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ABSTRACT 

During both development and regeneration, axons must navigate through a complex and 

changing environment to reach their proper synaptic target. To do so, axons utilize a 

specialized structure, the growth cone, which senses and interprets guidance cues in its 

surrounding environment to change the direction of axonal outgrowth. MicroRNAs, which 

regulate mRNA translation, have recently been shown to regulate both neurite outgrowth 

and growth cone guidance in response to classical guidance cues during vertebrate 

development. However, little is known of their regulation of neuronal regeneration in an 

invertebrate. Thus, the main aim of this thesis was to study the role of microRNAs during 

CNS regeneration of the pond snail, Lymnaea stagnalis. Specifically, I determined the 

expression patterns and relative abundance of microRNAs in the regenerating CNS in 

response to retinoic acid (RA). Using miRNA-Sequencing, I identified one neuronally 

enriched microRNA, miR-124, that was up-regulated in RA-induced regenerating CNS. 

Using PCR and in situ hybridization, I characterized its distribution in the snail CNS, and 

discovered it shared similar expression patterns to that of vertebrates. In cell culture, I 

found miR-124 was abundant within regenerating motorneurons and was localized to their 

growth cones. I next determined that miR-124 contributed to RA-induced growth cone 

turning behaviour. During attractive growth cone turning to RA, the abundance and 

distribution of miR-124 was altered, in both a cue and context-dependent manner. Finally, 

I demonstrated that miR-124 targeted the Rho kinase, ROCK, during turning responses to 

RA, likely to promote the formation of a neurite shaft, or to maintain growth cone polarity. 

Together, these findings provide the first evidence for a role of microRNAs in mediating 

growth cone behaviours to RA in regenerating motorneurons. 
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GENERAL INTRODUCTION 

The central nervous system (CNS) is an intricate network of various neuronal cell 

types that contribute to sensory and motor functions. In humans, the nervous system is 

comprised of approximately 86 billion neurons, and 1000 trillion synaptic connections 

(Azevedo et al., 2009). Despite the overwhelming number of neuronal cell types and 

contacts, the architecture of the CNS is arranged in a precise manner with ordered circuitry. 

Importantly, the ability for individual neurons to establish connections with their precise 

target cell/tissue to form specific neuronal circuits is critical to maintain a functional 

nervous system.   

During development, elongating axons navigate through a complex external 

environment with extreme accuracy to establish proper neuronal connections. To do so, 

growth cones, located at the distal tip of extending axons, interpret extrinsic guidance cues 

to mediate the direction of axonal outgrowth towards the appropriate target, a process 

known as axonal guidance (Lowery and Van Vactor, 2009). Given the distance between a 

single cell and its target cell/tissue, the interpretation of guidance cues is a critical and 

challenging task that growth cones must accomplish with precision to give rise to 

functional neuronal circuitry.  

In this thesis, I investigate the molecular mechanisms that play a role in the 

interpretation and subsequent responses to various guidance cues.  

Axonal Pathfinding 

Over a century ago, Ramon y Cajal famously described a “cone-like lump” while 

examining the chick embryo, and went on to state “…which we shall name growth 

cone…forging with its living force a path through the interstitial cement” (Cajal, 1890; 



 3 

Garcia-Marin et al., 2009). Specifically, Cajal discovered axonal growth cones extending 

from commissural axons within the developing chick spinal cord and monitored their 

progression into the floor plate (Figure 1.1A- B). In subsequent years, Cajal further 

proposed that gradients of diffusible factors guided growth cones towards their appropriate 

targets, and that these gradients may account for the behaviours of commissural axons in 

the chick spinal cord (Cajal, 1892). Cajal not only provided the first evidence for axonal 

guidance, but also discovered an important model (commissural axons) for examining CNS 

growth cone guidance, which has since been critical in characterizing growth cone 

behaviours. Collectively, these initial reports by Ramon y Cajal established the basis for 

axonal guidance in the chick spinal cord, which have held true after a century of research. 

After Cajal’s initial work, numerous in vitro studies went on to suggest that 

chemotropic factors acted to either repel or attract axonal growth cones (Tessier-Lavigne 

et al., 1988; Dodd & Jessell, 1988). Similar to Cajal’s research, these reports primarily 

focussed on commissural axon guidance to the floor plate, largely due to its simplicity and 

its clear target for axonal projections. The ventral floor plate of the chick spinal cord was 

first described to release a diffusible factor(s) that influenced the pattern and orientation of 

commissural axon outgrowth (Tessier-Lavigne et al., 1988). Later, this factor was 

identified as netrin (Serafini et al., 1994; Kennedy et al., 1994), which was released from 

neural progenitor cells within the floor plate to attract commissural axons (Varadarajan et 

al., 2017; Figure 1.1C). Moreover, netrin was reported to be homologous to C.elegans Unc-

6, which was also found to act as an attractive guidance molecule (Ishii et al., 1992).  These 

findings were instrumental in the field of axonal pathfinding, being the first studies to 

identify chemotropic proteins that directed axonal growth cones in the spinal cord. 
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Moreover, these studies also suggested netrin acted as an attractive guidance cue in 

multiple species and exhibited a conserved role during both invertebrate and vertebrate 

pathfinding. 

 

 

Figure 1.1. Proposed model of commissural axonal pathfinding throughout the years. 
A) Cajal’s original histological preparation of commissural axon guidance in the chick 
spinal cord. B) Cajal’s hand-drawn depiction of commissural axons and growth cones 
extending to the floor plate. C) Recent depictions of a commissural growth cone extending 
towards the floor plate as a result of an attractive gradient of Netrin. FP = floor plate. All 
images shown as cross-sections. (Modified images from Garcia-Marin et al., 2009; Comer 
et al., 2019) 
 

Classical Guidance Cues 

In addition to netrin, growth cones have been shown to respond to a variety of 

additional guidance molecules in both invertebrate and vertebrate species. These include 

proteins, neurotransmitters (Zheng et al., 1994), morphogens (Augsburger et al., 1999), 

calcium gradients (Gundersen & Barrett, 1980), and electric fields (Davenport & McCaig, 

1993; Rajnicek et al., 2006). However, particular emphasis has been placed upon 

identifying and characterizing the role of proteins as guidance molecules, and their 

conservation between species. As a result, four protein families have emerged as key 
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regulators in axonal pathfinding within the CNS and are largely conserved between both 

vertebrates and invertebrates. These classical protein families include netrins (Ishii et al., 

1992; Serafini et al., 1994), slits (Kidd et al., 1999; Brose et al., 1999), semaphorins 

(Messersmith et al., 1995) and ephrins (Drescher et al., 1995; Cheng et al., 1995).    

Initially, it was thought that guidance cues always initiated similar behaviours from 

growth cones, either functioning as an attractive signal, or a repulsive cue. In the past two-

decades, it has become clear that the response of a growth cone to a particular guidance 

cue is not due to the intrinsic property of the cue, but rather, depends on the specific 

receptors expressed within the growth cone itself.  

Evidence supporting the role for protein-receptor interactions in growth cone 

guidance was most notably shown in C.elegans nervous system development, and in the 

spinal cord during commissural axon guidance. During the development of the C.elegans 

nervous system, netrin (known as Unc-6 in C.elegans) was shown to act as an attractive 

guidance cue to sensory neurons, but a repulsive cue to motorneurons (Hedgecock et al., 

1990). This difference in cell-type responses was attributed to the composition of the Unc-

6 receptor complex. The Unc-6 receptor was described as a complex of various proteins, 

including Unc-40 and Unc-5. Specifically, the presence of the Unc-40 protein resulted in 

attractive behaviours, whereas the presence of Unc-5 converted this response to repulsion 

(Hedgecock et al., 1990; Hong et al., 1999). Taken together, this study emphasized that 

specific responses to guidance cues are dictated by the expression of a specific protein 

receptor (or receptor complex). 

Similarly, the expression of both the netrin receptor, deleted in colorectal cancer 

(DCC), and the slit receptor, roundabout (Robo), were shown to regulate commissural axon 
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pathfinding in the spinal cord (Harris & Holt, 1999). Although netrin initially attracted 

commissural axons to the floor plate through DCC expression, a parallel repulsive gradient 

of slit ensured axons didn’t cross the boundary between the left and right side of the spinal 

cord, known as the midline. Upon reaching the floor plate, growth cones rapidly 

downregulated Robo, making the axons unresponsive to the repulsive gradient of slit, and 

enabling their progression into the midline (Harris & Holt, 1999). After crossing the 

midline, Robo was again upregulated, while DCC was rapidly downregulated. These 

changes repelled growth cones away from the midline, ensuring their extension towards 

their proper synaptic target (Harris & Holt, 1999).  Together, these discoveries have 

strengthened our understanding of growth cone responses to guidance molecules. These 

studies also emphasize the importance of ligand-receptor interactions, and that downstream 

signaling from guidance cues facilitate growth cone behaviours.  

The Growth Cone Cytoskeletal Network 

 In response to various protein guidance cues, growth cones not only require the 

expression of the corresponding protein receptor, but must also activate a plethora of 

downstream signalling events to engage in turning behaviours. Specifically, growth cones 

must rapidly modify their inner cytoskeletal network, comprised of actin and tubulin, to 

effectively respond to guidance cues. Whereas the axon shaft is comprised of tubulin 

microtubules, the growth cone itself is largely composed of an actin mesh work (Lowery 

& Van Vactor, 2009). The polymerization or depolymerization of filamentous actin (F-

actin) within the growth cone is instrumental in changing the direction of axonal outgrowth.  

The growth cone can be divided into three distinct regions: the central, transitional 

and peripheral domains (Figure 1.2A). The peripheral domain of the growth cone is 
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comprised of a mesh-like network of actin, giving structure to a veil-like lamellipodium. 

Moreover, F-actin bundles extend from the lamellipodium into long finger-like projections 

called filopodia (Lowery & Van Vactor, 2009; Dent et al., 2011). The filopodia are critical 

in sensing guidance cues within their surrounding environment and establish the direction 

of axonal outgrowth. Within the filopodia, F-actin bundles exhibit treadmilling behaviours, 

with continuous movement from the periphery to the centre of the growth cone (Lowery & 

Van Vactor, 2009). Upon the sensation of an attractive guidance cue, these F-actin bundles 

undergo rapid polymerization at the distal tip, initiating axonal extension (Dent et al., 

2011). The sensation of a repulsive cue instead results in rapid F-actin depolymerization, 

leading to the disassembly of the actin-framework (Figure 1.2B). Together, through F-actin 

polymerization or depolymerization, the filopodia guide axonal outgrowth towards an 

attractive cue, or away from a repulsive guidance molecule.  

The central domain of the growth cone is largely comprised of microtubules, which 

are, themselves, composed of tubulin (Lowery & Van Vactor 2009; Dent et al., 2011). 

These microtubules extend the entire length of the neurite shaft providing stability, and act 

as a scaffold for motor proteins to transport various macromolecules from the cell body to 

the growth cone (Lowery & Van Vactor, 2009). Extending from the neurite shaft, 

microtubules splay into the central domain of the growth cone, where the microtubule tips 

exhibit dynamic instability, demonstrating exploratory behaviour within the growth cone 

(Lowery & Van Vactor, 2009; Dent et al., 2011). These microtubule tips further extend 

into filopodia undergoing rapid polymerization, providing the basis for the formation of a 

new neurite shaft.  
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The transitional (T) domain marks the boundary between the central and peripheral 

regions of the growth cone. This domain contains F-actin arcs that lie perpendicular to the 

F-actin network in the lamellipodia (Lowery & Van Vactor, 2009).  The T-domain contains 

an abundant supply of myosin II, which compresses and buckles the proximal ends of F-

actin from the lamellipodia. Ultimately, the T-domain is an important boundary that 

mediates the shape and circumference of the growth cone through actomyosin contractile 

functions (Lowery & Van Vactor, 2009; Dent et al., 2011). Taken together, through the 

unique functions of the peripheral, transitional and central domains, the growth cone 

cytoskeletal network is assembled and disassembled in response to exogenous guidance 

cues (Figure 1.2B).    

 

 

Figure 1.2. Growth cone inner cytoskeletal network. A) Representative image of the 
inner growth cone cytoskeletal network comprised of tubulin (green) and actin (brown) 
filaments. B) In response to guidance cues, the growth cone undergoes structural changes 
to its cytoskeletal network. Specifically, microtubule and actin filaments are severed on 
the side of the growth cone facing a repulsive cue. In response to an attractive cue, F-
actin undergoes polymerization and the microtubules extend into the filopodia on the side 
of the growth cone facing the cue. (Modified from Lowery & Van Vactor, 2009). 
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Growth Cone Signal Transduction 

 To establish specific neuronal circuits during axon pathfinding, the expression of 

receptor proteins is exquisitely tailored to mediate the behaviours of growth cones at 

specific times and places during development. After ligand-binding, numerous downstream 

signaling pathways are activated to locally modulate the inner cytoskeletal network of the 

growth cone (Lowery & Van Vactor, 2009; Dent et al., 2011). Activation of these specific 

pathways can promote attractive or repulsive growth cone behaviours by initiating the 

polymerization or depolymerization of actin.  

 After many decades of work, studies have begun to unravel the downstream 

signaling pathways and signal transduction mechanisms that allow growth cones to modify 

their inner cytoskeletal network in response to various guidance cues.  Importantly, in 

response to classical and non-classical guidance cues, growth cones appear to activate 

similar downstream pathways, including a family of proteins, the RhoGTPases. The 

RhoGTPase family includes Rac, Cdc42, and Rho proteins, which have distinct roles in 

mediating growth cone dynamics (Dickson, 2001; O’Donnell et al., 2009). In brief, Rac 

and Cdc42 generally facilitate attractive growth cone behaviours by promoting actin 

polymerization, whereas Rho typically initiates the disassembly of actin networks to 

promote responses to repulsive cues (Figure 1.3; Dickson, 2001; O’Donnell et al., 2009). 

However, the RhoGTPases have been shown to play varying roles in axonal pathfinding, 

and activate different downstream effector proteins in particular cell types and in response 

to different cues (O’Donnell et al., 2009). However, regardless of their upstream or 

downstream effectors, the RhoGTPases appear to coordinate the activity of various 

proteins responsible for initiating cytoskeletal rearrangements that are necessary to respond 
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Figure 1.3. Growth cone signal transduction in response to classical guidance cues. 
Image depicts the typical signaling pathway of the RhoGTPases, including their upstream 
and downstream activators, ultimately leading to cytoskeletal rearrangements. (Image 
modified from Lowery & Van Vactor, 2009). 
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to guidance cues (Figure 1.3).   

Work investigating rat commissural axon guidance first identified the importance 

of the RhoGTPases in attractive growth cone responses to netrin. Specifically, following 

ligand binding, the netrin receptor, DCC, activated Rac and Cdc42 leading to attractive 

turning behaviours (Shekarabi et al., 2002; Li et al., 2002). The activity of Rho was not 

required for this response (Li et al., 2002), indicating the selective nature of RhoGTPase 

activity. Further reports have since identified the downstream effectors of the Rho-

GTPases, demonstrating that Rac and Cdc42 activate cytoskeletal effector proteins such as 

formin, enabled/vasodilator-stimulated phosphoprotein (Ena/Vasp), and actin-related 

protein 2/3 (Arp 2/3), which directly facilitate actin polymerization (Lowery & Van Vactor, 

2009). Moreover, Rac and Cdc42 also activate Lim-kinases, which in turn inhibit the actin 

depolymerizing factor cofilin, ultimately promoting attractive turning behaviours (Lowery 

& Van Vactor, 2009).  

After the identification of these downstream signalling molecules in netrin-

mediated behaviours, the role of the RhoGTPases was also identified in response to other 

classical and non-classical guidance cues during both attractive and repulsive behaviours. 

In Drosophila, slit binding to its receptor, Robo, activated Rac (Fan et al., 2003), ultimately 

promoting repulsive turning behaviours. In contrast, a reduction in Rac activity was 

required for repulsive growth cone responses to ephrin in chick RGC (Wahl et al., 2000). 

Together, these data demonstrate the diverse roles of the RhoGTPases in response to 

different guidance molecules, and indicate that their downstream signalling appears to 

differ based on cell-type, species, and specific time point during development. Thus, 

through an intertwined web of various protein interactions, the RhoGTPases integrate 
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upstream guidance cue interactions and coordinate downstream cytoskeletal 

rearrangements, enabling appropriate growth cone to responses to various guidance cues. 

Axonal Pathfinding in CNS Injury 

The discovery of neuronal growth cones and axonal pathfinding were monumental 

findings that established the basis for the formation of neuronal circuitry during 

development. However, as adults, damage to neuronal contacts that were established 

during development is detrimental to nervous system function. It is thought that, to an 

extent, developmental processes are re-awakened following injury to the CNS, allowing 

some species to regenerate lost or damaged axonal projections. Similar to development, 

regenerating axons likely require parallel molecular and cellular events to re-establish 

neuronal connections. As a result, research began exploring the role of neuronal growth 

cones during regenerative axonal pathfinding.   

 After injury, most axons within the mammalian CNS fail to regrow, whereas axons 

within the peripheral nervous system (PNS) exhibit a remarkable capacity for regenerative 

repair (Case & Tessier-Lavigne, 2005). In the PNS, damaged cells exhibit robust neurite 

sprouting after damage, which importantly, can often reinnervate their targets leading to 

functional recovery. In the CNS, however, neurons exhibit minimal neuronal sprouting, 

which achieves only partial recovery (Case & Tessier-Lavigne, 2005). In response to 

traumatic injury, typically describing lesions in which entire segments of axonal 

projections are lost or severed, the CNS is simply unable to recover, leading to long term 

disabilities. These contrasting regenerative capacities have been attributed to the PNS 

producing a permissive environment for neuronal repair, while the CNS instead produces 

an inhibitory environment (Bradbury & Burnside, 2019). Specifically, glial cells in the 
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CNS migrate to the site of damage, forming a glial scar, and produce a variety of inhibitory 

factors including myelin-associated inhibitors and chondroitin sulfate proteoglycans 

(Bradbury & Burnside, 2019). The glial scar acts to contain and isolate the damage, though 

as a consequence, also limits axonal sprouting and thus, CNS recovery.  

For decades, research has attempted to characterize the cellular and molecular 

mechanisms that underlie CNS regeneration or lack thereof, to potentially aid in our 

understanding of neuronal repair. Through this work, a cascade of signaling events have 

been identified that promote axonal regeneration. Immediately following injury, an influx 

of calcium occurs at the tip of severed axons, a phenomenon that has been described in the 

mollusc Aplysia californica (Ziv & Spira, 1993, 1995), C.elegans (Ghosh-Roy et al., 2010) 

and rodents (Cho et al., 2013; Mandolesi et al., 2004). This increase in intracellular calcium 

activates a series of repair mechanisms including membrane resealing, rearrangements of 

tubulin and actin to promote the formation of a new neurite, and activation of local protein 

synthesis. Moreover, increases in intracellular calcium have not only been reported 

following the complete transection of neuronal connections, but also after contusive 

injuries, which merely crush the nerves (Curcio & Bradke, 2018). These findings suggest 

that similar cellular events, including calcium influx, are not only important to traumatic 

injuries resulting in full axonal transection, but also in less severe contusion injuries.  

Regardless of the type of injury, after this critical influx of calcium, damaged axons 

must reseal breaches in the plasma membrane to prevent leakage of the axoplasm (Curcio 

& Bradke, 2018). Although calcium influx supports this repair mechanism, numerous 

mammalian cell types are still unable to restore damaged membranes, resulting in their 
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degeneration. Regeneration-competent species, however, exhibit the robust ability to repair 

damaged membranes following injury (Rehder et al., 1992; Spira et al., 1993). 

 After the subsequent repair of damaged cells, neuronal cells must extend the 

repaired axons to re-establish lost neuronal contacts. The extension of these regenerated 

axons depends on the assembly of the growth cone, which is vital in directing axonal 

outgrowth. In vivo studies have indicated that adult mammalian CNS neurons fail to re-

establish a functional growth cone after injury, leading to axon retraction (Kerschensteiner 

et al., 2005; Lorenzana et al., 2015). In regeneration-competent species, however, growth 

cones readily form within a few minutes after injury, and this response is dependent upon 

calcium influx and resealing of the plasma membrane (Kamber et al., 2009). In 

regenerating Aplysia neurons, a reduction in calcium influx abolished the formation of 

competent growth cones. Instead, the distal tip of axons formed an endbulb structure, which 

failed to extend lamellipodia or neurites (Kamber et al., 2009). This finding summarizes 

the necessary events that must occur for successful axonal regeneration, concluding with a 

neuronal growth cone capable of extending through the initial site of damage. 

Retinoic Acid as an Attractive Guidance Cue 

 As neuronal repair and regeneration largely rely on successful axonal pathfinding, 

studies began to explore the role of developmental guidance cues in CNS regeneration. 

Although classical protein guidance cues and their receptors are often expressed in adult 

organisms, many were shown to play an inhibitory role in regenerative neuronal outgrowth 

(Giger et al., 2010). Typical repulsive cues such as semaphorins and ephrins also induce 

growth cone collapse in adult neurons, and both cues are upregulated in spinal cord lesion 

sites, likely contributing to an inhibitory environment for axonal outgrowth (Giger et al., 
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2010).  Although typically characterized as an attractive guidance cue during development, 

netrin was also shown to impair spinal cord regeneration, thus acting as an inhibitory 

molecule (Wehrle et al., 2005; Low et al., 2008). After spinal cord injury in the rat, axonal 

extension was abolished in netrin enriched areas (devoid of other myelin associated 

inhibitors), and the inhibition of netrin led to robust neurite sprouting from injured 

motorneurons (Low et al., 2008). Collectively, these studies indicate that classical guidance 

cues regulating axonal pathfinding during development appear to inhibit CNS regeneration 

in adults. This finding may suggest that alternative guidance molecules regulate the 

behaviours of regenerating axons. Thus, studies have begun to explore the role of non-

classical guidance molecules in CNS regeneration, including the activity of retinoic acid. 

Retinoic acid (RA), the vitamin A metabolite, is a vital signaling molecule that is produced 

not only during development, but also throughout CNS regeneration. As a result, in the 

past two-decades, the field of regenerative research has begun to characterize its role and 

signaling pathways during CNS regeneration. 

RA Synthesis and Signaling  

Animals cannot synthesize vitamin A de novo, and as a result, ingest vitamin A 

from their diet in the form of carotenoids (from plants) or retinyl esters (from animal 

products). After ingestion, these dietary components are stored in the form of retinyl esters 

within various organs, including the liver, lungs, bone marrow and kidneys (Maden, 2007; 

Duester, 2008). Retinol is released from the liver (or other storage organs) and is 

transported through the bloodstream via retinol-binding protein 4 (RBP4) to various cells 

for potential conversion to RA (Maden, 2007; Duester, 2008). The majority of cells express 

the retinol-binding receptor, STRA6, allowing these target cells to uptake retinol (Duester, 
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2008). Upon entry into the cell cytoplasm, retinol binds to the retinol-binding proteins 1 

(RBP1) and is metabolized by retinol dehydrogenase 10 (RDH10) into retinaldehyde 

(Maden, 2007). Retinaldehyde is further metabolized by retinaldehyde dehydrogenases 

(RALDHs) into all-trans RA. In its active form, all-trans RA (hereby known as RA) can 

be released from the cytoplasm and taken up by neighboring cells, or rather, may remain 

within the same cell and translocate into the nucleus to induce changes in gene expression 

(Maden, 2007; Duester, 2008).   

 In either scenario, cellular retinoic acid-binding protein 2 (CRABP2) assists RA 

entry into the cell nucleus (Maden, 2007; Duester, 2008). Within the nucleus, RA binds to 

one of its nuclear receptors, either the retinoic acid receptor (RAR), or the retinoid X 

receptor (RXR). RA has been shown to bind to both nuclear receptors, although reports 

have demonstrated that RA binds more frequently, and with a higher binding affinity to 

RAR (Maden, 2007; Duester, 2008). In either case, upon ligand binding, RAR and RXR 

typically heterodimerize, where they can then successfully bind to sequences of DNA 

known as the retinoic-acid response elements (RARE; Maden, 2007; Duester, 2008). This 

binding is facilitated by a variety of co-activators or co-repressors that are necessary to 

induce or repress transcriptional activity of target genes (Figure 1.4). In humans, more that 

500 genes are regulated by RA (Balmer & Blomhoff, 2002), indicating the global 

importance of RA-signaling to gene expression. 
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Figure 1.3. Retinoic acid synthesis and signaling. Retinol is taken up by target cells using 
STRA6, and is then bound to RBP1 within the cytosol. RDH10 and RALDH then 
metabolize retinol into its active form, all-trans RA. As an active metabolite, RA binds its 
nuclear receptors, RXR and RAR, which heterodimerize to actively bind DNA and mediate 
gene transcription (Retrieved from Maden et al., 2007). 
 

RA Signaling in the Developing Nervous System  

In early work investigating the importance of RA signaling during development, 

the elimination of RA by genetic or nutritional means resulted in early embryonic lethality 

in the rat (Vickers, 1985), mouse (Niederreither et al., 1999) and quail (Heine et al., 1985). 

To better understand the role of RA during development, studies instead focussed on 

treating embryos with exogenous RA to identify and characterize the resultant phenotypes. 
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Through these methods, RA was initially characterized as a teratogen resulting in limb 

patterning duplications during development. However, numerous studies also recorded 

various morphological abnormalities within the nervous system following RA treatment 

(Lammer et al., 1985; Yasuda et al., 1986). In a pioneering study on Xenopus laevis, 

exogenous RA treatment during embryogenesis resulted in severe microcephaly, 

corresponding to a dramatic reduction in the volume of the forebrain and midbrain, which 

importantly, was not a result of cell-death (Durston et al., 1989). Although these data 

suggested that RA may regulate neuronal architecture, it failed to identify the affected cell 

types and their subsequent morphology.  

To further investigate these trends, the localization of RA and its corresponding 

signaling machinery within the developing nervous system were determined. CRABP was 

specifically localized to commissural neurons in the chick (Maden et al., 1989) and the 

mouse spinal cord (Perez-Castro et al., 1989; Maden et al., 1990), whereas RA itself was 

identified in the chick ventral floor plate (Wagner et al., 1990). The ventral floor plate plays 

an important role in vertebrate neuronal connectivity, and releases diffusible guidance cues 

that attract commissural axons to more ventral locations. Thus, these data marked an 

important discovery, indicating RA may act as a guidance molecule to induce commissural 

axon outgrowth.  

Subsequent work in quail embryos provided further evidence that RA regulates 

neurite outgrowth within the developing spinal cord. RA-deficient quail embryos contained 

a reduced number of motorneurons within the spinal cord, and their neurites demonstrated 

a chaotic organization that lacked outgrowth into the periphery (Maden et al., 1996; Wilson 

et al., 2004). Moreover, RA was also identified within the developing axolotl spinal cord, 
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and stimulated neurite outgrowth from these neurons in vitro (Hunter et al., 1991). 

Collectively, these data indicated that RA plays an important role in the establishment of 

neuronal circuitry, and potentially acts as a guidance cue that induces neurite outgrowth 

from both interneurons and motorneurons within the developing vertebrate spinal cord. 

RA Signaling During CNS Regeneration 

 As RA appeared to regulate neurite outgrowth in the developing spinal cord, 

researchers began investigating whether RA acted in a similar manner during neuronal 

regeneration in adult organisms. As a result, comparative studies investigating the 

molecular and cellular differences between regenerating and non-regenerating species have 

been instrumental in uncovering an important role for RA during regeneration.  

After mammalian spinal cord injury, a dramatic spike in RA-signaling, 

corresponding to an increase in RALDH expression, was shown 4-7 days following initial 

damage (Mey et al., 2005). RALDH was localized to oligodendrocytes and the meninges 

within undamaged spinal cords, but after injury, was instead expressed only within 

meningeal cells, which invade the site of neuronal damage (Mey et al., 2005). Although 

these findings suggested RA may contribute to spinal cord regeneration, mammals exhibit 

a limited capacity for neuronal repair and are unable to overcome more severe injuries that 

require substantial neurite sprouting. Thus, these increases in RA-signaling and RALDH 

expression did not correspond to robust neurite sprouting that would promote functional 

CNS recovery. Further work by Corcoran et al (2002) discovered that although RA induced 

substantial neurite outgrowth in the embryonic mouse spinal cord cultures, it failed to do 

so in similar tissues from adults. Together, these data indicated that in non-regenerating 

systems, RA-signaling may become inactive within adults. Consequently, RA-signaling 
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was manipulated to potentially create a more functional and permissive environment for 

neuronal repair and neurite sprouting following injury. Indeed, when RAR expression was 

upregulated in rat and mouse spinal cords, this resulted in neurons exhibiting robust neurite 

sprouting following injury (Corcoran et al., 2002). Taken together, these findings suggested 

that the activation of RA signaling may enable mammalian neurons to regenerate after 

traumatic injury, by inducing neurite outgrowth.   

After this work in non-regenerating organisms, studies have identified an important 

role for RA in species that exhibit functional recovery following more traumatic CNS 

injuries. In adult newts, RA increased both the number and length of regenerating axons 

extending from spinal cord explants (Prince & Carlone, 2003; Dmetrichuk et al., 2005). 

Moreover, treatment with citral, an inhibitor of RA-synthesis, significantly reduced the 

number of sprouting axons (Prince & Carlone, 2003). Further work investigated the role of 

RA during spinal cord regeneration in vivo and documented similar trends. In adult newts, 

RAR expression was upregulated in ependymoglial and meningeal tissues at the injury site 

(Carter et al., 2011), indicating similar distribution patterns to those discovered in the rat 

and mouse. Further, treatment with LE135, a RAR antagonist, inhibited spinal cord 

regeneration (Carter et al., 2011). Collectively, these findings have provided compelling 

evidence that RA-signaling is a conserved pathway between non-regenerating and 

regenerating species that may promote functional nervous system repair in vertebrate 

species.  

 RA-Signaling During Invertebrate CNS Regeneration 

 While the role of RA in vertebrate spinal cord regeneration (of regeneration-

competent species) has become a well-established phenomenon, its role within invertebrate 
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species remains unclear. However, with the increasing availability of genome databases for 

many invertebrate systems, RA-signaling machinery has been reported in various 

invertebrate species capable of CNS regeneration (Albalat, 2009; Carter et al., 2015). While 

the conservation of RA-signaling machinery varied between species, molluscs appeared to 

retain most of the proteins involved in RA synthesis and signaling (Albalat, 2009). 

Investigations into whether RA contributed to invertebrate neuronal regeneration as it does 

in vertebrates were thus initiated. Using molluscan systems, the role of RA was primarily 

investigated in cell culture, and highlighted an important role for RA in motorneuron 

regeneration. In vitro, RA-treatment increased the number and length of neurites from 

different classes of regenerating motorneurons (Dmetrichuk et al., 2006; Farrar et al., 

2009). RA also acted as a guidance molecule for these regenerating motorneurons, inducing 

attractive growth cone turning responses upon focal application of RA (Dmetrichuk et al., 

2006; Farrar et al., 2009). Collectively, these data demonstrated a conserved role for RA 

during invertebrate and vertebrate CNS regeneration, indicating RA specifically 

contributes to CNS repair through induction of neurite sprouting and axonal pathfinding.  

Local Protein Synthesis 

To date, studies have begun to identify conserved guidance molecules, including 

RA, that regulate growth cone guidance during both development and regeneration. 

However, the underlying molecular mechanisms that are in place to regulate growth cone 

responses to both classical and non-classical cues are largely elusive. Therefore, particular 

emphasis has been placed upon investigating the signaling pathways and regulatory 

molecules that may exist within the growth cone itself to mediate growth cone behaviours.  
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In early studies investigating the growth cone transcriptome, an initial interest in 

locally transcribed mRNAs appeared (Davis et al., 1992). By investigating the inner 

workings of the growth cone, researchers provided a growing body of evidence suggesting 

that some mRNAs are locally translated within the growth cone itself, rather than in the 

cell body (Giuditta et al., 1991; Davis et al., 1992; Campbell and Holt, 2001). Compelling 

evidence that further supported this concept arose from studies utilizing invertebrate 

neurons (Giuditta et al., 1991; Davis et al., 1992; Farrar et al., 2009). To establish the basis 

of local protein synthesis, molluscan neurons were particularly advantageous, as their 

growth cones could be severed from the cell body to abolish all metabolic and physiological 

communication with the cell soma (Davis et al., 1992; Farrar et al., 2009). As an isolated 

structure, this model enabled researchers to study the local and intracellular components of 

the growth cone.  

Importantly, these isolated growth cones were shown to maintain the ability to 

respond to exogenous guidance cues (Haydon et al., 1984; Farrar et al., 2009), contained 

normal resting potentials, and continued to generate action potentials for several days 

following isolation from the cell body (Guthrie et al., 1989). Using the snail, Helisoma 

trivolvis, protein synthesis was found to occur locally within neuronal growth cones and to 

utilize machinery that was conserved in vertebrates, including polyribosomes (Davis et al., 

1992). Further investigations revealed that local protein synthesis also occurs in the growth 

cones of neurons from many vertebrate species and is a conserved phenomenon across 

phyla (Jung et al., 2012).  

After identifying the ability of neuronal growth cones to transcribe mRNAs locally, 

research investigating the functional importance and consequence of dysregulating local 
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protein synthesis increased. In both invertebrate and vertebrate species, local protein 

synthesis was shown to be vital for normal growth cone turning behaviours during axonal 

pathfinding (Farrar et al. 2009; Campbell and Holt, 2001; Ming et al., 2002). The inhibition 

of local protein translation resulted in the loss of normal behavioural responses to 

exogenous guidance cues, including netrin (Leung et al., 2006), slit2 (Piper et al., 2006), 

semaphorin 3A (Wu et al., 2005), engrailed (Brunet et al., 2005; Wizenmann et al., 2009), 

pituitary adenylate cyclase-activating polypeptide (Guirland et al., 2003), nerve growth 

factor (Hengst et al., 2009), brain derived neurotropic factor (BDNF; Yao et al., 2006), 

neurotrophin 3 (Zhang et al., 1999), and retinoic acid (Farrar et al., 2009).  

Collectively, these studies identified a critical role for local mRNA translation in 

mediating growth cone turning responses. By demonstrating the importance of local 

protein synthesis in axonal pathfinding, these studies also led to important questions 

regarding the regulatory mechanisms that may be in place to mediate locally translated 

mRNAs, including the action of microRNAs (miRNA).    

 MicroRNAs as Regulators of Local Protein Synthesis 

Axonal pathfinding relies on fast-acting changes in mRNA translation, particularly 

within neuronal growth cones. However, our current understanding of the regulatory 

mechanisms that may underlie targeted mRNA translation to mediate the progression of 

axonal pathfinding is largely unknown. In the past decade, miRNAs have emerged as likely 

candidates that regulate axonal pathfinding and local protein synthesis.  

miRNAs are a class of conserved, small non-coding RNAs that post-

transcriptionally down-regulate gene expression (Bartel, 2004). To regulate mRNA 

translation, miRNAs bind to the 3’UTR of complementary mRNAs to initiate either 
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cleavage of the strand, or translational repression. A decade of research has identified 

miRNAs as both master regulators and fine-tuners of temporal and spatial changes in gene 

expression, and has demonstrated the universality of their function across metazoans.  

 Canonical MicroRNA Biogenesis 

In the human genome, the majority of miRNA genes are encoded by introns of both 

non-coding and coding transcripts, whereas a small proportion of miRNA genes are instead 

encoded within exonic regions (Ha & Kim, 2014). Regardless of their position, miRNA 

gene transcription typically requires the activity of RNA Polymerase II, creating a long 

primary transcript (pri-miRNA), approximately 1 kb in length that folds into a hairpin 

structure (Figure 1.5A; Winter et al., 2009; Ha & Kim, 2014). After transcription, the 

resultant pri-miRNA undergoes several steps of maturation to give rise to the mature 

miRNA strand. In the nucleus, the RNase II enzyme Drosha and the DiGeorge critical 

region 8 (DGCR8) protein first cleave the pri-mRNA (Winter et al., 2009; Ha & Kim, 

2014), giving rise to a shorter double stranded precursor miRNA (pre-miRNA), 

approximately 65 nucleotides in length (Figure 1.5B; Ha & Kim, 2014). As a smaller 

precursor structure, the pre-miRNA is exported out of the nucleus through the action of 

exportin-5 and the GTP-binding nuclear protein, RAN (Winter et al., 2009; Ha & Kim 

2014).  

After its translocation into the cytosol, the pre-miRNA is cleaved by the RNase III-

type endonuclease, Dicer, creating a small miRNA duplex (Figure 1.5B; Ha & Kim, 2014). 

This duplex is subsequently loaded onto an Argonaute protein in conjunction with Dicer, 

forming the RNA-induced silencing complex (RISC; Winter et al., 2009; Ha & Kim 2014). 

The RISC complex not only completes miRNA biogenesis, creating a mature miRNA 
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strand, but is also instrumental in regulating the binding and activity of the mature miRNA 

to its mRNA target. 

Figure 1.4. Primary and precursor microRNA structures. A) Primary microRNA 
structure, indicating the approximate site of Drosha-induced cleavage. B) Precursor 
microRNA, indicating the cleavage site for Dicer. Red strand represents the mature guide 
microRNA, whereas the blue strand represents the passenger microRNA strand that will 
be degraded. (Modified from Ha & Kim, 2014) 
 

After the miRNA duplex is loaded into the RISC complex, Argonaute proteins 

determine which strand will act as the mature miRNA (known as the guide strand) and 

which will be degraded (known as the passenger strand). This choice is based on 

thermodynamic stability, as the strand with an unstable 5’ terminus is selected as the guide 

strand. Following this selection, Argonaute removes the passenger strand through cleavage 

or unwinding, and releases the strand into the cytosol for rapid degradation (Figure 1.5; 
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Winter et al., 2009; Ha & Kim, 2014). Now a short, single-stranded RNA, the mature 

miRNA uses Watson-Crick complementary base-pairing to bind its corresponding mRNA 

target. Within the RISC complex, mature miRNAs direct Argonaute-induced cleavage, 

translational repression, or destabilization of the target mRNA (Figure 1.6; Winter et al., 

2009).  

In plants, miRNAs often bind with perfect complementary base-pairing to their 

target mRNA. In animals, however, miRNAs typically bind to their target transcripts with 

partial complementary sequences, which are often interrupted by gaps and mismatches 

(Winter et al., 2009). In an attempt to better understand the base-pair requirements for 

successful miRNA binding, studies identified a unique domain within miRNAs, known as 

the seed region, that plays an important role in target selection. The seed region includes 

nucleotides 2-7 from the 5’ end of the miRNA, which typically bind with perfect 

complementary base-pairing to the target mRNA, whereas the remainder of the microRNA 

may remain mismatched (Bartel, 2004). 

The seed region has not only been an important discovery for miRNA target-

recognition, but also in establishing miRNA families. As numerous miRNA genes have 

arisen from duplications, these genes often give rise to miRNAs with nearly identical 

sequences, and thus, redundant mRNA targets (Bartel, 2004). As a result, paralogous 

miRNA genes giving rise to miRNAs with identical seed regions belong to the same family 

and are indicated with lettered suffixes (for example miR-125a and miR-125b). 

MicroRNAs during Nervous System Development   

The development of the nervous system is largely coordinated by tightly regulated 

temporal and spatial changes in mRNA translation, which enables incredibly precise 
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control over protein expression and localization (Di Liegro et al., 2014). Gene transcription 

is often supressed during specific developmental stages (Richter & Smith, 1984; Stifani et 

al., 2008), and changes in protein expression are mediated through the translation of pre-

existing mRNAs (Motti et al., 2012). It has become increasingly apparent that regulating 

the translation of specific mRNAs enables the rapid transition of developmental events.  

The importance of miRNAs in nervous system development is evident when 

transgenic mutants that lack core components of the miRNA synthesis machinery are 

considered. Specifically, early studies explored the consequences of deleting Dicer, a 

protein that cleaves all precursor miRNAs into their mature and active form. In both 

vertebrates (Bernstein et al., 2003) and invertebrates (Lee et al., 2004), Dicer knockouts 

lead to early embryonic lethality, demonstrating the global importance of miRNAs to 

development. In recent years, targeted tissue-specific deletions of Dicer have uncovered 

valuable information regarding the importance of miRNAs to nervous system 

development. Using targeted deletions, Dicer activity was knocked down in the nervous 

system, and resulted in similar phenotypic consequences in both vertebrate and invertebrate 

species. In mice, deleting Dicer from the CNS resulted in a reduced number of neuronal 

progenitor cells, abnormal neuronal differentiation, a thinner cortical wall, and abnormal 

neuronal migration patterns (Kawase-Koga et al., 2009). Similarly, in Drosophila, selective 

Dicer deletion in the nervous system resulted in a reduction in the number of neuroblasts 

and brain size (Banerjee & Kumar Roy, 2017). Together, these studies uncovered similar 

consequences after abolishing miRNA activity, demonstrating abnormal architecture and 

connectivity in the nervous system. These studies therefore demonstrate the importance of  
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Figure 1.5. MicroRNA biogenesis pathway. MicroRNA genes are transcribed in the 
nucleus, resulting in a primary microRNA structure, which is cleaved by Drosha. 
Following cleavage, the precursor microRNA is exported out of the nucleus and is further 
cleaved by Dicer into a microRNA duplex. One strand from the duplex is degraded, while 
the remaining strand, now a mature microRNA, is incorporated into the RISC complex to 
target complementary mRNAs for cleavage, deadenylation, or translational repression. 
(Retrieved from Winter et al., 2009) 
 

 



 29 

miRNA activity in establishing an intricate and functional nervous system, and indicate 

miRNAs may play a role in neuronal pathfinding, which establishes proper neuronal 

connectivity and architecture.  

Despite uncovering an important role for miRNAs in nervous system development, 

Dicer deletions failed to distinguish the importance of individual miRNAs and to decipher 

their specific functions. In the past decade, considerable emphasis has been placed upon 

identifying the specific functions of individual miRNAs in neuronal development. To do 

so, researchers have focussed on identifying the spatial and temporal expression patterns 

of individual miRNAs during development to infer their functions. As a result, the 

expression patterns of numerous miRNAs have been well documented in multiple species, 

including: Drosophila (Aboobaker et al., 2005), C.elegans (Lau et al., 2001), zebrafish 

(Wienholds et al., 2005), chicks (Darnell et al., 2006), and mice (Kloosterman et al., 2006). 

In examining such developmentally expressed miRNAs, a great deal of attention has been 

placed upon neuronally-enriched miRNAs, as their spatial expression patterns may be 

indicative of their importance to neuronal development. The identification of such tissue-

specific miRNAs has enabled a more focussed analysis of specific miRNAs that may play 

a role in neuronal development from an overwhelming pool of miRNA activity. However, 

an exhaustive review describing the role of individual miRNAs in neuronal development 

is beyond the scope of this thesis.  

MicroRNA Synthesis Machinery in Axonal Growth Cones 

To elucidate the role of miRNAs as potential regulators of local protein translation 

in neuronal pathfinding, several studies examining the distribution of miRNA synthesis 

machinery in neuronal growth cones were initiated. In doing so, the results of these studies 
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confirmed the global importance of compartmental miRNA activity in neuronal 

pathfinding.  

Specifically, components of the miRNA-RISC complex were identified in neuronal 

growth cones (Hancock et al., 2014; Hengst et al., 2006). For example, both Argonaute and 

Dicer were detected in growth cones of dorsal root ganglia (DRG) neurons from both 

Xenopus (Hancock et al., 2014) and mice (Hengst et al., 2006). These findings indicate that 

miRNAs may be shuttled to distal growth cones as precursor structures, where they can be 

rapidly incorporated into Dicer and reach full maturity to mediate mRNA translation. 

Alternatively, this finding also indicates that mature miRNAs are able to actively bind 

mRNA strands within the growth cone itself.  

As Dicer appears to be abundant within neuronal growth cones, conditional Dicer 

deletions would not only perturb miRNA function, but also indicate the importance of local 

miRNA synthesis. Further functional studies identified the potential role and importance 

of Dicer, and locally expressed miRNAs, within neuronal growth cones. Knockdown of 

Dicer in the developing mouse RGCs led to axon guidance defects in the visual system 

(Pinter and Hindges, 2010). Specifically, Dicer mutants demonstrated a significant increase 

in the number of neuronal projections, however, these axonal tracts did not reach their 

proper synaptic targets, but instead extended into different regions of the eye (Pinter and 

Hindges, 2010). This study marked an important breakthrough in characterizing the role of 

local miRNA activity in growth cone guidance. Together, these data suggest that the local 

activity of miRNAs within the growth cone is critical to canonical pathfinding behaviours.  
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Mature miRNAs locally mediate growth cone behaviours 

After identifying the global importance of miRNA synthesis and activity within 

neuronal growth cones, recent work has begun to uncover the roles of individual miRNAs 

in local protein translation.  The first miRNA reported to mediate growth cone turning 

decisions by acting within the growth cone itself was the vertebrate-specific miRNA, miR-

134 (Han et al., 2011). This miRNA was expressed within Xenopus RGC growth cones, 

and regulated turning behaviours towards BDNF, a guidance cue that relies on local mRNA 

translation. Upon miR-134 dysregulation, attractive turning responses towards BDNF were 

abolished, although this was not the case for another attractive guidance cue, bone 

morphogenic protein 7, which does not require local protein translation to induce changes 

in growth cone behaviour (Han et al, 2011). This study provided compelling evidence that 

miRNAs may only regulate growth cone responses that rely on local protein synthesis.  

Since this pioneering study was published, further investigations with canonical 

guidance cues have revealed roles for other miRNAs in regulating local mRNA translation 

and growth cone behaviours, including miR-124 (Baudet et al., 2011), miR-9 (Dajas-

Bailador et al., 2012), miR-132 (Sasaki et al., 2014), miR-182 (Bellon et al., 2017), and 

miR-92 (Yang et al., 2018). Recently, miR-182 was reported to regulate the local 

translation of mRNAs in Xenopus RGC growth cones. During Xenopus visual system 

development, slit2 is an important guidance cue that is responsible for restricting axonal 

projections at an important choice point in the developing eye, the optic chiasm (Erskine 

et al., 2000). At the optic chiasm, slit acts as an inhibitory guidance cue, repelling RGC 

axons away from the chiasm towards their synaptic target on the most precise and efficient 

growth trajectory (Erskine et al., 2000). After knocking down miR-182 during this stage of 
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developmental pathfinding, no difference in axonal length was observed, though aberrant 

axonal trajectories appeared. Specifically, in the absence of miR-182, RGC axons appeared 

to be more widely dispersed, with multiple projections extending into different regions of 

the optic tract (Bellon et al., 2017). Ultimately, miR-182 was shown to regulate the local 

translation of cofilin1 mRNA, which was activated upon slit2 sensation to alter the growth 

cone cytoskeleton to initiate a turning response (Bellon et al., 2017). Collectively, these 

data described the first miRNA to locally regulate mRNA translation in response to the 

guidance cue, slit. With slit being a widely conserved axon guidance molecule from 

Drosophila (Kidd et al., 1999) to mice (Erskine et al., 2000), this finding may suggest 

miRNAs may act in similar manners across phyla. Moreover, these data further support a 

compelling role for specific miRNA compartmental distribution patterns, specifically, 

within the growth cone, to infer miRNA function.  
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MAIN OBJECTIVES 

miRNAs have emerged as potential candidates that may regulate growth cone 

responses to classical guidance cues. However, a role for various miRNAs in axonal 

pathfinding has only been demonstrated in developing vertebrate systems. Moreover, the 

role of miRNAs in response to non-classical guidance cues is unknown. To address these 

shortcomings in the current field, my thesis investigated the regulatory role of miRNAs 

during regenerative growth cone guidance using an invertebrate, Lymnaea stagnalis 

(Figure 1.7A). Lymnaea demonstrate remarkable regenerative capabilities, and unlike 

many vertebrates, are able to repair damage to their CNS (Figure 1.7B). Moreover, they 

also contain easily identifiable neurons that can be isolated for cell culture. Importantly, 

these neurons generate large growth cones that are easy to visualize and manipulate in cell 

culture (compared to those of vertebrates; Figure 1.7C). Collectively, these benefits make 

Lymnaea an ideal model to investigate and manipulate regenerating growth cone responses.   

In addition to investigating regenerative growth responses, my research also 

explored the role of miRNAs in response to non-classical guidance cues, including the 

vitamin A metabolite, retinoic acid, and the neurotransmitter, serotonin. As microRNAs 

often demonstrate conserved functions between species, I hypothesized that similar 

miRNAs regulating developmental pathfinding would also play a role in regenerative 

growth cone responses.  

The first aim of my thesis was to identify miRNAs in the snail CNS, specifically, 

those that have been shown to play a role in vertebrate growth cone guidance. Moreover, I 

also aimed to identify Lymnaea-specific microRNA expression patterns compared to those  
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Figure 1.6. Lymnaea stagnalis as a model system to study growth cone behaviours. 
A) Lymnaea stagnalis animals. B) Isolated Lymnaea CNS. C) Cultured Lymnaea 
motorneuron, exhibiting large growth cones. Scale bar = 50 μm. 
 

of vertebrates, in order to infer their conserved roles across species. In an attempt to answer 

these questions, I used miRNA-Sequencing to identify every mature miRNA in the snail 

CNS, and then characterized the distribution and expression patterns of a few select 

miRNAs within different cellular compartments using PCR and in situ hybridization. Using 

these techniques, I hypothesized that miRNAs present in both vertebrates and Lymnaea 

would likely share similar expression and distribution patterns, inferring a conserved role.  

The second aim of this thesis was to characterize the spatiotemporal distribution 

patterns of one specific miRNA, miR-124, during growth cone responses to the non-

classical guidance cues, retinoic acid and serotonin. This miRNA was an ideal candidate 
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for analysis, as it was highly abundant in the snail CNS, and had previously been shown to 

regulate growth cone responses in vertebrates (Baudet et al., 2011). Specifically, my work 

identified the presence of miR-124 during different stages of growth cone guidance in 

response to various cues. Subsequently, I dysregulated the normal abundance of miR-124 

to investigate its functional importance to Lymnaea growth cone behaviour. As miR-124 

was shown to regulate vertebrate growth cone responses to classical guidance cues, I 

hypothesized that miR-124 would also regulate invertebrate growth cone behaviours. 

Taken together, this thesis identified and characterized the role of miR-124 in the 

regenerating CNS of Lymnaea stagnalis. 
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CHAPTER 2: Identification and characterization of microRNAs during retinoic 

acid-induced regeneration of a molluscan central nervous system 
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This chapter is in the published manuscript form as: 

Walker SE, Spencer GE, Necakov A, Carlone RL (2018) Identification and 

characterization of microRNAs during retinoic acid-induced regeneration of a molluscan 

central nervous system. International Journal of Molecular Sciences, 19: 2741. 
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ABSTRACT 

Retinoic acid (RA) is the biologically active metabolite of vitamin A, and has become a 

well-established factor that induces neurite outgrowth and regeneration in both vertebrates 

and invertebrates. However, the underlying regulatory mechanisms that may mediate RA-

induced neurite sprouting remain unclear. In the past decade, microRNAs have emerged as 

important regulators of nervous system development and regeneration, and have been 

shown to contribute to processes such as neurite sprouting. However, few studies have 

demonstrated the role of miRNAs in RA-induced neurite sprouting. In this study, we 

identify a large abundance of 482 miRNAs within the regenerating Lymnaea CNS, and 

characterize the expression of one neuronally-enriched miRNA, miR-124. We demonstrate 

for the first time that miR-124 is expressed within the cell bodies and neurites of 

regenerating Lymnaea motorneurons. Moreover, we identify miR-124 expression within 

the growth cones of Pedal A motorneurons, and absence from the growth cones of another 

type of motorneuron, the Right Parietal A. Interestingly, miR-124 expression within Pedal 

A growth cones remains unchanged in the presence of RA, suggesting miR-124 does not 

contribute to neurite sprouting. Rather, based on its subcellular localization and cell-type 

specificity, miR-124 likely contributes to growth cone turning decisions.  
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INTRODUCTION  

Following injury to the central nervous system (CNS), the ability of damaged 

neurons to repair and regenerate functional connections is limited in most species. Only a 

few vertebrates are able to regenerate lost or damaged CNS tissues and cell types, though 

numerous invertebrates possess this intrinsic ability of self-repair (Allison & Benjamin, 

1985; Cebria, 2007). Interestingly, many trophic and chemotropic factors that mediate 

neuronal outgrowth and connectivity in regeneration-competent species are highly 

conserved and functional in many vertebrates and invertebrates (Tessier-Lavigne & 

Goodman, 1996; Sanchez Alvarado & Tsonis, 2006; Somorjai et al., 2012).  However, a 

thorough understanding of the molecular and biochemical mechanisms underlying the 

production and utilization of these factors that results in functional CNS regeneration is 

lacking. 

One critical factor that has been suggested to play a role in CNS regeneration in 

many species is the vitamin A metabolite, all-trans retinoic acid (RA). RA signaling 

mediates neuronal outgrowth (Maden et al., 1996) and differentiation (Maden, 2001) 

during both CNS development and regeneration (Maden, 1996; Dmetrichuk et al., 2005; 

Dmetrichuk et al., 2006). To exert such effects, RA binds to two classes of nuclear 

receptors, the retinoic acid receptors (RAR) and the retinoid X receptors (RXR). Following 

ligand binding, specific subtypes of these receptors typically heterodimerize to regulate the 

expression of genes that contribute to numerous processes associated with both neuronal 

development and regeneration (Maden, 1996). Our understanding of the role of RA 

signaling in CNS regeneration has come largely from studies on urodele amphibians, such 

as the newt and axolotl (Hunter et al., 1991; Prince & Carlone, 2003; Dmetrichuk et al., 
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2005; Carter et al., 2011). More recently, the role of specific microRNAs as post-

transcriptional regulators, both upstream and downstream of RA signalling in the 

regenerating CNS has become an important area of recent investigation.  

MicroRNAs (miRNAs) are conserved, non-coding RNAs that post-

transcriptionally regulate gene expression by directly binding to mRNAs to supress their 

translation into functional proteins. In the adult urodele newt, miR-133a was identified by 

microarray analysis as being a critical regulator of RARβ expression (Lepp & Carlone, 

2014; Lepp & Carlone, 2015). When the expression of this miRNA was experimentally 

increased by electroporation of a mimic, RARβ expression was downregulated and 

posterior ependymal tube outgrowth from the cut spinal cord was inhibited (Lepp & 

Carlone, 2014). Moreover, miR-133 has also been implicated in the regulation of spinal 

cord regeneration in zebrafish (Yu et al., 2011). However, no studies to date have examined 

the role of miRNAs in RA-mediated CNS regeneration in any invertebrate species.  

RA signalling was originally thought to be a vertebrate innovation, but has now 

been demonstrated in some CNS regeneration-competent invertebrate species (Dmetrichuk 

et al., 2008), such as the pond snail, Lymnaea stagnalis. RA is found in the CNS of 

Lymnaea stagnalis (Dmetrichuk et al., 2008), and induces neurite sprouting and attractive 

growth cone turning in various neuronal cell types (Dmetrichuk et al., 2006; Farrar et al., 

2009). Moreover, components of the retinoid-signalling pathway, including RAR and 

RXR, are expressed in the growth cones and mediate RA-induced chemotropic responses 

(Carter et al., 2010; Carter et al., 2015). As Lymnaea CNS neurons can regenerate and this 

can be enhanced by RA signalling, our aim here was to determine whether miRNAs play 

a role in the regenerative response of this invertebrate CNS.  
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In this study, we identified miRNAs in the regenerating CNS of adult Lymnaea, 

and discovered a specific subset that were either up-regulated or down-regulated during 

RA-induced neurite sprouting. We then examined the spatial and temporal patterns of 

expression of one of these dysregulated miRNAs, miR-124. Interestingly, we found that 

miR-124 displayed similar expression patterns in Lymnaea as it does in many vertebrates. 

Specifically, we found miR-124 was enriched in the adult CNS, and was upregulated 

during both development and CNS regeneration. Using in situ hybridization, we also 

examined the spatial distribution of miR-124 in regenerating motorneurons, and 

demonstrate a cell-specific expression in regenerating growth cones.  
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METHODS 

Isolation of CNS  

Lymnaea stagnalis were bred in laboratory settings, and kept in aerated pond water 

at room temperature on a 12hr:12hr light-dark cycle. For all experimental procedures, adult 

snails (16-20mm) were anesthetised in 25% Listerine® (containing menthol; 0.042% w/v) 

in pondwater for removal of the central ring ganglia.  

 

Regenerating CNS Preparation 

To induce neurite sprouting, isolated Lymnaea CNS were incubated in either 3mL 

of defined medium (DM) containing 10-5M RA or 0.1% EtOH in a plastic Falcon dish 

(VWR) for 72 hours. Following this incubation period, neurite sprouting from individual 

nerves were imaged using Q-Capture image software.  

 

miRNA-Sequencing of Lymnaea miRNAs  

RA treated (regenerating) and EtOH treated (non-regenerating) samples were 

collected by pooling five-CNS from adult Lymnaea (shell length of 20-25 mm) per sample 

(1 biological replicate was utilized). Total RNA was extracted using Tri-Reagent (Sigma) 

and Direct-zol RNA MiniPrep kit (Zymo Research), and outsourced to LC Sciences 

(Houston, TX) for deep sequencing. A small RNA library was generated from both 

regenerating and non-regenerating CNS samples using the Illumina TruseqTM Small RNA 

Preparation kit, according to the manufacturer’s instructions. This generated library was 

utilized for cluster generation on Illumina’s Cluster Station and sequencing on Illumina 

GAIIx. Raw sequencing reads were obtained using Illumina’s Sequencing Control Studio 
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software version 2.8 (SCS v2.8) following real-time sequencing image analysis and base-

calling by Illumina Real-Time Analysis version 1.8.70 (RTA v1.8.70).  

 

Isolation of Lymnaea embryos 

Egg masses were incubated in room temperature pond water for 6, 8 and 10-days post egg 

laying, until reaching defined stages of development as described by Nagy and Elekes [66]. 

When each egg mass had reached the desired developmental day, egg capsules were 

removed from their gelatinous surroundings. Following isolation, the embryos encased in 

one egg mass were pooled and frozen on liquid nitrogen for molecular analysis.  

 

Cell Culture 

Following isolation of the Lymnaea CNS, individual ganglia were desheathed to 

expose cells of interest, including Pedal A (PeA) and Right Parietal A (RPA) 

motorneurons. Individually identified neurons were removed from the ganglia using 

suction applied via fire polished pipettes, and then plated on poly-L-lysine (Sigma) coated 

Falcon dishes (VWR). Culture dishes contained 3 mL of conditioned medium (CM), which 

contain unidentified trophic factors that can produce neurite outgrowth (Wong et al., 1981; 

Farrar et al., 2009). In addition, 10-7M RA was added to the culture dishes overnight to 

promote neurite sprouting (Dmetrichuk et al., 2006; Dmetrichuk et al., 2008). All culture 

dishes were maintained at 21°C overnight. To determine the effects of RA on the 

proportion of growth cones expressing miR-124, cells were cultured in either 10-7M RA or 

0.001% EtOH (as the vehicle control).  
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RNA Isolation and cDNA synthesis 

All Lymnaea organs and tissues were isolated from adult Lymnaea stagnalis with a 

shell length of 20-25mm, then immediately flash frozen on liquid nitrogen. For molecular 

analyses, pooled samples for each organ were used as follow: 2 CNS, 10 hearts, 10 albumen 

organs, 4 prostates, or 4 buccal masses. For analysis of individual ganglia from the CNS, 

the following were pooled: 20 Pedal ganglia, or 31 Right Parietal ganglia per sample. For 

regenerating CNS samples, each biological replicate contained five pooled CNS. For all 

experiments, 3 biological replicates were utilized.  

Total RNA was isolated from these samples using Tri-Reagent (Sigma) and Direct-

zol RNA MiniPrep kit (Zymo Research). RNA quality was confirmed using 

spectrophotometry and gel electrophoresis. A total of 750 ng of RNA was utilized from 

each sample for cDNA synthesis using gene specific stem-loop primers with the 

SuperScript III Reverse Transcriptase kit (Invitrogen). Stem-loop primers were designed 

for miR-124  

(GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGGCATT) 

and miR-133  

(GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAGCTGG) 

based on sequences provided by RNA-Sequencing. 

 

PCR 

PCR reactions contained a total volume of 20 μL, consisting of 10x Taq buffer, 50 

mM MgCl2, 10mM dNTP mix (10mM each of dATP, dGTP, dCTP, and dTTP), iTAQ, 

both forward and reverse primers (10μM), template cDNA (750 ng), and nuclease-free 
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water. Forward and reverse primers were as follows for miR-124: (F: 

GCCGCTAAGGCACGCG GTG; R: GTGCAGGGTCCGAGGT), miR-133: (F: 

GCCGCTTTGGTCCCCTTCA; R: GTGCAGGGTCCGAGGT), and eIF4α as a positive 

control: (F: CCGAGCGTGTAAGC AGCC; R: AGTTGTGGTTGACTTGCCAGAG). 

Thermal cycling parameters included an initial DNA denaturation step at 95°C for 3 

minutes, then temperature cycling of 95°C for 30 s (denaturation), 55°C for 30 s (primer 

annealing), and 72°C for 1 minute (polymerase extension), and repeated for 40 cycles. End 

products combined with DNA loading dye were run on a 2.5% agarose gel and visualized 

using ethidium bromide staining. 

 

RT-qPCR 

Following cDNA synthesis, RT-qPCR was run using iQ SYBR Green Supermix 

(Bio-Rad) utilizing a CFX Connect Real-Time System (Bio-Rad). All samples were 

incubated for an initial DNA denaturation step for 3 minutes at 95°C, then underwent 40 

thermo-cycles of 95°C for 30 s (DNA denaturation), 55°C for 1 minute (primer annealing) 

and 72°C for 1 minute (polymerase extension). Samples are reported relative to acutely 

isolated CNS, and normalized to β-tubulin (F: CATCCCCTAGCCATCTCTTCA; R: 

AGAGAGGCCTGGAGAGCT AA), actin (F: GCGATCTCACCGACTACCTG; R: 

ACGGACAATCTCACGCTCAG), and eIF4α (F: CCGAGCGTGTAAGCAGCC; R: 

AGTTGTGGTTGACTTGCCAGAG). Semi-quantitative analysis was performed utilizing 

the ΔΔCT method, in accordance with the MIQE guidelines.  
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LNA-FISH and Tyramide Signal Amplification 

Cultured cells or CNS were fixed in 4% paraformaldehyde for 20 minutes at room 

temperature, then stored at 4°C in PBS until required. Prior to staining procedures, both 

cells and CNS were treated with 3% H2O2 for 1h at room temperature to remove 

endogenous peroxidase activity.  

CNS were next washed, on rotation, with increasing sucrose concentrations: 10% 

for 30 min, 20% for 30 min, and 30% overnight at 4°C. Samples were then embedded in 

Optimal Cutting Temperature (O.C.T.) compound (Tissue-Tek), and 12 μm sections were 

obtained using a cryostat (Leica microsystems). Tissue sections were mounted on 

Superfrost Plus slides (Fisher Scientific).  

 For staining procedures, CNS tissue sections and cultured cells underwent the same 

procedures modified from Lu and Tsourkas (2011). Samples were first washed in 

phosphate-buffered saline (PBS), then dehydrated overnight at 4°C in 70% ethanol. The 

next day, tissue sections and cells were incubated in hybridization buffer (25% formamide, 

0.05M EDTA, 4x Saline-Sodium Citrate buffer, 10% dextran sulfate, 1x Denharts solution, 

0.5 mg/mL E.Coli tRNA, 20mM ribonucleoside vanadyl complexes, 9.2 mM citric acid) at 

58°C (for miR-124 and scramble) or 52°C (for miR-133) for 2 hours, then hybridized in 

10 nM of probe (Exiqon) for 1 hour at the same temperature. Samples next underwent 

stringency washes with decreasing concentrations of Saline-Sodium Citrate buffer (SSC), 

including 4x SSC briefly, 2x SSC for 30 minutes, 1x SSC for 30 minutes, and 0.1% SSC 

for 20 minutes. Following these washes, cells and tissues were incubated in blocking buffer 

(3% bovine serum, 4x SSC, 0.1% Tween-20) for 30 minutes, then horseradish peroxidase 

(HRP)(Sigma) for 30 minutes at room temperature. Samples were next washed in TNT 
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buffer (0.1M Tris HCl, 0.15M NaCl, 0.05% Tween-20), then incubated in tyramide for 1 

hour at room temperature. Following a final series of washes in TNT buffer, all samples 

were mounted and imaged using a Carl Zeiss Axio Observer.Z1 inverted 

light/epifluorescence microscope, with ApoTome.2 optical sectioning. 

 

Statistics  

All data were analyzed utilizing Graphpad Prism, Version 7.0 for Mac OS X (La Jolla, 

CA, USA), and values were expressed as the mean ± SEM. For statistical analysis 

investigating miR-124 expression during Lymnaea development, a one-way analysis of 

variance (ANOVA) was performed, followed by Tukey’s post-hoc test. For all other 

statistical analyses, a Student’s unpaired t-test was performed. For all analyses, a P value 

less than 0.05 was considered to be statistically significant.  
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RESULTS 

RNA-Sequencing analysis of miRNAs in the Lymnaea CNS. 

As RA is capable of inducing neuronal outgrowth from both vertebrate and 

invertebrate nerves, the identification and functional characterization of miRNAs that 

might be involved in mediating such retinoid-induced outgrowth was our primary focus. 

As a model system, we utilized adult CNS from the regeneration-competent mollusc, 

Lymnaea stagnalis, whereby neurite sprouting from cut nerves, as well as from individually 

cultured neurons, were examined.  

 The CNS of Lymnaea was removed from the animal by transecting all nerves 

emanating from the CNS to the periphery. The CNS was incubated in either RA (10-5M) 

or EtOH (0.1%; vehicle control) for 3-days, which was sufficient time for a regenerative 

response to occur.  We found that when dissected CNS were incubated in RA, the nerves 

exhibited robust neurite sprouting (Figure 2.1A), which did not occur from CNS incubated 

in EtOH alone (Figure 2.1B). Total RNA was isolated from pooled samples of both RA-

treated (regenerating/sprouting) and EtOH-treated (non-regenerating) tissues 72 hours 

following treatment, and submitted for miRNA-Sequencing analysis.  

The quality of our miRNA RNA-Sequencing analysis was validated with 

appropriate length and count distributions of the sequences and optimal phred scores, to 

ensure accuracy of the reads (Figure 2.1C & D).  The length distribution (Figure 2.1C) 

determined that the average length of our mappable reads was ~22-23 base pairs, which is 

representative of the typical length of mature miRNAs (Starega-Roslan et al., 2011) . The 

phred scores identified the base call accuracy, and determined the probability of an 

incorrect base reading. A perfect score of 40 corresponds to 99.99% accuracy of the reads,  
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Figure 2.1. miRNA-Sequencing data of regenerating Lymnaea CNS. A & B) 
Representative images of regenerative outgrowth from cut nerves emerging from the 
Lymnaea CNS. Robust neurite outgrowth is seen in CNS incubated in RA (A), though no 
outgrowth is seen from CNS incubated in EtOH (vehicle control) (B). Scale bars=250 μm. 
C) Quality assessment of RNA-Sequencing analysis using the length and count distribution 
of sequences. Graph depicts the length distribution of reads following the 3’adapter cut. 
Counts display a majority of reads in the range of 21-24 nucleotides, corresponding to the 
length of mature miRNAs. D) Histogram of the average phred score per base in a read after 
the 3’adapter cut. A phred score greater than 30 corresponds to an accuracy of 99.9%, while 
a score of 40 represents an accuracy of 99.99%. E) Number of novel, mature and precursor 
miRNAs identified in the Lymnaea CNS. 
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while a score greater than 30 corresponds to 99.9% accuracy. Our data displayed typical 

phred scores of 38 and 39 (Figure 2.1D), suggesting a high accuracy (>99.9%) and 

providing confidence in our miRNA-Sequencing data analysis.   

Mature miRNA sequence information in molluscs is currently very limited. At 

present, miRBase release 22 (March 2018; http://www.mirbase.org/) reports the sequences 

of only three molluscan species, Lottia gigantia, Melibe leonina, and Haliotis rufescens. 

To identify miRNAs in Lymnaea, the sequences generated from our miRNA-Sequencing 

analysis were matched to known miRNAs in the mollusc, Lottia gigantia. The miRNA-

Sequencing analysis identified 482 miRNA sequences in the Lymnaea CNS, including 97 

precursor miRNAs, 166 mature miRNAs, and 219 novel miRNAs (Figure 2.1E). The novel 

miRNAs represent a group of mature miRNAs that were not matched to any other known 

species in miRbase. As most miRNAs are highly conserved, even between distantly related 

species such as invertebrates and vertebrates (Lagos-Quintana et al., 2001), these novel 

miRNA sequences may be Lymnaea-specific miRNAs, or possibly, miRNAs that have not 

yet been identified or sequenced in other species. It is also possible that some of these novel 

miRNAs represent additional RNA fragments included in the library.  

 

Identification of miRNAs that were differentially regulated during RA-induced 

regeneration. 

From our miRNA-Sequencing data, 219 putative novel sequences represented a 

large proportion of total sequenced reads (~45%). Of these novel sequences, 38 exhibited 

at least a 2-fold increase in RA-treated samples, while 48 displayed at least a 2-fold 

reduction (Figure 2.2A). However, all of the differentially regulated novel sequences were 
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of extremely low abundance, typically with less than 10 sequence reads in the entire CNS. 

Due to their extremely low level of expression, we did not investigate any novel sequences 

further.  

We next chose to focus on mature miRNAs that had previously been identified in 

other species. Of the 166 mature miRNAs, 21 sequences exhibited at least a 2-fold increase 

in RA-treated CNS, while 17 miRNAs displayed at least a 2-fold reduction (Figure 2.2B, 

C). A literature examination of many of these differentially-regulated miRNAs shed some 

light on their known roles, and many were found to contribute to the formation and/or 

function of the nervous system (Table 2.1). Many of these miRNAs also exhibited 

overlapping cellular functions, contributing to processes such as tumorgenesis (Sun Lee & 

Dutta, 2007; Schultz et al., 2008; Moskwa et al., 2011; Guo et al., 2012; Feliciano et al., 

2013; Liang et al., 2014; Budd et al., 2015; Feng et al., 2015), differentiation (Johnson et 

al., 2005; Iovino et al., 2009; Cushing et al., 2015), proliferation (Brennecke et al., 2003; 

Liu et al., 2010; Liu et al., 2016; Hong et al., 2017; Zhang et al., 2017), apoptosis (Kim et 

al., 2012; Selcuklu et al., 2012; Nakano et al., 2013; Wang et al., 2015) and cell cycle 

regulation (Brennecke et al., 2003; Legesse-Miller et al., 2009; Kouri et al., 2015). A subset 

of the miRNAs were associated with nervous system-specific processes, such as 

differentiation (Makeyev et al., 2007; Cheng et al., 2009; Liu et al., 2011; Qi, 2016; Xue et 

al., 2016), lifespan (Chawla et al., 2016), neurite guidance (Baudet et al., 2011; Shibata et 

al., 2011; Quiroz et al., 2014) or synaptogenesis (Rajasethupathy et al., 2009; Lu et al., 

2014; Hou et al., 2015). We were specifically interested in miRNAs known to contribute 

to neuronal differentiation and/or axonal guidance, processes that are well known to be  
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Figure 2.2. Mature miRNAs that were differentially expressed between regenerating CNS 
incubated in RA, or non-regenerating CNS incubated in EtOH. 
A) Pie chart depicts the total number of novel sequences identified by miRNA-Sequencing. 
Of these sequences, 38 exhibited at least a 2-fold increase in CNS incubated in RA (red), 
while 48 displayed at least a 2-fold reduction in RA-treated samples (white). B) Pie chart 
depicts the total number of mature miRNA sequences identified by miRNA-Sequencing 
analysis. Of the identified sequences, a large proportion did not exhibit differential 
expression between CNS incubated in RA and EtOH (black). However, a small subset 
exhibited at least a 2-fold change between treatment groups, and were either upregulated 
(red) or downregulated (white) in RA-treated CNS. C) A complete list of differentially 
expressed mature miRNAs following RA treatment. Table indicated the mature miRNA 
name and its corresponding expression pattern in regenerating RA-treated CNS. 
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Table 2.1. Putative biological roles and mRNA targets of miRNAs that exhibited 
differential expression following treatment with RA. 
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regulated by RA (Dmetrichuk et al., 2006; Maden, 2007). One potential candidate was 

miR-125b, which contributes to the development of a permissive environment for axonal 

outgrowth in the injured CNS of axolotls (Quiroz et al., 2014). However, this miRNA has 

not been shown to contribute to RA-induced regeneration in any species, indicating it was 

not a good candidate for further analysis. 

Additional candidate miRNAs identified by our miRNA-Sequencing included miR-

124 and miR-9, both of which are enriched in the nervous systems of many species and 

contribute to neuronal differentiation (Makeyev et al., 2007; Cheng et al., 2009; Liu et al., 

2011; Qi, 2016; Xue et al., 2016) and axonal guidance (Baudet et al., 2011; Shibata et al., 

2011). Importantly, both of these miRNAs are upregulated by RA in human and mouse cell 

lines (Sempere et al., 2004; Makeyev et al., 2007; Annibali et al., 2012). However, we 

found that miR-9 was downregulated in RA-treated CNS (Figure 2.2C), indicating it may 

have distinct roles and responses to RA in the snail, compared to vertebrates. As described 

in vertebrates, however, miR-124 was upregulated in RA-treated Lymnaea CNS (Figure 

2.2C). As miR-124 has been associated with neurite outgrowth, not only in mammals (Yu 

et al., 2008), but also in amphibians (Baudet et al., 2011), we focussed on examining a 

potential role for miR-124 in regenerating neurons of Lymnaea.  

 

miR-124 is highly enriched in the adult Lymnaea CNS. 

In vertebrates, miR-124 has been characterized as a neuronally-enriched miRNA 

(Smirnova et al., 2005) that contains multiple variants, including miR-124a, b, and c 

(Griffiths-Jones, 2006). We obtained sequences for two conserved subtypes of miR-124 in 

the Lymnaea CNS, miR-124a and miR-124c. However, the number of reads for each 
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variant was notably low (Figure 2.3A). Rather than focus on each individual subtype, we 

instead characterized the entire miR-124 family of microRNAs (henceforth referred to as 

miR-124).  

PCR was used to determine whether miR-124 shared a similar neuronally-enriched 

expression in Lymnaea as it does in vertebrates. Indeed, we found miR-124 was enriched 

in the CNS, but largely absent or undetectable from other adult tissues, including the heart, 

albumen, prostate and buccal mass (Figure 2.3B). We next determined whether this 

miRNA was developmentally regulated, as it is in vertebrates. In vertebrates, miR-124 is 

shown to temporally increase in abundance throughout development, until reaching 

maximal expression in the adult CNS (Smirnova et al., 2005; Deo et al., 2006; Krichevsky 

et al., 2006). To determine whether the same is true in Lymnaea, we performed qPCR on 

developing Lymnaea embryos and compared miR-124 expression levels to that of the adult 

CNS. In developing Lymnaea embryos, the first neurons of the CNS are born 

approximately 4 days following egg laying (Croll & Voronezhskaya, 1996; Nagy & Elekes, 

2000). In the days following, additional ganglia begin to form and continue to increase in 

size until ~10 days, when the embryos hatch (Nagy & Elekes, 2000). As such, we examined 

miR-124 expression at 6, 8 and 10 days after egg laying, at stages when the CNS has begun 

to develop (Croll & Voronezhskaya, 1996; Nagy & Elekes, 2000). miR-124 was expressed 

at low levels over the course of Lymnaea development, and did not significantly increase 

in expression across these developmental time points (F(3,8) = 17.63; P = 0.0007)(Figure 

2.3C). However, miR-124 drastically increased in its abundance in the adult CNS, as shown 

in vertebrates (Smirnova et al., 2005; Deo et al., 2006; Krichevsky et al., 2006)(Figure 
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2.3C), and was significantly higher than expression at 6 (p=0.0013), 8 (p=0.0014), and 10 

days (p=0.0022).  

 

Figure 2.3. miR-124 expression in the adult Lymnaea CNS. A) Number of miR-124 
sequence reads in Lymnaea CNS, determined by RNA-Sequencing. The family of miR-
124 contains a and c subtypes in low abundance. B) Tissue-specific expression of miR-124 
in adult Lymnaea. PCR demonstrates that miR-124 is enriched within the adult CNS, but 
appears diminished or completely undetectable in other tissues. eIF4α was used as the 
positive loading control. C) MiR-124 expression during Lymnaea development. At 6, 8, 
and 10 days post egg laying, miR-124 expression remained relatively uniform, and was not 
statistically significant across developmental days. However, miR-124 exhibited a 
significant increase in the adult CNS in comparison to earlier developmental days (**= 
p<0.01). D) MiR-124 expression in the regenerating Lymnaea CNS. The mean relative 
normalized expression is 26% greater in RA-treated CNS, in comparison to EtOH controls. 
However, this increase did not reach statistical significance (p=0.07). For RT-qPCR, data 
was made relative to the expression of the acutely isolated CNS (control) and normalized 
to β-tubulin, actin, and eIF4α. 
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After confirming miR-124 was indeed a neuronally-enriched miRNA in adult 

Lymnaea, we next used qPCR to confirm its differential expression between sprouting RA-

treated and non-sprouting EtOH-treated CNS. Although the mean relative level of 

expression of miR-124 in RA-treated brains was 25% greater than in those treated with 

DMSO, this difference approached, but did not quite reach statistical significance (p=0.07; 

Figure 2.3D).  

 

miR-124 is expressed in both the Pedal and Right Parietal ganglia. 

MiRNAs are generally cell-type specific and importantly, have exhibited 

differential expression patterns in specific regions within the CNS of both mice (Bak et al., 

2008) and zebrafish (Wienholds et al., 2005). Our next aim was to determine whether 

specific patterns of expression of miR-124 exist within specific ganglia of the molluscan 

CNS. To this end, we utilized different ganglia, the Pedal and Right Parietal ganglia (Figure 

2.4A), which are known to contain different classes of motorneurons (Syed & Winlow, 

1989; Magoski et al., 1994). In situ hybridization indicated a perinuclear distribution of 

miR-124 in cells of the Pedal (Figure 2.4Bi) and the Right Parietal ganglion (Figure 2.4Bii). 

Importantly, RT-qPCR analysis of the expression levels of miR-124 indicated that the 

overall expression levels did not differ between these ganglia (p= 0.9535; Figure 2.4Biii).  

A different miRNA, miR-133, has previously been shown to regulate RA-induced 

regeneration of the urodele spinal cord (Lepp & Carlone, 2014). We thus also conducted 

in situ hybridization to examine its presence or absence in these same ganglia. Interestingly, 

no detectable signal was obtained for miR-133 in either ganglion (Fig 2.4Ci,ii). However, 

this miRNA was detectable by RT-qPCR (Figure 2.4Ciii), which indicated its very low   
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Figure 2.4. Expression of microRNAs -124 and -133 in different ganglia of the Lymnaea 
CNS. A) Representative image of a Lymnaea CNS (Scale bar=1mm). Boxes represent 
different ganglia of the CNS, including the Pedal ganglia and the Right Parietal (RP) 
ganglion. B) MiR-124 demonstrates a perinuclear distribution in both the Pedal (Bi) and 
Right Parietal (Bii) ganglia. Arrowheads indicate representative areas of expression. RT-
qPCR analysis demonstrates uniform expression across both ganglia (Biii). C) Little to no 
miR-133 signal is detectable in either the Pedal ganglia (Ci), or the Right Parietal ganglion 
(Cii). When examining miR-133 utilizing RT-qPCR, we detected similar expression when 
comparing the Pedal and Right Parietal ganglia, however, this expression was minimal. For 
RT-qPCR, data was made relative to the expression in the entire Lymnaea CNS, and 
normalized to β-tubulin, actin, and eIF4α. D) Representative image of ganglia sections 
incubated with a scrambled probe (negative controls). No signal was detected in either 
Pedal (Di) or Right Parietal (Dii) ganglia. Scale bars (B-D)= 50 μm. 
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abundance. This confirmed our miRNA-Sequencing results, that also indicated very low 

levels of expression. Hence, no further analysis was conducted for miR-133.  

 

miR-124 is expressed within the cell bodies and neurites of two populations of 

regenerating motorneurons. 

We next sought to examine miR-124 expression patterns within cultured, 

regenerating motorneurons from both Pedal and Right Parietal ganglia. This examination 

of cultured cells allowed a better resolution of cellular compartmentalization of the miRNA 

within regenerating neurons, and provided more detailed information on cell-type-specific 

expression patterns. Importantly, different functional classes of motorneurons were used. 

Pedal A (PeA) group motorneurons are ciliary motorneurons that innervate the cilia of the 

foot musculature and are involved in locomotion (Syed & Winlow, 1989). These PeA 

motorneurons have been shown to exhibit robust outgrowth and chemotropic responses 

upon application of RA (Dmetrichuk et al., 2006; Farrar et al., 2009). Another class of 

motorneuron, with as yet unknown responses to RA, were also included. These 

motorneurons, the Right Parietal A (RPA) group, control movement of the pneumostome 

and are required for aerial respiration (Magoski et al., 1994).  

In these regenerating motorneurons (Figure 2.5A), miR-124 was consistently 

expressed within the cell bodies of both PeA (n=46, Figure 2.5Bi) and RPA (n=41, Figure 

2.5Bii) cell types. Again, miR-124 clearly exhibited a perinuclear distribution within the 

soma, similar to the expression pattern we found in the ganglia. miR-124 was also detected 

within regenerating neurites of both PeA (Figure 2.5Ci) and RPA motorneurons (Figure  
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Figure 2.5. Expression of miR-124 in cultured regenerating motorneurons. A) 
Representative images of regenerating PeA (Ai) and RPA (Aii) neurons in culture. In each 
cell, extending neurites contain multiple branch points and numerous growth cones. White 
arrows indicate growth cones at the tip of neurites. B) MiR-124 exhibits a perinuclear 
distribution (indicated by white arrowheads) within the soma of regenerating PeA (Bi) and 
RPA (Bii) motorneurons. C) Representative images of miR-124 expression along a PeA 
(Ci) and RPA (Cii) neurite. D) MiR-124 appears to be localized in many (but not all) branch 
points of PeA (Di) and RPA (Dii) neurites. 
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2.5Cii). Interestingly, miR-124 was expressed within individual punctae along the length 

of PeA and RPA neurites (Figure 2.5C). However, miR-124 was not consistently expressed 

in all neurites of either cell type, with its expression in RPA neurites being less frequent in 

comparison to PeA neurites (Figure 2.5C). Interestingly, miR-124 expression was often 

abundant in branch points of both PeA (Figure 2.5Di) and RPA (Figure 2.5Dii) neurites.  

 

miR-124 is differentially expressed in the growth cones of different classes of 

motorneurons. 

Neuronal growth cones are structures responsible for initiating and guiding 

regenerative outgrowth. We therefore next examined the expression of miR-124 within 

growth cones of the regenerating cultured PeA and RPA motorneurons. Interestingly, miR-

124 was expressed within growth cones of PeA neurons (n = 28 growth cones), but was 

not detected in the growth cones of any RPA neurons (n = 0/43 growth cones) (Figure 

2.6A). In PeA cells, miR-124 was consistently expressed along the leading edge of the 

growth cones and was most frequently restricted to the lamellipodia (L, Figure 2.6B). It 

was noticeably absent from the central domain (CD) of the growth cones (Figure 2.6B). 

Furthermore, miR-124 was often associated or aligned with the filopodia in a long, fibrillar 

expression pattern (Figure 2.6C).  

Interestingly, miR-124 was not expressed in all PeA growth cones. Therefore, we 

next wanted to determine whether exposure of regenerating neurites to retinoic acid might 

affect the expression pattern and/or number of growth cones expressing miR-124. Cultured 

PeA motorneurons were incubated in either RA (10-7M) or in EtOH (vehicle-control 

0.001%) during the first 12-18 hours of regenerating outgrowth. No significant differences 
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in the proportion of growth cones containing miR-124 were shown between treatment 

groups (p=0.4995). MiR-124 was found in the growth cones of approximately 40% of RA- 

treated neurons and 25% of EtOH-treated neurons (Figure 2.6Di).  

Cultured PeA motorneurons typically contain multiple neurites with numerous 

growth cones (see Figure 2.5Ai as an example). With this in mind, we re-examined the 

proportion of growth cones expressing miR-124, this time only analyzing those cells that 

expressed miR-124 in at least one of its growth cones. Once again, the proportion of growth 

cones that expressed the miRNA did not differ between cells treated with either RA (~63%) 

or EtOH (~66%)(Figure 2.6Dii).  

In summary, these data demonstrate cell-type-specific expression of miR-124 in 

Lymnaea growth cones and that this pattern of expression is not dependent on prior 

exposure to RA.  
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Figure 2.6. Differential expression of miR-124 in motorneuron growth cones. A) MiR-124 
is not expressed in RPA growth cones (n=0 of 43). B) miR-124 is consistently expressed 
along the leading edge within the lamellipodia (L, arrowhead) of PeA growth cones, but is 
absent from the central domain (CD, arrowhead). White box indicates area represented by 
inset image, magnified to show miR-124 in the lamellipodia. C) MiR-124 is also expressed 
in the filopodia of PeA growth cones. White box indicates area represented by magnified 
inset image, demonstrating miR-124 within filopodia. Di) PeA cells incubated in 0.001% 
EtOH or 10-7 M RA do not exhibit a significant difference in the proportion of growth 
cones containing miR-124 (p=0.4995). ns= non-significant Dii) When a PeA cell contains 
miR-124 in one of its growth cones, over 60% of the cells remaining growth cones will 
also contain miR-124 signal. This similar trend of expression is shown in cells incubated 
in both RA and EtOH. No statistical significance (ns) was detected between treatment 
groups (p=0.8747). 
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DISCUSSION 

In this study, we performed the first transcriptome analysis of miRNAs expressed 

during CNS regeneration in the invertebrate, Lymnaea stagnalis. Lymnaea is a useful 

model organism for the study of adult CNS regeneration due to its extensive regenerative 

capacity, and ease of isolation of large, identifiable neurons for culture. We identified 483 

miRNAs in the adult Lymnaea CNS and discovered a specific subset that may contribute 

to RA-induced regeneration. In particular, we focussed our attention on one neuronally-

enriched miRNA, miR-124. Using RT-qPCR, we confirmed the up-regulation of miR-124 

during regeneration, and utilizing in situ hybridization, found that it was present within 

motorneurons. Interestingly, we found miR-124 was enriched in the growth cones of PeA 

motorneurons, but was restricted to the cell bodies of RPA motorneurons. Together, these 

data are suggestive of a role for miR-124 in RA-induced CNS regeneration.  

Lymnaea stagnalis miRNA Transcriptome.  

Using miRNA-Sequencing, we identified a large subset of 483 miRNA sequences 

in the snail CNS. Of these 483 identified sequences, 264 miRNAs were conserved in other 

molluscan species, while 219 represented a group of unique miRNAs that may be 

Lymnaea-specific. The number of novel miRNAs within the Lymnaea CNS was relatively 

high, representing 45% of all sequenced reads. In comparison, in the regenerating axolotl 

tail, fewer than 12% of the total sequences were identified as novel miRNAs (Gearhart et 

al., 2015). Rather than reflecting an over-abundance of novel Lymnaea-specific miRNA 

sequences, this finding may be due to the minimal sequence information available for the 

molluscan miRNA transcriptome. We expect that these potential novel miRNAs will be 

identified in other molluscan species as more sequence data becomes available.  
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 Many of these novel sequences were differentially regulated during CNS-

regeneration. Specifically, 86 novel miRNA sequences exhibited at least a 2-fold increase 

or decrease in RA-treated CNS, corresponding to 39% of all the novel sequences. We found 

many of the known, characterized mature miRNAs that were differentially regulated 

contributed to similar biological processes, including neuronal differentiation, 

proliferation, neurite guidance, or synaptogenesis. As such, we predict the differentially 

regulated novel sequences may contribute to similar events during CNS regeneration. 

However, a majority of the novel miRNAs exhibited an extremely low number of reads, 

generally much lower than miR-133 (which was undetectable by in situ hybridization). 

With such low abundance, characterizing the specific functions of these novel sequences 

will prove to be difficult, as they may be undetectable by most standard molecular 

techniques.  

miR-124 Expression Patterns in Lymnaea CNS. 

Using both miRNA-Sequencing and RT-qPCR analyses, we found miR-124 was 

abundant within the adult Lymnaea CNS, and was up-regulated in RA-treated regenerating 

CNS, implicating its potential role in molluscan CNS regeneration. miR-124 is a well-

characterized miRNA that is predominantly expressed in neuronal cells, and regulates a 

variety of processes, including: neuronal differentiation (Makeyev et al., 2007; Cheng et 

al., 2009), neurite outgrowth (Baudet et al., 2011), neuronal cell fate (Smirnova et al., 2005; 

Makeyev et al., 2007), and the transition from neural progenitors to mature neurons 

(Makeyev et al., 2007). Importantly, miR-124 has also been shown to regulate CNS 

regeneration in another invertebrate, flatworms of the class Turbellaria (Sasidharan et al., 

2017). When miR-124 was inhibited during planarian brain regeneration, this resulted in a 
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significant reduction of dopaminergic and GABAergic neurons, reducing the overall brain 

size (Sasidharan et al., 2017). Collectively, these characteristics made miR-124 an 

excellent candidate miRNA that may regulate RA-induced snail CNS regeneration.  

In mice, miR-124 expression is 100 times higher in the CNS than in other tissues 

(Mishima et al., 2007), and gradually increases its abundance in parallel with neuronal 

maturation (Smirnova et al., 2005). We found similar trends in Lymnaea, as miR-124 was 

enriched in the CNS in comparison to other tissues and organs. Moreover, we also 

discovered miR-124 exhibited very low levels of expression during Lymnaea development, 

but was highly enriched in the mature adult snail CNS.  Collectively, these data indicate 

miR-124 shares similar expression patterns in an invertebrate species as it does in some 

vertebrates, and is highly enriched in the mature CNS.  

miR-124 Expression in Motorneurons. 

To further characterize miR-124 expression, we determined the subcellular 

distribution of miR-124 within individual regenerating motorneurons, and specifically, 

within the growth cone. The presence of miRNAs within neuronal growth cones has 

previously been indicative of their role in controlling neurite outgrowth and growth cone 

guidance (Baudet et al., 2011; Han et al., 2011; Hancock et al., 2014; Bellon et al., 2017). 

As such, miRNAs within the growth cone can rapidly down-regulate mRNAs that may 

impede neurite sprouting or impede specific turning responses. In Xenopus laevis, miR-

124 is localized to the growth cones of retinal ganglion cells, and regulates neurite 

outgrowth in response to the semaphorin, Sema3A (Baudet et al., 2011). Similarly, in our 

present study we discovered that miR-124 was expressed in the growth cones of PeA ciliary 

motorneurons. We also determined that the number of PeA growth cones containing miR-
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124 was not significantly altered when cells were cultured in the presence of RA in 

comparison to EtOH alone. This finding may indicate that miR-124 does not play an 

integral role in RA-induced neurite sprouting. However, miR-124 may instead contribute 

to fast-acting growth cone turning responses, similar to other vertebrate growth cone-

specific miRNAs (Han et al., 2011; Hancock et al., 2014; Bellon et al., 2017). Within 

vertebrate growth cones, miRNAs have been shown to mediate local protein synthesis to 

rapidly alter cytoskeleton dynamics in response to specific guidance cues. In Lymnaea, 

when local protein synthesis is inhibited in PeA growth cones, their attractive chemotropic 

response to RA is abolished (Farrar et al., 2009). This finding may implicate miR-124 as a 

positive regulator of local mRNA translation during fast-acting growth cone turning 

responses, as opposed to a substantial role in neurite sprouting.  

We discovered miR-124 did not share a similar expression pattern in the growth 

cones of RPA motorneurons. miR-124 was expressed in ~40% of all PeA growth cones, 

but completely absent in all RPA growth cones examined. This suggests that miR-124 may 

not be involved in regulating growth cone guidance in all motorneuron cell types. Indeed, 

it is likely that specific miRNAs mediate the turning behaviours of different classes of 

motor neurons in response to a variety of guidance cues encountered when innervating 

different targets during the development of the Lymnaea CNS.  

Although we detected miR-124 in the cell bodies of both populations of 

motorneurons in Lymnaea, this expression pattern has not been seen in other molluscs. In 

Aplysia californica, miR-124 is an essential regulatory molecule in sensory-motor 

synapses, where it regulates the transcription factor, CREB (Rajasethupathy et al., 2009). 

Interestingly, miR-124 is primarily expressed in cultured sensory neurons, while it was 
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undetected in cultured motorneurons (Rajasethupathy et al., 2009) from this species of 

mollusc. In contrast, we have identified miR-124 expression within two classes of 

molluscan motorneurons. Thus, miR-124 may likely exhibit both species-specific and cell-

type specific expression patterns. However, as we did not examine sensory neurons (due 

to the limited number of identified sensory neurons in Lymnaea), it is difficult to determine 

whether we would see a similar cell-type specific pattern. Furthermore, in Aplysia, sensory 

and motorneurons were cultured together to form a monosynaptic connection which may 

ultimately effect expression levels compared to either type of neuron cultured in isolation 

(Rajasethupathy et al., 2009). As such, miR-124 may exhibit a higher abundance in 

motorneurons prior to detecting their target cell.  

Role of miR-124 During RA-Induced CNS Regeneration. 

Using miRNA-Sequencing, we demonstrated that miR-124 was upregulated in RA-

treated CNS, a trend that has also been described in vertebrate cell cultures (Sempere et al., 

2004; Annibali et al., 2012). In Lymnaea, the expression of both nuclear receptors that bind 

retinoic acid, RXR (Carter et al., 2010) and RAR (Carter et al., 2015), increase during CNS 

development. Similarly, a specific RAR subtype, RARβ, has been shown to increase in a 

stage-specific manner during CNS regeneration in the adult newt (Carter et al., 2011). As 

both RXR and RAR are likely critical during RA-induced regeneration (Carter et al., 2011; 

Walker et al., 2018), and expressed in Lymnaea PeA growth cones (Carter et al., 2010; 

Carter et al., 2015), it is possible that miR-124 could be targeting either mRNA sequence 

during specific stages of regeneration.  Indeed, the 3’UTR of the Lymnaea RAR and RXR 

mRNAs contain potential binding sites for miR-124, however, RAR and RXR mRNA 

localization in regenerating motorneurons has not yet been explored. During newt spinal 
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cord regeneration, RARβ protein increases (Carter et al., 2011), while RXR is instead 

downregulated (Walker et al., 2018). As such, Lymnaea RXR may act as a potential target 

for miR-124 during Lymnaea CNS-regeneration, if similar trends are exhibited during 

invertebrate CNS regeneration.  

Alternatively, miR-124 may target mRNAs responsible for RA-degradation or 

mRNAs involved in inhibiting neuronal outgrowth. Specifically, Cytochrome P450 protein 

26 (Cyp26) is responsible for degrading all-trans RA, and is expressed in Lymnaea 

(Genbank Accession No. KF669878). Indeed, the 3’UTR of the Lymnaea Cyp26 mRNA 

contains multiple binding sites for miR-124, suggesting this mRNA may act as a potential 

binding site for miR-124 during RA-induced regeneration. However, its presence within 

PeA or RPA neurites and growth cones has not yet been identified. Alternatively, miR-124 

may target mRNAs that may impede neuronal outgrowth. However, as the Lymnaea 

genome has yet to be sequenced, it is difficult to obtain an exhaustive list of potential 

mRNA targets for miR-124 in this species at this time. 

In summary, these data characterize the expression of the Lymnaea miR-124. We 

found miR-124 was abundant in the regenerating Lymnaea CNS and within regenerating 

cultured PeA motorneurons and growth cones. Interestingly, RA-treatment did not appear 

to significantly change miR-124 expression in the CNS, or in PeA growth cones. Thus, 

these findings suggest miR-124 may not play a critical role in regenerative outgrowth. We 

did, however, discover interesting patterns of expression when examining miR-124 within 

the growth cones of different types of motorneurons. Although miR-124 was expressed 

within both PeA and RPA motorneuron cell bodies, miR-124 appeared absent from RPA 

growth cones.  This cell-type specificity may potentially suggest that miR-124 expression 
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is dependent upon the interaction with specific targets and selective guidance cues during 

growth cone guidance. As such, potential mRNA targets that may be regulated by miR-124 

in PeA growth cones are unknown. 
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CHAPTER 3: Differential role of miR-124 in growth cone responses of regenerating 

motorneurons to axon guidance cues 
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ABSTRACT  

During development and regeneration, growth cones at the tips of extending axons navigate 

through a highly complex environment to establish remarkably accurate connections with 

appropriate targets. To achieve this, growth cones rapidly respond to both classical (eg. 

netrins) and non-classical guidance cues in their environment, which often requires local 

protein synthesis. In vertebrate growth cones, local protein synthesis in response to 

classical cues can require regulation by microRNAs (miRNAs), a class of small, conserved, 

noncoding RNAs, that post-transcriptionally regulate gene expression. However, less is 

known of how miRNAs mediate growth cone responses to non-classical cues, specifically 

in invertebrates. Here, we utilized regenerating invertebrate motorneurons to study the 

requirement for miRNA regulation in growth cone behaviour to the non-classical guidance 

cues, serotonin and retinoic acid. In situ hybridization revealed abundant miR-124 

localization in growth cones of regenerating motorneurons of L. stagnalis. However, both 

the function and spatiotemporal distribution of miR-124 differed, depending on whether 

the growth cones were exhibiting attractive turns toward serotonin or retinoic acid. 

Dysregulation of miR-124 using a mimic disrupted growth cone turning to retinoic acid, 

but not to serotonin. Interestingly, these results differed when the neurite was transected 

and the growth cone became separated from the soma, indicating that an injury context 

affects the requirement for behavioural regulation by miR-124. Finally, we provide 

evidence that a downstream effector of RhoGTPases, ROCK, is a potential target of miR-

124 during growth cone responses. Together, these data advance our current understanding 

of how miRNAs mediate cue-dependent behaviours during axon guidance. 
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INTRODUCTION 

During development and regeneration, the formation of precise and ordered neuronal 

connections is critical to establish and/or repair functional circuits of the central nervous 

system (CNS). To establish these connections, neuronal cell bodies extend pathfinding 

axons that navigate through their external environment with remarkable precision to reach 

their appropriate cellular target (Lowery & Van Vactor, 2009; Dent et al., 2011). Axons 

are able to embark on their pathfinding journey through the use of a highly specialized 

structure, the growth cone, which is located at the most distal tip of the extending axon. 

The growth cone rapidly senses and interprets guidance cues in its external environment, 

and in response, mediates the direction of axonal growth (Buck & Zheng, 2002; Lowery & 

Van Vactor, 2009).  

Years of research have led to the identification of numerous guidance cues that 

induce growth cone turning to mediate axonal outgrowth. These classical guidance cues 

include netrins (Ishii et al., 1992; Serafini et al., 1994), slits (Kidd et al., 1998; Brose et al., 

1999), semaphorins (Messersmith et al., 1995) and ephrins (Drescher et al., 1995; Cheng 

et al., 1995). However, an additional variety of non-classical cues were shown to induce 

growth cone responses, and these include neurotransmitters such as dopamine (Spencer et 

al., 1995; Spencer et al., 2000) and serotonin (5-HT; Haydon et al., 1984; Koert et al., 

2001), as well as the vitamin A metabolite, retinoic acid (RA). Though RA is well known 

for its role in cellular differentiation and induction of neurite outgrowth during 

development (Rohwedel et al., 1999; Prince & Carlone, 2003; Dmetrichuk et al., 2005), it 

is now well established that this molecule can also induce directional outgrowth of 
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vertebrate neurites (Maden et al., 1998; Dmetrichuk et al., 2005) and attractive turning of 

invertebrate growth cones (Dmetrichuk et al., 2006; Farrar et al., 2009).  

 In recent years, it has become increasingly evident that growth cones rely on local 

protein synthesis and/or degradation to initiate turning behaviours in response to some 

guidance cues (Campbell & Holt, 2001; Jung et al., 2012). In both developing and 

regenerating neurons, mRNAs are shuttled into extending axons and growth cones, where 

some are translated to rapidly produce functional proteins required for appropriate 

responses to guidance cues (Jung et al., 2012; Verma et al., 2005). To date, the underlying 

regulatory mechanisms that mediate mRNA translation and degradation within the growth 

cone are largely elusive.  

Recently, microRNAs (miRNA) have emerged as potential candidates that regulate 

local protein synthesis within growth cones (Han et al., 2011; Hancock et al., 2014; Bellon 

et al., 2017; Iyer et al., 2014). miRNAs are a class of highly conserved, short, non-coding 

RNAs that directly bind to the 3’UTR of complementary mRNAs to either repress their 

translation, or to initiate their degradation (Bartel, 2004). To date, a few miRNAs have 

been described within neuronal growth cones, including miR-124 (Baudet et al., 2012; 

Walker et al., 2018), miR-132 (Hancock et al., 2014), miR-134 (Han et al., 2011) and miR-

182 (Bellon et al., 2017). The presence of these miRNAs within growth cones has been 

largely indicative of their role in regulating local mRNA translation. However, studies to 

date have only identified miRNAs contributing to the development of vertebrate nervous 

systems.  

Recently, we demonstrated that miR-124 is found in the growth cones of a specific 

class of regenerating motorneurons of the snail, Lymnaea stagnalis (Walker et al., 2018). 
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However, its potential role in mediating growth cone turning responses has not yet been 

studied. In the present study, our main aim was thus to characterize the role of miR-124 

during invertebrate growth cone turning behaviours towards various chemotropic 

molecules, including the neurotransmitter 5-HT, as well as the non-classical guidance 

molecule RA. 
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MATERIALS AND METHODS 

 

RNA Isolation & PCR 

Lymnaea stagnalis were bred in laboratory settings and maintained in aerated pond water 

on a constant 12hr:12hr light-dark cycle. Adult animals (16-22mm) were anesthetized in 

25% Listerine® (diluted in pond water), after which the CNS was removed and immediately 

frozen in liquid nitrogen. Total RNA was isolated from 3 CNS (pooled) utilizing TRI 

Reagent (Sigma) and Direct-zol RNA MiniPrep kit (Zymo Research) according to the 

manufacturer’s instructions. RNA quality was assessed with spectrophotometry and gel 

electrophoresis.  

During cDNA synthesis, gene specific stem-loop primers were designed to lengthen 

miRNAs of interest (Table 1) as previously described (Kramer, 2011). In total, 750 ng of 

RNA was used to generate cDNA samples. Following cDNA synthesis, PCR reactions used 

forward primers to recognize each specific miRNA, and a universal reverse primer to bind 

the stem-loop. Forward and stem-loop primers were based on sequences generated by 

Lymnaea miRNA-Sequencing analysis (Walker et al., 2018), or through sequences 

provided in miRbase (Griffiths-Jones 2004; Table 1). Specifically, PCR reactions 

contained 10X Taq buffer (Bio-Rad), 50 mM MgCl2 (Bio-Rad), 10 mM dNTP mix (Bio-

Rad), iTAQ (Bio-Rad), both forward and reverse primers (10 μM), template cDNA, and 

nuclease-free water. Thermal cycling parameters included 40 cycles of denaturation at 5°C 

for 30 seconds, primer annealing at 55°C for 30 seconds, and polymerase extension at 72°C 

for 1 minute. End products were run on a 2.5% agarose gel and visualized using ethidium 

bromide staining.  
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Table 3.1. PCR primers for detecting miRNAs 

Primer Sequence (5’-3’) 
Stem-loop miR-124 GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACT 

GGATACGACGGCATT 
Stem-loop miR-132 GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACT 

GGATACGACCGAGGAT 
Stem-loop miR-134 GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACT 

GGATACGACGGTGA 
Forward miR-124 GCCGCTAAGGCACGCGGTG 
Forward miR-132 GCCGCTAACAGTCTACAGCC 
Forward miR-134 GCCGCCTGTGGGCCACCTAG 

miRNA reverse primer GTGCAGGGTCCGAGGT 
Forward eIF4α CCGAGCGTGTAAGCAGCC 
Reverse eIF4α AGTTGTGGTTGACTTGCCAGAG 

 

Cell culture 

CNS were isolated from adult animals (16-22mm), and then desheathed in high osmolarity 

defined medium (DM; Gibco Leibovitz’s L-15 medium). The inner sheath encapsulating 

each ganglion was removed to expose individual cells of interest, including the Pedal A 

(PeA) ciliary motorneurons and the Right Parietal A (RPA) respiratory motorneurons 

(contained within the pedal A and right parietal ganglia, respectively). Single neuronal cell 

bodies were removed from each ganglion using suction, applied via fire polished pipettes. 

Individual neurons were then plated on poly-L-lysine (Sigma)-coated culture dishes 

(Falcon). Dishes contained 3mL of brain conditioned medium (CM), which contains 

unidentified trophic factors that can produce neurite outgrowth, as previously described 

(Farrar et al., 2009). 10-7M all-trans RA (Sigma) was also added to each culture dish to 

promote regenerative neurite outgrowth, as done previously (Dmetrichuk et al., 2006, 

2008, Johnson et al., 2019). All culture dishes were maintained at 21°C overnight and 

growth cone assays were performed the next day. 
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Growth cone turning assays 

After 18-30 hours in culture, cell bodies of both PeA and RPA motorneurons exhibited 

regenerated neurites with motile growth cones. Before each growth cone turning assay, 

individual growth cones were monitored to ensure active growth and that each exhibited a 

uniform growth trajectory. Either the neurotransmitter serotonin (5-HT; 10-4M; Sigma) or 

all-trans RA (10-5M; Sigma) was pressure applied (Eppendorf-Femtojet) to individual 

growth cones utilizing a micropipette placed approximately 100 μm from the growth cone. 

Control experiments using the vehicles for 5-HT (1% water in DM) or for RA (0.1% 

ethanol/EtOH in DM) were performed in an identical manner. For regenerating Lymnaea 

neurons, the size of a neuronal growth cone often determines its growth rate, with smaller 

growth cones typically exhibiting faster rates of both outgrowth and turning behaviours 

(Ren & Suter, 2016). Thus, we classified the stages of growth cone turning behaviours 

based on morphological features of the growth cone (Lowery & Van Vactor, 2009), rather 

than based on time.  

The turning angles of individual growth cones were determined by measuring the 

angle between the initial and final growth trajectory, following application of a guidance 

molecule (5-HT or RA) or the vehicle (water, EtOH). Growth cone images were captured 

with a Zeiss Axiovert 200 microscope and analyzed using QCapture software (Teledyne 

QImaging). 

 

Single cell and neurite injection 

A custom-made miR-124 mimic, UAAGGCACGCGGUGAAUGCC, or a scrambled 

control mimic, UCACCGGGUGUAAAUCAGCUUG, both with a 5’ Fluorescein amidite 
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(FAM) tag, were purchased from Qiagen. Both the miR-124 and scrambled mimic were 

dissolved in water, and cells were injected with 30 nM of either the miR-124 mimic or the 

scrambled control. Individual cell bodies and isolated, transected neurites of the cultured 

PeA motorneurons were injected using a sharp glass electrode. Successful injection was 

confirmed through fluorescent detection of FAM. 

 

In situ hybridization 

At the desired stage of a growth cone turn, cells were fixed in 4% paraformaldehyde (w/v) 

at room temperature and stored in 1x phosphate buffered saline for storage until required. 

To eliminate endogenous peroxidase activity, cells were also incubated in 3% hydrogen 

peroxide (v/v; Thermo-Fisher) prior to staining procedures. In situ hybridization 

experiments were carried out using similar methods to those described by Lécuyer et al 

(2008) and Lu and Tsourkas (2011). Cells were permeabilized in 70% EtOH overnight at 

4°C, and pre-hybridized for 2-hours at 58°C in hybridization buffer (25% formamide, 

0.05M EDTA, 4x saline-sodium citrate buffer, 10% dextran sulphate, 1x Denhart’s 

solution, 0.5 mg/mL E.Coli tRNA, 20 mM ribonucleoside vanadyl complexes, 9.2 mM 

citric acid; Sigma) the following day. After pre-hybridization, samples were hybridized in 

10 nM of locked nucleic acid (LNA) miR-124 or scrambled probe tagged with biotin 

(Qiagen) for 1-hour at 58°C, followed by a series of stringency washes at 37°C in a 

decreasing gradient of saline-sodium citrate (SSC) concentrations. Briefly, cells were 

rinsed in 4x SSC, and then incubated for 30 minutes in 2x SSC, 1x SSC, and 0.1x SSC. 

Cells were blocked at room temperature for 30 minutes in blocking buffer (3% w/v bovine 

serum albumin, 4x SSC, 0.1% Tween-20; Sigma), then incubated in horseradish 
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peroxidase-conjugated streptavidin (Thermo-Fisher) for an additional 30 minutes. 

Following a series of washes in TNT buffer (0.1M Tris HCl, 0.15M NaCl, 0.05% Tween-

20), cells were incubated in Cy3-tyramide (Perkin-Elmer) according to manufacturers 

instructions. Cells were washed again in TNT buffer and counterstained using 4’,6-

diamidino-2-phenylindole (DAPI; Sigma). All samples were imaged using a Zeiss Axio 

Observer Z1 inverted light/epifluorescence microscope with Apotome.2 optical sectioning 

(Zeiss) and a Hamamatsu ORCA-Flash4.0 V2 digital camera (Hammamatsu). Z-stack 

images were obtained using 0.29 µm intervals and were rendered into 2D maximum 

projections using Zeiss Zen 2 (blue edition) microscopy software.  

 

Dual-in situ hybridization  

To co-localize miR-124 and LymROCK mRNA, dual-in situ experiments followed similar 

procedures to those previously described for single in situ hybridization (Lecuyer et al., 

2008). During hybridization, however, samples were incubated in both a LNA miR-124 

probe tagged with biotin, and a custom LNA mRNA detection probe for LymROCK tagged 

with digoxin (Qiagen). Following hybridization, cells underwent stringency washes, 

blocking, incubation in horseradish peroxidase-conjugated streptavidin (Thermo-Fisher) 

and Cy3-tyramide (Perkin-Elmer) as previously described to detect miR-124. Following 

incubation in Cy3-tyramide, peroxidase activity was quenched in 1% hydrogen peroxide 

(v/v; Thermo-Fisher) for 15 minutes. Cells were again blocked in blocking buffer for 30 

minutes, then incubated in peroxidase anti-digoxin (Jackson ImmunoResearch) for 1 hour 

to detect the LymROCK probe. Following a series of washes in TNT buffer, cells were 
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incubated in Cy5-tyramide (Perkin-Elmer) according to manufacturer’s instructions. Cells 

were washed again in TNT buffer, then counterstained using DAPI (Sigma).  

 

Genomic DNA extraction 

Whole juvenile animals (1-1.5 cm) were de-shelled and flash frozen in liquid nitrogen, then 

ground using a mortar and pestle. Frozen samples were transferred into an Eppendorf tube 

containing homogenizing buffer (0.1 M NaCl, 0.2 M sucrose, 0.05 M EDTA, and 0.1 M 

Tris pH 8.0), where they were briefly mixed and centrifuged for 5 minutes at 16,000g. The 

remaining pellet was lysed with SDS buffer (1% w/v SDS, 0.01 M EDTA, 0.02 M Tris pH 

8.0) for 1 hour at 65°C. Cell debris was precipitated by adding potassium acetate, followed 

by a 1-hour incubation on ice. After centrifugation, the supernatant was collected and 

mixed with pure EtOH at 4° for 1-hour. The nucleic acids were pelleted by centrifugation 

and washed with 70% EtOH. After resuspending the pellet with water, RNase A 

(ThermoFisher) was added to eliminate RNA. For further purification, 50:50 

phenol/chloroform (Fisher Scientific) was added followed by a brief centrifugation, where 

the supernatant was collected. The supernatant was incubated in 3 M sodium acetate pH 

5.2 and EtOH on ice for 1-hour to precipitate the DNA. Following centrifugation, the 

remaining pellet was washed in 70% EtOH, and resuspended with water. All samples were 

quantified utilizing a NanoDrop 1000 spectrophotometer and visualized on a 1% w/v 

agarose gel with ethidium bromide staining.  

 

Identification of the Lymnaea stagnalis ROCK mRNA 



 83 

We identified the Lymnaea stagnalis ROCK (LymROCK) mRNA transcript sequence in 

silico by searching through the publicly available transcriptome (Sadamoto et al., 2012) 

via BLASTp (Altschul et al., 1990). The identified transcript sequence (NCBI accession 

number FX181067.1) was found to bear 5’ and 3’ untranslated regions (UTRs) flanking a 

complete coding sequence of 1,373 amino acids, with a protein sequence that identifies as 

a bona fide ROCK homologue when analyzed with the SmartBLAST program (NCBI 

Resource Coordinators 2016). To validate the 5’ and 3’ UTRs, the identified transcript 

sequence was used to search the Lymnaea stagnalis genome scaffolds (Davison et al., 

2016) via BLASTn, identifying the scaffold gLs.1.0.scaf07190 as bearing the 

corresponding genomic sequence for the LymROCK gene. The transcript sequence was 

then aligned to the scaffold using the global alignment program MUSCLE (Edgar 2004), 

and the program Poly(A) Signal Miner (Liu et al., 2003) was used to identify the putative 

polyadenylation signal located downstream of the 3’ UTR within the LymROCK genomic 

sequence. 

The LymROCK 3’UTR was amplified from genomic DNA using Phusion High 

Fidelity DNA polymerase (Thermo-Fisher), three times independently to confirm the 

consensus sequence. Each reaction contained a total volume of 50 uL, consisting of 5X 

Phusion Buffer, 10 mM dNTPs, 10 uM forward primer, 10 uM reverse primer, DNA 

polymerase, and template DNA. PCR cycles included an initial denaturation step at 98°C 

for 30s, further denaturation at 98°C for 10 seconds, annealing for 30s at 56°C, and 

extension at 72°C for 90s. In addition, a final extension step at 72°C for 10 minutes was 

included. The first round of PCR consisted of 16 cycles of amplification, utilizing primers 

flanking the 3’UTR of the LymROCK sequence (Table 3.2). A second round of nested PCR 
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included 32 rounds of amplification, utilizing primers within the 3’UTR LymROCK 

sequence. Nested primers contained the restriction sites NheI on the forward primer, and 

SalI on the reverse primer. The final amplified product was run on a 1% w/v agarose gel to 

confirm the molecular weight of the amplified sequence. PCR products were further 

purified, restriction digested, and ligated into the pmirGLO Dual Luciferase miRNA target 

expression vector (Promega). The inserted 3’UTR fragments were confirmed through 

Sanger DNA sequencing (TCAG Sequencing Center at SickKids, Toronto).  

 

Table 3.2. Primers utilized to amplify the LymROCK 3’UTR.  

Primer Sequence (5’-3’) 
Forward ROCK CAAAGCAATATTCATCATTTGGACCTCAGC 
Reverse ROCK GTGCTACTACAAACTTCAAACATTAAGTCAG 

Nested forward primer ATATTAGCTAGCTCATTATTTCAAAAAAGCTTGTTTA
CTATG 

Nested reverse primer ATATTAGTCGACACATGCTTTTCTAAAATCTCTTATA
TGTTA 

 

Luciferase assay 

Human embryonic kidney 293 (HEK-293) cells were seeded into 96-well plates (Sigma) 

in DMEM supplemented with high glucose and 10% fetal bovine serum (Invitrogen). After 

reaching ~90% confluency, cells were co-transfected with 100 ng of reporter plasmid and 

20 pmol of mimic utilizing Lipofectamine 2000 (Invitrogen), according to the 

manufacturer’s instructions. Specifically, cells were either co-transfected with pmirGLO 

plasmid (Promega) containing the ROCK 3’UTR sequence, and a miR-124 or scrambled 

mimic. An additional control included co-transfection with a miR-124 mimic, and the 

pmirGLO plasmid lacking the ROCK 3’UTR sequence. Forty-eight hours following 

transfection, the Dual-Glo Luciferase Assay (Promega) was performed according to the 
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manufacturer’s instructions. Luminescence was measured utilizing a POLARstar OPTIMA 

multidetection microplate reader (BMG LABTECH). Utilizing 10 replicates per condition, 

firefly luciferase activity was normalized to the internal control Renilla luciferase activity.  

 

Statistical Analyses 

All data were first determined to be normally distributed, then analyzed using GraphPad 

Prism 8.0 for Mac OS X. Values were expressed as the mean ± SEM.  Statistical analyses 

for growth cone turning assays included either an unpaired t-test or a one-way or two-way 

analysis of variance (ANOVA) followed by Tukey’s post hoc test. For all analyses, a p-

value of less than 0.05 was considered to be statistically significant. 
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RESULTS 

miR-124 is enriched in Lymnaea growth cones.  

In previous work, we showed that miR-124 was up-regulated in the regenerating CNS of 

Lymnaea stagnalis. Moreover, at a single cell resolution, miR-124 was abundant within the 

cell bodies, neurites, and growth cones of the PeA ciliary motorneurons (Walker et al., 

2018). Due to its presence within various compartments of PeA motorneurons, including 

the growth cone, we aimed to determine here whether miR-124 is involved in growth cone 

responses to various guidance cues.   

Using RT-PCR, we first confirmed the presence of miR-124 in the Lymnaea CNS 

(n=3; Figure 3.1A). Other miRNAs that regulate vertebrate growth cone responses, 

including miRNAs 132 and 134, were however absent, as previously suggested by miRNA-

sequencing studies in Lymnaea (Walker et al., 2018). Using in situ hybridization, we next 

confirmed the presence of miR-124 in regenerating PeA growth cones in vitro. As PeA 

growth cones can vary dramatically in size in cultured cells, we also demonstrated that the 

distribution of miR-124 did not change based on growth cone size, and was consistently 

localized along the leading edge of the lamellipodia in both large and small PeA growth 

cones (Figure 3.1B).  

 

miR-124 is absent from growth cones following turning responses to 5-HT.  

Neurotransmitter guidance molecules previously studied in Lymnaea include both 

dopamine (Spencer et al., 1996) and serotonin (5-HT; Koert et al., 2001). PeA 

motorneurons are serotonergic, and although dopamine elicits growth cone collapse of PeA 

growth cones, their response to 5-HT is currently unknown. Interestingly, miR-124 is  
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Figure 3.1. Presence of miR-124 in the Lymnaea CNS and growth cones. A) PCR 
demonstrates miR-124 within the Lymnaea stagnalis CNS, while miR-132 and miR-134 
appear absent. eIF4α was used as a positive control (n=3). B) In cell culture, miR-124 is 
abundant in the growth cones of PeA motorneurons and is consistently distributed within 
the lamellipodia (L), but generally absent from the central domain (CD) of growth cones 
of various sizes (i-iii). White dotted lines outline the growth cones, while the red dotted 
line separates the boundary between the CD and L. Scale bars = 50μm. 
 

regulated by 5-HT in molluscan sensory neurons of Aplysia (Rajasethupathy et al., 2009), 

and may thus play a role in 5-HT-mediated growth cone responses. We thus determined 

whether PeA growth cones were responsive to 5-HT, and if so, whether the response 

required miR-124.  

For the first time, we show that PeA growth cones exhibited attractive turning 

behaviour towards a focal application of 10-4 M 5-HT (see representative image in Figure 

3.2A). We found a statistically significant difference (p<0.0001, unpaired t-test) between 

the average growth cone turning angle of +44.5 ± 4.0° in response to 5-HT (10-4 M; n=13), 

compared to -19.8 ± 5.4° following application of the vehicle, water (0.1% in DM; n=5; 

Figure 3.2Aiii). It should be noted that in all data sets, growth cone turning toward a 

guidance cue is indicated by a positive angle, whereas turning away from the applied 
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Figure 3.2. miR-124 does not mediate attractive growth cone responses to 5-HT. For all 
phase images, the approximate position of the 5-HT-containing pipette is depicted in the 
top right-hand corner, and T0 indicates the onset of the cue application (at 0 minutes). The 
time of the growth cone response is indicated by T in minutes in the top left-hand corner 
of each image. A) Representative image of a PeA growth cone turning towards a focal 
gradient of 10-4M 5-HT (i-ii). Graph displays the average turning angles of growth cones 
towards 10-4M 5-HT (black bar, n=13), or in response to the vehicle control (white bar, 1% 
water; n=5). Individual turning angles are depicted by purple circles in response to 5-HT 
and by green triangles in response to water. (****= p<0.0001) B, C) Black dotted line in 
the phase images indicate the approximate growth trajectories of growth cones at the onset 
of either 5-HT or water (T0). Following the growth cone turning responses, in situ 
hybridization reveals that miR-124 is absent from PeA growth cones turning toward 5-HT 
(n=9, Biii), as well as following application of water (n=10, Ciii). D) Graph depicts the 
average turning angles of growth cones in response to the application of 5-HT (black 
bars),or the vehicle (white bars) following injection with either a miR-124 mimic or the 
scrambled control (n=10 for each condition). ns= no significance. E, F) Representative 
phase images of growth cone response to 5-HT after injection with the mimic (E) or 
scrambled control (F). After injection with a miR-124 mimic, miR-124 is detected in the 
lamellipodia growth cones responding to 5-HT (n=3, Eiii). Following injection with the 
scrambled control, miR-124 is not detected in the lamellipodia of growth cones responding 
to 5-HT (n=3, Fiii). Scale bars = 20μm. 
 
 
chemical/vehicle is indicated by a negative angle. It has also been well established that 

application of vehicle alone (such as DM, EtOH or DMSO) can induce turning away of 

Lymnaea growth cones (Dmetrichuk et al., 2006; Farrar et al., 2009; Carter et al., 2010), 

likely as a result of pressure artifact due to pulsatile application (Gu et al., 2014a). 

After establishing that 5-HT acts as an attractive chemotropic molecule, we next 

examined the localization of miR-124 during this turning response, to determine whether 

it might play a role in growth cone behaviour. Although in situ hybridization showed that 

PeA growth cones consistently contain miR-124 under normal control culture conditions 

(Figure 3.1B), we found that miR-124 was not detected in the growth cones following an 

attractive turning response towards 5-HT (n = 8/9 growth cones; Figure 3.2B). miR-124 

was also not detected in any of the control growth cones following exposure to the vehicle 

alone (water; n=10/10; Figure 3.2C).  
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Artificially up-regulating miR-124 does not alter growth cone responses to 5-HT. 

The findings above indicate an absence of miR-124 during very different growth cone 

responses: an attractive turn toward 5-HT, as well as a turn away from the application of 

water alone (likely a result of pressure artifact). These results might indicate a non-specific 

response, independent of the cue provided. Interestingly however, miR-124 was previously 

shown to be downregulated by pulsatile application of 5-HT to sensory neurons of Aplysia 

(Rajasethupathy et al., 2009).  In order to determine whether the downregulation of miR-

124 in growth cones may thus have functional importance during the attractive growth cone 

turning responses of these motorneurons to 5-HT, we artificially up-regulated miR-124 

utilizing a mimic. The miR-124 mimic (or the scrambled control), was injected into the cell 

bodies of PeA cells, after which the cells were given 1 hour to recover prior to growth cone 

testing. Following injection there was, however, no change in PeA growth cone behaviours 

as they continued to exhibit attractive turning responses to 5-HT, and repulsive responses 

to vehicle alone (Figure 3.2D). A 2-way ANOVA indicated that, as expected, there was a 

significant difference between treatments with water and 5-HT (F(1,37)= 272.90, P<0.0001), 

but there was no significant effect of injection (F(1,37)= 0.97, P= 0.33), nor was the 

interaction significant (P= 0.49). Thus, there was no significant effect of the miR-124 

mimic on growth cone turning responses to 5-HT (38.2 ± 4.0°; n=10) relative to the 

scrambled control (37.1± 3.2°; n=11). Likewise, injection of either the mimic (n=10) or the 

scrambled control (n=10) did not change growth cone behaviours to the vehicle (Figure 

3.2D). However, miR-124 was now readily detected within the growth cone lamellipodia 

of cells injected with the miR-124 mimic following attractive turning to 5-HT (n=3; Figure 

3.2E). Further, miR-124 remained absent from the growth cone lamellipodia of cells 
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injected with the scrambled control (n=3; Figure 3.2F), indicating injection of the 

scrambled control did not appear to affect the endogenous distribution of miR-124. The 

miR-124 probe used during these in situ hybridization experiments detects both 

endogenous and artificial miR-124 strands, and therefore cannot distinguish between them. 

Our results could thus indicate that either the miR-124 mimic is successfully transported 

to the growth cone (but does not exert any effect on its behaviour), or that injection of the 

mimic into the cell body might disrupt its distribution in the growth cone. Regardless, the 

presence of miR-124 in the PeA growth cones had no apparent effect on the chemotropic 

response to 5-HT. 

 

A miR-124 mimic does not disrupt isolated growth cone responses to 5-HT.  

Lymnaea motorneurons are an advantageous model system to study the role of local protein 

synthesis in growth cone guidance, as their neurites can be completely severed from the 

soma.  These isolated growth cones can function for many hours and continue to respond 

to guidance cues. Taking advantage of this system, we determined whether miR-124 might 

play a role in growth cone turning responses when these growth cones were isolated from 

any communication with the cell body.  

We transected neurites of PeA neurons, ensuring the growth cones were fully 

detached from the cell body (representative image in Figure 3.3Ai). As miR-124 is 

normally detected within PeA growth cones, we first determined whether this was also true 

for isolated growth cones following transection of the neurite. We found miR-124 was 

indeed present in PeA growth cones immediately following transection (n=3; Figure 

3.3Aii) and remained within isolated growth cones for at least 2 hours (n=5; Figure 
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Figure 3.3. miR-124 does not mediate isolated growth cone responses to 5-HT. A) 
Representative image of a transected neurite, in which the growth cone has been isolated 
from the cell body. miR-124 is located within the neurite (red arrow), and in the 
lamellipodia and central domain of the growth cone (white arrows) immediately 
following transection (Aii), as well as 1 hour (Aiii) and 2 hours (Aiv) following 
transection. Bi-ii) Representative images of an isolated growth cone turning towards a 
focal gradient of 10-4M 5-HT. Biii) Graph compares the average turning angles of 
isolated and intact growth cones in response to either 5-HT (black bars), or the vehicle 
(1% water; white bars). ns= no significance. C) Graph compares the average turning 
angles of isolated growth cones in response to 5-HT (black bars) and the vehicle (white 
bars)  following injection with a miR-124 mimic or the scrambled control. D) 
Representative image of an isolated growth cone turning towards 5-HT in the presence of 
anisomycin. Graph displays the turning angles of isolated growth cones towards 5-HT 
either in the presence (aniso) or absence (CM= normal culture media) of anisomycin. 
Scale bar in Ai= 50μm. All remaining scale bars= 20μm. 
 

3.3Aiii-iv). At all-time points studied, miR-124 was abundant along the leading edge of 

the growth cone, and within long tubular bundles in the lamellipodia, similar to that found 

within “intact” growth cones (connected to the cell body). Unlike intact growth cones, miR-

124 was also detected in the central domain of isolated growth cones and was abundant 

within the remaining trunk of the isolated neurite, localized within individual puncta (red 

outlined arrow in Figure 3.3Aii). 

We first determined that isolated PeA growth cones retained their attractive turning 

responses towards 5-HT (representative image in Figure 3.3B) with an average turning 

angle of +50.8 ± 7.1° (n=10), which was significantly different from the average turning 

angle of -18.5 ± 3.5° in response to the vehicle alone (water; n=6; p<0.0001, unpaired t-

test). Comparing isolated and intact growth cone responses, we found that although there 

was a significant difference between 5-HT and water treatments (F(1,30)= 123.10, P<0.0001, 

Two-Way ANOVA), there was no significant effect of transection treatment (F(1,30)= 0.39, 

P= 0.53), nor was the interaction significant (P= 0.67). Thus, there was no difference 
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between the turning angles of intact and isolated growth cones, either in response to 5-HT, 

or in response to the vehicle alone (Figure 3.3Biii).  

We next injected isolated neurites with the miR-124 mimic (or the scrambled 

control) to determine the function of miR-124 in isolated growth cone behaviour, and the 

consequence of interrupting communication between the cell body and growth cone on 

miR-124 distribution. Again, we detected the expected difference between water and 5-HT 

(F(1,30)= 177.70, P<0.0001, Two-Way ANOVA), but the effect of the injections was not 

significant (F(1,30)= 0.30, P= 0.59), indicating no change in growth cone responses to 5-HT 

(or to water) following injection with a miR-124 mimic, compared to the scrambled control 

(Figure 3.3C). These data strongly suggest that up-regulation of miR-124 (via mimic 

injection directly into the neurites) did not exert any effect on isolated growth cone 

behaviour. 

One possible explanation for the independence of the 5-HT response from 

regulation by miR-124, is that the attractive turning response to 5-HT (even in growth 

cones isolated from the cell body) might not rely on local protein synthesis. To directly test 

this, we incubated PeA cells in a protein synthesis inhibitor, anisomycin, and performed 

growth cone turning assays on isolated growth cones. Indeed, we found that in the absence 

of local protein synthesis, PeA growth cones still exhibited attractive turning behaviours to 

10-4 M 5-HT (n=11; see representative image Figure 3.3Di-ii). When we compared the 

average turning angles of isolated growth cones to 5-HT, either in the presence or absence 

of anisomycin, we found no significant difference (p=0.61, unpaired t-test; Figure 3.3Diii). 

This indicates that attractive PeA growth cone turning to 5-HT does not rely on local 

protein synthesis, and as such, artificial upregulation of miR-124 had no effect on the 5-
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HT-induced attractive turning responses. We next investigated whether this would be true 

of a growth cone behaviour that is dependent on local protein synthesis. 

 

PeA growth cones exhibit attractive turning behaviours towards RA. 

Retinoic acid (RA) has been shown to induce attractive growth cone turning responses 

from both regenerating vertebrate CNS explants (Maden et al., 1998; Dmetrichuk et al., 

2005) and cultured, Lymnaea neurons (Dmetrichuk et al., 2006; Farrar et al., 2009), 

implicating its potential role in guiding regenerating neurons toward their proper target. 

The underlying mechanisms that mediate RA-induced growth cone turning are largely 

unknown, though we have previously determined that PeA growth cone turning responses 

to RA are dependent on local protein synthesis and are abolished in the presence of 

anisomycin (Farrar et al., 2009). Therefore, we next investigated whether miR-124 plays a 

role in the PeA responses to a guidance cue that requires local protein synthesis in order to 

mediate its response. 

We first confirmed that PeA growth cones turned toward a focal application of RA 

in culture, as shown previously (Farrar et al., 2009; Johnson et al., 2019). We found that 

PeA growth cones exhibited an average turning angle of +42.3 ± 3.9° towards RA (n=10; 

Figure 3.4A), which was significantly different from the average turning angle of -40.7 ± 

5.2° in response to the vehicle, ethanol (EtOH; n=10; p<0.0001, unpaired t-test; Figure 

3.4Aiii).  
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Figure 3.4. miR-124 exhibits a different distribution within PeA growth cones during 
various stages of a turning response to RA. Ai-ii) Representative image of a PeA growth 
cone turning towards a focal application of 10-5M RA. Aiii) Graph depicts the turning 
angles of growth cones toward 10-5M RA (n=10), and in response to the vehicle (0.1% 
EtOH; n=10). ****= p<0.0001. B) Following consolidated turns to RA (i-ii, iv-v), miR-
124 is asymmetrically distributed within the lamellipodia (arrow, Biii), or is localized in 
long tubular bundles (arrow Bvi). C) After a consolidated turn away from the vehicle, miR-
124 is not detected within the lamellipodia or filopodia. D) At an earlier reorientation stage 
of the turning response (i-ii), miR-124 is absent from growth cones responding to RA (iii). 
E) During reorientation away from the vehicle (i-ii), miR-124 is also absent from the 
lamellipodia and filopodia (iii). Scale bars = 20μm. 
 

miR-124 localization changes at different stages of growth cone responses to RA. 

Using in situ hybridization, we next examined the distribution of miR-124 within PeA 

growth cones during a chemotropic response to RA or to the vehicle, EtOH. As seen 

previously, miR-124 was never detected in the lamellipodia of growth cones following 

exposure to the vehicle alone (EtOH; n=8/8; Figure 3.4C). However, following growth 

cone turning to RA, we now detected miR-124 in each growth cone exhibiting an attractive 

turning response (n=11/11; Figure 3.4B). The specific localization of miR-124 within the 

growth cone varied, but was consistently and abundantly localized within the lamellipodia. 

Often, miR-124 exhibited an asymmetric distribution, localized to the side of the growth 

cone facing RA (see arrow, Figure 3.4Biii), but in other instances, was found in a long, 

tubular distribution within the lamellipodia (see arrows in Figure 3.4Bvi). This presence 

and distribution of miR-124 in growth cones exhibiting a turn toward RA was very different 

from those responding to 5-HT, where it was previously found to be absent.  These results 

suggest that either miR-124 is not downregulated in growth cones responding to RA, or 

that it is again quickly upregulated during RA-mediated growth cone attraction.  

To determine which of these scenarios might occur, we examined the distribution 

of miR-124 at an earlier stage of growth cone response to RA. In the above experiments, 
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we examined growth cones at a late, consolidated stage of growth cone turning, whereby, 

in addition to re-orientation of the growth cone lamellipodia and filopodia, extension of a 

committed neurite toward the source of RA had occurred. In the next series of experiments, 

we examined the growth cones at a much earlier stage of turning, previously described by 

Lowery and Van Vactor (2011) as “engorgement”. Engorged growth cones demonstrated 

a reassembly of the lamellipodia and filopodia towards the source of RA, together with 

slight protrusion of the growth cone cytoplasm, hereafter referred to as reorientation of the 

growth cone. However, they differed from consolidated turns in that no extension of neurite 

toward RA had yet occurred.  

Using in situ hybridization, we found miR-124 was typically not present in the 

majority of PeA growth cones reorienting towards RA (n=9/12; Figure 3.4D), though a 

small number of growth cones did exhibit minimal miR-124 signal during reorientation 

(n=3/12). All growth cones exhibiting reorienting behaviour away from the source of the 

vehicle, once again failed to exhibit any localization of miR-124 within the lamellipodia or 

filopodia of the growth cones (n=6/6; Figure 3.4E).  

 Taken together, these data indicate that temporal and spatial changes in miR-124 

distribution occurred in the PeA growth cones, and that such changes differed from those 

exhibited in response to 5-HT. miR-124 may thus be important during particular stages of 

attractive turning responses to RA. Specifically, despite the fact that miR-124 was initially 

downregulated in the early reorientation of the growth cone (in a similar manner as 

responses to 5-HT and vehicle),  this absence was closely followed by its reappearance, but 

only in growth cones that had exhibited a consolidated turn toward RA. 
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miR-124 is also abundant in RPA neuron growth cones following consolidated turning 

responses to RA.  

We next determined whether the presence of miR-124 following a consolidated turning 

response to RA also occurred in a different class of motorneuron (mediating respiration 

instead of locomotion). In previous work, we found miR-124 was abundant in the cell 

bodies and neurites of right parietal A (RPA) motorneurons, but unlike PeA motorneurons, 

was absent from the growth cone (Walker et al., 2018). Interestingly, miR-124 is shuttled 

from cell bodies and neurites into growth cones of vertebrate neurons (Gershoni-Emek et 

al., 2018), indicating that miR-124 may still play a role in RPA growth cone responses to 

RA, despite its initial absence.   

Here, we show for the first time that the RPA growth cones also exhibit attractive 

turning behaviours upon focal application of RA (see representative image Figure 3.5Ai-

ii), with an average turning angle of +33.6 ± 3.8° towards RA (n=15), which was 

significantly different (p<0.0001, unpaired t-test) to the turning angle of -22.7 ± 3.2° 

following exposure to EtOH alone (n=9). When we compared the average turning angles 

of RPA motorneurons to PeA motorneurons, we found a significant interaction between 

cell type and condition (F(1,40)= 9.98, P=0.003; Two-way ANOVA), though there was no 

significant difference between the average turning angles of either cell-type towards RA 

(p=0.42; Figure 3.5Aiii). Thus, despite the initial apparent absence of miR-124 in RPA 

growth cones (Walker et al., 2018), we established that these motorneurons still responded 

to RA in a similar manner as PeA growth cones.  

Using in situ hybridization, we next examined whether miR-124 exhibited similar 

spatiotemporal distribution patterns following a consolidated turn in RPA motorneurons,  
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Figure 3.5. miR-124 is localized to RPA growth cones following a turning response to RA. 
Ai-ii) Representative image of a RPA growth cone turning towards a focal application of 
10-5M RA. Aiii) Graph compares the average turning angles of RPA growth cones 
responding to RA (black bars; n=15) or to EtOH (white bars; 0.1%, n=9) to those of PeA 
cells. ns= no significance. * indicates p= 0.03. B) Following turning responses to RA (i-ii, 
iv-v), miR-124 is abundant within the lamellipodia (iii) and is sometimes detected within 
the central domain of the RPA growth cones (arrow in vi). C) After a turning response 
away from the vehicle (i-ii), miR-124 is absent from the lamellipodia of RPA growth cones 
(iii). Scale bars = 20μm. 
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as in PeA growth cones. Interestingly, following consolidated turns toward RA, RPA 

growth cones now also exhibited consistent and abundant localization of miR-124 in the 

lamellipodia (n=8/8), often with a long-tubular distribution pattern (Figure 3.5B), which 

closely resembled that exhibited by PeA growth cones. In addition, miR-124 was not only 

detected within the lamellipodia, but also within the central domain of some RPA growth 

cones (arrow in Figure 3.5Bvi). As expected, RPA growth cones exposed to the vehicle 

(EtOH controls), did not exhibit miR-124 localization in the lamellipodia (n=7/7; Figure 

3.5C). Thus, despite the initial absence of miR-124 in RPA growth cones, it was 

consistently present in the growth cone following a consolidated turning response to RA. 

Importantly, these findings indicate that, regardless of its initial presence in growth cones, 

miR-124 was consistently found in growth cones of different classes of motorneurons 

following a chemotropic attractive response to RA. 

 

A miR-124 mimic temporarily disrupts attractive growth cone turning responses 

toward RA. 

miR-124 was generally absent in the early stages of the turning response to RA (as with 

responses to both 5-HT and vehicle application). However, its consistent presence 

following a consolidated growth cone turn was a specific response to RA.  To better 

understand the role of miR-124, we again examined the consequences of its dysregulation 

on the PeA attractive turning responses to RA. To this end, we individually injected the 

cell soma of PeA motorneurons with the miR-124 mimic (or the scrambled control), 

allowed the cell to recover for 1 hour, then performed growth cone turning assays with a 

focal gradient of either RA (or EtOH as the vehicle control).  
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After injection of PeA cells with the miR-124 mimic, we found intact growth cones 

were unable to engage in attractive turning responses to RA. Rather, growth cones 

exhibited an overall negative turning angle in response to RA (-46.6 ± 7.6°; n=11; see 

representative image Figure 3.6A). However, we found that this inhibition of growth cone 

responses to RA was time-dependent; growth cones only failed to turn toward RA for up 

to 138 minutes following injection with the miR-124 mimic. After this time point (≥ 139 

minutes), growth cones regained their ability to engage in attractive turning behaviours 

toward RA with an average turning angle of +43.5 ± 5.8° (n= 9; Figure 3.6B, C). Although 

dramatic differences were shown in growth cone behaviours to RA during these different 

time frames, growth cones continued to turn away from EtOH at all time points following 

injection with the miR-124 mimic (n=8; Figure 3.6D-F). Together, these findings suggest 

that miR-124 may indeed play a role in the growth cone responses to RA, but also that the 

miR-124 mimic may be degraded within a few hours after injection, as it only appeared to 

disrupt growth cone behaviour within a limited time frame. 

When PeA cells were injected with the scrambled control, growth cones 

consistently maintained attractive turning behaviours towards RA, regardless of the time 

following injection, indicating that the inhibition seen with the miR-124 mimic was not 

merely a result of injection-induced changes or cell damage. When comparing the average 

turning angles of growth cones in response to RA following injection with the mimic or 

the scrambled control (treatment) we found a significant interaction between time of 

injection and treatment (F(1,28)= 12.71, P=0.001, Two-Way ANOVA). Within the first 138 

minutes, a significant difference was shown in growth cone responses to RA (p<0.0001;  
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Figure 3.6. Artificially up-regulating miR-124 disrupts turning responses to RA in a 
time-dependent manner. A) In PeA cells injected with a miR-124 mimic <138 minutes 
earlier, growth cones exhibited repulsive turning behaviours in response to a focal 
application of 10-5M RA (n=9). B) In PeA cells injected with a miR-124 mimic  ≥139 
minutes, growth cones regained the ability to engage in attractive turning behaviours to 
RA (n=10). C) Graph compares the average turning angles of growth cones in response 
to RA following injection with a miR-124 mimic or scrambled control. Bars below the 
red dotted line represent growth cone responses of cells injected <138 minutes earlier. 
Bars above the red dotted line represent growth cone responses in cells injected ≥139 
minutes. For cells injected in the earlier time period, there was a significant difference in 
growth cone response between the mimic and scrambled control (****= p<0.0001). ns= 
no significance. D) In cells injected with a miR-124 mimic <138 minutes earlier, growth 
cones always turned away from the vehicle (0.1% EtOH; n=5). E) In cells injected with a 
miR-124 mimic ≥139 minutes, growth cones continued to turn away from the vehicle 
(n=3). F) Graph compares the average turning angles away from the vehicle following 
injection with a miR-124 mimic or scrambled control. Regardless of the time following 
injection, growth cones always turned away from the vehicle.  
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Figure 3.6C). In cells that had been injected with either the miR-124 mimic or the 

scrambled control for ≥ 139 minutes, no statistical difference was shown between the 

average turning angles to RA (p=0.32). Furthermore, as expected, injection with a miR-

124 mimic or scrambled control had no effect of EtOH-induced turns (Figure 3.6F), and 

growth cones consistently turned away from EtOH, regardless of the time following 

injection (F(1,11)= 1.04, P= 0.33, Two-Way ANOVA). Taken together, these data indicate 

that dysregulation of miR-124 levels by injection with a miR-124 mimic disrupted normal 

turning behaviours of PeA growth cones to RA, but not to EtOH.  

We next examined the specific distribution of miR-124 during these different 

behavioural responses. In situ hybridization revealed that miR-124 was absent from growth 

cones which failed to show attractive turning responses to RA (n=8/8; Figure 3.7A), 

following injection with the miR-124 mimic. In the growth cones later engaging in 

attractive turning behaviours towards RA (≥139 minutes following injection with a miR-

124 mimic), miR-124 was again detected within the lamellipodia and was abundant within 

the neurite (n=6/6; Figure 3.7B). In the control responses to EtOH, miR-124 was never 

detected within the lamellipodia of the growth cones (n=5/5; Figure 3.7C) following 

injection of the mimic.  

In cells injected with the scrambled control, miR-124 was always detected within 

the lamellipodia after a consolidated growth cone turn to RA (Figure 3.7D, E; n=6/6), but 

was again consistently absent following any exposure to the vehicle EtOH (n=3/3; Figure 

3.7F). These data indicate that up-regulating miR-124 within the cell soma appeared to 

influence both miR-124 distribution and growth cone behaviour in response to RA, but 

only for a limited amount of time.  
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Figure 3.7. miR-124 localization following a turning response to RA after injection with 
a miR-124 mimic or scrambled control. A) In cells injected with a miR-124 mimic <138 
minutes prior, miR-124 was not detected within the lamellipodia following a turning 
response away from RA. B) In cells injected ≥ 139 minutes with a miR-124 mimic, miR-
124 was detected in the lamellipodia and central domain following an attractive turning 
response to RA. C) Following injection with a miR-124 mimic, miR-124 was not 
detected within the lamellipodia after a turning response to the vehicle. D, E) After 
injection with the scrambled control, growth cones turning toward RA continued to 
exhibit miR-124 in the lamellipodia (arrows) regardless of the timing of injections (D= < 
138 minutes, E= ≥139 minutes). F) Following injection with a scrambled control, miR-
124 was never detected within the lamellipodia of growth cones in response to the 
vehicle. Scale bars = 20μm. 
 

miR-124 is not detected in isolated growth cones following a consolidated turn 

towards RA.  

We next determined whether miR-124 exhibited similar distribution patterns during 

attractive RA-induced turning of isolated growth cones. Importantly, we wanted to 

determine whether changes in miR-124 localization might require communication with the 

soma. We first performed growth cone turning assays on isolated growth cones and 

confirmed that they maintained their ability to turn towards a focal source of RA (n=11; 
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see representative image Figure 3.8A), as previously reported (Farrar et al., 2009; Johnson 

et al., 2019). Comparing the average turning angles of intact and isolated PeA growth 

cones, we found the expected difference between RA and EtOH application (F(1,37)=157.30, 

P<0.0001, Two-Way ANOVA), but there was no significant effect of transection treatment 

(intact vs. isolated, F(1,37)= 1.47, P= 0.23), or an interaction effect (P= 0.87). Importantly 

then, no differences were found between the average turning angles of intact and isolated 

growth cones in their turning responses to RA (Figure 8Aiii).  

We next examined the localization of miR-124, and interestingly, were no longer 

able to detect miR-124 in isolated growth cones following a consolidated turning response 

towards RA (n=8/8; Figure 3.8B).  As expected, we also did not detect miR-124 in the 

growth cones treated with EtOH (n=5/5; Figure 3.8C). These data indicate that although 

isolated growth cones continued to respond to RA, miR-124 was no longer found in these 

growth cones following their attractive turning response. It is thus possible that either 

transection injury, or the disruption of communication with the cell body changed either 

the role, or the requirement for miR-124 in RA-induced chemotropic responses.  

As such, we next determined whether the dysregulation of endogenous levels of 

miR-124 by injection of the mimic into the isolated neurites would also affect isolated 

growth cone responses. PeA neurites were first severed from the cell soma and these 

isolated neurites were subsequently injected with the miR-124 mimic (or the scrambled 

control). Neurites were allowed to recover for 30 minutes following injection, and growth 

cone turning assays were performed within 138 minutes following injection (to ensure 

activity of the miR-124 mimic). Interestingly, in contrast to intact neurons, we found that  
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Figure 3.8. miR-124 does not regulate isolated growth cone responses to RA. Ai-ii) 
Representative image of an isolated growth cone turning towards a focal application of 
10-5M RA. Aiii) Graph compares the average turning angles of isolated and intact growth 
cones turning towards 10-5M RA (black bars) and away from the vehicle (white bars; 
0.1% EtOH). ns= no significance. B) Following a consolidated turning response to RA (i-
ii), miR-124 was now absent from the lamellipodia of isolated growth cones (iii). C) 
After turning away from the vehicle (i-ii), miR-124 was again absent from the 
lamellipodia of isolated growth cones (iii). D) Graph compares the average turning angles 
of growth cones responding to RA (black bars) and the vehicle (white bars) following 
injection with either a miR-124 mimic or the scrambled control. ns= no significance. Ei-
ii, Fi-ii) Representative images of RA-induced growth cone turning responses following 
injection of the mimic (E) or the scrambled control (F). Following injection with a miR-
124 mimic, miR-124 is detected in the lamellipodia and central domain of isolated 
growth cones after turning towards RA (Eiii). After injection with the scrambled control, 
miR-124 is not detected within the lamellipodia of growth cones following a turning 
response to RA (Fiii). Scale bars = 20μm. 
 

all isolated growth cones exposed to the miR-124 mimic, continued to exhibit attractive 

turning behaviours to RA (n=10/10) and/or normal responses to the applied vehicle control 

(EtOH; n=10/10). Moreover, we did not detect a statistically significant effect of injection 

(F(1,37)= 1.08, P=0.31, Two-Way ANOVA), or a significant interaction (P= 0.29), 

indicating there was no difference in isolated growth cone turning behaviours when 

injected with either the miR-124 mimic, or the scrambled control, in response to RA 

(Figure 3.8D).  

When these isolated growth cones were stained to visualize miR-124 using in situ 

hybridization, miR-124 was once again detected within the lamellipodia of growth cones 

injected with the miR-124 mimic (n=6/6, Figure 3.8E). Importantly, unlike intact growth 

cones, this indicates that dysregulation of miR-124 levels and/or localization, did not 

appear to disrupt isolated growth cone responses to RA. In neurites injected with the 

scrambled control, miR-124 was not detected within the lamellipodia of the growth cone, 

suggesting that the injection process itself did not alter the normal distribution patterns of 
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miR-124 (n= 5/5, Figure 3.8F). Taken together, these data indicate that a neurite transection 

injury altered both the role and distribution of miR-124 in the chemotropic growth cone 

responses to RA. 

 

ROCK mRNA is a potential target of miR-124. 

We have previously shown that RhoGTPases such as Rac and Cdc42 play a prominent role 

in the PeA growth cone responses to RA (Johnson et al., 2019). The downstream target of 

the RhoGTPase Rho, ROCK, also plays a vital role in axonal guidance (Pernet et al., 2013; 

Cechmanek et al., 2015) by maintaining growth cone polarity and promoting F-actin 

disassembly (Maekawa et al., 1999; Loudon et al., 2006). Moreover, previous work has 

demonstrated that miR-124 regulates ROCK1 translation in human neuroblastoma cells, 

thus promoting neurite elongation (Gu et al., 2014b). Therefore, we proposed that ROCK 

may represent a possible target of miR-124 during growth cone turning responses to RA. 

 We were able to identify a Lymnaea ROCK (LymROCK) mRNA sequence within 

the published CNS transcriptome of the animal (Sadamoto et al., 2012). Unlike vertebrates, 

which have two ROCK genes (ROCK1 and ROCK2), Lymnaea and related molluscs 

(including Aplysia) only appear to express single ROCK homologues. We compared the 

LymROCK 3’UTR mRNA/transcript sequence with the corresponding genomic sequences, 

demonstrating that both sequences share 98.7% similarity. 

To ensure that the LymROCK sequence may act as a candidate target for miR-124, 

we performed a sequence alignment with miR-124 and the 3’UTR of the LymROCK 

sequence (Figure 3.9A). Indeed, we found the miR-124 seed region contained multiple 

complementary binding sites in the LymROCK 3’UTR, implicating LymROCK as a 
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potential target. We next cloned the LymROCK 3’UTR into a pmirGLO expression vector 

and performed a dual-luciferase assay in HEK-293 cells.  After co-transfecting HEK-293 

cells with the miR-124 mimic and the pmirGLO reporter containing the LymROCK 3’UTR, 

we found that luminescence was significantly decreased (p=0.0002; One-way ANOVA) in 

comparison to the control, transfected with the pmirGLO plasmid containing the 3’UTR 

LymROCK in conjunction with the scrambled control mimic (Figure 3.9B).  

After identifying LymROCK as a target for miR-124, we next used in situ 

hybridization to investigate possible co-localization of LymROCK and miR-124 in PeA 

cells and their growth cones. Specifically, as we hypothesized that miR-124 potentially 

targets ROCK to maintain growth cone polarity, we investigated whether miR-124 and 

ROCK were co-localized in the growth cone during consolidated responses to RA. Using 

in situ hybridization, we discovered ROCK mRNA exhibited a similar distribution to miR-

124 and was located along the neurite and lamellipodia of PeA growth cones (Figure 3.9C; 

n=10). Interestingly, ROCK was largely absent from the cell soma, indicating that miR-

124 may potentially bind ROCK within the growth cone, rather than the cell body. 

Following consolidated turns to RA, miR-124 and ROCK were clearly co-localized in a 

long tubular distribution within the lamellipodia of PeA growth cones, and within the 

neurite at the base of these growth cones (Figure 3.9D; n= 3). Interestingly, miR-124 and 

ROCK only exhibited minimal overlap in the neurite branch points (Figure 3.9E) following 

a consolidated turn to RA, further suggesting that miR-124 might selectively regulate 

ROCK within the growth cone. 
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Figure 3.9. miR-124 targets Lymnaea ROCK mRNA. A) A sequence alignment shows 
potential binding sites for miR-124 in the 3’UTR of the Lymnaea ROCK. Underlined 
nucleotides within the miR-124 sequence indicate the miR-124 seed region. Stars indicate 
complementary nucleotides. B) Luciferase assay demonstrates miR-124 directly targets the 
Lymnaea ROCK 3’UTR, indicated by a reduction in luminescence. *** indicates 
p=0.0002. * indicates p= 0.02. ns= no significance. 3’UTR + Scrambled = cells were co-
transfected with the vector containing LymROCK 3’UTR in conjunction with the 
scrambled control. No insert + miR-124 = cells were co-transfected with the vector lacking 
the LymROCK 3’UTR in conjunction with a miR-124 mimic. 3’UTR + miR-124 = cells 
were co-transfected with the vector containing the LymROCK 3’UTR in conjunction with 
a miR-124 mimic. C) ROCK mRNA is present within the neurites and lamellipodia (white 
arrows) of PeA growth cones, but is largely absent from the cell soma. Scale bar= 50μm. 
D) After a consolidated turn to RA, miR-124 and ROCK are co-localized within the 
lamellipodia and the base (see arrow) of the growth cone (ii, iii). Pink stain indicates miR-
124, while green represents ROCK. White indicates co-localization. Scale bars in i, ii= 20 
μm. Scale bar in iii= 5μm. E) miR-124 and ROCK exhibit minimal co-localization (see 
arrow) in neurite branch points. Scale bars= 20 μm. 
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DISCUSSION 

In vertebrates, miR-124 is known as a nervous system-enriched miRNA that plays vital 

roles in many neurodevelopmental events (Mishima et al., 2007; Sun et al., 2015). In 

Lymnaea, similar trends have been documented by miRNA-Sequencing and PCR (Walker 

et al., 2018), indicating a potentially conserved role for miR-124 in the CNS of 

invertebrates. miR-124 is enriched in the cell bodies of mouse embryonic motorneurons 

and developing Xenopus retinal ganglion cells (RGCs), but is also detected in the neurites 

and central domains of these growth cones (Baudet et al., 2011; Gershoni-Emek et al., 

2018). Here, miR-124 was localized to both the cell body and neurites of Lymnaea PeA 

motorneurons and was consistently located along the leading edge of growth cones in the 

lamellipodia. It was far less abundant, or even absent from the central domain of the growth 

cone, and thus may target different mRNAs during invertebrate growth cone guidance 

compared to vertebrates. Interestingly, miR-124 is also abundant within sensory neurons 

of another mollusc, Aplysia californica, but is largely undetected in regenerating 

motorneurons of that species (Rajasethupathy et al., 2009), also suggesting possible species 

and cell-type specific functions.  

Studies examining Xenopus RGC growth cones have demonstrated the selective 

involvement of individual miRNAs in response to various guidance molecules (Baudet et 

al., 2011; Han et al., 2011; Corradi et al., 2018). In support of this, we identified a potential 

role for miR-124 in growth cone turning behaviour toward the non-classical guidance cue, 

RA, but found no evidence for its role in the turning response to 5-HT. We propose that 

this difference is likely based on the protein-synthesis dependence of the response to RA 

(Farrar et al., 2009), but not to 5-HT. Likewise, in Xenopus RGC growth cones, miR-134 
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mediated the local protein synthesis-dependent responses to brain-derived neurotrophic 

factor (BDNF), but did not mediate the responses to bone morphogenic factor 7 (BMP7) 

which are independent of local protein synthesis (Han et al., 2011). However, not all cue-

dependent involvement of miRNAs is based solely on a requirement for protein synthesis. 

Corradi et al (2018) showed that when Xenopus RGC growth cones were exposed to 

Sema3A and Slit2, two local protein-synthesis dependent cues, only Sema3A (but not 

Slit2), induced the activity of miR-181. Studies in Xenopus RGCs also demonstrated miR-

124-regulated growth cone repulsion to Sema3A, but not Slit2 (Baudet et al., 2011). These 

results support the notion that miR-124 regulation is cue-specific, and that different 

guidance cues may require the activity of specific miRNAs. As miRNAs can target 

hundreds of mRNAs, they likely play varying roles in response to different guidance cues.  

Our functional evidence for the role of miR-124 in axonal guidance arose from the 

mimic-induced disruption of the RA-induced response (but not the 5-HT-induced 

response). Moreover, miR-124 was clearly present in the growth cones following 

consolidated turns to RA, but not to 5-HT. However, following injection of the miR-124 

mimic into the soma, the mimic was not detected in these growth cones, though still 

dysregulated their behaviour. This finding allows for the possibility that miR-124 might 

regulate growth cone behaviour from the soma (or neurites), rather than the growth cone 

itself. In Xenopus RGCs, miR-124 and its direct target, CoREST, are abundant within the 

soma, but only weakly detected in the growth cone, suggesting that miR-124-associated 

growth cone responses might be centrally, not locally, regulated (Baudet et al., 2011). 

However, this centrally-mediated role would not explain the normally abundant 

localization of endogenous miR-124 to PeA growth cones, or its consistent presence 
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following a consolidated turn to RA. It is conceivable that injection of the mimic caused 

disruptions of axonal trafficking of miR-124 (either from the soma or branch points), which 

subsequently disrupted growth cone polarity. It is also plausible that miR-124 might be 

required in both the soma and growth cones, either to regulate different populations of 

mRNAs, or different stages of outgrowth or growth cone turning. For example, the fine-

tuning of growth cone behaviour might require the localized presence of miR-124, in 

addition to its regulatory role from the soma. Indeed, in mouse motorneurons, miR-124 is 

actively trafficked to the growth cone from the cell soma and neurite branch points, 

supporting a role for miR-124 within the growth cone itself (Gershoni-Emek et al., 2018). 

Collectively, these may explain why the upregulation of miR-124 in the soma might affect 

growth cone behaviour, regardless of whether the mimic is reaching the growth cone. These 

different hypotheses will require further analysis. 

It is now well known that mRNAs are rapidly shuttled to the growth cone for local 

translation (Campbell & Holt, 2001; Jung et al., 2012), and these mRNAs are necessary to 

promote actin depolymerization and polymerization. Importantly, regulation of their 

compartmental distribution is critical to establish growth cone polarity. Recent work in 

Lymnaea demonstrated that RA-mediated growth cone responses in PeA motorneurons 

rely on the activity of RhoGTPases (Johnson et al., 2019), a family of signaling molecules 

important for actin polymerization and depolymerization. These RhoGTPases, which 

include Rac, Cdc42 and Rho, regulate a complex network of downstream signaling 

pathways that directly modify the growth cone cytoskeleton, and importantly, exhibit 

temporally and spatially coordinated roles to regulate growth cone behaviours (Rajnicek et 

al., 2006). Using chemical inhibitors, we previously identified a role for Rac and Cdc42 in 
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facilitating RA-mediated growth cone responses, although Rho was not investigated. 

However, Rho negatively regulates regenerative neurite elongation (Lingor et al., 2007; 

Kouchi et al., 2010) and normally promotes repulsive growth cone responses (Dickson, 

2001), indicating that suppression of its signaling may be required to facilitate attractive 

responses.  

Although the RhoGTPases activate a plethora of downstream signaling molecules, 

it is well-established that Rho typically activates the Rho-kinase, ROCK (Dickson, 2001). 

Using sequence alignments, we predicted that ROCK mRNA is a potential target of miR-

124 and inferred its binding by miR-124 using a luciferase assay. As ROCK can negatively 

regulate the elongation of a new neurite shaft (Kouchi et al., 2010; Gu et al., 2014b), and 

does so in regenerating neurites (Lingor et al., 2007), this suggests that miR-124 might 

contribute to the formation of a neurite shaft following growth cone turning towards RA. 

Using in situ hybridization we found that miR-124 was absent during early stages of growth 

cone reorientation, but exhibited an asymmetric distribution during the later stages of 

consolidation. In chick DRG neurons, inhibition of ROCK disrupted growth cone polarity 

specifically during consolidated turning responses, and these growth cones failed to turn 

towards nerve growth factor as a result (Loudon et al., 2006). Collectively, these data 

indicate that ROCK plays an important role in maintaining growth cone polarity and 

regulating neurite extension in response to an attractive guidance cue. miR-124 may thus 

regulate the spatiotemporal distribution of ROCK during attractive responses to RA, and 

this is supported by their co-localization in PeA growth cones following consolidated turns. 

However, as miRNAs can potentially target hundreds of mRNAs, we must emphasize that 
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ROCK is likely not the only target of miR-124 during RA-induced attractive growth cone 

behaviour.  

We previously showed that following neurite transection, Rac inhibitors failed to 

disrupt the RA-induced turning of isolated PeA growth cones, suggesting they may no 

longer require Rac to respond to RA (Johnson et al., 2019). These findings mirror our 

current ones, where dysregulation of miR-124 disrupted intact growth cone responses to 

RA, but failed to disrupt isolated growth cone responses. These findings have important 

implications, suggesting that the requirement of signaling processes can change, either 

depending on effective communication with the cell body, or in response to nerve injury. 

Interestingly, miR-124 was shown to be shuttled to the regenerating growth cones 

following injury in goldfish RGCs (Van Patten et al., 2004). Here, transection injury 

resulted in failure of the miRNA to interrupt growth cone turning and it is plausible that 

either the axonal transport of the miRNA, and/or the coordination of its role between soma 

and growth cone, were interrupted by the injury. We should also not rule out the possibility 

that the mimic was only able to disrupt axonal trafficking of endogenous miR124 when it 

was injected into the soma (rather than the neurite). 

An alternative explanation might include the dynamic and diverse signaling roles 

of RhoGTPases, which may potentially change following injury-induced isolation of 

neurites. For example, although Rho and its downstream target, ROCK, are classically 

known to reduce neurite outgrowth and contribute to actin disassembly (Ohashi et al., 2000; 

Liu et al., 2015), Rho can also activate mammalian homolog of Drosophila diaphanous 

(mDia; Arakawa et al., 2003), by which it now promotes axonal elongation and extension. 

In the event that Rho signaling activates mDia instead of ROCK in isolated neurites, miR-
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124 might no longer be required to inhibit ROCK activity, thus possibly explaining its 

absence from isolated growth cones. Neurite transection also induces calcium influx 

(Sattler et al., 1996), which may in turn activate alternative signaling pathways that may 

render the RhoGTPases redundant and/or unnecessary in maintaining growth cone polarity.   

In summary, this study revealed a novel role for miR-124 in mediating growth cone 

responses of regenerating invertebrate motorneurons to RA. We provided evidence that 

this response was cue-specific, likely due to the cue-dependent requirements for local 

protein synthesis. Furthermore, we provided important evidence that the role of miR-124 

appeared to change following transection, an effect that was either dependent upon 

communication of the growth cone with the cell body and/or a change in signaling 

pathways following injury. Finally, we identified a potential target for this miRNA, a 

kinase activated by the RhoGTPases which collectively, are involved in mediating growth 

cone responses to various guidance cues, including RA. 
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SUMMARY AND GENERAL DISCUSSION  

 In the past two decades, miRNAs have emerged as important regulatory molecules 

that play various roles in many neurodevelopmental processes. To better understand their 

specific roles, the spatial distribution patterns of many miRNAs have been identified in 

order to infer their function (Aboobaker et al., 2005; Wienholds et al., 2005; Darnell et al., 

2006). miRNAs have been identified within different subcellular compartments, including 

neurites and growth cones, suggesting that they may regulate axonal extension and 

pathfinding. Indeed, miRNAs localized to axons and growth cones have been shown to 

play important roles in mediating axonal outgrowth and growth cone guidance by 

regulating local protein synthesis (Han et al., 2011; Hancock et al., 2014; Bellon et al., 

2017). Although vertebrate and invertebrate genomes encode hundreds of conserved 

miRNAs, the role of miRNAs during invertebrate axon pathfinding and outgrowth is 

largely unknown.  

This thesis investigated the function and spatial distribution patterns of a conserved 

miRNA, miR-124, in the invertebrate, Lymnaea stagnalis. I discovered that miR-124 

exhibited a neuronally-enriched expression pattern in Lymnaea, and reached maximal 

expression in the adult CNS. Further, this thesis also demonstrated a generally conserved 

role for miR-124 in mediating neuronal pathfinding. I discovered miR-124 regulated 

attractive growth cone responses to RA, but not to 5-HT. Specifically, I found that miR-

124 was co-localized with ROCK mRNA within motorneuron growth cones during RA-

induced growth cone responses, likely inhibiting its translation to maintain growth cone 

polarity and to promote neurite extension.  
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The next sections will further discuss the important trends demonstrated in this 

thesis, identify the limitations of these experiments, and provide future directions for 

subsequent studies.  

Differences in miR-124 cell-type expression across species. 

miR-124 has become a well characterized neuronally-enriched miRNA that reaches 

maximal expression in the mature CNS of vertebrates (Mishima et al., 2007; Sun et al., 

2015). Similarly, this thesis demonstrated for the first time similar trends in an invertebrate 

species. Specifically, miR-124 was highly enriched in the Lymnaea CNS compared to other 

organs and exhibited maximal expression in the mature CNS when compared to different 

stages of embryogenesis. This similarity between vertebrate and invertebrate miR-124 

expression patterns likely indicates miR-124 plays a role in similar neuronal processes.  

At the level of a single cell, work in vertebrates has demonstrated miR-124 is 

localized within the cell soma, neurites, and growth cones of Xenopus RGCs (Baudet et al., 

2011) and mouse motorneurons (Gershoni-Emek et al., 2018). Similarly, this thesis 

demonstrated miR-124 is also found within these same subcellular compartments of 

regenerating Lymnaea motorneurons. Specifically, miR-124 was abundant along the 

leading edge of growth cones, indicating miR-124 may regulate regenerative pathfinding. 

Although miR-124 has also been detected in developing vertebrate growth cones, its 

distribution was not restricted to the peripheral domain of the growth cone (Baudet et al., 

2011; Gershoni-Emek et al., 2018). This finding may indicate that the precise mRNA target 

of miR-124 (or its localization), during Lymnaea axonal extension and growth cone 

guidance differs from that of vertebrates.  
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Although miR-124 is abundant in both vertebrate (Corradi et al., 2018) and 

Lymnaea motorneurons, similar trends have not been documented in other molluscs, such 

as Aplysia (Rajasethupathy et al., 2009). miR-124 was virtually non-existent in Aplysia 

motorneurons, but instead, was highly enriched in sensory neurons (Rajasethupathy et al., 

2009), indicating that miR-124 may exhibit different functions between various molluscan 

species. In this thesis, I worked exclusively with motorneurons, and therefore, cannot 

address whether miR-124 is similarly abundant in Lymnaea sensory neurons. To better 

address these species-specific distribution patterns, future experiments could be designed 

to co-culture Lymnaea sensory and motorneurons to enable a direct comparison of miR-

124 abundance between both cell types. Although Lymnaea sensory neurons are not as well 

characterized as in Aplysia, the precise identity and localization of a few sensory neurons 

are known in Lymnaea (Nezlin, 1995; Inoue et al., 1996), making this a feasible experiment 

in subsequent studies. Taken together, this thesis documented a unique distribution pattern 

for miR-124 in motorneurons and specific domains of their growth cones, which has not 

been detected in vertebrates or other molluscs. 

Role of miR-124 in growth cone guidance. 

 After identifying a few miRNAs in vertebrate growth cones, emerging studies have 

begun to characterize the role of these miRNAs in developmental pathfinding in response 

to classical guidance cues (Baudet et al., 2011; Han et al., 2011; Bellon et al., 2017). Past 

work in vertebrates has largely focussed on dysregulating miRNA abundance and 

analyzing the resultant growth trajectories and behaviours of neuronal growth cones 

(Baudet et al., 2011; Han et al., 2011; Bellon et al., 2017). However, growth cones must 

undergo dramatic cytoskeletal changes during various stages of a turning response and 
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must also activate numerous downstream signaling pathways. As a result, miRNAs likely 

regulate the translation of various mRNAs at very precise time points during a turning 

response. Thus, although past reports identify the general involvement of specific miRNAs 

in growth cone turning responses, they fail to identify the specific spatiotemporal roles of 

these miRNAs. In this study, we specifically analyzed the distribution of miR-124 in a 

stage-dependent manner and found that miR-124 indeed exhibited different distribution 

patterns during various phases of a turning response. This finding emphasizes a clear 

shortcoming in the current field of research and indicates that the spatiotemporal 

distribution patterns of various miRNAs need to be identified to better understand their 

regulatory functions and potential mRNA targets.  

After identifying the spatiotemporal distribution patterns of miR-124, a clearer and 

more precise function for miR-124 in growth cone guidance was revealed, one which has 

not yet been demonstrated in vertebrates. This work provided evidence that miR-124 was 

specifically involved in the later stages of a turning response to RA, and likely targeted 

ROCK mRNA in Lymnaea growth cones. However, this thesis did not identify the specific 

function of ROCK in Lymnaea growth cone guidance, making it difficult to determine the 

exact role of miR-124 in regulating ROCK. In vertebrates, ROCK negatively regulates 

neurite elongation and growth cone polarity (Loudon et al., 2006; Gu et al., 2014b), 

suggesting miR-124 may target ROCK to promote these events. Thus, future experiments 

are required to determine whether miR-124 targets ROCK in Lymnaea growth cones to 

either promote neurite elongation or to establish growth cone polarity.  

To more thoroughly investigate the role of miR-124 in neurite elongation, cells 

could be cultured in either a chemical ROCK inhibitor or with a miR-124 mimic to examine 
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the consequent number of neurites and neurite length. Furthermore, optogenetics may be 

an important tool to dysregulate ROCK protein expression and distribution at particular 

stages of a growth cone turning response. Precisely dysregulating ROCK activity would 

enable a better understanding of its function at particular stages of a growth cone turning 

response and how/if ROCK contributes to growth cone polarity. However, the limited 

genome information available for Lymnaea may serve as an obstacle rendering 

optogenetics difficult in the near future. Instead, live-cell imaging of both ROCK and miR-

124 may be a more feasible approach to examine their distribution patterns during RA-

induced responses.   

In previous work in Xenopus RGCs, miR-124 was shown to regulate CoREST 

translation in response to the repulsive cue, Sema3A, indicating miR-124 regulates 

vertebrate axonal pathfinding (Baudet et al., 2011). Similarly, this thesis identified an 

important role for miR-124 in Lymnaea growth cone guidance, although using different 

guidance cues and mRNA targets. In comparing these studies, it is difficult to determine 

whether miR-124 plays a similar role in vertebrate and invertebrate growth cone guidance, 

as different guidance cues and cell-types were utilized. Although this thesis demonstrated 

miR-124 targeted ROCK in Lymnaea, we cannot rule out the possibility that miR-124 may 

also target other mRNAs in response to a repulsive cue. To better address these questions, 

future studies could directly compare the conserved role of miR-124 in response to the 

same cue during the development and regeneration of the same animal.   

As RA is a conserved guidance molecule that is important during both development 

and/or regeneration in vertebrates and invertebrates, it would be a useful guidance molecule 

to analyze the conserved functions of miR-124. Currently, Lymnaea cell culture has 
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become a well-established technique for culturing neurons from adult animals, although no 

models exist for culturing developing Lymnaea neurons. Due to the small size of the 

developing CNS, it would be difficult to use suction-pipetting to individually isolate 

neurons. However, the progression and timing of Lymnaea CNS development is well 

characterized (Croll & Voronezhskaya, 1996; Nagy & Elekes, 2000), and their axons are 

easily visualized in vivo. Together, these advantages make developing Lymnaea embryos 

a feasible model to explore the conserved role of miR-124 in axonal pathfinding by 

investigating the consequent phenotypes of dysregulating miR-124 abundance.  

Alternatively, the use of other model organisms may be necessary to investigate 

axonal guidance in vitro and in vivo during both development and regeneration. Specially, 

the axolotl would enable a direct comparison between development and regeneration, as 

RA-signaling has been well characterized during both processes using in vivo imaging 

(Monaghan and Maden, 2012). Additionally, methods for isolating and culturing axolotl 

neurons using cell dissociation have also been established (Chernoff et al., 1990). With 

these techniques, a model such as the axolotl may be able to more accurately identify a 

conserved role for miR-124 across phyla.   

Cue-specific roles for miRNAs during growth cone guidance. 

 Recently, studies have begun to explore the selective activity of miRNAs, and have 

demonstrated that individual miRNAs including miR-124, miR-134 and miR-181 only 

regulate growth cone responses to specific guidance cues. Moreover, these miRNAs did 

not mediate behaviours towards local protein synthesis-independent cues (Baudet et al., 

2011; Han et al., 2011; Corradi et al., 2018). Collectively, these studies indicate different 

guidance molecules may initiate the activity of specific miRNAs, and that miRNAs may 
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only regulate growth cone responses to guidance cues that require local protein synthesis. 

Furthermore, as miRNAs can target hundreds of mRNAs, these findings indicate that 

specific miRNAs may potentially play varying roles in response to different guidance cues.  

This thesis also demonstrated similar findings, in that miR-124 regulated growth 

cone responses to RA, but not to another attractive guidance molecule, 5-HT. Specifically, 

this work demonstrated that miR-124 was up-regulated in RA-induced responses, but was 

absent during 5-HT-induced responses. This finding may indicate two possibilities: that 

similar to vertebrates, miR-124 exhibits a cue-specific regulatory role during regenerative 

axonal pathfinding. Alternatively, these results may indicate that the perfusion from the 5-

HT application may alter miR-124 distribution.  

In previous work in Aplysia, pulsatile pressure-application of 5-HT was shown to 

down-regulate miR-124 expression by 2-fold (Rajasethupathy et al., 2009). However, this 

downregulation of miR-124 was not an artifact of pulsatile pressure, but instead, was 

functionally important. The authors identified that miR-124 targeted cAMP response 

element-binding protein (CREB) in the cell soma to constrain synaptic plasticity, and its 

downregulation in response to 5-HT was vital to promote CREB translation and synapse 

formation (Rajasethupathy et al., 2009). Additional reports in vertebrates have 

demonstrated that CREB is locally transcribed within distal axons in response to the 

attractive guidance cue, nerve growth factor, and is then rapidly shuttled to the cell body 

to act as a transcription factor to promote cell survival (Cox et al., 2008). These reports 

indicate that although CREB itself does not contribute to attractive turning behaviours, its 

production is vital for synapse formation and cell survival (Rajasethupathy et al., 2009; 

Cox et al., 2008). In Lymnaea, CREB translation may be similarly activated in response to 
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5-HT, and the downregulation of miR-124 in these neuronal growth cones may be 

necessary to promote synapse formation or cell survival. As the miR-124 mimic did not 

affect 5-HT-induced turning behaviours, future studies should examine the long-term 

consequences of this dysregulation. As CREB is not immediately involved in axonal 

pathfinding, alterations to miR-124 abundance may instead lead to disruptions in synapse 

formation or cell survival.  

Although this hypothesis may indeed suggest miR-124 is rapidly downregulated in 

response to 5-HT to regulate CREB, this thesis did not determine whether 5-HT 

downregulated miR-124 in Lymnaea motorneurons, or if 5-HT application instead merely 

resulted in miR-124 redistribution away from the growth cone. Rather, miR-124 may 

simply not regulate local mRNA translation during 5-HT behaviours, and thus, is not 

required in the growth cone. Work in vertebrates has identified the role of various miRNAs 

in response to local protein synthesis-dependent cues (Baudet et al., 2011; Han et al., 2011; 

Dajas-Bailador et al., 2012; Bellon et al., 2017; Yang et al., 2018). However, no studies 

have demonstrated a role for miRNAs in mediating growth cone responses to a guidance 

molecule that does not require local protein synthesis. Similarly, this thesis demonstrated 

that 5-HT-induced responses do not require local protein synthesis, further indicating that 

miR-124 does not likely regulate growth cone responses to 5-HT. Furthermore, this thesis 

demonstrated that miR-124 may regulate ROCK, which is directly activated by the Rho-

GTPase, Rho. However, not all guidance cues require the activity of the Rho-GTPases, but 

instead, use alternative signaling pathways to activate proteins that directly act on the 

growth cone cytoskeletal network. This use of alternative signaling pathways may indicate 
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that 5-HT responses do not require the Rho-GTPases (or ROCK) activity, and as a result, 

do not require miR-124 regulation.  

An alternative possibility regarding the absence of miR-124 seen during intact 

growth cone responses to 5-HT is that this was caused by pulsatile pressure. However, this 

possibility still signifies that miR-124 is not necessary for 5-HT-induced attractive turning 

behaviours. Moreover, in a study using Aplysia, the authors applied a constant stream of 5-

HT for 5-minutes to sensory neurons and did not document any changes in miR-124 

abundance (Rajasethupathy et al., 2009). In the growth cone turning assays performed in 

this thesis, 5-HT was not continuously applied to a growth cone for 5 minutes, but was 

rather released in approximately 10 second intervals, representing a less severe treatment 

of pulsatile pressure. Thus, I consider it unlikely that the pulsatile pressure used here 

resulted in the downregulation or re-distribution of miR-124.   

Dysregulation of miR-124 under various conditions. 

Previous work characterizing the distribution patterns of miR-124 have 

demonstrated that this miRNA is enriched in the cell soma, but still detected at a lower 

abundance in neurites and growth cones (Sasaki et al., 2013). This may indicate miR-124 

plays an important regulatory role in the cell soma. Indeed, reports in Xenopus RGC have 

demonstrated that miR-124 centrally regulates growth cone responses to the repulsive cue, 

Sema3A. Specifically, miR-124 targeted CoREST within the cell soma, preventing its 

translation and shipment to RGC growth cones (Baudet et al., 2011).  

In this thesis, we similarly discovered that miR-124 specifically regulated responses 

in growth cones attached to the cell soma. After up-regulating miR-124 in the cell soma 

utilizing an artificial mimic, this abolished growth cone responses to RA. Interestingly, the 
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miR-124 mimic not only abolished turning behaviours to RA, but also disrupted the normal 

distribution patterns of miR-124. Specifically, miR-124 was not detected in growth cones 

turning away from RA (as a result of miR-124 mimic injection). This localization is quite 

different from normal turning behaviours, in which miR-124 is detected in the lamellipodia 

following an attractive turning response to RA. This may suggest one of two possibilities: 

miR-124 centrally regulates growth cone responses to RA from the cell soma, or the miR-

124 mimic may disrupt axonal trafficking, thereby disrupting shipment of miR-124 into 

the growth cone and responses to RA.  

In this work, I discovered that miR-124 likely targets ROCK within Lymnaea 

growth cones, rather than the cell soma. However, we cannot rule out the possibility that 

miR-124 may potentially bind other mRNAs in addition to ROCK to regulate pathfinding 

behaviours from the cell soma. Specifically, miR-124 may act as a master regulator from 

the cell soma, but fine-tune behaviours in the growth cone by targeting ROCK. Indeed, this 

is further supported by the fact that miR-124 did not appear to be present following 

consolidated turns in isolated growth cones, nor did its overexpression (with a mimic) 

disrupt isolated growth cone behaviours. Taken together, this may suggest that miR-124 

regulates growth cone turning behaviours from the cell soma, similar to that of vertebrates.  

Alternatively, injection with a miR-124 mimic may disrupt normal axonal 

trafficking. Following intact responses to 5-HT and isolated responses to RA, we detected 

miR-124 in these growth cones after injection with the miR-124 mimic, although following 

injection with the scrambled control, we did not detect miR-124 in these growth cones. I 

interpreted this finding as indicating the miR-124 mimic was indeed reaching the distal 

growth cone following injection. However, this may alternatively suggest that the miR-124 
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mimic disrupts axonal trafficking, resulting in miR-124 being sequestered in the growth 

cone. However, what is important to note is that despite the presence of miR-124 in these 

growth cones, representing either the mimic or endogenous miR-124, this did not disrupt 

behaviours to 5-HT, or isolated responses to RA. 

 As we did not detect miR-124 in intact growth cones turning away from RA 

following mimic injection, this may further suggest that the miR-124 mimic disrupts axonal 

trafficking. The absence of miR-124 in the growth cone may reflect the inability of the 

mimic or endogenous miR-124 to reach that structure, ultimately disrupting turning 

behaviours to RA. Previous work in P19 cells demonstrated that over-expression of miR-

124 altered the subcellular localization of the Rac protein, resulting in its accumulation in 

the nucleus (Yu et al., 2008), indicating that increasing the abundance of miR-124 may 

affect the localization of specific proteins. Extrapolated onto my own findings, the miR-

124 mimic may disrupt the localization of proteins required for shipping miR-124 into the 

growth cone.  Indeed, miR-124 supresses myosin activity in mice, indicating up-regulation 

of miR-124 may disrupt myosin-mediated axonal trafficking (Qadir et al., 2014). Taken 

together, it is difficult to determine whether injection with a miR-124 mimic disrupted 

growth cone responses, or merely disrupted axonal trafficking. Thus, future experiments 

utilizing miR-124 inhibitors will be useful in conclusively determining the role of miR-124 

in growth cone guidance. Alternatively, mimics tagged with a fluorescent label enabling 

real-time imaging may be utilized to track their shipment (Corradi et al., 2018), or lack 

thereof, into the growth cone.  
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miRNA trafficking during growth cone guidance.  

 As the current field has begun to reveal the precise functions of miRNAs in growth 

cone guidance, more recent work has begun to investigate mature and precursor miRNA 

trafficking to better understand how miRNAs are transported to the growth cone (Corradi 

et al., 2018; Gershoni-Emek et al., 2018; Corradi et al., 2020). Numerous studies have 

identified the central domain of growth cones as an organelle rich region (Dent and Gertler, 

2003; Corradi et al., 2018) that contains miRNA processing machinery, including Dicer 

and mitochondria, along with precursor miRNA structures. As the growth cone contains 

miRNA machinery responsible for processing precursor miRNAs into the mature strand, 

this may indicate that miRNAs are shuttled as precursor structures into the growth cone. In 

Xenopus RGCs, the precursor miRNA, miR-181a, is stored within the central domain of 

the growth cone, where it is processed into a mature structure upon the sensation of the 

guidance cue, Sema3A (Corradi et al., 2018). This finding may indicate that the presence 

of mature miRNAs within the central domain of the growth cone reflects the active 

processing of precursor structures into their mature strand.  

In subsequent studies investigating the subcellular distribution of miR-124 in 

mouse motorneurons, the mature miR-124 strand was shown to be shuttled along the length 

of the neurites, and from branch points into the growth cone (Gershoni-Emek et al., 2018). 

This may indicate that unlike other miRNAs, miR-124 is not typically processed from a 

precursor miRNA within the central domain of the growth cone, but is rather stored in its 

mature form and shuttled to different subcellular compartments as required.  

In this thesis, I demonstrated that miR-124 was abundant in neurites and branch 

points of two types of motorneurons, PeA and RPA cells. Although miR-124 was abundant 



 132 

within PeA growth cones, the miRNA was absent from RPA growth cones. However, 

following a consolidated turning response to RA, miR-124 was always localized to the 

lamellipodia of both PeA and RPA growth cones, and was often detected in the central 

domain of the growth cone. The detection of miR-124 in the central domain and RPA 

growth cones may indicate that miR-124 is actively processed from a precursor to a mature 

strand upon RA application, or alternatively, may merely reflect its movement from the 

neurite into the periphery of the growth cone.  

To date, previous work has identified the localization of the precursor miR-124 in 

the developing CNS of Ciona intestinalis (Chen et al., 2011), however, its distribution 

within individual neurons and growth cones has not yet been documented in any species. 

In this thesis, the precursor structure of miR-124 was not detected within the regenerating 

Lymnaea CNS using miRNA-Sequencing, which is a far more sensitive technique than in 

situ hybridization. Taken together, this may indicate miR-124 primarily exists as a mature 

structure, and is thus shuttled into the growth cone as a mature strand, as opposed to de 

novo synthesis.  

Past work has demonstrated that the mature miR-124 is shuttled into mammalian 

motorneuron growth cones at an average velocity of 0.45 μm/second (Gershoni-Emek et 

al., 2018). At this reported speed, it is a feasible assumption that miR-124 is transported 

from local branch points to reach the distal growth cone following a consolidated turn to 

RA. To better investigate this hypothesis, live cell imaging could be utilized to visualize 

mature miR-124 trafficking, or lack thereof, during a turning response to RA, as previously 

described (Gershoni-Emek et al., 2018). Moreover, in situ hybridization experiments could 
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be utilized to visualize the localization of the precursor mir-124 to determine whether the 

miRNA is shuttled into PeA and RPA growth cones as a precursor or mature structure.  

miRNA function during injury. 

In the past decade, numerous studies have begun to uncover the role of various 

miRNAs in vertebrate axonal pathfinding (Baudet et al.. 2011; Han et al.. 2011; Hancock 

et al.. 2014; Bellon et al., 2017). To date, the function of miRNAs in regenerative axonal 

pathfinding remains unclear. In the regenerating axolotl spinal cord, miR-125b promotes 

the regeneration of injured axons across the lesion site by targeting Sema4D (Quiroz et al., 

2014), indicating miRNAs may regulate pathfinding behaviours of regenerating neurites. 

However, miR-125b targets Sema4D in astrocytes, indicating miR-125b regulates neuronal 

pathfinding behaviours by targeting guidance cue production, rather than regulating the 

interpretation of the guidance cue in pathfinding cells. With this in mind, there is a clear 

shortcoming in this particular field of research, as no miRNAs have been yet detected in 

growth cones from regenerating neurons, nor have they been shown to regulate the 

downstream signaling pathways underlying guidance behaviours within these cells.  

 In this thesis, I examined the regulatory role of miR-124 in both intact and isolated 

growth cone responses of regenerating neurons, which has not yet been determined in 

vertebrates. Ultimately, I utilized two different models of injury, including intact growth 

cones, which represent the sprouting of new neurites and growth cones following 

damage/isolation from the adult CNS. Additionally, we also utilized isolated growth cones, 

which represent damaged neurites which have been isolated from the cell soma, and thus 

must rely predominantly on growth cone-associated factors in the absence of continual 

replenishment from the cell soma. Interestingly, we found that miR-124 was absent from 
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isolated growth cones turning towards RA, unlike intact responses. Moreover, using a 

mimic to increase the abundance of miR-124, I discovered that this abolished intact growth 

cone behaviours to RA, but failed to disrupt isolated growth cone responses. Collectively, 

these findings may indicate that different neuronal injuries may trigger the activity of 

alternative signaling pathways to engage in attractive turning behaviours to RA. These 

injury-induced differences likely involve changes in miR-124 function, indicating miR-

124 may switch mRNA targets when responding to RA, or is instead no longer required 

for this response. Importantly, for the first time, we demonstrated that miRNA functions 

can change in response to the same guidance cue. Together, these results may indicate that 

neuronal injury, and isolation from the cell soma may alter the typical functions of 

miRNAs.  

 

GENERAL CONCLUSIONS 

In summary, this thesis provides evidence that miR-124 is involved in the later 

stages of a growth cone response towards RA. Specifically, miR-124 is absent during early 

stages characterized by the protrusion of the lamellipodium and cytoplasm (reorientation), 

but is abundant in the growth cone during later stages, in which the neurite shaft extends 

towards RA. These changes in miR-124 distribution likely indicate that miR-124 is rapidly 

trafficked to the growth cone during consolidated turning responses to regulate neurite 

extension and growth cone polarity by targeting ROCK mRNA. Further, miR-124 does not 

appear to regulate attractive turning behaviours to 5-HT, indicating 5-HT responses may 

not require the downregulation of ROCK mRNA to establish a new neurite shaft, or to 

maintain growth cone polarity (Figure 4.1). Furthermore, miR-124 does not appear to 
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regulate isolated growth cone responses to RA, suggesting that in the absence of the cell 

soma, isolated neurites rely on different signaling pathways to respond to guidance cues.  

 

Figure 4.1. Proposed model of miR-124 activity during intact attractive growth cone 
responses. 1. After its focal application, retinoic acid likely binds to the retinoic acid 
receptor (RAR) and/or the retinoid X receptor (RXR) within the growth cone. Both 
receptors are known to be localized to Lymnaea growth cones (Carter et al., 2011; 2015). 
2. The activation of the retinoid receptors may result in the shipment of miR-124 from 
neuronal branch points to the periphery of the growth cone. 3. The retinoid receptors may 
also activate the Rho GTPases, including Cdc42 and Rac (Johnson et al., 2019) which lead 
to the activation of downstream proteins that promote actin polymerization, and are 
required for growth cone responses to RA (4). In addition to these Rho GTPases, Rho may 
also be activated. 5. Rho typically activates its downstream effector, ROCK, which 
activates downstream proteins that promote actin depolymerization and disassembly (6). 
7. To prevent the activation of the ROCK pathway on the side of the growth cone nearest 
the source of RA, miR-124 inhibits the local translation/production of ROCK.  
In contrast, growth cone responses to 5-HT do not require local protein synthesis or 
localization of miR-124 to prevent ROCK translation. Instead, 5-HT may act downstream 
of the Rho GTPases and ROCK. 8. After 5-HT binds to its membrane-bound receptor, this 
likely leads to the direct inactivation of specific proteins to ultimately reduce actin 
depolymerization. Moreover, 5-HT may still lead to the activation of Cdc42 and Rac, or 
alternatively, also activate their downstream proteins to initiate actin polymerization. 
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FUTURE PERSPECTIVES  

In this thesis, an important role for miR-124 in mediating growth cone responses to 

RA was uncovered. As miR-124 was specifically shown to regulate responses to RA, there 

are likely a number of additional miRNAs that mediate growth cone behaviours to other 

guidance molecules in Lymnaea. In vertebrates, miR-9 (Dajas-Bailador et al., 2012), miR-

92 (Yang et al., 2018) miR-124 (Baudet et al., 2011), miR-132 (Hancock et al., 2014), miR-

134 (Han et al., 2011), and miR-182 (Bellon et al., 2017) were shown to locally regulate 

axon extension and growth cone responses toward various classical guidance cues (Table 

4.1). Lymnaea miRNA-Sequencing analysis only identified the presence of miR-9, miR-

92, and miR-124 in the regenerating snail CNS. This likely suggests that invertebrates such 

as Lymnaea rely on the activity of different miRNAs to mediate growth cone guidance. 

Alternatively, this finding may also suggest that the miRNAs that regulate axonal guidance 

in a mature, regenerating nervous system may be different from those used during 

development. Although miRNAs are highly conserved sequences, their ability to bind 

multiple target mRNAs further suggests they may exhibit different functions within 

invertebrate species, and during regenerative repair. Taken together, future studies with 

invertebrate systems, such as Lymnaea need to identify the action of additional miRNAs in 

axonal pathfinding. As a considerable amount of attention has been focussed on identifying 

novel roles for miRNAs during vertebrate pathfinding, the use of simpler invertebrate 

organisms may enable us to unravel the complex signaling events and array of miRNA 

functions regulating axonal pathfinding. 
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Table 4.1. miRNAs regulating growth cone behaviours to classical guidance cues during 
vertebrate development. 
microRNA Species Cell Type Target Affected 

Guidance 
Cue 

Reference 

miR-9 Mouse Cortical 
neurons 

Map1b BDNF (Dajas-Bailador et 
al., 2012) 

miR-92 Chick Commissural  Robo1 Slit (Yang et al., 
2018) 

miR-124 Xenopus RGC coREST Sema3A (Baudet et al., 
2011) 

miR-132 Mouse DRG Rasa1 - (Hancock et al., 
2014) 

miR-134 Xenopus Spinal Neurons LIMK BDNF (Han et al., 2011) 
miR-182 Xenopus RGC Cofilin1 Slit (Bellon et al, 

2017) 
 

Although this thesis uncovered a role for miR-124 in regenerative axonal 

pathfinding, many unanswered questions still remain. As highlighted in this section, the 

precise spatiotemporal distribution of miRNAs make live-cell imaging an attractive 

approach to fully elucidate their regulatory functions. Although the approaches used in this 

thesis (fixation and in situ hybridization) identified important trends in miR-124 

localization, these techniques failed to address other questions. Specifically, fixed samples 

limited this thesis from investigating the trafficking of miR-124, and its redistribution 

following mimic injection. Recent studies have successfully tagged miR-124 in mouse 

motorneurons (Gershoni-Emek et al., 2018) making this a feasible approach to be utilized 

in Lymnaea in future studies. Moreover, in perhaps the not-so-distant future, more 

advanced techniques such as optogenetics may be invaluable tools to modify protein 

expression in fast acting growth cone responses. Although optogenetics may only modify 

protein activity (rather than mRNA and miRNA activity), this approach may still be an 
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important tool to investigate the function of Dicer and ROCK, and for investigating the 

importance of growth cone polarity.   

 In conclusion, this thesis explored the conserved functions of miRNAs during 

regenerative growth cone behaviour in an invertebrate. However, to fully understand the 

importance and role of these regulatory molecules, future studies will need to further 

elucidate miRNA trafficking and spatiotemporal distribution patterns in regenerating 

neurons, as well as characterize the role of potential miRNA targets in growth cone 

responses. Together, these experiments will further our understanding of the regulatory 

role of miRNAs in axonal pathfinding, specifically during regeneration.  
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