected from the cell body (thus with no nucleus) (Farrar et al., 2009). 

Crucially, application of protein synthesis inhibitors abolishes the chemoattractive effects 

of RA on isolated neurites/growth cones. This evidence suggests that a local, nongenomic 

mechanism acting rapidly within the neurite/growth cone, mediates the effects of RA. One 

possibility is the local translation of protein(s) involved in RA-induced chemoattraction. 

Considering that growth cones must sometimes travel long distances from their cell body 

to reach synaptic targets, local translation provides a mechanism for single growth cones 

to act independently from their cell body. Although local translation plays a demonstrable 

role in regulating axonal and dendritic processes within the adult brain (Sasaki, 2020), in 

regenerating neurons there is less direct evidence for local protein synthesis in 

neurites/growth cones. However, in the isolated neurites of regenerating Lymnaea neurons, 

it was determined that local synthesis of actin binding proteins regulated neurite outgrowth 

(Van Kesteren et al., 2006), and there is also evidence that the conopressin receptor 

(Spencer et al., 2000) and egg laying hormone (Van Minnen et al., 1997) can be locally 
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synthesized. Injection of mRNA encoding for the conopressin receptor and egg laying 

hormone (proteins which are not endogenously expressed in some identified Lymnaea 

neurons) into the isolated axons of such neurons, was shown (via immunocytochemistry) 

to lead to expression of both proteins. The presence of miRNAs, which are well established 

translational repressors (Wilczynska & Bushell, 2015), within the regenerating neurites and 

growth cones of Lymnaea motorneurons (Walker et al., 2018), also implies a mechanism 

for the control of local protein synthesis during the regenerative process. In terms of RA-

induced chemoattraction, the retinoid receptors are candidates for the nongenomic pathway 

as: 1. the LymRXR and LymRAR display extra-nuclear localization patterns in the growth 

cones and neurites of regenerating Lymnaea neurons (Carter et al., 2010, 2015); 2. receptor 

agonists  are capable of mimicking the chemoattractive effects of RA (Johnson et al., 2019; 

Nasser, 2017); 3. receptor antagonists inhibit the chemoattractive effects of retinoids 

(Carter et al., 2010, 2015).   

Perhaps one of the most well studied nongenomic retinoid signaling pathways in 

vertebrates is that underlying homeostatic plasticity. RA has been identified as a key 

signaling molecule coordinating homeostatic mechanisms at both excitatory (Aoto et al., 

2008; Sarti et al., 2012; Wang et al., 2011)  and inhibitory synapses (Sarti et al., 2013) 

stabilizing the excitatory / inhibitory balance of circuit activity via a process known as 

synaptic scaling. The mechanisms underlying this effect are dependent on the RAR acting 

as an RNA-binding protein, which represses translation of mGluR1 transcripts (Poon & 

Chen, 2008).  

In Lymnaea, RA is also capable of altering the biophysical properties of identified 

neurons; acute application of RA modulates the firing properties (such as spike broadening, 
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complex spiking and cell silencing) of peptidergic and dopaminergic neurons in a dose- 

and isomer-dependent manner (Vesprini & Spencer, 2014), effects that were, in part, 

attributed to Ca2+ signaling (Vesprini et al., 2015). Although the exact molecular 

mechanisms by which RA exerts its effects are not yet clear, de Hoog et al. (2018) found 

that atRA and the retinoid agonist, EC23, inhibit voltage-gated Ca2+ channels (of the CaV2 

subtype) in Lymnaea neurons. Further, a follow-up study by de Hoog & Spencer (2022) 

found that RA-induced spike broadening and complex spiking is likely mediated by 

enhanced inactivation of delayed rectifier voltage-gated K+ channels. Complex spiking and 

spike broadening extend the depolarization phase of the action potential increasing Ca2+ 

influx through voltage-gated Ca2+ channels. However, as RA has inhibitory effects on CaV2 

but not CaV1 channels, the authors suggest that RA-induced spike broadening and complex 

spiking “fine tunes” calcium influx through specific Ca2+ channel subtypes. These findings 

suggest that retinoid signaling might be important for modulating specific Ca2+ signaling 

pathways underlying synaptic plasticity.  

 RA also influences both the formation and modulation of central synapses of 

Lymnaea neurons (Rothwell et al., 2017) and such effects have been shown at both 

chemical and electrical synapses. Incubation in atRA increases the proportion and strength 

of excitatory chemical synapses formed between Lymnaea neurons cultured in a soma-

soma configuration. At electrical synapses, atRA reduces the synaptic strength of coupling 

in a cell-specific manner over the course of one hour. The rapid time course of these effects 

provides evidence that atRA is acting in a nongenomic manner to modulate certain 

electrical synapses within Lymnaea’s CNS.  
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A Brief History of Electrical Synapses  

 

Deep in the annals of neuroscience exists the historical record of a fervent debate 

over the nature of interneuronal communication. Early 20th century contributions from 

Santiago Ramón y Cajal and Charles Scott Sherrington, established that nervous systems 

were made of discrete elements, neurons, which exchanged information across specialized 

structures, synapses. However, the mechanism by which neurons communicated – via 

chemical or electrical signals – was a point of heated contention, known as The War of 

Soups and Sparks (Valenstein, 2005), and persisted throughout the first half of the 20th 

century. Those who argued in favor of electrical transmission posited that action potentials 

in the presynaptic cell induce passive currents in the postsynaptic cell. Others suggested 

that action potentials in the presynaptic cell cause the liberation of chemicals 

(neurotransmitters) from the presynaptic cell which interact with the postsynaptic cell to 

propagate the signal. 

Early investigations providing exquisite evidence that chemicals were capable of 

driving physiological responses in neurons laid the groundwork for the prevailing view that 

chemical transmission was the sole means of interneuronal communication. This view 

persisted until direct demonstrations of electrical transmission from crayfish giant motor 

neurons. That is, it was shown that the time course of a presynaptic signal mirrored that of 

a postsynaptic response, was bidirectional and voltage-dependent (Furshpan & Potter, 

1959). In subsequent years, evidence for electrical synaptic transmission was confirmed in 

vertebrates, including fish (Bennett et al., 1959), birds (Martin & Pilar, 1963), and 

mammals (Baker & Llinás, 1971).  
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It is now established that both means of synaptic transmission co-exist, providing 

distinct and, at times, overlapping contributions to nervous system functioning. Electrical 

connections are perhaps still under-investigated and under-appreciated, and publication 

records reflect heavy attentional bias towards chemical transmission. This is likely due, in 

part, to the fact that electrical synapses (relative to chemical synapses) account for a distinct 

minority of synapses in mature neural circuits. Nonetheless, the ubiquity of electrical 

synapses in metazoan nervous systems underscores the importance of future research 

aiming to decipher the role of these seemingly “simple” structures in fundamental neural 

processes. 

 

The Structure of Electrical Synapses 

 

Early anatomical investigations using electron microscopy identified peculiar 

structural connections between apposed cells, which are now known as gap junctions. 

Through electrophysiological and electron microscopic analysis, it became apparent that 

gap junctions provided the structural basis for electrical transmission in vertebrates and 

invertebrates (Hanna et al., 1978; Peracchia, 1973). Morphologically, gap junctions can be 

readily identified. The spacing between adjacent cells connected by a gap junction (3-4 

nm) is considerably narrower than other membrane interfaces (Hormuzdi et al., 2004). The 

size of the gap across a chemical synaptic cleft is ~20-40 nm, while the gap between 

apposed neurons in non-synaptic regions is closer to ~20 nm.  

Gap junctions represent an aggregated cluster of either hundreds or thousands of 

intercellular channels (Skerrett & Williams, 2017). Individual gap junction channels 

consist of a multimeric protein ensemble composed of two separate hemichannels, one 

present in each cell. Alignment of two hemichannels produces a pore directly connecting 
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the cytoplasm of the two cells. The individual protein subunits that make up hemichannels, 

connexins (Cxs) in vertebrates and innexins (Inxs) in invertebrates, are derived from 

evolutionarily distinct protein families (Beyer & Berthoud, 2018; Welzel & Schuster, 

2022). Although innexins and connexins bear little resemblance in terms of their primary 

amino acid sequences, they are topologically similar, and carry out similar functions across 

both lineages (Beyer & Berthoud, 2018). Connexin and innexin proteins contain four 

transmembrane domains, with cytosolic facing C- and N- termini (Fig. 3A) (Sánchez et al., 

2019). The quaternary structure of connexins and innexins are also strikingly similar to one 

another. In vertebrates, 6 connexin subunits combine to form a connexon-based 

hemichannel, while in invertebrates 6-8 innexin subunits are thought to combine and 

constitute innexon-based hemichannels (Fig. 3B). Connexon- and innexon-based 

hemichannels can be derived from either a homomeric (same) or heteromeric (variable) 

assembly of connexin/innexin subunits respectively (Fig. 3B). Further, cells can combine 

two identical hemichannels (each with the same subunit composition) to form a homotypic 

channel or combine two different hemichannels (each with a different subunit composition) 

to form a heterotypic channel (Figure 3B). The capacity to “mix and match” at these 

different levels provides a diverse set of gap junction channel isoforms to mediate a myriad 

of functional capacities. A third protein family, known as pannexins, shares considerable 

sequence homology to innexins, and is also found in vertebrates. Although overexpression 

of pannexins can lead to the formation of intercellular channels (Vanden Abeele et al., 

2006), under normal conditions it is assumed that pannexin-based channels only form 

hemichannels (due to glycosylation of their extracellular domains) (Boassa et al., 2007; 

Penuela et al., 2007; Sosinsky et al., 2011). 
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Innexin- and connexin-encoding genes have been identified in a large number of 

phyla, including Arthropoda (Calkins et al., 2015; Ganfornina et al., 1999; Stebbings et al., 

2002), Annelida (Kandarian et al., 2012; Potenza et al., 2003), Nematoda (Starich et al., 

2001), Mollusca (Mersman et al., 2020; Sadamoto et al., 2021) and Chordata (White et al., 

2004). The number of connexin and innexin-encoding genes varies across distinct lineages. 

The human genome encodes for 21 connexin genes and the mouse for 20 (Söhl & Willecke, 

2004). In contrast, the genomes of the fruit fly, Drosophila melanogaster (Arthropoda) 

(Stebbings et al., 2002), the medicinal leech, Hirudo verdana (Annelida) (Kandarian et al., 

2012), Caenorhabditis elegans (Nematoda) (Starich et al., 2001), and Limax valentianus 

(Mollusca) (Sadamoto et al., 2021) encode for 8, 21, 25, and 12 distinct innexin-encoding 

genes, respectively. In Lymnaea, at least 10 innexin-encoding genes have been identified 

(Mersman et al., 2020; Sadamoto et al., 2021).  

Both connexins and innexins display tissue- and cell-dependent expression 

patterns. For instance, in the human brain Cx36 is widely expressed in neurons, whereas 

expression of other connexin isoforms is upregulated in glial cells, such as astrocytes 

(Cx26, Cx30, and Cx43) and oligodendrocytes (Cx29, Cx32, Cx47) (Connors & Long, 

2004). In Lymnaea, 8 innexin paralogs display heterogenic expression across various 

tissues (buccal mass, foot, albumin gland, penis and CNS). The most thoroughly 

characterized innexin isoform, Lymnaea innexin 1 (Lst Inx-1), is most highly expressed in 

the CNS (Mersman et al., 2020). Transcriptome data from Lymnaea’s CNS also suggests 

the presence of 2 other innexin paralogs, though their presence and relative expression in 

other tissues is currently unknown (Sadamoto et al., 2021). 
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Figure 3. General structure of gap junctions.  A) Transmembrane topology of connexin 

and innexin proteins. Connexins and innexins both contain four transmembrane regions 

with cytosolic facing C- and N-termini. Connexins and innexins contain three and two 

cysteine (C) residues (which participate in tethering connected hemichannels) in their 

extracellular loops, respectively. Panel A modified from Sánchez et al., (2019). B) 

Formation of connexon / innexon hemichannels can be constituted by the same 

(homomeric) or different (heteromeric) protein subunits (top). Vertebrate connexon 

hemichannels are composed of six connexins and invertebrate innexon hemichannels can 

be derived from 6-8 innexin subunits. Combination of two hemichannels (one from each 

cell) leads to the formation of a functional gap junction channel (bottom). Arrangement of 

homomeric or heteromeric hemichannels from each cell can produce variable gap junction 

channel types with different functional properties. Panel B modified from Meriney & 

Fanselow (2019). 
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Role of Electrical Synapses in the CNS 

 

The presence of electrical synapses in neural circuitry plays a critical role in 

network functions such as lateral excitation (DeVries et al., 2002), oscillatory activity 

(Hormuzdi et al., 2001), coincidence detection (Galarreta & Hestrin, 2001) and 

synchronicity (Bennett & Zukin, 2004; Perez Velazquez & Carlen, 2000). In a historical 

sense, electrical synapses in certain neural populations have been most commonly linked 

to synchronizing network activity (Bennett, 1966; Llinas et al., 1974; Watanabe, 1958). 

That is, either the currents underlying synaptic potentials and/or action potentials can pass 

into electrically coupled neighboring cells, thereby influencing their activity in a 

concomitant fashion. The ability for suprathreshold (Galarreta & Hestrin, 2002; Gibson et 

al., 1999; Landisman et al., 2002) and subthreshold voltage changes (Beierlein et al., 2000; 

Benardo & Foster, 1986; Christie et al., 1989) to promote synchronicity has been detailed 

across various vertebrate and invertebrate nervous systems. Synchronicity is particularly 

important for producing the patterned oscillatory output of central pattern generating 

(CPG) networks, which control rhythmic motor behaviors such as respiration (Rekling et 

al., 2000), feeding (Susswein et al., 2002) and locomotion (Sakurai & Katz, 2016). In 

general, such CPG-based networks rely on the presence of gap junctions to synchronize 

the activity of interneurons (and even motorneurons) necessary to produce these rhythmic 

behaviors. In crustaceans, gap junctions underlie the synchronized activity in 

stomatogastric ganglion neurons and cardiac motorneurons critical for maintaining the 

rhythmic contractile output of gastric and heart muscles, respectively (See review: 

(Otopalik et al., 2019)). Similarly, electrical coupling is thought to be key for producing 

the synchronicity observed in the locomotor circuitry of vertebrates (Hinckley & Ziskind-
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Conhaim, 2006) and invertebrates (Kristan & Calabrese, 1976). Locomotion in Lymnaea 

is partly controlled by the activity of a large cluster of electrically coupled Pedal A (PeA) 

motorneurons, which innervate the cilia of the foot (Syed & Winlow, 1989). However, 

whether these PeA neurons may be altered by intrinsic and/or extrinsic factors, and the 

functional outcome of such changes, has yet to be determined.  

 

Properties of Electrical Synapses 

 

 A key physical feature of gap junction channels is the size of the pore, as it is the 

limiting factor determining the type of molecules that can be transmitted through a channel. 

The two main ways of characterizing the type of molecules which can pass through gap 

junctions are the atomic mass of the molecule and the size of the pore itself. It is estimated 

that molecules < 1000 Da can generally be transmitted through a channel pore, whereas the 

actual size of a channel pore is estimated to be 10-20 Å in diameter (Hormuzdi et al., 2004). 

The variant protein subunits that constitute gap junctions influence the size of the channel 

pore, and thus the type of molecules that can pass through a particular gap junction (Beblo 

& Veenstra, 1997; Gong & Nicholson, 2001; Veenstra, 2001; H. Z. Wang & Veenstra, 

1997). Inorganic molecules, such as Na+, K+, Ca2+ and Cl- ions are estimated to be 22-40 

Da, and even when hydrated the estimated diameters of these ions are only 3-5 Å. Thus, 

the size of channel pores does not limit the flow of these inorganic ions (carrying current) 

across gap junctions. In addition to the inorganic molecules, the size of a channel pore also 

permits the flow of many important signaling molecules, including cAMP (Lawrence et 

al., 1978), ATP (Lohman & Isakson, 2014), and inositol 1,4,5-trisphosphate (IP3) (Sáez et 

al., 1989) to name a few. The type of molecules able to flow across gap junctions carry 
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important functional consequences, insofar as cells connected via a gap junction can 

transmit chemical (second messengers) and electrical signals (ions).  

 The ability for ions to freely flow across gap junctions represents a low resistance 

pathway for the direct flow of electrical current between cells. In contrast to chemical 

synapses, which require the probabilistic release of an intermediate messenger 

(neurotransmitters) to mediate intercellular communication, the mechanism for 

transmission across electrical synapses is both rapid and analog (i.e. continuously variable). 

In other words, in cells connected via an electrical synapse, changes in the membrane 

potential of a pre-synaptic cell directly influence the membrane potential of the 

postsynaptic cell without the need for an intermediate messenger (as is this case in chemical 

synapses). Gap junctions are analogous to simple ohmic resistors, where current (I) flow is 

derived from the membrane voltage (V) between coupled cells and the resistance (R) of 

the gap junction. As stated by Ohm’s Law: 

 

𝑉 =  
𝐼

𝑅
 

 

Due to this property, current transmission across gap junctions is often 

bidirectional; yet, current flow across the junction is not always equal in magnitude in each 

direction. Gap junctions are classified as non-rectifying (passing ionic current equally well 

in both directions) or rectifying (passing current preferentially or exclusively in one 

direction). Non-rectifying channels are generally homotypic, whereas rectifying channels 

are heterotypic (Marder, 2009). Nonetheless, the occurrence of action potentials or changes 
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in membrane potential in any cell within a coupled pair, translates into a complementary 

potential in the coupled cell (albeit reduced in size).  

In an experimental setting, the strength of an electrical synapse between two 

neurons is often investigated by simultaneously recording from two electrically coupled 

cells (Fig. 4A). In this paradigm, a voltage change is induced by delivering a 

hyperpolarizing current step in the pre-synaptic cell, which in turn induces the potential (or 

coupling potential) in the post-synaptic cell.  Quantification of the strength of electrical 

coupling between two neurons is commonly defined as the coupling coefficient (CC), 

which is measured by taking the ratio of the voltage change in the post-synaptic cell 

(generally smaller in size) to that of the voltage change in the pre-synaptic cell: 

 

𝐶𝐶 =  
𝑉𝑃𝑜𝑠𝑡

𝑉𝑃𝑟𝑒
 

 

The coupling coefficient varies between 0 and 1, where increased values correspond 

to an increased strength of an electrical synapse. Quantification of a voltage change in two 

electrically coupled cells is taken at the point where the voltage change in both cells reaches 

a steady state (Fig. 4B). Two cells connected via an electrical synapse can be represented 

by an equivalent electrical circuit (Fig. 4C), wherein Rj represents the junctional resistance, 

and R1 (pre-synaptic cell) and R2 (post-synaptic cell) the membrane resistance of the 

coupled cells. In this instance, current injected into one cell can travel along two parallel 

pathways towards ground, either through R1 or Rj and R2, consequently, inducing a voltage 

change in both the presynaptic and postsynaptic cell. Yet, as Rj and R2 are connected in 

series they represent a voltage divider: a passive linear circuit that produces an output 
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voltage that is a fraction of the input voltage. The input voltage is divided across two 

components proportionally depending on their respective resistance. The relationship 

between an input voltage and output voltage in a voltage divider is represented by the 

following equation: 

 

 𝑉𝑃𝑜𝑠𝑡 = 𝑉𝑃𝑟𝑒 ∗  
𝑅2

𝑅2 + 𝑅𝑗
 

From this equation: 

 

𝑉𝑃𝑜𝑠𝑡

𝑉𝑃𝑟𝑒
=  

𝑅2

𝑅2 + 𝑅𝑗
, 𝑖𝑓  𝐶𝐶 =  

𝑉𝑃𝑜𝑠𝑡

𝑉𝑃𝑟𝑒
, 𝑡ℎ𝑒𝑛 𝐶𝐶 =  

𝑅2

𝑅2 + 𝑅𝑗
  

 

From this relationship it is evident that the coupling coefficient is dependent not 

only on the junctional resistance (Rj) but also the membrane resistance (R2) of the 

postsynaptic cell. As such, factors which control either junctional conductance or 

membrane resistance can dynamically alter the strength of electrical synapses.  
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Figure 4. Detecting and measuring electrical synapses. A) Dual channel intracellular 

recordings from a soma-soma electrical synapse. Injection of hyperpolarizing current (I) in 

cell 1 is transferred to cell 2 through gap junctions. B) Voltage changes in the membrane 

potential of cell 1 (V1) induced by a hyperpolarizing current step, produces a sign-

conserving, attenuated voltage change in cell 2. The coupling coefficient is a measure of 

the ratio of voltage change in cell 2 to cell 1 and is typically calculated when the voltage 

change reaches a steady state (as indicated by the red line in the diagram). This coefficient 

reflects the strength of the electrical coupling between the cells, with a higher coefficient 

indicating stronger coupling. C, left) The diagram shows the equivalent circuit for a pair 

of coupled cells during current injection (I) into cell 1 (small arrows denote direction of 

current flow). The circuit includes the membrane resistance (cell 1, R1 and cell 2, R2) and 

the junctional resistance (Rj) of the gap junctions connecting cell 1 to cell 2 (or vice versa). 

C, right) The circuit also represents a voltage divider, with the junctional resistance (Rj) 

connected in series to the membrane resistance of the postsynaptic cell (R2). The input 

voltage is the membrane voltage change in the presynaptic cell (cell 1, V1), and the output 

voltage of the divider is the membrane voltage change in the postsynaptic cell (cell 2, V2). 

Figure taken and modified from Curti & O’Brien (2016) 
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Modulation of Electrical Synapses 

 

The perceived structural simplicity of electrical synapses (relative to chemical 

synapses) was another reason that led many researchers to posit a limited potential for 

plasticity at electrical synapses (Pereda, 2014). However, it is now clear that protein dense 

matrices made up of scaffolding and modulatory proteins associated with the gap junctions 

resemble, in terms of complexity, the pre- and post-synaptic densities that populate 

chemical synapses (Martin et al., 2020). Nonetheless, this misconception likely served as 

another factor biasing research efforts away from electrical transmission and towards 

chemical transmission. It is now well documented, however, that synaptic efficacy at 

electrical synapses is highly dynamic and sensitive to both preceding activity and chemical 

action. Moreover, plasticity at gap junctions is intricately linked to their interactions with 

multimeric protein assembles affecting trafficking, docking, cell adhesion, scaffolding, and 

post-translational modifications (Hervé et al., 2004; Lynn et al., 2012; Miller & Pereda, 

2017). Changes in gap junctions can vary over a wide range of timescales, milliseconds to 

days, involving different mechanisms at different time points. Although changes in the 

single channel conductance or channel gating (open versus closed states) enable rapid 

modulation, factors influencing the number or type of channels being expressed (via 

biochemical signaling pathways which affect protein synthesis, assembly, trafficking, post-

translational modifications and/or proteolysis) provide a slower means of regulation. The 

mechanisms responsible for changes across different timeframes are not mutually 

exclusive. For instance, phosphorylation can influence both single channel conductance as 

well as protein trafficking and proteolysis (Goodenough & Paul, 2009). One such 

phosphorylating enzyme, protein kinase C (PKC) is thought to regulate electrical synapse 
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communication in vertebrates (Pogoda et al., 2016) and invertebrates (Beekharry et al., 

2018). 

  An increasing number of neuromodulators such as dopamine (Zhang & McMahon, 

2000), serotonin (Rörig & Sutor, 1996) and glutamate (Wang et al., 2012) have been 

identified as neuromodulators of electrical synapses. Of particular interest to my 

investigation is RA, which has now been shown to affect electrical coupling in Bass (fish) 

retinal horizontal cells (Zhang & McMahon, 2000), and more recently, identified Lymnaea 

central neurons (Rothwell et al., 2017). The latter study was the first instance showing the 

capacity of RA to modulate electrical coupling in central neurons of an invertebrate. Yet, 

this previous report did not seek to examine the mechanisms underlying this modulation. 

As such the mechanisms by which RA exerts its effects on electrical coupling are not yet 

known. Thus, it is my overall goal to further characterize the modulatory effects of RA on 

electrical synapses by combining pharmacological agents and intracellular recording 

techniques. As investigations on the extrinsic and intrinsic factors that influence electrical 

synapses (especially in invertebrate species) are limited, a more comprehensive description 

of RA’s action on electrical synapses is warranted. These investigations will also be useful 

in further characterizing the nongenomic roles of RA signaling.   
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Chapter 2: Methodology 
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Animals 

 

All animals were bred and raised in a temperature-controlled (21C) laboratory 

environment and kept within well aerated housing tanks filled with dechlorinated water. A 

12:12 h dark:light schedule was maintained to mimic their natural habitat. Lymnaea’s diet 

consisted of romaine lettuce, NutraFin Max Spirulina fish food and carrots. Only animals 

that were 16-22 mm in length (>10 weeks of age) were used for these studies. 

 

Cell Culture 

 

Dissection of Lymnaea’s CNS was performed under sterile conditions. Lymnaea 

were anesthetized by submersion (1 min) in Lymnaea saline containing 25% Listerine 

(containing menthol; 0.042% w/v). Anesthetized animals were then placed into a dissection 

dish filled with antibiotic saline (ABS) [normal Lymnaea saline containing 225 ug/mL 

gentamicin (Sigma-Aldrich, St. Louis, MO)] and their CNS dissected and placed into a 

sterile plastic culture dish. Three five-minute washes in ABS were performed to remove 

residual contaminants from the dissection procedure. CNS were then exposed to a trypsin 

treatment (2mg/mL) in defined medium (DM; 50% Leibovitz’s L-15 Medium; 

ThermoFisher Scientific, Waltham, MA) for 18-20 minutes at room temperature. One 10-

minute incubation in a trypsin inhibitor (2 mg/mL in DM; Sigma-Aldrich) was then used 

to inactivate trypsin. Subsequently, in a sterile dissection dish containing high-osmolarity 

DM, CNS were pinned out to remove the outer and inner sheath encapsulating the PeA 

neurons. Individual PeA neurons were isolated from the pedal ganglia using fire polished 

pipettes (coated in Sigma-cote [Sigma-Aldrich] to reduce cell adhesion), by gentle 

application of negative pressure via a Gilmont microsyringe. Cells were cultured in 

collagen-coated 35 mm glass bottom dishes (MatTex Corp.) filled with 3 mL of DM. 
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Individual PeA neurons were isolated and plated in pairs in a soma-soma configuration 

(making direct physical contact) to promote electrical synaptogenesis. Following plating, 

cells were kept in the dark at room temperature for at least 40 hours (unless otherwise 

stated). 

 

Chemicals 

 

All-trans and 9-cis RA (Sigma-Aldrich) were dissolved in 100% EtOH.  The RAR 

agonist EC23 (Tocris Bioscience), and RXR agonists PA024 (provided by Dr. H. 

Kagechika [University of Tokyo, Japan]) and SR11237 (Tocris Bioscience) were dissolved 

in 100% DMSO. The RAR pan-antagonist LE540 (Tocris Bioscience), RXR pan-

antagonist HX531 (Tocris Bioscience) were dissolved in 100% DMSO. The protein kinase 

C inhibitors, Gö6976 (Sigma-Aldrich) and H7 (Sigma-Aldrich), were also dissolved in 

100% DMSO (Lacchini et al., 2006; Van Soest et al., 2000). Anisomycin (Sigma-Aldrich), 

a well-established translational inhibitor, was prepared in sterile distilled water (Feng et 

al., 1997). All chemicals were prepared to a final stock concentration of 100 mM. All 

further dilutions were carried out in DM (50 % Leibovitz‟s L-15 medium, Gibco) to the 

desired bath concentration ranging from 1 to 50 µM (noted in each experiment). All stock 

solutions of atRA were made fresh (daily) prior to each experiment. 

 

Electrophysiology 

 

Dual intracellular sharp electrode recordings were made from PeA-PeA pairs to 

detect the presence or absence of electrical synapses. Upon cell entry, hyperpolarizing 

current steps were delivered to test for electrical coupling between PeA-PeA pairs. At least 

5-10 minutes between cell entry and the onset of any experiment enabled cells to recover 
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from cell injury and to minimize fluctuations in the RMP or input resistance. Prior to 

experiments, hyperpolarizing current steps sufficient to produce ~50 mV deflections were 

used to standardize recording parameters across all conditions. Reasons for omitting PeA-

PeA pairs from analysis included: (1) ‘weak’ baseline coupling coefficients (< 0.15) in the 

acute modulation experiments; (2) RMPs (< -30mV); (3) loss of seal; (4) blebbing of cell 

membrane. All intracellular recording were made using glass electrodes (40-80 MΩ) pulled 

by a Sutter Instrument electrode puller (Model P-1000; Sutter Instrument, CA, USA) and 

backfilled with saturated K2SO4. Signal amplifications were made with a dual channel 

intracellular recording amplifier (NeuroData IR283A; Cygnus 113 Technology Inc.). A 

Powerlab 4sp digitizer (AD Instruments) synched with Chart v4.2.4 software (AD 

Instruments) was used for acquisition and subsequent storage/analysis of all 

electrophysiological data.  

 

Acute and Long-Term Experiments 

 

The experiments performed in this study were designed to test the effects of 

retinoids on PeA electrical synapses over two differing times scales. The first series of 

experiments aimed to characterize acute retinoid-mediated modulation of electrical 

synapses over 1-2 h recording durations. The second series of experiments aimed to 

characterize the long-term (48 h) effects of retinoid signaling on the formation of electrical 

synapses.  For all acute modulation experiments, bi-directional coupling coefficients were 

separately calculated three times and then averaged for each cell pair at any given time 

point (i.e. at the time of  [T0] and 60-minutes following [T60] the addition of any drug 

treatment, unless otherwise stated). Electrical coupling was also monitored at 10-minute 

intervals across all recordings. Notably, as electrical coupling between PeA-PeA pairs 
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often exhibited rectification, the baseline bi-directional coupling coefficients calculated for 

each cell in a pair were categorized as either high or low coupling (discussed in detail 

within results section). This step was taken to standardize all comparisons between 

experimental and control conditions and to assess whether any of the drug treatments 

mediated an effect on electrical coupling that was a function of the basal (or initial) synaptic 

strength. All statistical analyses were performed using GraphPad Prism. All data are 

represented as mean ± SEM. 

To test the acute effects of retinoids, PeA-PeA pairs were incubated in DM for a 

minimum of 40 h prior to recordings (unless otherwise stated). After this time, and 

following the start of electrophysiological recordings retinoids were applied to the bathing 

media to produce the desired bath concentration: atRA (10 or 5 µM), 9-cis RA (10 µM). 

Similar pharmacological concentrations of RA have been previously used to study the 

effects of retinoid signaling in both Lymnaea (de Hoog et al., 2018; Rothwell et al., 2017; 

Vesprini & Spencer, 2014 ) and vertebrates (Zhang & McMahon, 2000). The final bath 

concentration of the vehicle control (EtOH) was 0.1 or 0.05%. Electrical coupling was 

monitored for 60 minutes (unless otherwise stated). Mixed factor ANOVAs (with repeated 

measures), with drug treatment as the fixed factor and time as the repeated measures factor, 

were used to compare and analyze electrical coupling over time (unless otherwise stated). 

A Sidak post hoc test was performed when a significant interaction or main effect at a 

significance level of P < 0.05 occurred. 

The acute modulation experiments also utilized various pharmacological agonists 

and antagonists to identify potential intermediate messengers involved in the RA-mediated 

reduction in electrical coupling. PeA-PeA pairs were exposed to either 0.1% DMSO  
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(vehicle control), an RXR agonist (either SR11237 or PA024) or the RAR agonist (EC23) 

to determine whether these retinoid receptor agonists could mimic the effects of RA. 

Retinoid receptor antagonists (RXR: HX531; RAR: LE540) or protein kinase C inhibitors 

(Gö6976 and H7) were utilized to determine whether these antagonists were capable of 

counteracting retinoid-mediated effects on electrical coupling. Prior to the addition of 

atRA, PeA-PeA pairs were pre-incubated in antagonists for 1 h. For both agonist and 

antagonist experiments, data were analyzed as a % change in average coupling coefficient 

between T0 and T60. A one-way ANOVA was used to compare % change in average 

coupling coefficient across conditions and a Sidak post hoc test utilized if the significance 

level reached P < 0.05. 

In the long-term experiments to examine the effects of retinoids on synapse 

formation, in cases where electrical synapses formed (discussed in detail below), bi-

directional coupling coefficients were again measured three times and averaged for each 

pair once at the completion of a 10-minute recording. For this series of experiments, PeA-

PeA pairs were cultured in DM for 40 h prior to recording and retinoids were added at the 

time of cell plating. Retinoids used, included atRA (either 10 or 5 µM) or 9-cis RA (10 

µM), whereas EtOH (0.1% or 0.05%) was added as the vehicle control. Only PeA-PeA 

pairs making direct soma-soma physical contacts were recorded and included in analysis. 

Photographs of each PeA-PeA pair included in the analysis were captured with a Retiga 

EXi Fast 1394 CCD digital camera (Quantitative Imaging Corp.).  

To determine whether electrical synapse formation differed following each drug 

treatment, the proportion of PeA-PeA pairs which exhibited electrical coupling was 

calculated and analyzed using a Fishers Exact test. Comparison of the average coupling 
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coefficients between retinoid treatments and controls were conducted using unpaired t-

tests. Due to drug availability, all-trans and 9-cis RA experiments were carried out many 

months apart, and thus were analyzed separately with their own control data, using 

unpaired t-tests.  
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Chapter 3: Results 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

     

 

34 

All-trans Retinoic Acid Reduces Electrical Coupling Between PeA Neurons 

 

The first goal of this study was to characterize the effects of RA on soma-soma 

electrical synapses formed between PeA motorneurons. There is preliminary evidence that 

RA rapidly (over 1 h) reduces electrical coupling between in vitro cultured PeA-PeA pairs 

(Rothwell et al., 2017). Yet, this previous report only provided an analysis of this effect 

using one isomer (atRA), one concentration (10 µM) and one culture duration (24 h). Thus, 

the first series of experiments aimed to expand the analysis of RA’s acute uncoupling effect 

on PeA neurons.    

Dual intracellular sharp electrode recordings were used to establish that co-cultured 

PeA-PeA pairs exhibited bidirectional electrical coupling (Fig. 5A). Subsequently, atRA 

(5 or 10 µM), 9-cis-RA (10 µM), or EtOH as the vehicle control (0.1% or 0.05%) was 

added to the bath. Measurements of bidirectional coupling coefficients were then made at 

10-minute intervals over a 1 h recording period (unless otherwise stated). PeA-PeA pairs 

often exhibited rectification, wherein the ratio of the voltage change (i.e. coupling 

coefficient) produced by hyperpolarizing current injection into either cell within a PeA-

PeA pair, was not equal in magnitude in both directions. Thus, the two cells within a PeA-

PeA pair were classified as either “PeA-1” or “PeA-2” following the measurement of 

bidirectional coupling coefficients. The “pre-synaptic” cell within a PeA-PeA pair that 

exhibited the higher baseline coupling coefficient (before drug treatment) was defined as 

“PeA-1”, conversely, the cell that exhibited the lower baseline coupling coefficient was 

defined as “PeA-2“. In this manner, the labelling of cells within a PeA-PeA pair as PeA-1 

or PeA-2, corresponds to a post hoc classification used in this report and does not represent 

the identity of any specific cell-type within the PeA cluster proper (Fig. 5B). This 
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classification was conducted to assess whether retinoid treatments differentially altered the 

two coupling coefficients within a cell pair, based on their initial strength of coupling. As 

such, separate mixed factor ANOVAs were used to analyze the strength of coupling in a 

PeA-PeA pair in the high and low coupling directions. 

As the previous investigation from Rothwell et al. (2017) only characterized atRA’s 

effect on electrical coupling in PeA-PeA pairs following a 24 h incubation, it was first 

determined whether RA’s effect on electrical coupling was dependent on culture duration. 

Electrical synapse formation is a multistep process that requires the coordinated 

recruitment of not only the innexin/connexin proteins that constitute the channels 

themselves, but other adapter, scaffolding and modulatory proteins (Martin et al., 2020). 

Yet, when and how these proteins are recruited into a developing electrical synapse is not 

well understood. Thus, RA’s modulatory capacity may be dependent on the presence of, 

and action on (either directly or indirectly), specific protein effectors which are integrated 

at specific temporal stages during synapse formation.  

For this initial investigation, PeA-PeA pairs were cultured for either 24 h or 48 h 

prior to recording and 10 µM atRA application. A repeated-measures design (mixed factor 

ANOVA) was used to determine whether any atRA-induced change in coupling resulted 

from an interaction between culture duration (i.e. whether PeA-PeA cells were cultured for 

24 h or 48 h; between-subjects factor) and time exposed to RA (i.e. T0  = at the time of 

atRA application and T60  = 1 h after atRA application; within-subjects factor).  

Separate mixed factor ANOVAs revealed that the atRA-induced change in 

electrical coupling did not result from an interaction between culture duration and exposure 

time to RA in either the high (F(1, 16) = 0.018, P = 0.894) or low (F(1, 16) = 0.540, P = 0.473) 
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coupling directions. For the high coupling direction, exposure to RA (F(1, 16) = 35.93, P < 

0.001) but not culture duration (F(1, 16) = 0.103, P = 0.752) had a significant effect on PeA 

coupling. Post hoc analysis indicated that application of atRA significantly reduced 

electrical coupling (from T0 to T60) between PeA-PeA pairs cultured for both 24 h (n = 8; 

P = 0.002) and 48 h (n = 10; P < 0.001; Fig 5C). Similarly, in the low coupling direction, 

only exposure to RA (F(1, 16) = 20.36, P < 0.001) and not culture duration (F(1, 16) = 0.022, 

P = 0.884) had a significant effect on PeA coupling. Post hoc analysis confirmed that atRA 

significantly reduced electrical coupling (from T0 to T60) for PeA-PeA pairs cultured for 

both 24 h (n = 8; P = 0.006) and 48 h (n = 10; P = 0.024; Fig 5D). Thus, the acute effect of 

atRA on electrical coupling between PeA-PeA cell pairs was independent of culture 

duration. 

With the caveat that only synapses with a minimum of 15% coupling coefficient 

were used for these studies, the initial strength of coupling of these cell pairs did not vary 

as a function of culture duration in either the high or low coupling direction. However, as 

preliminary data suggested that more PeA-PeA pairs tended to form electrical synapses if 

cultured for 48 h rather than 24 h, a 48 h culture duration was used as the standard culture 

time for all subsequent studies.  
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Figure 5.  atRA’s effect on electrical coupling is independent of culture duration.  (A) 

Representative photo of in vitro cultured PeA neurons in a soma-soma configuration (Scale 

bar = 50 µm). (B) Schematic illustrating rectification of bidirectional electrical coupling 

between a PeA-PeA pair. In PeA-PeA cell pairs, the cell exhibiting a high coupling 

coefficient is defined as PeA-1 (red), while the cell exhibiting a low coupling coefficient 

is defined as PeA-2 (blue). (C,D) Acute application of atRA (10 µM) reduces the average 

coupling coefficient of PeA-PeA pairs cultured for 24 h and 48 h in high (C) and low (D) 

coupling directions. Measurements of coupling coefficient were taken at the time of drug 

application (T0) and 1 h later (T60). Significance indicates post hoc analysis (T60 vs. T0; 

*P < 0.05, **P < 0.01, ***P < 0.001). All data are shown as mean and SEM. 

 

Isomer-Selective Effect of Retinoic Acid on Electrical Coupling 

 

I next investigated the acute effects of two isomers, atRA and 9-cis RA, on PeA 

coupling, as prior evidence suggests that different isomers of RA can exert divergent effects 

on retinoid signaling (Hellemans et al., 1999; Lovat et al., 1999; Redfern et al., 1995). 
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Along with atRA, 9-cis-RA has been localized to the Lymnaea CNS (Dmetrichuk et al., 

2008), and both isomers can exert rapid, but divergent effects on the electrical properties 

of Lymnaea neurons (de Hoog et al., 2018; Vesprini & Spencer, 2014). Thus, it was the 

goal here to determine whether the two RA isomers produced similar or different effects 

on PeA coupling. To ensure that the uncoupling effect of RA between PeA-PeA pairs was 

not caused by the vehicle (EtOH), its effect on coupling was also examined. A repeated-

measures design (mixed factor ANOVA) was employed to assess whether acute exposure 

(over 1 h) to 0.1% EtOH, 10 µM atRA, or 10 µM 9-cis RA (between-subjects factor 

denoted as “drug treatment”) affected the average coupling coefficient measured at T0 

(time of drug application) and T60 (1 h post drug application; within-subjects factor 

denoted as “time”). Similar to the previous analysis, bidirectional coupling coefficients 

were categorized into high and low coupling groups and subjected to separate analysis.  

In the high coupling direction, a main effect of time was obviated by a significant 

interaction of time and drug treatment (F(2,27) = 7.686, P = 0.002; Fig. 6A,B). PeA-PeA 

pairs exposed to the vehicle 0.1% EtOH (n = 10) exhibited no change in coupling from T0 

(0.61 ± 0.05) to T60 (0.56 ± 0.04; P = 0.722; Fig. 6B,C). In contrast, bath application of 

10 µM atRA (n = 10) led to a reduction in electrical coupling from T0 (0.63 ± 0.05) to T60 

(0.30 ± 0.07; P < 0.001; Fig. 6B,D). Acute exposure to 10 µM 9-cis RA (n = 10) did not 

however alter electrical coupling from T0 (0.64 ± 0.06) to T60 (0.56 ± 0.06; P = 0.447; 

Fig. 6B,E). 
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Figure 6. atRA but not 9-cis RA reduces electrical coupling between PeA neurons in 

the high coupling direction. Electrical coupling of PeA motorneurons was measured 

following acute exposure (1 h) to EtOH, atRA, or 9-cis RA. (A) Schematic of bidirectional 

coupling between PeA-PeA cell pair. Only data from the high coupling direction grouping 

is shown. (B) Summary graph of average coupling coefficients from PeA-PeA pairs at T0 

and 1 h (T60) after drug treatment with either 0.1% EtOH, 10 µM atRA, or 10 µM 9-cis-

RA. Only bath application of atRA significantly (P < 0.05) reduces electrical coupling from 

T0 to T60. (C,D,E; Top) Raw electrophysiological recordings of PeA-1 (red) and PeA-2 

(blue); downward arrow indicates injection of hyperpolarizing current (I inj.) into PeA-1. 

(Bottom). Average change in coupling coefficient is shown in black, with individual cells 

(n = 10 for each condition) depicted by different colored lines. Post hoc significance level 

(T0 vs. T60, ***P < 0.001; T60 [EtOH] vs. T60 [atRA], ††P < 0.01).  All data represent 

mean ± SEM. 
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Rectification at electrical synapses is thought to result from the presence of 

heterotypic gap junction channels (Marder, 2009), and so the rectification between PeA-

PeA pairs is likely due to the expression of heterotypic channels. Hence, the RA-mediated 

reduction in electrical coupling might be dependent on RA’s action on specific innexin 

isoforms which constitute gap junction channels between PeA neurons. A separate analysis 

of RA’s effect on electrical coupling was thus performed in the low coupling direction. 

 I found that RA’s effect on electrical coupling in the low coupling direction was 

similar to that of its effects in the high coupling direction. A mixed factor ANOVA, again, 

revealed that the main effect of time was obviated by a significant interaction of time and 

drug treatment (F(2,27) = 4.896, P = 0.015) in the low coupling direction (Fig. 7A,B). No 

reduction in electrical coupling was observed in the PeA-PeA pairs exposed to 0.1% EtOH 

from T0 (0.44 ± 0.06) to T60 (0.47 ± 0.07; P = 0.819; Fig. 7B,C). However, a reduction in 

electrical coupling was observed in 10 µM atRA-incubated cells from T0 (0.40 ± 0.04) to 

T60 (0.26 ± 0.06; P = 0.004; Fig. 7B,D). Again, acute exposure to 10 µM 9-cis-RA failed 

to induce a change in electrical coupling from T0 (0.43 ± 0.06) to T60 (0.40 ± 0.06; P = 

0.924; Fig. 7B,E).  

In summary, these findings suggest that (1) the two RA isomers exhibit differential 

effects on electrical coupling (atRA but not 9-cis RA rapidly reduces coupling) in PeA 

neurons and (2) atRA’s effect on electrical coupling is bidirectional, occurring in both high 

and low coupling directions.  
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Figure 7. atRA, but not 9-cis RA reduces electrical coupling in the low coupling 

direction. Electrical coupling between PeA-PeA pairs after acute exposure (1 h) to either 

0.1% EtOH, 10 µM atRA, or 10 µM 9-cis-RA. (A) Cartoon diagram of PeA-PeA pairs 

indicating that data shown represents coupling coefficients measured in the low coupling 

direction. (B) Summary graph of average coupling coefficients from PeA-PeA pairs across 

each condition both at the time of (T0) and 1 h (T60) after drug treatment. Only acute 

exposure to atRA significantly reduces electrical coupling from T0 to T60. (C,D,E; Top) 

Representative traces of electrical coupling depicting PeA-1 (red) and PeA-2 (blue); 

downward arrow indicates hyperpolarizing current (I inj.) injected into PeA-2. (Below) 

Average change in coupling coefficient (black lines) and individual cells (colored lines). 

Post hoc significance level (T0 vs. T60, **P < 0.01; and T60 [EtOH] vs. T60 [atRA], †P 

< 0.05). All data represent mean ± SEM. 
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Concentration-Dependent Effects of all-trans RA on Electrical Coupling 

 

Next, I sought to determine whether lower concentrations of atRA could also 

rapidly modulate electrical coupling between PeA-PeA pairs. Given that acute application 

of 9-cis-RA did not produce a significant reduction in electrical coupling at higher 

concentrations (10 µM) only lower concentrations (5 µM) of atRA were tested. Initial 

testing suggested that treatment with 5 µM atRA did not appear to alter coupling over a 1 

h recording period (data not shown), and it was hypothesized that a lower concentration of 

atRA might take longer to affect electrical coupling. Therefore, the recording time was 

increased from 1 h to 2 h for this experiment.  

A mixed factor ANOVA revealed a significant main effect of time (F(2,32) = 7.506, 

P = 0.002) but not drug treatment (F(1,16) = 1.080, P = 0.314) in the high coupling direction. 

Post hoc analysis revealed that 5 µM atRA (n = 9) reduced electrical coupling relative to 

baseline (T0; 0.62 ± 0.04) at both the 1 h (0.50 ± 0.03, P = 0.024) and 2 h timepoints (0.47 

± 0.05, P = 0.004; Fig. 8Ai,iii). In contrast, vehicle-treated (0.05% EtOH) PeA-PeA pairs 

(n = 9) exhibited no significant reduction in electrical coupling relative to baseline (T0: 

0.50 ± 0.06) either at the 1 h (T60: 0.43 ± 0.07, P = 0.288) or 2 h timepoint (T120: 0.42 ± 

0.07, P = 0.157; Fig. 8Aii,iii).  

A mixed factor ANOVA also revealed a significant main effect of time (F(2,32) = 

9.408, P < 0.001), but not drug treatment (F(1,16) = 0.027, P = 0.869) in the low coupling 

direction. Exposure to 5 µM atRA again reduced coupling in PeA-PeA pairs relative to 

baseline (T0: 0.50 ± 0.05) at both the 1 h (T60: 0.38 ± 0.05, P = 0.007) and 2 h timepoints 

(T120: 0.33 ± 0.05, P < 0.001; Fig. 8Bi,iii). In contrast, no difference in coupling was 

observed in the vehicle-treated (0.05% EtOH) PeA-PeA pairs relative to baseline (T0: 0.42 
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± 0.07) after either 1 h (T60: 0.39 ± 0.07, P = 0.680) or 2 h (T120: 0.36 ± 0.08, P = 0.210; 

Fig 8Bii,iii).  

Taken together, these data suggest that RA’s effect on electrical coupling is 

concentration-dependent, as the reduction in electrical coupling was most prominent at the 

higher concentration of atRA tested. 
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Figure 8.  atRA’s effect on electrical coupling also occurs at lower concentrations. 

Individual (colored lines) and average (black lines) coupling coefficients from PeA-PeA 

pairs. Coupling measurements at three timepoints at the time of (T0), 1 h (T60) and 2 h 

(T120) after addition of 5 µM atRA (Ai, Bi) or 0.05 % EtOH (Aii, Bii) in the high (left) 

and low (right) coupling directions. Summary graphs depicting a direct comparison of 

coupling for atRA and EtOH treatment conditions in the high (Aiii) and low (Biii) coupling 

directions. Post hoc significance level (T0 vs. T60 or T120; *P < 0.05, **P < 0.01, ***P 

< 0.001). All data represent mean ± SEM. 
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All-trans Retinoic Acid’s Uncoupling Effect is Independent of Protein Synthesis  

 

It is estimated that the half-life of innexon/connexon hemichannel proteins within 

gap junction plaques is ~1-6 h (Curtin et al., 2002; Falk et al., 2014). The constant turnover 

of individual gap junction proteins within a gap junction plaque is also thought to be 

important for maintaining homeostasis and provides a mechanism to alter gap junction 

function. Insertion of new gap junction proteins (connexins/innexins) or gap junction-

associated proteins (such as modulatory and scaffolding proteins), into a gap junction 

plaque could dynamically alter the strength of an electrical synapse. The rapid time course 

of RA’s uncoupling effect suggests that it is controlled via a nongenomic mechanism, and 

prior evidence shows that some nongenomic effects of RA in Lymnaea neurons require 

protein synthesis (Farrar et al., 2009). Thus, it is important to determine whether RA’s 

uncoupling effect is dependent on a signaling pathway involving (1) the synthesis of new 

proteins and/or (2) extant proteins.       

 To test whether the RA-mediated reduction in electrical coupling between PeA 

neurons involves protein synthesis, PeA-PeA pairs (n = 9) were pre-incubated in the 

translational inhibitor, anisomycin (50 µM), for 1 h and then exposed to 10 µM atRA for 1 

h. To ensure that anisomycin itself did not induce uncoupling, these experiments involved 

a 2 h recording period where coupling coefficients were calculated at the time of 

application of anisomycin (-T60), 1 h after the addition of anisomycin, but at the time of  

addition of atRA (T0), and 1 h after the addition of atRA (T60).  

A one-way repeated-measures ANOVA design was employed to compare the 

average coupling coefficient measured across the three timepoints. There was a difference 

in the coupling coefficients measured over the 2 h recording period in both the high (F(2,16) 
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= 29.57, P < 0.0001) and low (F(2,16) = 16.80, P = 0.0001) coupling directions. Post hoc 

analysis indicated that in both the high and low coupling directions, coupling was only 

reduced following the addition of 10 µM atRA. In the high coupling direction, the average 

coupling coefficient was not significantly changed (P = 0.88) from -T60 (0.56 ± 0.04) to 

T0 (0.54 ± 0.06) indicating that anisomycin alone had no effect on coupling, but was 

reduced (P < 0.0001) from T0 to T60 (0.32 ± 0.06; Fig. 9A) suggesting that atRA still 

reduced coupling in the presence of anisomycin. Similarly, in the low coupling direction 

the average coupling coefficient did not differ (P = 0.30) from -T60 (0.43 ± 0.05) to T0 

(0.37 ± 0.05) in the presence of anisomycin alone, but again, was reduced (P = 0.002) from 

T0 to T60 (0.20 ± 0.05; Fig. 9B) in the presence of atRA.  

Together these data suggest that anisomycin does not, by itself, reduce electrical 

coupling and that the RA-mediated reduction in electrical coupling is not dependent on 

protein synthesis. This implies that if the retinoid signaling pathway mediating a reduction 

in electrical coupling involves downstream protein effectors, it likely does so via 

interaction(s) with the existing pool of translated proteins.    
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Figure 9. atRA-mediated reduction in electrical coupling involves a mechanism that 

is independent of protein synthesis. The data show electrical coupling between PeA-PeA 

pairs over a 2 h recording period. Average coupling coefficient of PeA-PeA pairs in the 

presence of 50 µM anisomycin alone (-T60 to T0) and co-incubation with 10 µM atRA (T0 

to T60). A significant reduction in electrical coupling occurs only after the addition of atRA 

in both the high (A) and low (B) coupling directions. Changes in the coupling coefficients 

for individual cell pairs (colored lines) with combined averages (black lines) superimposed 

on the same graph. Error bars denote SEM. Post hoc significance level (T0 vs. T60; **P < 

0.01, ****P < 0.0001) 
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The Uncoupling Effect of All-trans RA is Independent of PKC and Retinoid Receptors 

 

Given the results demonstrating that atRA’s uncoupling effect is likely independent 

of protein synthesis, the next step was to examine candidate proteins that have either (1) 

shown to be involved in the modulation of electrical synapses and/or (2) shown to be 

downstream effectors of RA. If activation of certain target proteins were required for RA’s 

uncoupling effect, then pre-incubation in antagonists of these target proteins 1 h prior to 

recording should prevent or reduce RA-mediated effects. To directly compare the changes 

in coupling produced by atRA in the presence or absence of various inhibitors, all 

subsequent data (for acute modulation experiments) are presented as the proportional (%) 

change in average coupling coefficient from T0 to T60 and compared to the effects of atRA 

alone. As previous data showed no differences in RA-mediated effects based on initial 

coupling strength, only coupling in the high coupling direction is shown in subsequent 

sections examining the acute effects of retinoids. 

Two classes of proteins were targeted with antagonists: PKC and the retinoid 

receptors, RAR and RXR.  PKC is a known modulator of electrical coupling in both 

vertebrates (Pogoda et al., 2016) and invertebrates (Beekharry et al., 2018), and has also 

been implicated in the nongenomic effects of RA, and contains a binding site for RA 

(Ochoa et al., 2003; Radominska-Pandya et al., 2000). Two separate membrane-permeable 

PKC inhibitors, H7 (10 µM) and Gö6976 (10 µM), were used to inhibit PKC (based on 

previous studies demonstrating the effective use of these compounds in Lymnaea neurons 

(Lacchini et al., 2006; Van Soest et al., 2000)). The second targets for these antagonist 

experiments were the retinoid receptors, LymRAR and LymRXR. RA can activate retinoid 

receptors which mediate nongenomic signaling outside the nucleus (N. Chen & Napoli, 
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2008; Piskunov et al., 2014), suggesting that the signaling pathway leading to the reduction 

in coupling might be mediated by activation of the receptors themselves. The RAR pan 

antagonist, LE540 (1 µM), and the RXR pan-antagonist, HX531 (1 µM), were chosen, 

based on their ability to block the effects of retinoids in Lymnaea (Carter et al., 2010, 2015).  

A one-way ANOVA revealed that the proportional change in coupling (relative to 

baseline [T0]) produced by 10 µM atRA did not differ across treatment groups (F(4,45) = 

2.041, P = 0.10). AtRA still induced a change in coupling in the presence of Gö6976 (-

38.57 ± 10.66 %; n =10) and H7 (-36.94 ± 7.12 %; n = 10) that did not differ from atRA 

alone (-46.07 ± 9.50 %; n = 11; Fig 10A,B). Thus, acute exposure to atRA continued to 

significantly reduce coupling between PeA neurons in the presence of the PKC inhibitors. 

Additionally, the proportional change in coupling following bath application of atRA was 

not different from that produced by atRA in the presence of either the RAR pan-antagonist, 

LE540 ( -68.34 ± 6.49 %; n = 9; Fig. 10 A,B), or the RXR pan-antagonist, HX531 (-35.79 

± 10.45 %; n = 10; Fig 10A,B). These observations suggest that atRA’s acute effect on 

electrical coupling in PeA-PeA pairs might involve a mechanism that is independent of the 

retinoid receptors.  

At 10 µM, the retinoid receptor antagonists are toxic and this was the primary 

rationale for the application of a lower concentration of (1 µM). Thus, as equimolar 

concentrations of atRA and retinoid receptor antagonists were not employed in this 

analysis, it could be argued that insufficient receptor blockade obfuscated any potential 

nongenomic role of the receptors. Nonetheless, these antagonist experiments suggest that 

signaling via either of the retinoid receptors or PKC is not likely involved in the RA-

mediated reduction in coupling between PeA neurons. 
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Figure 10.  atRA-mediated uncoupling is independent of PKC or retinoid receptors. 

Measurements of electrical coupling between PeA-PeA pairs pre-incubated in antagonists 

1 h prior to addition of 10 µM atRA. The data show a proportional (%) change in the 

average coupling coefficient from T0 to T60 for each treatment condition. (A)  A one-way 

ANOVA found no significant difference (P = 0.10) in the proportional change in average 

coupling coefficient across treatment groups (left to right): 10 µM atRA alone (control: in 

the presence of DMSO), or  10 µM atRA in the presence of PKC inhibitors Gö6976 (10 

µM)  and H7 (10 µM), the RXR antagonist HX531 (1 µM) or the RAR antagonist LE540 

(1 µM). (B) Raw electrophysiological traces showing electrical coupling from 10 µM 

atRA-treated PeA-PeA pairs in the presence of H7, LE540 and HX531 (left to right) 

indicating a failure to block the effects of atRA over 1 h. Error bars show SEM. Numbers 

in brackets indicate N values.  
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The Synthetic Retinoid EC23 Mimics all-trans RA-Induced Uncoupling 

 

To address the possibility that the concentration of the antagonists used in the 

previous experiments were insufficient to counteract the effects of 10 µM atRA, it was next 

determined whether pharmacological activation of the retinoid receptors could mimic the 

effects of atRA. Cells were exposed to various RXR or RAR agonists (previously shown 

to mimic the physiological effects of RA (Carter et al., 2010; Johnson et al., 2019; Nasser, 

2017). The proportional (%) change in the coupling coefficients over 1 h, following 

application of the retinoid receptor agonists were compared to those produced by 

application of the vehicle 0.1% DMSO (n = 10) and 10 µM atRA alone (n = 11).  

A one-way ANOVA found that the proportional change in coupling differed among 

drug treatments (F(5,55) = 5.840, P = 0.0002). Post hoc analysis revealed a significant 

difference in the proportional change in coupling for PeA-PeA pairs incubated in 10 µM 

atRA (-46.07 ± 9.5 %, P = 0.003) compared with 0.1% DMSO (-3.35 ± 3.53 %), indicating 

that application of the vehicle did not significantly alter coupling over 1 h (Fig. 11A,B). 

The addition of two RXR agonists, PA024 (1 µM) and SR11237 (10 µM), had no effect on 

electrical coupling, as the coupling coefficient was not significantly reduced after 

application of either RXR agonist. The change in coupling produced by atRA alone was 

greater than that produced by the RXR agonists, PA024 (-13.56 ± 4.62 %, P = 0.04) or 

SR11237 (-12.43 ± 6.68 %, P = 0.03; Fig. 11A,B), which did not differ from that produced 

by the vehicle (P > 0.05) alone. 

The RAR pan-agonist EC23 (1 µM) mimicked the uncoupling effect of atRA (10 

µM) on PeA cell pairs. The proportional change in electrical coupling induced by EC23 (-

46.42 ± 10.23 %) was not different from that produced by atRA (P > 0.99) but was 
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significantly greater than that produced by DMSO alone (P = 0.004). These data indicate 

that EC23 reduced electrical coupling between PeA neurons (Fig. 11A,B). In contrast to 

the previous results with the RAR antagonist, these results suggest a putative role for the 

LymRAR receptor in mediating the RA-induced reduction of coupling between PeA cell 

pairs. To address this inconsistency, PeA-PeA pairs were pre-incubated (for 1 h) in an 

RXR/RAR antagonist cocktail containing both retinoid receptor antagonists, HX531 (1 

M) and LE540 (1 M), and their coupling coefficients were then measured over 1 h 

following bath application of EC23 (1 M). Both retinoid receptor antagonists were 

utilized in this experiment, because although EC23 is thought to be a selective RAR agonist 

in vertebrates there is evidence that it also binds to the LymRXR (de Hoog et al., 2022). 

Yet, in the presence of this retinoid receptor antagonist cocktail, EC23 still induced a 

reduction in electrical coupling between PeA neurons. The proportional change produced 

by EC23 in cells pre-incubated in the HX531/LE540 antagonist cocktail (-37.64 ± 9.59 %) 

did not differ from that produced by EC23 alone (P = 0.96) or atRA (P = 0.97), but was 

different from that produced by DMSO (P = 0.03; Fig. 11A).  

In summary, the RAR agonist, EC23, was capable of mimicking the uncoupling 

effect of atRA, though the retinoid receptor antagonists were ineffective at preventing the 

effects of either atRA or EC23.  
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Figure 11. atRA-induced uncoupling is mimicked by an RAR pan-agonist. (A) Data 

show the proportional (%) change in average coupling coefficient between PeA-PeA pairs 

following acute exposure to atRA (10 µM), vehicle control (DMSO 0.1%), RAR agonist 

(1 µM EC23) and RXR agonists (1 µM PA024 and 10 µM SR11237). The RAR agonist, 

EC23, but not the RXR agonists, PA024 and SR11237, mimic the uncoupling effect of 

atRA. A retinoid receptor antagonist cocktail, containing 1 µM HX531 and 1 µM LE540, 

failed to block the uncoupling effect of 1 µM EC23. Error bars indicate SEM. Significance 

level of Sidak post hoc comparisons (*P < 0.05; ** P < 0.01). (B) Raw electrophysiological 

traces of PeA-PeA electrical coupling following acute exposure (T0 to T60) to vehicle 

(DMSO), RXR agonists (PA024 and SR11237) or RAR agonist (EC23). Downward arrows 

represent injection of hyperpolarizing current (I-inj) into PeA-1.  
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Retinoids Inhibit the Formation of Electrical Synapses 

 

 Having shown the acute effects of atRA on electrical synapses it was next 

determined whether retinoids could affect the formation of electrical synapses. AtRA and 

9-cis RA were shown to affect the formation of gap junctions in nonneuronal tissues such 

as human prostate cancer cells (Kelsey et al., 2012), though there are no reports 

demonstrating this capacity in neurons (either in invertebrates or vertebrates). Immediately 

after cell plating, retinoids were applied. Specifically, PeA-PeA pairs were incubated in 

atRA (10 M or 5 M), 9-cis RA (10 M) or vehicle (EtOH: 0.1% or 0.05%). The 

proportion of cells that formed electrical synapses was assessed after 48 h.  

AtRA, in a dose-dependent manner, reduced the number of cells which formed 

electrical synapses (Fig 12A). Although fewer cell pairs exhibited electrical coupling 

following incubation in 5 µM atRA (82.7 %; 24 out of 29) relative to those incubated in 

the vehicle 0.05% EtOH (93.1 %; 27 out of 29) this difference was not significant (P = 

0.42; Fig. 12Bi). In contrast, following 10 M atRA incubation, significantly fewer (P = 

0.008) PeA-PeA pairs (68%; 17 out of 25) exhibited electrical coupling compared to PeA-

PeA pairs incubated in 0.1% EtOH (96.4%; 27 out of 28; Fig. 12Bii).  

Despite having no acute effect on coupling, 9-cis RA affected the formation of 

electrical synapses. After a 48 h incubation in 9-cis RA, the proportion of PeA-PeA pairs 

that formed electrical synapses was reduced, compared to vehicle controls (P < 0.05). After 

long-term exposure to 10 M 9-cis RA, there was a reduction in the number of PeA-PeA 

pairs that formed electrical synapses (76.4 %; 26 out of 34), compared to pairs incubated 

in the vehicle (0.1% EtOH; 96.4 %; 27 out of 28) (Fig. 12Biii).  
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RA is known to affect the electrical properties of Lymnaea neurons, so to rule out 

the possibility that cell pairs incubated for 48 h might be electrically compromised their 

resting membrane potentials (RMPs) were also examined. Separate comparison of the 

RMPs from cell pairs incubated in either RA or their respective vehicle controls, revealed 

no significant differences across conditions. The average RMP from cells incubated in 5 

µM atRA (n = 58; -57.04 ± 1.56 mV) was not different from those incubated in 0.05% 

EtOH (n = 54; -54.93 ± 1.39 mV; P = 0.31; Fig 12Ci). No significant differences between 

the average RMP of cells incubated in the vehicle 0.1% EtOH (n = 50; -55.87 ± 1.87 mV) 

or 10 µM atRA (n = 50; -58.23 ± 2.07 mV; P = 0.89) were observed (Fig. 12Cii). Finally, 

the average RMP of cells incubated in 10 µM 9-cis RA (n = 68; -51.21 ± 1.49 mV) was 

also not different from the cells incubated in 0.1% EtOH (n = 58; -50.51 ± 1.62 mV; P = 

0.74; Fig. 12Ciii). Together, these data suggest that the reduced electrical synaptogenesis 

following long-term retinoid exposure was not attributable to the electrical integrity of the 

cultured cells.  
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Figure 12. Long-term (48 h) exposure to atRA inhibits PeA-PeA electrical synapse 

formation. (A) Representative images and electrophysiological traces of PeA-PeA pairs 

after long-term exposure to 0.1% EtOH and 10 M atRA.  Representative examples show 

presence of electrical synapses (ES) formed following incubation in EtOH (left) and atRA 

(center), as well as the absence of an electrical synapse following incubation in atRA 

(right). (B) The proportion of PeA-PeA pairs in which electrical synapses formed in the 

presence of retinoids (either 5 M atRA, 10 M atRA or 10 M 9-cis RA) or their 

complementary concentration of vehicle (0.05% or 0.1% EtOH). Long-term exposure to 

10 M atRA (P < 0.01) and 10 M 9-cis RA (P < 0.05) significantly reduces the proportion 

of cells which form electrical synapses. (C) Long-term retinoid exposure does not affect 

the baseline RMP of PeA neurons (mean ± SEM). The data include pooled RMPs from 

PeA-PeA pairs both with (black) and without (red) electrical synapses. *P < 0.05, ** P < 

0.01. 
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Long-Term Retinoid Exposure Reduces Synaptic Strength of Electrical Synapses 

 

As the type of innexins/connexins that constitute electrical synapses influence 

junctional conductance, factors which control the expression of different 

innexins/connexins can affect coupling strength (Oyamada et al., 2005). Thus, if RA 

signaling alters the expression of innexin(s) proteins constituting electrical synapses, 

changes in the coupling strength of PeA-PeA pairs might reflect RA’s action on certain 

innexin isoforms. 

The influence of long-term retinoid exposure on the relative strength of synapses 

formed between PeA-PeA pairs was next assessed. Long-term exposure (48 h) to retinoids 

affected the average synaptic strength of electrically coupled PeA-PeA pairs. Akin to the 

last series of experiments examining the acute effects of retinoids, bidirectional coupling 

coefficients from each PeA-PeA pair were classified into high or low coupling groupings 

based on their initial strength. Despite 5 µM atRA having no significant effect on the 

proportion of cells exhibiting electrical coupling it did, however, reduce baseline synaptic 

strength in those cells which formed electrical synapses. The average coupling coefficient 

measured in the high coupling direction for cells incubated in 5 µM atRA (n = 24; 0.40 ± 

0.04) was reduced (P = 0.02) relative to cells incubated in the vehicle, 0.05% EtOH (n = 

27; 0.56 ± 0.05; Fig. 13). The average coupling coefficient of cell pairs incubated in the 

higher concentration of 10 µM atRA (n =17; 0.34 ± 0.04) was also reduced (P = 0.006) 

compared to PeA-PeA pairs incubated in 0.1 % EtOH (n = 27; 0.55 ± 0.05) in the high 

coupling direction (Fig. 13). Although 9-cis-RA had no acute effect on electrical coupling 

between PeA-PeA pairs, long-term exposure to this isomer did affect baseline synaptic 

strength in the high coupling direction. The average coupling coefficient of PeA-PeA pairs 
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was reduced (P = 0.004) following long-term incubation in 10 µM 9-cis-RA (n = 26; 0.46 

± 0.04) relative to pairs in 0.1% EtOH (n = 27; 0.66 ± 0.04; Fig. 13).  

Taken together, these results suggest that long-term exposure to RA affects the 

coupling strength of cultured PeA neurons in a dose-dependent and isomer-independent 

manner. 

  

 

 

Figure 13. Long-term exposure to RA reduces synaptic strength of PeA-PeA pairs in 

the high-coupling direction. Incubation (48 h) in retinoids reduces baseline synaptic 

strength relative to vehicle (EtOH) controls. 5 M (A) and 10 M (B) concentrations of 

atRA, as well as 10 M 9-cis RA (C) significantly (P < 0.05) reduces the coupling 

coefficient of PeA-PeA pairs in the high coupling direction; *P = 0.05, **P = 0.01. All 

data represent mean and SEM. 

 

 

 

 

 

 

 

 



 

     

 

59 

Likewise, in the low coupling direction, the average coupling coefficient of PeA-

PeA pairs incubated in 5 µM atRA (n = 24; 0.30 ± 0.03) was significantly reduced (P = 

0.04) relative to pairs incubated in 0.05% EtOH (n = 27; 0.43 ± 0.05; Fig. 14A). Again, the 

average coupling coefficients of PeA-PeA pairs incubated in the higher concentration of 

10 µM atRA (n = 17; 0.22 ± 0.03) were also reduced compared to pairs incubated in 0.1 % 

EtOH (n = 27; 0.41 ± 0.05; Fig. 14B) (P = 0.008). Finally, the average coupling coefficient 

for PeA-PeA pairs incubated in 10 µM 9-cis-RA (n =26; 0.33 ± 0.04) was reduced relative 

to vehicle 0.1% EtOH-incubated pairs (n = 27; 0.50 ± 0.04; Fig. 14C) (P = 0.01). 

These data indicate that, regardless of initial classification (high vs. low coupling), 

the coupling coefficients were reduced for all retinoid-incubation conditions (relative to 

their respective controls). 

 

 

Figure 14. Long-term exposure to RA reduces synaptic strength of PeA-PeA pairs in 

the low coupling direction. Separate analysis in the low coupling direction shows that 48 

h incubation in retinoids from the time of culture, reduces PeA coupling. Incubation in 5 

M (A) and 10 µM atRA (B) or 10 µM 9-cis RA (C) significantly reduce the average 

coupling coefficient compared to their respective vehicle controls (0.05 and 0.1% EtOH). 

Data represent mean and SEM. *P < 0.05 and **P < 0.01. 
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Long-term Retinoid Exposure Induces Capping Effect on PeA Coupling 

Finally, I performed a pooled analysis of bidirectional coupling coefficients 

measured from PeA-PeA pairs across each of the six conditions. As expected, unpaired t-

tests found that the strength of coupling was significantly reduced (P < 0.05) across each 

retinoid condition, relative to their respective control (Fig. 15). However, further 

examination of these pooled datasets also highlighted an apparent “capping” effect. In 

EtOH-incubated cell pairs ~ 1/3 of the measured coupling coefficients were > 0.60 CC 

(0.05% EtOH: 21 out of 56; 0.1% EtOH [atRA control]: 21 out of 54; 0.1% EtOH [9-cis 

RA control]: 30 out of 52). In contrast, the proportion of atRA-incubated cell pairs 

exhibiting coupling coefficients > 0.60 was significantly reduced in 5 µM atRA (8 out of 

48; P = 0.02), 10 M atRA (0 out of 34; P < 0.0001) and 10 M 9-cis-RA (13 out of 52; P 

= 0.001).   

In summary, these data suggest that in PeA-PeA pairs that formed an electrical 

synapse after long-term retinoid exposure, the proportion of cells that exhibited coupling 

coefficients greater than 0.60 was significantly reduced. 
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Figure 15. Long-term exposure (48 h) to RA reduces synaptic strength of PeA-PeA 

pairs (pooled directions). Bi-directional coupling coefficients from each PeA-PeA pair 

across retinoid treatment conditions. Pooled high (black) and low (grey) baseline coupling 

coefficients. Separate unpaired t-tests found that the average coupling coefficient across 

conditions was significantly reduced following exposure to 5 µM (**P < 0.01), 10 µM 

atRA (***P < 0.001), and 10 µM 9-cis RA (***P < 0.01). Dashed red line represents 

coupling coefficient threshold (0.60) used to determine the proportion of cells exhibiting 

an average coupling coefficient > 0.60; this was significantly reduced in all retinoid-

incubated PeA-PeA pairs (relative to EtOH-treated cells). Data represent mean and SEM. 
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Chapter 4: Discussion 
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The concept that behavioral changes indicative of learning and memory are the 

result of plasticity within the neural circuits driving those behaviors, is a cornerstone of 

modern neurobiology. In contrast to chemical synapses, the contributions of electrical 

synapses in shaping cognitive processes (such as learning and memory), have largely been 

ignored, despite evidence of their involvement. In mice, intraperitoneal injection of gap 

junctional blockers prior to classical fear conditioning disrupts context-dependent fear 

learning, memory and extinction (Bissiere et al., 2011). Deficits in spatial learning in the 

Morris Water Maze were observed in rats exposed to gap junctional blockers 

(Hosseinzadeh et al., 2005), and deletion of Cx36, the most highly expressed neuronal 

connexin in rats, also impairs spatial learning and memory (Frisch et al., 2005). In 

invertebrates, knockdown of innexins, Inx5 and Inx7, which participate in the formation of 

heterotypic gap junction channels in the mushroom body of the Drosophila brain, impairs 

memory formation (Wu et al., 2011). These studies provide evidence that any reductions 

in electrical synapses can lead to deficits in learning and memory. Moreover, electrical 

synapses exhibit a capacity for plasticity induced by network activity or post-translational 

modifications. For instance, high-frequency stimulation can potentiate electrical synapses 

in fish Mauther neurons (Haas et al., 2016; Pereda & Faber, 1996; Yang et al., 1990) and 

phosphorylation of gap junction channels or gap junction-associated proteins can modulate 

channel conductance (Moreno & Lau, 2007). Akin to chemical transmission, such changes 

in electrical transmission likely dynamically shape interneuronal transmission and network 

activity underlying learning and memory. Thus, although there is a link between electrical 

synapses and learning and memory, exactly how electrical synapses contribute to these 

cognitive processes has yet to be resolved. In part, this is likely due to our poor 
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understanding of electrical synapses and how they are regulated. Broadly speaking, 

electrical synapses are thought to be under the influence of two main forms of regulation: 

the activity of the circuit they are localized to and the action of neuromodulators. Thus, 

basic research into the intrinsic and extrinsic factors which influence plasticity at electrical 

synapses is a necessary step to bring about a more comprehensive understanding of not 

only their role in basic cellular processes but also higher-order cognitive processes.  

As electrical synapses are found within all metazoan nervous systems, accounting 

for ~20 % of all synapses in mature neural circuits (Connors & Long, 2004; Lasseigne et 

al., 2021; Martin et al., 2020), the findings of this report contribute to the basic 

understanding of these ubiquitous biological structures. Herein, I provide novel evidence 

for the role of retinoids in the formation and modulation of invertebrate electrical synapses. 

Specifically, I demonstrate that long-term retinoid exposure inhibits electrical 

synaptogenesis (and results in subsequent reduced synaptic strength), and that acute 

exposure to retinoids rapidly reduces electrical coupling between the central neurons of the 

pond snail, Lymnaea stagnalis. 

 

Acute Effects of Retinoids on Electrical Synapses 

 

 Following acute exposure (1 h) to atRA, electrical coupling between PeA neurons 

is significantly reduced. Similarly, in Bass retinal horizontal cells, atRA also rapidly (< 30 

min) induces an uncoupling effect (Zhang & McMahon, 2000). There is also some indirect 

evidence that atRA inhibits electrical coupling in the rat CNS. Specifically, gap junction 

communication is linked to the spread of seizures, as gap junction blockers (carboxolene) 

prevent seizure activity, while gap junction openers (trimethylamine) potentiate it (Gajda 

et al., 2003, 2006; Jahromi et al., 2002). Injection of atRA into the basolateral amygdala of 
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rats rapidly (within 15 mins) mimics the anti-seizure effect of carboxelene and prevents the 

proconvulsant effect of trimethylamine (Sayyah et al., 2007). The authors propose that 

atRA’s anti-seizure effect is possibly related to inhibiting electrical coupling within a large 

network of neurons in the basolateral amygdala. The rapid nature of these effects suggests 

that they are likely mediated by a nongenomic mechanism.  

RA is traditionally thought to drive its effects via activation of the nuclear retinoid 

receptors (RARs/RXRs), which control the transcription of a number of genes (Mey & 

McCaffery, 2004; Tanoury et al., 2013). The importance of ancillary, nongenomic 

mechanisms cannot be understated, however. There are examples demonstrating that RA 

can directly activate other enzymes (Khatib et al., 2019; Ochoa et al., 2003; Radominska-

Pandya et al., 2000), or that it can bind to and activate non-nuclear retinoid receptors, which 

direct signaling outside the nucleus (Poon & Chen, 2008; Thapliyal et al., 2022). These 

findings extend the “reach” of the RA signaling pathway to outside of the nucleus. 

Genomic signaling proper is restricted to the nucleus and requires time (hours) for gene 

transcription to occur. In contrast, nongenomic RA signaling can occur throughout the cell, 

wherever effectors are localized, and is generally faster (can occur in the order of minutes). 

This ability (of RA) to elicit both genomic and nongenomic mechanisms, undoubtably 

contributes to the wide variety of cellular processes regulated by retinoids. One interesting 

example of nongenomic retinoid signaling is the role of non-nuclear RARα in the synaptic 

dendrites of rat hippocampal neurons, where it can function as a RNA-binding protein, 

repressing translation of glutamate receptor (GluR1) mRNA (Poon & Chen, 2008). Once 

bound by RA, RARα disassociates from GluR1 mRNA allowing for translation of this 
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receptor. This example illustrates that in addition to being able to control transcriptional 

activity, retinoid signaling can also regulate translational activity. 

In this study, application of the protein synthesis inhibitor, anisomycin, did not 

influence atRA’s ability to reduce electrical coupling between PeA cell pairs, indicating 

that atRA’s acute uncoupling effect is likely independent of translational activity. 

Likewise, atRA mediates a number of rapid electrophysiological effects in Lymnaea 

neurons that cannot be blocked by inhibiting protein synthesis (Vesprini et al., 2015). These 

include the capacity for atRA to rapidly (< 1 h) induce atypical firing patterns, influence 

action potential shape/duration and induce cell silencing (Vesprini & Spencer, 2014), as 

well as reduce [Ca2+]i (< 15 mins) (Vesprini et al., 2015). In contrast, incubation in 

anisomycin prevents RA-mediated chemoattraction in intact and transected neurites 

(isolated from the cell body), suggesting its nongenomic effects on growth cone guidance 

are regulated by protein synthesis (Farrar et al., 2009). Thus, it is clear that cellular 

processes affected by nongenomic retinoid signaling in Lymnaea neurons involve distinct 

underlying mechanisms. 

 In Lymnaea neurons, both the LymRAR and LymRXR have been localized  only to 

non-nuclear compartments, such as the cytoplasm,  neurites/growth cones and the plasma 

membrane  (Carter et al., 2010, 2015). These observations indicate that Lymnaea’s retinoid 

receptors likely mediate certain neuronal processes requiring nongenomic retinoid 

signaling. However, my data indicate that the acute effect of atRA on electrical coupling 

appears independent of the extra-nuclear activation of the retinoid receptors, as neither the 

vertebrate RAR (LE540) nor RXR (HX531) pan-antagonists prevented the rapid RA-

induced uncoupling effect. HX531 and LE540 inhibit the chemoattractive effects of atRA 
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on regenerating Lymnaea neurons (Carter et al., 2010; Rand, 2012), yet receptor 

antagonism, again, has produced mixed results in terms of its ability to block some of the 

electrophysiological effects of atRA. Neither HX531 nor LE540, prevent atRA-induced 

cell silencing or [Ca2+]I reductions, but HX531 does partially inhibit atRA-induced atypical 

firing (Vesprini et al., 2015; Vesprini & Spencer, 2014).  Moreover, these two antagonists, 

alone, produce rapid voltage-dependent inhibition of voltage-gated Ca2+ channels (a 

process that dynamically shapes synaptic release), albeit via separate mechanisms. 

Although HX531 is purported to affect Ca2 channels independently of G protein activation, 

LE540, requires a G protein-dependent mechanism (de Hoog et al., 2019). Thus, akin to 

nongenomic retinoid signaling in vertebrates, activation of extra-nuclear retinoid receptors 

likely mediates different cellular/molecular processes in Lymnaea neurons.  

 The synthetic retinoid, EC23, a vertebrate RAR pan-agonist mimicked the 

uncoupling effect of atRA in this study, but curiously, its effects could also not be blocked 

by RXR/RAR receptor antagonism. These findings also suggest that the RA-induced 

uncoupling in PeA neurons does not involve retinoid receptor activation. Of note, the 

previous account (in Bass retinal horizontal cells) demonstrating that selective RARβ 

(CD2314) and RARγ (CD666) agonists, mimicked the uncoupling effect of atRA, 

concluded that an extracellular RARβ/γ-like binding site was likely responsible for gating 

gap junctions (Zhang & McMahon, 2000). However, as the authors did not determine 

whether RAR antagonists could block these retinoid-induced uncoupling effects, it is 

uncertain whether this effect is mediated by activation of extra-nuclear RARs or some other 

substrate with an RAR-like binding site. Hence, it is possible that the retinoid-induced 
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uncoupling observed in my study, is also driven via a mechanism that is dependent on the 

activation of a substrate with an RAR-like binding site (Zhang & McMahon, 2000).  

It is also possible that the antagonist concentrations used in my study were 

insufficient to block the effects of either 10 M atRA or 1 M EC23. Although much less 

is known about LE540 compared to HX531, whether either act as competitive or 

noncompetitive antagonists for their respective receptors is not clear from the literature. 

Specifically, HX531, the most widely used RXR antagonist in vivo, is thought to inhibit 

the activation of RAR/RXR heterodimers and/or RXR homodimers (Ebisawa et al., 1999; 

Kanayasu-Toyoda et al., 2005; Takahashi et al., 2002; Vivat et al., 1997; Watanabe & 

Kakuta, 2018). 

 On the other hand, at least in vertebrates, EC23 directly binds to the ligand binding 

domain of the RARα, β and γ and exhibits a higher affinity for the binding pocket of these 

receptor isoforms than atRA itself (Haffez et al., 2017), though it does not bind to vertebrate 

RXRs (Gambone et al., 2002). As our lab recently demonstrated that EC23 can also 

apparently activate the ligand binding domain of the LymRXR (de Hoog et al., 2022), it is 

likely that EC23 is not as selective for the LymRAR as was previously thought. Due to their 

highly hydrophobic nature, synthetic diphenylacetylene-based retinoids, such as EC23, 

likely exhibit a propensity for off-target interactions with other proteins (Hudhud et al., 

2022). Therefore, it is plausible that EC23 may interact with another intermediate 

molecule(s) that affects electrical coupling. One possibility is through nongenomic 

activation of protein kinases, which can lead to post-translational modifications of gap 

junction channels or gap junction-associated proteins. In this regard, both EC23 and atRA 

activate ERK1/2 phosphorylation to induce neurite outgrowth in human neuroblastoma  
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(SH-SY5Y) cells (Khatib et al., 2019). It is thus conceivable that PeA coupling is 

influenced by the action of these retinoids affecting the phosphorylation status of gap 

junctions.  

Two PKC inhibitors, H7 and Gö6976 failed to block atRA’s acute uncoupling 

effect, indicating that the effect is likely independent of PKC activation. Although PKC-

mediated phosphorylation has previously been shown to affect gap junction 

communication, the effects of PKC differ across different species and cell types.  For 

example, PKC-mediated phosphorylation of Cx43 leads to decreases in gap junction 

communication in human cardiac cells (Lampe & Lau, 2000; Solan & Lampe, 2009) but 

increases communication in guinea pig cardiomyocytes and HeLa cells (Weng et al., 2002). 

In the mollusc, Aplysia (which is closely related to Lymnaea), PKC activation actually 

enhances junctional conductance at electrical synapses between neuroendocrine bag cell 

neurons (Beekharry et al., 2018). This observation highlights that although regulatory 

control of gap junctions is often conserved across species and cell types, the functional 

outcome of that control can vary. Interestingly, RA’s acute uncoupling effect in Bass retinal 

horizontal cells was also not blocked by protein kinase inhibitors, including those targeting 

PKC. This finding may suggest that retinoid-mediated reductions in electrical coupling 

involves nongenomic pathways independent of phosphorylating kinases. However, there 

is evidence that RA can modulate the phosphorylation status of gap junction channels. For 

instance, atRA increases intercellular gap junction communication in human endometrial 

stromal cells through phosphatase-dependent dephosphorylation of Cx43 (Wu et al., 2013). 

Thus, given the mixed effects produced by phosphorylating/dephosphorylating proteins 
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across different species and cell types, it is plausible that atRA’s acute uncoupling effect is 

mediated by other kinases/phosphatases not investigated in this study.  

Similar to vertebrate connexins, innexin-based channels of invertebrates contain 

phosphorylation sites and their activity is modulated by phosphorylating proteins. Of the 

12 innexin-based channels identified in the CNS of the terrestrial slug, L. valentianus, 

putative phosphorylation sites for at least nine different protein kinases have been 

identified, including PKC (Sadamoto et al., 2021). As the innexin-encoding genes in 

Lymnaea have only recently been identified, further phylogenetic analysis and predictive 

modelling at the peptide sequence level is needed to determine potential phosphorylation 

sites contained within Lymnaea innexin paralogs. Such information would prove useful in 

guiding future research aimed at identifying signaling pathways that modulate gap junction 

communication in Lymnaea.  

 

 Long-Term Effects of Retinoids on Electrical Synapses 

In this study, long-term (48 h) retinoid exposure not only reduced the proportion of 

PeA cell pairs (plated in a soma-soma configuration) that formed electrical synapses, but 

reduced the average strength of coupling in cell pairs which formed an electrical synapse. 

Although retinoid signaling is known to affect gap junction function in a wide variety of 

vertebrate cell types, the majority of evidence for this role comes from studies that used 

nonneuronal cells. Aside from the aforementioned examples indicating that retinoid 

signaling can rapidly modulate gap junction communication (i.e. following acute retinoid 

exposure [< 1 h]), the majority of studies examined the effects of retinoids on gap junction 

function following long-term retinoid exposure (> 12 h) and these likely involved 
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transcriptional effects. Whereas it is unlikely that the LymRAR or LymRXR are involved 

in the rapid RA-induced uncoupling effect (as receptor antagonism did not prevent this 

effect), their participation in gap junction formation and the resulting reduction in synaptic 

strength following long-term exposure to RA cannot be ruled out. One obvious possibility 

is through transcriptional regulation via the retinoid receptors acting in their “canonical” 

role as nuclear receptors. This transcriptional regulation could influence the expression of 

proteins involved in gap junction formation, such as certain innexin isoforms, 

scaffolding/regulatory proteins, and/or assembly/trafficking machinery.  

In previous studies,  long-term exposure of human hepatocellular carcinoma cells 

to atRA for 48 h (Yang et al., 2014), and canine primary lens epithelial cells for 24 h (Long 

et al., 2010), enhanced Cx43 expression and gap junction communication. There is also 

evidence that retinoid signaling selectively influences the expression of certain neuronal 

specific connexins; Cx36 (but not Cx45) transcripts are upregulated in human 

neuroblastoma cells (SH-SY5Y) following 2 to 10 day incubations in atRA (Sidhu et al., 

2013). The latter example indicates that not all connexin isoforms expressed within a cell  

are regulated by retinoids, which might be an important consideration for regulation of 

innexin proteins in Lymnaea (discussed below). This point is further emphasized by the 

fact that only certain connexin-encoding genes in vertebrates contain DNA-binding 

domains for RXRα. For instance, RXRα binding motifs have only been identified in Cx36 

(Cicirata et al., 2000) and Cx43 (Gu et al., 2016) genes. Together these findings suggest 

that long-term retinoid exposure might influence gap junction function via the canonical 

retinoid signaling pathway, possibly involving the RXRα acting as a transcriptional 

regulator. 
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 Comparing studies utilizing acute exposure to retinoids (< 1 h) with long-term 

exposure (> 12 h), it is apparent that retinoid signaling affecting gap junction structure and 

function likely involves both genomic and nongenomic mechanisms. Given this, perhaps 

the biggest challenge that emerges from my findings is discerning whether the effects of 

long-term exposure to RA involve (1) the same underlying nongenomic mechanisms 

driving the acute effects, (2) distinct genomic mechanisms or (3) a combination of both.  

As atRA can activate transcriptional activity of the LymRXR (de Hoog et al., 2022), 

it is possible that the effects on PeA synapse formation and subsequent coupling strength 

following long-term exposure to atRA, is directly tied to transcriptional control of certain 

gene products via the LymRXR.  It would be useful to determine whether any of Lymnaea’s 

innexin-encoding genes contain LymRXR DNA binding motifs (similar to the RXRα 

domain found in the vertebrate Cx36/Cx43 genes; Cicirata et al., 2000; Gu et al., 2016).  

This would provide support for the role of the LymRXR as a transcriptional regulator of 

innexin expression in Lymnaea. The involvement of the LymRAR in the long-term effects 

of atRA on electrical synapses also cannot be ruled out, though whether this receptor can 

bind RA and activate transcription in Lymnaea, has not yet been determined.  

It is currently unknown whether retinoid signaling can influence the expression of 

Lymnaea innexin paralogs. Addressing this question would be a first step towards 

determining whether transcriptional level changes are involved in mediating the long-term 

effects of atRA on PeA electrical synapses. Of note, qPCR data indicate that neither 1 h 

nor 12 h incubation in 0.5 µM atRA influences the expression of three innexin paralogs in 

Lymnaea’s CNS (Hoelscher, 2021). However, as this concentration is below the threshold 

found to have any significant effects on PeA electrical synapses (either following acute or 
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long-term exposure to atRA), this should also be reassessed using the 5-10 µM 

concentrations shown to affect synapse formation and strength of coupling. 

 

Isomer-Selective Effects of Retinoid Signaling 

 

Whereas only acute exposure to the atRA isomer significantly reduced coupling 

between PeA pairs, long-term exposure to both all-trans and 9-cis isomers led to analogous 

effects (i.e. reduced synaptogenesis and synaptic strength). There are a number of instances 

showing that RA can produce both isomer-independent and -dependent effects.  In 

Lymnaea neurons, both all-trans and 9-cis isomers elicit similar effects on neurite 

outgrowth and in growth cone turning assays (Dmetrichuk et al., 2006, 2008). However, 

atRA also exhibits a number of isomer-selective effects on electrophysiological properties, 

including inducing atypical firing patterns, influencing action potential shape/duration, 

reducing [Ca2+]i and cell silencing. Similarly, atRA, but not 9-cis RA, reduces Ca2+ influx 

via inhibition of voltage-gated Ca2+ channels (de Hoog et al., 2018). Although the isomer-

selective acute effects on electrical coupling likely reflect atRA’s selective capacity to 

influence specific nongenomic mechanisms, at this time it is not clear whether the isomer-

independent effects of atRA and 9-cis RA on synapse formation result from similar or 

separate mechanisms.  

In previous studies, long-term exposure to either atRA or 9-cis RA isomers led to 

mixed effects on gap junction function, seemingly involving nongenomic and genomic 

mechanisms, depending on the species and cell type under investigation. For instance, in 

rat gliomal cells, 72 h exposure to atRA enhanced gap junction communication without 

having any significant effect on Cx43 expression (Zhang et al., 2002), whereas 24 h 

exposure to the 9-cis isomer downregulated Cx43 expression in immortal cells lines (e.g. 
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human embryonic kidney cells (HEK-293),  HeLa cells, and murine cardiac cells (HL-1) 

(Gu et al., 2016). Yet, in human prostate cancer cells, both 9-cis RA and atRA (after 12 to 

48 h) both upregulated the expression and integration of Cx32 into functional gap junctions 

(Kelsey et al., 2012). Historically atRA has been deemed the natural ligand of RARs in 

vertebrates, though 9-cis RA can also bind.  However, RXRs were predominantly thought 

to bind the 9-cis RA isomer. There is now evidence, however, that both atRA and 9-cis RA 

can also bind to and activate vertebrate RXRs (Tsuji et al., 2015). Both atRA and 9-cis RA 

isomers can bind to and activate transcriptional activity of the LymRXR to a similar extent 

at micromolar concentrations (de Hoog et al., 2022). These observations may support the 

notion that both RA isomers are capable of regulating electrical synapse formation and 

communication via genomic mechanisms. However, the occurrence of spontaneous 

isomerization of 9-cis RA to atRA (Sass et al., 1995) or vice versa (Levin et al., 1992) 

might also account for the similar effects observed here following long-term exposure to 

both isomers. Whether either of the RA isomers can affect the expression of genes involved 

in electrical synaptogenesis or gap junction communication in Lymnaea is currently 

unknown, though this question could be partially addressed by future qPCR analysis. 

However, it will also be necessary to determine whether any changes in the expression of 

innexin-encoding genes leads to any change in the proteome or whether these changes 

result in any functional consequences to electrical communication, in order to elucidate the 

particular mechanisms underlying RA’s effect (following long-term exposure) on PeA 

electrical coupling.  
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Cell-Specific Effects of Retinoids 

 

One observation from previous findings by Rothwell et al. (2017), was that not all 

neurons cultured in a soma-soma configuration were sensitive to the effects of atRA. Two 

of the cell pairs, VD4-RPeD2 and VD4-LPeD1, used in the previous study form chemical 

not electrical synapses in vivo, yet in culture they displayed a propensity to form electrical 

synapses, at least initially. Only the electrical synapses formed between cultured VD4-

RPeD2 pairs were sensitive to atRA. This finding, in part, suggests that innexin expression 

in Lymnaea’s CNS is heterogeneous across different cell types, and might also indicate that 

the cell specific effects of RA on coupling might result from its action on specific innexin 

isoforms. Although it is not conclusively known whether the electrical synapses in 

Lymnaea are derived from homotypic or heterotypic channels, the rectification seen at PeA 

electrical synapses implies that the gap junctions are constituted by heterotypic channels 

(Marder, 2009). Such examples of rectification are observed within invertebrate nervous 

systems (Johnson et al., 1993; Kristan et al., 2005). Although 10 innexin-encoding genes 

have been detected in Lymnaea (Lst Inx1-10) there is evidence they are not equally 

expressed across its CNS. For example, Lst Inx1 displays heterogenous ganglionic 

expression, being more highly expressed in the left pedal ganglia compared to the right 

pedal ganglia. Mersman et al. (2020) found Lst Inx1 transcripts within neuronal clusters 

with functionally defined electrically coupled cell-types (e.g. PeA and cerebral A), yet, its 

expression was noticeably absent in other cells which form electrical synapses (e.g. RPD2 

and VD1). This finding is notable when considering that both Rothwell et al. (2017) and I 

found that RA affects coupling in cultured PeA-PeA pairs, whereas others have shown that 

RA did not alter coupling between RPD2 and VD1 cells, at least in vivo (unpublished 
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observation). Thus, it is plausible that the cell-specific nature of the RA-induced 

uncoupling effect at PeA-PeA or VD4-RPeD2, but not VD4-LPeD1 and RPD2-VD1 

synapses, might be a consequence of differential expression of specific ‘RA sensitive’ 

innexin paralogs across these different cell types. This hypothesis is supported by the 

notion that only some vertebrate connexins are regulated by retinoid signaling (Sidhu et 

al., 2013). My observation that long-term retinoid exposure, in both a dose- and isomer-

independent manner, led to what I defined as a “capping effect” between PeA pairs, perhaps 

also supports the idea that only specific innexins subtypes might be RA sensitive. For 

instance, the capping effect might reflect RA’s capacity to control the integration of certain 

high or low conducting innexin isoforms into gap junctions. Nonetheless, it is tantalizing 

to speculate that Lst Inx1 might be one of these ‘RA sensitive’ innexin isoforms, given that, 

as of yet, RA’s uncoupling effect was only observed in Lst Inx1 expressing cell-types which 

form electrical synapses in vivo. Future studies utilizing different cell-types and culture 

conditions (plating cells in soma-soma vs neurite-neurite configuration) will be useful in 

identifying potential ‘RA sensitive’ innexin paralogs expressed across different cell types 

or cellular compartments.  

 

Physiological Role of Retinoid-Mediated Uncoupling?  

 

In this study, the acute effect of RA was most prominent at 10 M, but at lower 

concentrations a modest, but significant, effect was observed at both 1 h and 2 h timepoints. 

While average physiological concentrations of RA are thought to range between 10-6 to 10-

9 M in vertebrates (Kane et al., 2005; Napoli, 1986) and > 10-7 M in Lymnaea’s CNS 

(Dmetrichuk et al., 2008), this, however, does not rule out the possibility of 
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“microdomains”, where RA is locally synthesized and present at concentrations similar to 

those used in this study. It is well established in vertebrates that during development, the 

rate of RA synthesis is known to undergo dynamic changes in a spatiotemporal manner, 

which alters the expression of specific genes that control patterning and cell fate. One 

example comes from the developing retina in chicks where the concentration of RA 

fluctuates across different developmental stages (McCaffery et al., 1999; Mey et al., 1997, 

2001). Although the factors that influence changes in RA synthesis across different tissues 

during adulthood are not well understood, it is thought RA synthesis is relatively 

constrained within a certain optimal homeostatic window dictated by each tissue/cell type. 

One example of activity-dependent regulation of RA levels in adult neurons comes from 

mice, where decreases in [Ca2+]i can upregulate RA synthesis in the synaptic dendrites of 

hippocampal neurons (Wang et al., 2011). Thus, the potent effects of 10 M atRA might 

reflect the fact that RA’s capacity to influence electrical synapses might be context-

dependent, possibly under circumstances where RA synthesis is locally upregulated. To 

understand which contexts might give rise to upregulated RA synthesis in Lymnaea 

neurons, it is perhaps important to consider the function of the PeA neurons my 

investigation focused on.  

PeA cells are a contingent of ~ 60 serotonergic motorneurons evenly dispersed 

across the medial portions of both the left and right pedal ganglia, and which control 

locomotion in Lymnaea (Syed & Winlow, 1989). In vivo, PeA motorneurons form 

electrical synapses with their ipsilateral and contralateral counterparts. Although 

contralateral PeA coupling must be neurite-neurite in nature, whether ipsilateral PeA cells 

form soma-soma or neurite-neurite synapses with each other is not currently known. 
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Changes in the electrical properties of PeA neurons have previously been correlated with 

Lymnaea’s behavioral status. Food deprivation (for 24 h) can produce long lasting changes 

in PeA activity including increased cell firing and depolarization of the RMP (Dyakonova 

et al., 2015a). Conversely, the same research group also showed that isolated PeA neurons 

cells are sensitive to glucose, and  exhibit reduced firing following its application 

(Dyakonova et al., 2015b). Together these two findings suggest that the activity of PeA 

neurons change in accordance with Lymnaea’s nutritional status. Likewise, given the 

locomotory function of these PeA neurons, it is reasonable that increased excitability 

within the PeA network may in turn lead to increased foraging behavior to meet Lymnaea’s 

nutritional demands. Notably, vitamin A (and thus RA) is only derived from dietary means 

and so, like glucose, its biosynthesis fluctuates as a function of the animal’s nutritional 

status. Indeed, changes in RA synthesis and signaling associated with satiety levels have 

been shown in the hepatic cells of mice (Klyuyeva et al., 2021). There is also evidence that 

RA is an important molecule regulating glucose and fatty acid metabolism (Blaner, 2019; 

Chen & Chen, 2014). Hence, it is plausible that the rate of RA synthesis is influenced by 

the transition from food deprivation to satiety. In this context, the relative bioavailability 

of RA might serve as a proxy indicator or ‘biosensor’ of nutritional status. Hence, the RA-

induced uncoupling seen at PeA neurons at high concentrations might be reflective of 

physiological conditions/states, such as satiety, where the synthesis of RA is highly 

upregulated. The functional consequence might be negative feedback onto the locomotion 

circuitry by reducing synchronicity (and hence output) between PeA motorneurons. 

Coordinated control of motor programs is thought to rely heavily upon precisely timed 

spiking between motorneurons, thus decreased electrical coupling within this network may 
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disrupt motor output. However, at which level of Lymnaea’s locomotory network, 

plasticity might play a role in producing behavioral modifications is not currently known. 

It can also not be ruled out that RA’s uncoupling effect does not carry out any physiological 

function within this particular network in vivo. 

 

Conclusion 

 

While significant progress has been made in understanding electrical synapses, the 

extent to which various neuromodulators, specifically RA, affect these synapses, remains 

largely unknown. In this study, I present original findings that demonstrate the effects of 

retinoid signaling in the formation and modulation of electrical synapses in the mollusc 

Lymnaea stagnalis. These findings also add to the growing body of research indicating that 

retinoid signaling is conserved across both vertebrate and invertebrate lineages. Further 

exploration of the effects of retinoid signaling on electrical synapses has the potential to 

reveal novel insights into synaptic control within the nervous system, which could enhance 

our basic understanding of brain function and behavior. 
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