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Abstract 

The increase in mean human lifespan since 1900 has been an incredible feat; however, ageing 

is a challenging issue faced by society. CNS ageing is accompanied by cognitive decline and 

is the major risk factor for conditions such as Alzheimer’s disease. The understanding of the 

neuronal ageing process in mammalian species has been significantly hampered due to the 

complexity of the mammalian brain and restrictions of non-invasive experimental techniques 

in humans.  

Many of the changes associated with neuronal ageing are evolutionarily conserved, which 

raises the possibility of using simpler organisms to investigate this process. This study utilised 

the pond snail, Lymnaea stagnalis, to perform a top-down analysis of the effects of age on 

Lymnaea feeding behaviour with a focus on age-related changes to voltage-gated outward 

currents in an identified pair of neurons, known as the cerebral giant cells (CGCs).   

The observed decrease in feeding frequency with age was accompanied with reduced 

spontaneous and evoked CGC firing frequency, an increase in the after-hyperpolarisation, 

hyperpolarisation of the resting membrane potential and narrowing of action potentials. These 

changes were associated with underlying alterations to the kinetics and voltage sensitivity of 

the A-type K+ current. Ageing suppressed a previously uncharacterised voltage-gated 

outward chloride current and enhanced a newly discovered voltage-gated TEA/4-AP/NPPB 

insensitive outward current in the CGCs. There were no age-related changes to the 

conductance of the delayed rectifier or recently identified inward rectifier. The use of 

selective pharmacological channel blockers inferred that many of the age-related changes to 

CGC action potential waveform could be explained by the altered A-type K+ current. Ageing 

of the CGCs was also associated with an increase in MDA and protein carbonyl levels in the 

CNS, which suggested that oxidative stress might be an important determinant of these 

changes. Acute exposure to AAPH, a pro-oxidant generator, in young Lymnaea altered 

feeding frequency and mimicked many of the age-related changes to CGC firing properties 

that could be prevented or reversed with the antioxidant combination of Vitamins C and E. 

Furthermore, acute AAPH treatment remarkably replicated the effects of age on the voltage-

gated outward currents in the young CGCs.    

In conclusion, this study has characterised the age-related changes to CGC firing properties 

and has shown that many of these changes can be explained by alterations to the A-type K+ 

current. These changes can be largely mimicked by acute AAPH treatment in young CGCs, 

which strongly suggests that oxidative stress is a major driver of CGC ageing. 
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Chapter 1: Introduction  

1.1   Ageing  

In multicellular organisms, the moment of conception signals the commencement of 

growth and development leading to a stage of reproductive competence during adulthood 

(Figure 1.1). With time, however, facets associated with a process described as ageing 

begin to emerge. Ageing is commonly defined by biologists as the deterioration of 

physiological integrity, resulting from the accumulation of deleterious changes with 

advancing age[448]. In humans, ageing is a familiar aspect of life that is characterised by a 

progressive decline in function, loss of fecundity, increased risk of disability, chronic or 

degenerative diseases and eventually death as the final end point[333].  

                                   

 

 

 

Figure 1.1| Human Ageing. The ageing process is an intrinsic process that occurs in 

every individual and leads to a physiological decline[271]. 

1.1.1   The ageing population dilemma  

The increase in human lifespan expectancy is one of the most remarkable achievements 

of the 20th century. In fact, in most developed countries including the United Kingdom 

(UK) there has been more than a doubling in life expectancy[77]. Before 1900, most 

individuals did not exceed the age of 50 years old- a trend that had changed very little 

since the times of the Roman Empire. Mortality was exceptionally high, particularly 

during childhood because of infectious diseases[334,275]. By mid-19th century, however, 

improvements in sanitation and medical advances such as the development of antibiotics 

aided the control of infectious diseases and led to a significant decrease in childhood 

mortality and improvement in life expectancy. In the UK in 1985, only 15% of the 

population was aged 65 years old and over[275]. At present, this figure has increased to 

24%, which is approximately 11 million people in the population. It is projected that by 

2035, 16 million people (29%) will be aged 65 years old and over. The ‘oldest old’, 

individuals aged 85 years old and over, have seen the fastest increase of more than a 

doubling in their population from 0.7 million in 1985 to over 1.5 million people in 2010. 
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By 2035, it is expected that 3.5 million people (or 5%) will be aged 85 years old and over 

in the UK[334,77,4]. The number of centenarians (those aged 100 years old and over) has 

also increased significantly over the last 30 years from 2,500 in 1985 to 13,350 in 

2012[491]. Improvement in health, decreases in birth rate and ageing of the ‘baby boomers’ 

has been so significant that for the first time in history the proportion of individuals aged 

65 years old and over in the UK is larger than the under 16 years old age group[4].  

This accomplishment of human lifespan extension in the developed world has been 

accompanied by a transition in mortality- from a great reduction in childhood mortality 

caused by poor infection control to a rise in adulthood mortality (as well as morbidity) 

caused by chronic and degenerative diseases such as cancer and Alzheimer’s disease 

(AD). For example, it is estimated that around 800,000 people aged 65 years old and over 

are currently suffering from dementia[4]. It is projected by 2025, this figure will increase 

to 1.14 million people[4].  Undoubtedly, this will have a huge economic and social impact. 

Currently two-thirds of patients receiving medical care on the NHS are 65 years old and 

over. In 2012, ~ £9.4 billion of the NHS budget was spent on elderly care[358]. With the 

NHS suffering from its worst ever financial crisis there are deep concerns about the 

quality of care that the elderly will receive. To compound the situation, government cuts 

in social care has increased the burden on the NHS to care for the elderly population. 

Indeed, a recent report published by Sir Michael Marmot at University College London 

highlighted that the rise in life expectancy may actually be grinding to a halt due to this 

recession of governmental funding to health and social care for the elderly population[289]. 

Whilst the government has pledged to increase the NHS budget by £10 billion in 2021 

for the care of elderly patients they will also need to heavily invest in ageing research to 

prevent the collapse of the NHS in future[114]. Ageing research is very important 

especially as no cures currently exist for a large number of age-related conditions such as 

AD. Thus, gaining an understanding of the ageing process will facilitate the future 

development of therapeutics that may delay or prevent the progression of age-related 

diseases and potentially ageing itself. 

 

1.2   Normal brain ageing  

Normal brain ageing is an intrinsic process that occurs in every human[108]. A decline in 

cognitive and motor functioning as well as balance impairment and hearing loss are some 

of the common phenotypic changes associated with normal brain ageing. The extent of 
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these manifestations varies between individuals and in some, these phenotypes may not 

even be obvious. Typically, these impairments are not serious enough to cause disability 

and in fact over 60% of the population aged 65 years old and over are considered as 

ageing normally (or healthy)[362]. 

 

1.2.1   Learning and memory changes during normal brain ageing  

Memory impairment is the clinical condition that is most frequently observed during 

normal brain ageing and is specifically referred to as age-associated memory impairment 

(AAMI). The diagnostic criteria for AAMI include the following: 1) Individual aged 50 

years old and over; 2) Score 1 SD (standard deviation) lower in memory test than the 

mean for young adults, and; 3) absence of dementia and other conditions such as 

depression[421]. It has been found that AAMI affects approximately 38% and 80% of the 

elderly population aged 65-80 years old and >80 years old, respectively[421,238]. 

Interestingly, AAMI appears to be a relatively evolutionarily conserved feature of ageing 

as invertebrate species such as Aplysia californica, Lymnaea stagnalis and Drosophila 

melanogaster also exhibited such behavioural changes[163,149,228,477].  

Long-term memories are those that can last for days, months and years and are categorised 

as either explicit or implicit. Explicit (or declarative) memories involve the conscious 

retrieval of information such as facts (semantic memories) and events (episodic 

memories). In contrast, implicit (non-declarative) memories are those that are stored and 

retrieved without conscious recollection and is evident while performing tasks such as 

walking or riding a bike[389]. 

It has been well established from explicit memory tasks in humans that older individuals 

encounter difficulties in their ability to remember information learned recently, whereas 

younger subjects do not experience such difficulties[475,98]. In particular, it has been 

observed that episodic memory performance begins to display signs of impairment from 

middle age onwards. Semantic memory remains relatively stable from middle age to 

young elderly, but performance is hindered in very old individuals[170]. Implicit memory 

appears to be unaffected by the ageing process[475].  

 

1.2.2   Neuroanatomical changes during normal brain ageing 

It has been consistently found in humans that there is a reduction in the volume and/or 

weight of the brain during normal ageing, particularly in the frontal lobes and 
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hippocampus[15,343]. This decrease in volume was previously attributed to neuronal death; 

however, advances in stereological techniques have shown that neuronal loss is actually 

very minimal (approximately 10%) in healthy old individuals[15]. For example, Gómez-

Isla et al. (1996) used stereological cell-counting techniques in human post-mortem 

brains and discovered that in the entorhinal cortex there was no neuronal loss in this 

region with age. However, in brains from AD patients there was a neuronal loss of ~50% 

in this region when compared to the healthy age-matched controls[153]. Indeed, numerous 

studies in ageing mammalian models have now corroborated such findings[153,328,343,15]. 

With neuronal loss being very small in the healthy ageing brain, it is therefore only 

responsible for a small reduction in brain volume. Due to such findings, the focus has 

shifted to examine whether decreases in brain volume arise as a result of morphological 

alterations to neurons with age. Investigations in the hippocampus have shown via 

immunoblot and proteomic experiments that the levels of synapse-specific proteins 

decreases with age[454]. Canas et al. (2009), for example, showed that the presynaptic 

terminal protein, synaptophysin and SNAP-25, were significantly reduced in old rats 

when compared to young rats[63]. Such findings indicate that there is a decrease in the 

number of pre- and post-synaptic terminals with age. Studies using electron microscopy 

with synaptic immunolabeling have supported these findings by illustrating the loss of 

synaptic terminals and even a decrease in perforated synapses in the ageing 

hippocampus[304,345,100]. Interestingly, the animals used in all these studies displayed 

deficits when performing learning and memory tasks such as the Morris water maze and 

it has been shown that the magnitude of synaptic terminal loss is correlated with the 

severity of memory impairment[304,345,100]. 

Other studies in mammals have shown that in the ageing neocortex, hippocampus, 

cerebellum and substantia nigra there is a decrease in the density of dendritic spines by 

approximately 20-40%[100]. This loss of spines is accompanied with a decrease in 

axospinous synapses[345,100]. In ageing rats it has been reported that decreases in dendritic 

spines in the hippocampus is associated with impairment of spatial memory tasks, as 

young rats with intact memory did not exhibit such morphological changes[100]. Shorter 

apical dendrites and reduced dendritic arborisation have also been observed in CA1 

hippocampal neurons and neocortical neurons in old mice, monkeys and 

humans[109,100,342]. Structural image analysis in the cerebellum and substantia nigra have 

shown not only is there a regression of dendritic arbors, but that there is also atrophy of 

the neuronal soma in old mammalian models[100].  
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Interestingly, morphological changes to neurons with increasing age is a conserved 

evolutionarily feature as such alterations have also been documented in invertebrate 

species. For example, in Caenorhabditis elegans (C. elegans) it has been found that there 

is ectopic branching from the soma and axonal blebbing with increasing ageing[437,74]. In 

the pond snail, Lymnaea stagnalis, Janse et al. (1999) demonstrated axonal branching 

was significantly reduced in ageing neuroendocrine caudodorsal cells[528]. 

 

1.2.3   Age-related changes in neuronal firing  

A decline in neuronal firing frequency is commonly associated with ageing of neurons 

and is believed to be a contributing factor underlying AAMI[364,310]. For example, 

Kaczorowski et al. (2009) demonstrated the relationship between an age-related decrease 

in neuronal firing and alterations to learning and memory[215]. In this study, mice were 

trained on a fear conditioning task to assess memory formation and it was observed that 

old mice displayed a mild specific deficit in spatial learning when compared to young 

mice[215]. Furthermore, current clamp recordings from CA1 hippocampal neurons in these 

old mice revealed that there was a significant decrease in neuronal firing frequency that 

was accompanied with an increase in the amplitude and duration of the after-

hyperpolarisation (AHP)[215].  

Numerous studies involving invertebrate species have also shown that hypoexcitability is 

an evolutionarily conserved manifestation of the ageing process. For example, 

investigations by Patel et al. (2006) and Scutt et al. (2012) in the cerebral giant cells 

(CGCs) of ageing Lymnaea, revealed that there was as significant decrease in both 

spontaneous and evoked firing rates[393,336]. This, as often reported in ageing mammalian 

neurons, was accompanied with an increase in the AHP duration. Experiments conducted 

by Hermann et al. (2013) and Watson et al. (2012) not only showed that neuronal firing 

rates decreased in Lymnaea with age, but also found that old snails were unable as a 

consequence to consolidate learned behaviour into LTM[175,477].  

A clear consistent finding from both ageing mammalian and invertebrate species is that 

the decrease in neuronal firing is accompanied with an increase in the AHP. This 

contributes to the slowing of neuronal firing frequency by increasing the inter-spike 

interval[393,292,364,325]. The AHP is composed of three distinct components. The initial 

component is the fast AHP (fAHP) that lasts for ~2-10 ms, this is followed immediately 

by the medium AHP (mAHP) that lasts ~50-100 ms and finally the slow AHP (sAHP), 
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which has a time course of seconds[292]. Specifically, changes to the mAHP and sAHP 

duration have typically been reported in studies examining the decline in neuronal firing 

frequency with age[393,503,364,292].  

Generation of the AHP is partly mediated by calcium (Ca2+)-activated potassium K+ 

currents[364,292]. Indeed, it has been well recognised that Ca2+-activated K+ currents are 

vulnerable to the ageing process particularly due to the dysregulation of Ca2+ 

homeostasis[447,445]. This is often reflected as an increase to their conductance, which has 

partially been able to explain the increase to the AHP duration with age[352,392,292]. 

It is also known, however, that other conductances such as voltage-gated K+ currents can 

have an important role in regulating the AHP[212,146,457,416]. Such currents have not been 

as extensively examined in relation to the age-related increase of the AHP duration. The 

likely reason for this is that they are not dependent on Ca2+ and therefore, often presumed 

to be unaffected by alterations to Ca2+ homeostasis with age[318,151]. This also appears to 

have led to a general assumption that ionic currents not dependent on Ca2+ are not 

significantly impaired with age, irrespective of the knowledge that they could be affected 

indirectly by altered Ca2+ homeostasis and/or altered by other detrimental processes 

involved in ageing such as oxidative stress (OS) and inflammation[398,399,364].   

 

1.2.4   Age-related changes in synaptic transmission    

In addition to a decline in neuronal firing, subtle alterations occurring at the synapse with 

age are also believed to lead to the development of AAMI. Synapses are specialized cell-

to-cell junctions that enables neurons to communicate with each other and thus, mediate 

a variety of cognitive processes in the brain such as learning and memory[431,464].  

The process of synaptic transmission begins at the presynaptic terminal following the 

arrival of an action potential. This depolarisation stimulates Ca2+ influx via voltage-gated 

Ca2+ channels (VGCCs), which subsequently triggers the migration and fusion of synaptic 

vesicles to the active zone of the terminal. Neurotransmitters released from the vesicles 

during exocytosis diffuse across the synaptic cleft and bind to their target receptors 

located on the postsynaptic membrane. Excitatory neurotransmitters will cause the 

membrane potential to depolarise and thus propagate the electrical signal, whilst 

inhibitory neurotransmitters will hyperpolarise the membrane potential to attenuate the 

propagation of electrical signals[364]. Synaptic transmission is perhaps the most 
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fundamental process in the brain that enables it to achieve all of its functions and 

therefore, any alterations to this process can have detrimental ramifications[464]. 

So, what happens to synaptic transmission with age? In relation to glutamate 

neurotransmission, a few studies have observed that glutamate uptake is significantly 

reduced in the ageing hippocampus and cerebral cortex of rodents[384,24,394]. This has been 

cited as one of the principle factors impeding glutamate neurotransmission[394,482,350]. 

Another study by Latour et al. (2012), for example, demonstrated that glutamate release 

was also altered with age[255]. In this study, the paired-pulse facilitation ration (an index 

of change in presynaptic glutamate release) was higher in the ageing hippocampus of rats 

and thus, suggesting that there is a reduction in presynaptic glutamate release[255]. 

Furthermore, Western-blot analysis also showed significant decreases in the vesicular 

glutamate transporters, VGlut-1 and VGlut-2, in the presynaptic membranes of these 

older animals[255].  

Even in simpler models of ageing there have been a few studies examining changes to 

neurotransmission. For example, Patel et al. (2012) utilised carbon fibre amperometry to 

investigate serotonin (5-HT) release from the CGCs in the ageing Lymnaea CNS[337]. It 

was observed that there was an increase in spontaneous 5-HT release and a decrease in 5-

HT clearance in the old CGCs[337]. This reduction in clearance, as reflected by an increase 

in the time constant of decay (t), may have been due to dysfunction of the serotonin 

transporter (SERT)[337].  Interestingly, it was found that blocking SERT in old CGCs with 

fluoxetine decreased t 

[337]. However, it would have been expected that inhibiting SERT 

would further increase t in the old CGCs rather than decrease it. It was postulated that the 

inhibition of SERT may have triggered a compensatory mechanism(s) in old CGCs to 

reduce 5-HT content in the extracellular space[337].   

 

1.2.5   Age-related changes in synaptic plasticity  

Synaptic plasticity is the modification of the efficacy of synaptic transmission, i.e. its 

synaptic strength. Studies have revealed that alterations to neuronal firing and synaptic 

transmission with age contribute towards alterations in synaptic plasticity[310,91,247].  

Hebbian forms of synaptic plasticity, including long-term potentiation (LTP) and long-

term depression (LTD), have been proposed as cellular correlates for specific types of 

memories[10,93]. LTP is the enhancement of synaptic strength lasting for hours or even 

days, whilst LTD is the decrease in synaptic strength[10,290].  
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N-methyl- D-aspartate receptor (NMDAR)-dependent LTP is triggered by the strong 

depolarisation of the postsynaptic membrane in order to relieve the Mg2+ block of NMDA 

receptors and thus, allow for its activation by presynaptically released glutamate[290]. Both 

Ca2+ and Na+ can then enter the postsynaptic dendritic spine[290]. The significant rise in 

postsynaptic Ca2+ triggers LTP via the activation of signalling transduction molecules 

such as Ca2+/calmodulin(CaM)-dependent protein kinase II (CaMKII)[93,10,290]. The 

primary mechanism involved in LTP expression at hippocampal synapses is the alteration 

in α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor trafficking, 

which results in an increase in the number of AMPA receptors expressed within the 

postsynaptic density[10,290]. The persistence of synaptic enhancement for hours to days 

(late phase of LTP), requires protein synthesis[10,290]. 

The induction of NMDAR-dependent LTD requires only a smaller rise in postsynaptic 

Ca2+[290,78]. This activates serine/threonine phosphatases during signal transduction, 

which dephosphorylates synaptic substrates[290]. For example, Ser845 on GluR1 is a 

protein kinase A (PKA) substrate site that has been shown to be dephosphorylated during 

LTD[10,290,78]. This decreases the probability of AMPA receptor channel opening and thus, 

contributes to the expression of LTD (Figure 1.2). The removal of AMPA receptors via 

dynamin- and clathrin-dependent endocytosis is also involved in LTD expression [290,78]. 

 

 

 

 

                                                                      

 

Figure 1.2| Hippocampal LTP and LTD [78]. (A) During the basal state, NMDA receptors 

are non-active due to the Mg2+ block (not shown) and AMPA receptors cycle between 

the intracellular compartments and postsynaptic membrane. (B) The induction of LTP 

is signalled with a robust influx of Ca2+ via NMDA receptors. CaMKII is then activated 

and enhances LTP by increasing AMPA receptor translocation to the postsynaptic 

membrane. (C) During LTD, endocytosis is enhanced to remove AMPA receptors from 

the postsynaptic membrane, a Ca2+-dependent process involving calcineurin.[10,290,78] 

   A. 

   B.                                             C. 
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It has been recognised that the age-related decline in synaptic plasticity may be due to an  

increase in the LTP threshold[360]. Studies by Barnes et al. (1996) and Foster et al. (2007) 

found that this was partly caused by insufficient postsynaptic depolarisation, which 

consequently led to a reduction in NMDA receptor activation[128,27,245]. It is thought that 

the larger AHP also observed in these ageing neurons hinders the integration of 

postsynaptic potentials and therefore decreases depolarisation of postsynaptic 

neurons[129,245,252]. Other studies involving the ageing CA1 hippocampal region of rodents 

have also shown that there are deficits to the NMDA receptor itself due to oxidative 

modifications and/or alterations in subunit expression[245]. This diminishes the Ca2+ 

contribution to LTP made by the NMDA receptors and thus, LTD is favoured over 

LTP[129,245,252].  

Studies investigating the ageing prefrontal cortex in rats, have also reported that there is 

disinhibition of PKA signalling[360]. It was observed that increasing PKA activity in these 

animals exaggerated cognitive deficits, whilst inhibition ameliorated such deficits[360]. In 

invertebrates such as Drosophila melanogaster and Aplysia californica, it has also been 

shown that the decline in synaptic plasticity with age is caused by a chronic increase in 

PKA activity and that this could be reversed by reducing its activity[499,23,228]. 

 

1.3   Oxidative stress: The mechanism driving neuronal ageing? 

In order to understand how the phenotypic changes observed during normal brain ageing 

manifests, an understanding of the mechanistic basis of neuronal ageing is required. Such 

knowledge could also facilitate the development of therapeutic treatments in the future 

that could potentially ameliorate the detrimental effects associated with brain ageing. This 

would significantly improve the quality of life for individuals and may even extend 

longevity.   

At present, OS is considered a critical mediator of neuronal ageing[503,445,295,470]. 

Numerous studies from mammalian to invertebrate models have demonstrated that there 

is a significant increase in OS in the ageing CNS, which suggests that this may be an 

evolutionarily conserved facet of the neuronal ageing process[503,445,295,470,87,176,32]. Such 

studies have implicated the increase in OS responsible for the functional alterations 

observed in ageing neurons[503,445,295,470,87,176,32]. 

The initial theory regarding the role of OS in ageing was the “free radical theory of 

ageing”, which had been proposed by Denham Harman in 1956[168]. Here, it was 
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postulated that ageing and age-related diseases manifest as a result of cumulative 

changes/damage to cell and tissues inflicted by an increase in the production of free 

radicals[150,168].  

Under normal physiological conditions, redox homeostasis establishes a dynamic balance 

between pro-oxidants and antioxidants whereby excess free radicals are scavenged by 

antioxidants to attenuate any potential damage. With age, however, this balance between 

pro-oxidants and antioxidants is compromised and there is a shift to the former that results 

in the excessive generation of free radicals (Figure 1.3)[463,135]. This imbalance, as 

described by the theory, induces OS- a state where endogenous antioxidant defence 

systems are overwhelmed- and thus, eventually causes oxidative damage[463,135,168]. 

 

                                    

Figure 1.3| Ageing and OS. There is a loss of homeostatic control in the body with age, 

which consequently affects the dynamic balance between pro-oxidants and antioxidants. 

This shift results in the excessive generation of free radicals.  

1.3.1   Generation of reactive oxygen species    

A free radical is any molecular species capable of independent existence that contains an 

unpaired electron in its outer shell[346]. Free radicals chemically alter biological molecules 

because their unpaired electrons makes them highly reactive and unstable 

molecules[265,135]. In aerobic organisms, oxygen is critically important for normal 

functioning and thus, the majority of free radicals produced are oxygen-centred radicals. 

Such radicals are commonly referred to as reactive oxygen species (ROS) and include 

some of the following: superoxide (O2
•-), hydroxyl radical (•OH), nitric oxide (NO•), 

peroxyl radicals (ROO•), hydroperoxyl (HO2•), and alkoxyl radicals (RO•). Importantly, 

the term ROS does not just encompass free radicals but also includes non-free radical 

species. Such molecules are reactive, but are not classified as free radicals due to their 

lack of unpaired electrons. Hydrogen peroxide (H2O2), peroxynitrite (ONOO-), ozone and 

hypochlorous acid are examples of non-free radical species.[7,346]  
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Cells can generate ROS in several ways. NADPH oxidases in cells are responsible for 

electron transfer across biological membranes and in doing so generate superoxide from 

the reduction of oxygen[329,127]. This formation of superoxide undergoes further reactions 

to generate hydrogen peroxide, hydroxyl radicals and hypochlorous acid[329,127]. Both 

phagocytic and non-phagocytic NADPH oxidases are one of the few intracellular sources 

that generate ROS as part of their primary function rather than as by-product[33].    

Nitric oxide synthase (NOS) is another important intracellular source of ROS[45]. By 

utilising L-arginine, O2 and NADH, NOS produces nitric oxide (NO), which has a number 

of physiological functions[45]. There are three types of NOS: 1) endothelial NOS (eNOS); 

2) neuronal NOS (nNOS); and 3) inducible NOS (iNOS)[45]. NO produced by eNOS in 

endothelial cell is involved in vasodilation of the arterial wall[64]. NO generated by nNOS 

in nitrergic neurons is involved in maintaining LTP during learning and memory as well 

as relaxing smooth muscle in the gastrointestinal tract[339]. NO produced by iNOS is an 

effector molecule in the inflammatory and immune response and thus beneficial; 

however, overproduction is detrimental and can result in oxidative damage to tissues 

under pathological conditions and/or ageing[73]. 

Xanthine oxidases utilise xanthine as a substrate as well as O2 as its electron acceptor in 

synthesis of O2
•-, which can then undergo subsequent reactions to form additional 

ROS[371,265]. This ROS generated (at low levels) is involved in second messenger 

signalling and the synthesis of antimicrobial molecules[465]. Other intracellular generators 

of ROS include, for example, the endoplasmic reticulum, peroxisomes, lipoxygenases 

and cyclooxygenases[33]. Additionally, it has been demonstrated that exogenous 

environmental factors such as ultraviolet light and toxins such as rotenone have the 

capacity to cause ROS generation in cells[41]. 

The mitochondrial respiratory chain, however, is the site responsible for the vast majority 

of ROS produced in cells under normal conditions (Figure 1.4). In cellular respiration, 

the two electron carrier molecules, NAD+ and FAD, accept electrons from reactions 

occurring during glycolysis and the Krebs cycles and thus are reduced to NADH and 

FADH2, respectively. These electrons then enter the mitochondrial electron transport 

chain, which consists of several events that occur on five protein complexes located on 

the inner mitochondrial membrane. During the first stage, NADH specifically donates 

electrons to complex I and FADH2 donates its electrons to complex II. Electrons are 

passed from these complexes to ubiquinone (coenzyme Q). Reduced ubiquinone donates 
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the electrons to complex III, which subsequently passes them to peripheral cytochrome c. 

These electrons are relayed to complex IV to mediate the formation of water from O2 and 

hydrogen ions (H+). The flow of electrons through complex I, III and IV is coupled to the 

pumping of protons from the mitochondrial matrix to the intermembrane space. This 

generates a proton-motive force utilised by complex V (ATP synthase) to produce ATP 

from ADP and inorganic phosphate.[260,82]  

                                                                                                                    

Figure 1.4| The mitochondrial electron transport chain[481]. During this process, 

electrons are transferred to complex I and II of the electron transport chain (on the inner 

membrane) from NADH and FADH2, respectively. These electrons are then transferred 

from coenzyme Q to complex III to complex IV and finally to complex V, where ATP is 

synthesized. Superoxide generation can occur, at very low levels, due to electron leakage 

across complex I-III and can be converted to H2O2 by SOD1 and 2 enzymes. 

Subsequently, H2O2 can be broken down to H2O and O2 by either catalase or glutathione 

peroxidase.[481,202,82] 

1.3.1.1   Potent intracellular ROS generators during neuronal ageing 

In the 1970s, Denham Harman’s ‘the free radical theory of ageing’ was updated to 

incorporate the role of the mitochondria in OS during ageing[302]. This theory is now 

referred to as the ‘mitochondrial free radical theory of ageing (MFRTA)’[302,463]. Here, it 

was proposed that mitochondria are primarily responsible for the excessive production of 

free radicals with age due to their involvement in oxidative phosphorylation, which 

requires them to consume approximately 90% of the cell’s oxygen supply[82].  
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Since this proposal, studies investigating the ageing CNS have shown that the 

mitochondria indeed continue to be the main intracellular source of ROS in neurons, but 

their output is severely enhanced[161,445]. This is problematic for two main reasons. First, 

mitochondria regulate a number of important cellular functions such as ATP synthesis, 

Ca2+ buffering, fatty acid oxidation and apoptosis[218]. Second, neurons are highly 

metabolic cells and require large numbers of mitochondria in order to perform critical 

processes including neuronal firing and neurotransmission[218]. Thus, impairment to the 

functioning of mitochondria with age due to their increase in ROS production will 

ultimately have detrimental effects on the properties and lifespan of neurons.  

Mitochondria are very interesting organelles as they, like the nucleus, possess their own 

DNA and genetic machinery[52]. Its genome is a circle, of approximately 16.5 kb, double-

stranded mitochondrial DNA (mtDNA) that encodes for 13 proteins of the oxidative 

phosphorylation system, 2 ribosomal RNAs (rRNAs) and 22 transfer RNAs (tRNAs)[52]. 

The rest of the genes required for the functioning of the mitochondria are encoded by 

nuclear DNA (nDNA)[52].   

A growing body of evidence has implicated mtDNA damage specifically responsible for 

the increase in mitochondrial ROS generation during normal neuronal ageing and even in 

neurodegenerative diseases[156,161,295,297]. mtDNA are regularly attacked by ROS 

throughout an organisms lifetime due to their close proximity to the respiratory 

chain[52,500]. This leads to an accumulation of mutations, which is exacerbated by the lack 

of protective histones on mtDNA as well as the decline incurred to DNA repair 

mechanisms with increasing age[500].  

Damaged mtDNA contributes to the age-related increase in mitochondrial ROS 

production by primarily hindering oxidative phosphorylation[376,161]. This causes more 

electrons to prematurely leak from the ETC and subsequently augments superoxide 

production[376,161]. Studies have consistently shown that mtDNA damage during normal 

neuronal ageing specifically reduces complex I and IV activity in rodents[295]. Typically 

these alterations appear to be profound in regions vulnerable to the ageing process and 

implicated in AAMI, such as the hippocampus and cerebral cortex[295]. Overall, it appears 

that a viscous cycle manifests within the mitochondria between mtDNA damage and ROS 

generation that leads to the increase in OS during neuronal ageing.      
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1.3.1.2   Potent extracellular ROS generators during neuronal ageing   

The properties of neurons with age are also profoundly affected by the increase in ROS 

generated via extrinsic non-neuronal sources in the CNS[276,38]. This other source is glial 

cells, which form intimate contacts with neurons and are critical for their proper 

functioning[20,199]. Glial cells, for example, can modulate neurons by releasing various 

neurotransmitters and neurotrophic factors[204,20,199]. They also have an integral role in 

maintaining homeostasis in the CNS by removing excess ions such as K+ (a process 

referred to as K+ spatial buffering) as well as neurotransmitters such as glutamate from 

the extracellular environment to minimise/prevent neurotoxicity[270,236,72,90].   

Glial cells, particularly microglia, are the most potent cellular sources of ROS in the 

CNS[276,38]. Under healthy conditions, ROS levels in glia are kept at relatively low levels 

in order to conduct important processes such as second messenger signalling and 

phagocytosis[276,38]. With increasing age, however, glial cell dysfunction due to a decrease 

in antioxidant capacity, mitochondrial dysfunction, inflammation and senescence, 

exacerbates the production of ROS[269,470,142,217,429,75]. Consequently, this increases OS in 

the ageing CNS and the ROS-mediated attacks on neurons by glial cells impairs their 

properties and functioning[276,38].     

 

1.3.2   ROS-mediated attacks on DNA, lipid and proteins in ageing neurons  

It has been shown in ageing neurons that elevation of ROS causes substantial oxidative 

modifications/damage to biomolecules including DNA, lipids and proteins. 

Consequently, this impairs important neurophysiological processes such as neuronal 

excitability and neurotransmission[176,134,470,478]. 

ROS in ageing neurons attacks nuclear and mitochondrial DNA in several different ways. 

Hydroxyl radicals, in particular, appear to be major mediators of DNA damage under 

conditions such as OS. Studies have shown that •OH addition can occur at the electron 

rich C5=C6 pyrimidine bonds, where it preferentially adheres to the C5 position[81]. This 

generates C6-yl thymidine radicals, which have the ability to abstract a hydrogen atom 

from deoxyribose either from its own or a neighbouring base. These abstractions are 

believed to cause a break in the DNA strand or lead to base release[81,53].  

The base radical adduct formed by •OH at C5 can subsequently be attacked (reduced) by 

radicals such as superoxide or molecular oxygen to form 5-hydroxy-6-hydrothymine 
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residue and peroxyl radicals, respectively[140]. Peroxyl radicals can also then be reduced 

to form hydroperoxyl, which subsequently undergoes thiol-mediated reduction. This 

produces thymine glycol, which is another major DNA damage product that is extremely 

toxic[171]. 

DNA guanine residues are also vulnerable targets to ROS-mediated attacks. For example, 

the addition of •OH at the C8 position of guanine residues yields the mutagenic lesion, 8-

hydroxyguanine (8-oxo-G), that consequently leads to the misincorporation of adenine 

during DNA replication[171,140]. 

As ROS concentrations are very low under normal conditions, any damage caused to 

DNA is minimal and can be efficiently resolved by DNA repair mechanisms. Studies 

have shown, however, that there is a decline in DNA repair with age that contributes to 

the accumulation of DNA damage products in neurons[219,466]. If cells are unable to repair 

damaged DNA then this can have a devastating impact. For example, mutations in the 

mitochondrial genome have been found to hinder the synthesis of proteins involved in 

oxidative phosphorylation (section 1.3.1.1) such as complex I in ageing neurons[161]. This 

can lead to a decline in ATP levels and impair processes that are dependent on ATP such 

as the Na+/K+-ATPase and Ca2+-ATPase[55]. Oxidative damage to DNA has also been 

shown to induce a senescent-like phenotype in neurons (section 1.3.3.4) during normal 

brain ageing and if extensive can cause neurodegeneration[213].   

Free radicals can attack membrane lipids in a process specifically referred to as lipid 

peroxidation. The neuronal membrane is particularly prone to ROS- mediated attacks due 

to their high content of polyunsaturated fatty acids (PUFAs), which contain carbon-

carbon double bonds[99,478]. Examples of PUFAs includes the omega-6 fatty acid, 

arachidonic acid (AA), and the omega-3 fatty acid, docosahexaenoic acid (DHA)[3,67,122]. 

These fatty acids can be liberated from the sn-2 position of membrane phospholipids by 

phospholipase A2 (PLA2) enzymes. Studies investigating post-mortem samples of human 

frontal cortex from elderly patients have shown that PLA2 and AA levels are elevated[361]. 

In the invertebrate, Lymnaea stagnalis, it has been documented that there is an increase 

in neuronal PLA2 activity during normal brain ageing[478,32]. This suggests that this may 

be a conserved age-related change. An increase in PLA2 is problematic because it will 

liberate more AA, for example, from the plasma membrane. Follow this, AA can be 

subjected to enzymatic oxidation[30]. Here, AA is metabolised by cyclooxygenase (COX), 

lipoxygenase (LOX) and cytochrome p450 to produce eicosanoids (prostaglandins, 
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thromboxanes and leukotrienes), which are pro-inflammatory mediators[30,122]. A by-

product generated by the eicosanoid pathway is ROS, which can cause further damage to 

the membrane by attacking lipids and thus, leads to a vicious cycle[122]. 

The biosynthesis of thromboxane A2 can lead to the formation of 

malondialdehyde (MDA), which is an advance lipid peroxide end product (or reactive 

aldehyde) that has been shown to form adducts on DNA and proteins in neurons[313]. The 

formation of MDA is a non-enzymatic process whereby radicals, particularly peroxyl and 

hydroxyl radicals, act upon AA by adding molecular oxygen[134,22]. This is subsequently 

followed by a Hock cleavage, which is the chemical degradation of C-C and O-O 

bonds[134]. This reaction also results in the formation of other reactive aldehydes such as 

4-HNE, which is very cytotoxic and can lead to severe protein damage and even cell 

death[406].  

In addition to exerting detrimental effects upon other biomolecules, damage of lipids by 

ROS can affect the structural and physiological properties of neuronal plasma 

membranes[258]. Increased liberation of PUFAs by PLA2 reduces membrane fluidity[258]. 

This could affect the behaviour of ion channels localised in the neuronal membrane and 

consequently alter neuronal excitability and synaptic transmission.   

In the brain it has also been shown that ROS can cause damage to proteins by oxidizing 

their side chains of amino acids[414]. The sulphur-containing amino acids, cysteine and 

methionine, are particularly prone to oxidation, although other side chains such as 

arginine, tryptophan and tyrosine can also be oxidised in ageing neurons[184]. 

Oxidation of the side-chain amine groups can transform them into carbonyls and result in 

protein cross-linking[89]. Indeed, protein carbonyl levels are typically assessed in 

experimental investigations to measure the extent of protein oxidation in cells and thus is 

a common marker of OS[89]. During normal brain ageing, protein carbonyl levels have 

been shown to be significantly elevated in the hippocampus and the cerebral cortex of 

mice displaying deficits in learning and memory[188].  

Nitration of tyrosine residues to form 3-nitrotyrosine (3-NT) is another type of oxidative 

modification that can occur to proteins[143]. 3-NT is a post-translational oxidative 

modification and is generated by nitrating agents such as peroxynitrite, nitrogen dioxide 

and nitrous acid[359]. The formation of 3-NT can significantly alter protein structures and 

function and with age has been shown to be increased in the cerebral cortex and 
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hippocampus of rodents as well as in the cerebrospinal fluid (CFS) and brain (post-

mortem) of humans[143].  

 

1.3.3   The wider implications of OS during normal neuronal ageing  

Neuronal ageing is a complex dynamic progression that is not solely mediated by 

OS[445,15,503,295]. Indeed, studies have implicated via experimental observations that other 

mechanisms are also involved in the manifestation of the neuronal ageing phenotype. 

Most notably, this includes processes such as inflammation, cellular senescence, Ca2+ 

dysregulation and altered nutrient sensing[148,447,397,51,138,75,213]. However, evidence from 

such studies have consistently demonstrated that OS is a common feature in all these 

different processes and thus, may lie at the helm of linking these different entities together 

to drive neuronal ageing.  

 

1.3.3.1   OS and altered nutrient sensing  

It has been discovered over recent years that simple genetic mutations can substantially 

extend lifespan and delay the manifestation of age-related changes and diseases in 

laboratory model organisms[271,210,296]. It has been found that mutations in many of these 

so-called “longevity genes” decrease the activity of nutrient-sensing pathways[335,271]. The 

mammalian target of Rapamycin (mTOR) is an example of an evolutionarily conserved 

nutrient sensing pathway that has been extensively linked to organismal ageing[271]. 

mTOR is a large serine/threonine protein kinase that belongs to the phosphatidylinositol 

3 kinase-related kinase (PI3KK) family and is a central regulator of cellular metabolism 

and growth[471,496,253]. It exists as two complexes in cells: mTOR complex 1 (mTORC1) 

and mTOR complex 2 (mTORC2)[166,471].    

The mTORC1 pathway is stimulated by various nutrients (particularly amino acids) and 

hormones, and is negatively regulated by cellular stressors[471]. mTORC1 phosphorylates 

the translational molecules, eukaryotic translation initiation factor 4E (eIF4E) binding 

protein 1 (4E-BP1) and S6 kinase 1 (S6K1), to promote protein synthesis[471,253]. The 

binding of rapamycin to mTORC1 inhibits its function via FK506-binding protein 

(FKBP12)[503,166]. Inactivation of mTORC1 also induces autophagy[166]. Conversely, the 

role of mTORC2 remains largely elusive, but there has been some evidence 

demonstrating that it may be involved in suppressing autophagy via Akt signalling[253].  
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So, does OS alter mTOR signalling during normal brain ageing? Some studies have 

shown that the age-related increase in ROS activity enhances mTOR signalling[210,166]. 

This results in an increase in protein synthesis, but also decreases autophagy[210,166]. The 

resultant accumulation of erroneous proteins in the ageing CNS caused by inherent 

translational errors as well as oxidative modifications contributes to the functional decline 

of neurons[210,166]. A study by Majumder et al. (2012) revealed that the age-related 

increase in hippocampal mTOR activity contributed to spatial memory deficits in ageing 

mice[284]. Interestingly, it has been shown that treatment with antioxidants and free radical 

scavengers can reverse this increase in mTOR activity with age and subsequently 

ameliorate such deficits to memory formation[372,116].     

 

1.3.3.2   OS and inflammation  

Numerous studies have revealed that a chronic low-grade inflammatory status manifest 

with age, which is referred to by the term coined by Franceschi et al. (2000) as 

“inflammaging”[131,132]. This chronic inflammation increases the expression of pro-

inflammatory mediators such as TNF-α, IL-6 and COX-2, which go onto damage 

cells/tissues and consequently impair fundamental neuronal processes such as excitability 

and synaptic plasticity[131,113]. 

It has been documented that the persistent NF- κB signalling incurred in ageing neurons 

has a central role in enhancing inflammation through its ability to induce the transcription 

of pro-inflammatory genes[405,518,113]. For example, Maqbool et al. (2013) showed that 

persistent NF- κB signalling in an ageing mouse model increased the expression of pro-

inflammatory mediators and subsequently impaired hippocampal-dependent spatial 

learning[287]. Another study involving neuronal IKKβ (an activator of NF-κB) knockout 

mice, found that at old age these mice performed significantly better than wild-type mice 

during the Morris Water Maze task[518]. 

Interestingly, studies have revealed that OS significantly elevates the levels of pro-

inflammatory mediators in ageing neurons by directly activating NF-kB signalling[378]. 

Others have also shown that oxidation of lipids increases inflammation in ageing 

mammalian neurons via the generation of prostaglandins[248,211]. This increase in 

inflammation induced by OS in the CNS, will go onto to generate more ROS at the site 

of inflammation and thus, further exacerbate OS[43].  
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1.3.3.3   OS and Ca2+ dysregulation   

Ca2+ is the most common intracellular second messenger in neurons and is responsible 

for regulating many critical processes[447]. Notably, Ca2+ is involved in neurotransmitter 

release, neuronal firing, synaptic plasticity, gene expression and even apoptosis[446,527,479]. 

Transient fluctuations in the intracellular calcium ([Ca2+]i) concentration act as signals to 

trigger these events and thus, [Ca2+]i is tightly regulated in neurons to prevent the 

deterioration of these fundamental functions[479].  However, the mechanisms involved in 

maintaining [Ca2+]i  homeostasis in the CNS appears to be comprised with age[318]. 

Numerous mechanisms exist in neurons to maintain Ca2+ homeostasis[479,461,447,446,318,151]. 

When an increase in [Ca2+]i  is required, this can be accomplished via ligand-gated ion 

channels (LGICs) or voltage-gated Ca2+ channels (VGCCs) [479,527]. Ca2+ can also be 

released from intracellular organelles, including the mitochondria and endoplasmic 

reticulum (ER)[151,479]. To reduce [Ca2+]i  following the activation of neuronal signal 

transduction pathways, ionic pumps such as the Ca2+-ATPase (PMCA) and Na+/Ca2+ 

exchanger (NCX) on the plasma membrane facilitate Ca2+ removal from the intracellular 

space to the extracellular environment[446,479,447]. The ER via sarco-endoplasmic reticulum 

Ca2+-ATPase (SERCA) and mitochondria via VGCCs and the mitochondrial 

Ca2+ uniporter (MCU) can sequester intracellular Ca2+, whilst calcium binding proteins 

(CaBPs) transport Ca2+ ions to extrusion sites to lower [Ca2+]i[446,447,461,151].   

It is known that an increase in OS can directly impair Ca2+ homeostasis and lead to Ca2+ 

overload in ageing neurons[527,515,294]. In the cerebellum of old rats, for example, it has 

been shown that OS causes major structural changes to the PMCA (adduct formation via 

oxidation of cysteine residues) that decreases their activity and causes a significant 

increase in [Ca2+]i.
[515]. It has also been demonstrated that ROS oxidises SERCA to 

attenuate the ER’s capacity to sequester Ca2+ in ageing neurons[247,154,446,318]. Other studies 

have detailed that mitochondrial dysfunction caused by the age-related increase in OS, 

not only exaggerates ROS release but also hinders the ability of the mitochondria to 

remove Ca2+ from the cytosol[494,495,446]. 

 

1.3.3.4   OS and cellular senescence  

Cellular senescence- a state of permanent cell cycle arrest- is typically considered to be a 

powerful tumour suppression mechanism in young organisms[206]. Studies, however, have 
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shown that senescent cells accumulate with increasing age and develop a more sinister 

role that contributes to the manifestation of age-related diseases[61,308].  

Neurons cannot undergo cellular senescence because they are post-mitotic cells[213]. 

Despite this, recent studies have revealed that ageing mammalian neurons can display a 

senescent-like phenotype[435,40,213]. Features include, for example, an increase in the 

expression of senescence-associated beta-galactosidase (SA-βgal), p16INK4a tumour 

suppressor protein and senescence-associated DNA-damage foci (SDF)[213,247]. These 

senescent-like neurons can also produce a senescence-associated secretory phenotype 

(SASP), which is composed of pro-inflammatory cytokines, chemokines, 

growth/remodelling factors, proteases and ROS[213,439]. It is thought that the adverse 

alterations inflicted to the microenvironment via the SASP secretome causes significant 

modifications to neurons, which then propels the ageing process[62,213,249]. 

At present, there is very limited evidence demonstrating that OS directly induces a 

senescent-like phenotype in ageing neurons. However, it has been well established in 

young animal models and cell culture experiments that increasing ROS has the capacity 

to induce senescence primarily via DNA damage, but also by causing mitochondrial 

dysfunction[71,348]. A study by Jurk et al. (2012), for example, showed that OS was higher 

in senescent-like Purkinje and cortical neurons from old mice[213]. Additionally, it was 

found that the intensity of SDFs markers such as γH2AX was significantly greater in these 

neurons, which indicated the occurrence of DNA damage[213]. Based on such findings, it 

is entirely plausible that OS may be responsible for inducing a senescent-like phenotype 

in ageing neurons by causing DNA damage.  

Regardless of whether OS is responsible for initiating the manifestation of a senescent-

like phenotype in ageing neurons, it is clear that generation of the SASP will increase OS 

in neurons and hinder their properties by oxidising cellular components[83,439,213]. 

 

1.4   The use of invertebrate animal models to study neuronal ageing  

One of the most fundamental goals in neuroscience research is to understand how the 

human brain ages. This is particularly important as the elderly population is rapidly 

expanding and thus, the number of individuals suffering from AAMI and more 

devastating conditions such as AD is also increasing. 
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Whilst information about human brain ageing and its associated pathologies has increased 

significantly over the last few decades, there are huge obstacles that have prevented 

researchers from deepening current understanding of brain ageing, particularly at a 

network and single-cell level. One of the reasons for this is that it is currently not possible 

to record neuronal activity in a live human brain without causing severe injuries to the 

patient. This has restricted researchers to the use of non-invasive brain imagining 

techniques or post-mortem samples, which predominately provides information about the 

brain regions attributed to certain behaviours or areas that are structurally affected with 

age[400].   

Another barrier encountered is that the human brain contains approximately 100 billion 

neurons that form incredibly complex synaptic connections. This has made it extremely 

difficult to attribute age-related behavioral changes to deficits in the functioning of 

specific neurons or synapses[355]. Even the brains of other vertebrate models such as mice 

and rats are substantially complex and so this challenging issue is still encountered. As a 

result of this dilemma, researchers have opted to use invertebrate animal models as their 

relatively simple nervous system allows for the examination of easily traceable neuronal 

networks and specific neurons[355,386]. Importantly, many of the neurophysiological and 

behavioural alterations that manifest in ageing mammalian models have also been 

observed in ageing invertebrates[503,393,364,151,295]. This suggests that the cellular and 

molecular mechanisms mediating these changes are evolutionarily conserved in the 

ageing CNS across different species.  

 

1.4.1   Why use the invertebrate pond snail, Lymnaea stagnalis, as a model of 
neuronal ageing?  

The pond snail, Lymnaea stagnalis, has served successfully as an invertebrate model of 

neuronal ageing because of the capacity to conduct electrophysiological 

studies[336,507,316,416,476,478]. The Lymnaea CNS is relatively simple and composed of 

approximately 20,000 neurons and thus is substantially less complex than a mammalian 

brain[124]. Many of these neurons are relatively large in size (ranging from ~10-100 um in 

diameter) and are brightly pigmented orange, which makes it easier to identify specific 

neurons of interest during electrophysiological recordings[124,169]. Their CNS is divided 

into 11 ganglia, 9 of which (the paired cerebral, pedal, parietal, pleural and the unpaired 

visceral) are arranged in a ring-like structure surrounding the oesophagus[124,169]. The 
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buccal ganglia are the remaining two and are located anteriorly attached to the buccal 

mass[124,169].   

Another advantage with using the Lymnaea model is that the neuronal networks involved 

in regulating behaviours such as feeding, respiration and locomotion have been identified 

and well described[438,274,282,35,506,509,427]. Importantly, the characteristics of these 

behaviours can be traced to specific neurons and synaptic connections[35]. Investigating 

the link from behaviour to the properties of identified neurons is referred to as a top-down 

approach.  

One particular network in the Lymnaea CNS that has been heavily examined in ageing 

studies is the feeding network[21,507,336,392]. The reason for this is that the neurons involved 

in feeding behavior have been well defined in terms of their firing patterns, their ionic 

currents, their synaptic connections and the neurotransmitters they release[35,417,508,21]. All 

of these features have been related to specific aspects of feeding behaviour. Some of the 

neurons within this network are not only involved in feeding behaviour, but have also 

been shown to be involved in regulating learning and memory[507,146,432,433].  

Importantly, a number of age-related changes that have been observed in mammalian 

models have also been detailed in the Lymnaea feeding network. Such changes include 

some of the following: 1) a decrease in firing frequency; 2) an increase in the AHP; 3) 

alterations in synaptic connectivity; 4) OS; 5) Ca2+ dysregulation; 6) increase in PLA2 

activity and generation of free fatty acids, and; 7) impaired LTM retention[507,21,174,393,478].  

 

1.5   The feeding network in Lymnaea stagnalis  

The Lymnaea feeding cycles consists of the following three phases: a protraction phase 

and two phases of retraction, which can be subdivided into the rasp and swallow 

phases[35]. These three phases are the active phases of the Lymnaea feeding cycle during 

which food enters the mouth and is then swallowed. Additionally, there is a fourth distinct 

phase known as the rest or inactive phase that occurs between cycles following the active 

phases[35]. 

Prior to the initiation of the feeding cycle (Figure 1.5), the radula is positioned away from 

the mouth by the ondotophore in the rest phase[453,529,530]. Feeding in Lymnaea begins with 

the protraction phase[112,35]. During this phase, the mouth is opened to allow for the 

forward rotation and protraction of its ondotophore out of the mouth. Simultaneously, the 
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radula is also protracted out of the open mouth as it is drawn over the bending plane of 

the ondotophore thus bringing it into contact with food at the end of this phase[35,453]. The 

rasp phase immediately follows the protraction phase and signals the first of the two 

phases of retraction (R1)[366]. During rasp, food is scrapped into the cavity of the buccal 

mass as the ondotophore with the radula is retracted back through the open mouth[453,529]. 

In the swallow phase, the second phase of retraction (R2), the radula is positioned back 

to the anterior portion of the mouth as it closes[366,529,453]. There is a strong retraction that 

causes the ondotophore to rotate back past its resting position and this forces food into 

the oesophagus[453,35]. At the end of the feeding cycle, the buccal mass relaxes and the 

ondotophore returns to its original position and is held at rest phase.  

              

Figure 1.5| Lymnaea stagnalis feeding cycle[112]. This cycle consists of the following four 

phases: 1) rest; 2) protraction; 3) rasp, and; 4) swallow phase. During the active phases 

(2-4), structural components of the feeding apparatus undergo various movements to 

allow for the ingestion of food in snails[112,453,529,530,35]. 

1.5.1   The neuronal network underlying feeding behaviour in Lymnaea  

Feeding behaviour in Lymnaea arises due to the activity of central pattern generator 

interneurons, modulatory interneurons and motor neurons in the CNS[427]. These neurons 

underlying feeding are predominately distributed between the buccal ganglia and the 

cerebral ganglia (Figure 1.6).  
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Figure 1.6| The feeding neuronal network in Lymnaea. This diagram illustrates the 

locations of identified neurons in the buccal and cerebral ganglia known to be involved 

in feeding behaviour. Abbreviations: CBC – cerebral buccal connective, DBN – dorsal 

buccal nerve, LBN- lateral buccal nerve, VBN- ventral buccal nerve, MLN- median lip 

nerve and SLN- superior lip nerve. Diagram adapted from Benjamin et al. (2012)[35]. 

1.5.1.1   The central pattern generator interneurons  

The CPG interneurons located in the buccal ganglia (Figure 1.7) are critical cells of the 

feeding neuronal circuit as they are the major source of rhythmicity in Lymnaea feeding 

behaviour[427,35]. There are three classes of CPG interneurons: N1, N2 and N3. These three 

interneuron classes align with the three active phases of the feeding cycle. The N1 

interneurons are responsible for the protraction phase, the N2 interneurons for the rasp 

phase and the N3 interneurons for the swallow phase[427]. Each interneuron class contains 

two subtypes: N1 medial (N1M) and N1 lateral (N1L) in the N1 class, N2 dorsal (N2d) 

and N2 ventral (N2V) in the N2 class, and N3 phasic (N3p) and N3 tonic (N3t) that forms 

the N3 class[35,505,427]. Studies have revealed that N1M, N2v and N3t are the most 

important cells from each group for the generation of the triphasic rhythm underlying 

normal feeding behaviour in Lymnaea[35].  
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Electrophysiological recordings from the intact Lymnaea CNS have shown that 

stimulation of N1Ms, which produces plateau potentials, during protraction drives fictive 

feeding by exciting N2vs and inhibiting the N3ts[36,427]. Activation of the N2vs in the rasp 

phase hyperpolarises N1Ms to inhibit their activity, whilst also inhibiting N3t[54,505,35]. 

Spontaneous cessation of the N2v plateau marks the entry into swallow phase. Here, the 

N3ts, which fire a post-inhibitory rebound (PIR) rasp phase inhibition, send a strong 

inhibitory input to the N1Ms (but not to the N2vs) to delay their re-activation and 

therefore allowing for a separate swallow phase to occur during the feeding cycle[505,35].  

 

 

                  

Figure 1.7| CPG interneurons in the Lymnaea feeding network[85]. Intracellular 

recordings illustrating the firing patterns of CPG interneurons during four fictive 

feeding cycles. Prior to the initiation of the feeding cycle is the quiescence (or rest) phase. 

In fast rhythms, as demonstrated here, the rest phase does not occur. In the protraction 

(P) phase, only N1 interneurons (N1M and N1L) are active. N2 interneurons (N2v and 

N2d) are only active during the rasp (R) phase, whilst in the swallow (S) phase only N3 

interneurons (N3t and N3p) are active[35,427,458].  

 

 



  

26 
 

1.5.1.2   Motor neurons  

Following activation by interneurons, the motor neurons located in the buccal ganglia 

innervate the muscles responsible for mediating the protraction, rasp and swallow phases. 

There are 10 motor neurons, B1-B10, that have been identified and their characteristic 

firing patterns are displayed in Figure 1.8. B1, B6 and B7 specifically stimulate the 

muscles involved in protraction[35,336,459]. The B3 and B10 motor neurons enables the 

contraction of muscles that mediate the rasp phase[35]. The swallow phase muscles are 

controlled predominately by the activity of the B4/B4cl motor neurons[336,35].  

With regards to B2, this motor neuron is weakly entrained to the feeding rhythm as it is 

not directly involved in facilitating the coordination of the feeding cycle[341,418]. It has 

been shown that the primary function of B2 is to regulate oesophageal motility and gut 

tissues for digestion when activated upon feeding[341,418].   

The cerebral ganglia contains an additional five motor neurons, CV3-7, that are 

rhythmically active and responsible for innervating muscles involved in opening and 

closing the mouth during feeding[35].  

Interestingly, it has been shown that some motor neurons are involved in rhythm 

generation due to their synaptic connections with CPG interneurons[417,35]. This strictly 

applies to motor neurons and CPG interneurons that are active in the same phases[35]. For 

example, this includes the following: 1) In the protraction phase, B7 motor neurons are 

electrically coupled to N1Ms; 2) In the rasp phase, B10 motor neurons are electrically 

coupled to N2 interneurons, and; 3) In the swallow phase, B4/B4Cl motor neurons are 

electrically coupled to N3 interneurons[417].  

The B7 motor neuron, in particular, has been reported to have a very important role in 

rhythmicity[417,35]. Persistent artificial depolarisation of B7 has been shown to initiate 

fictive feeding by activating N1M, whilst suppression of B7 firing has been found to 

inhibit SO-driven feeding cycles[417,35].  
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Figure 1.8| The buccal ganglia motor neurons in the Lymnaea feeding network[85]. This 

diagram illustrates the firing patterns of the buccal motor neurons during two fictive 

feeding cycles. The activity of these motor neurons is controlled by either excitatory (e) 

or inhibitory (i) inputs in the protraction (P), rasp (R) and swallow (S) phases of the 

feeding cycle[35,36]. Note, the B2 motor neuron is not shown as it is weakly entrained to 

the feeding rhythm[341,418].   

1.5.1.3   Modulatory interneurons  

The firing of the feeding CPG can be modulated by several types of neurons. The slow 

oscillator (SO) is an example of a modulatory interneuron. The SO is a single cell that 

can be located in either the right or left buccal ganglion and when activated can drive a 

feeding rhythm in the feeding CPG[35]. The SO is able to do this through its excitatory 

monosynaptic connection with N1Ms[35,505]. The SO fire prior to the protraction phase to 

provide a component of the excitatory input that stimulates N1M[427]. Once fictive feeding 

has commenced, the SO becomes entrained in the feeding rhythm due to the inhibitory 
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inputs that it receives from N2 and N3 interneurons[35,505,427]. Inhibition of SO firing has 

been found to cause CPG rhythmical activity to become irregular and to decrease its 

frequency[223]. The SO, however, is not required for the activation of sucrose-evoked 

fictive feeding[35,223].  

The cerebral giant cells (CGCs) are another important type of modulatory interneurons in 

the Lymnaea feeding system. They are a large pair of serotonergic interneurons that are 

located on the ventral surface in the anterior lobe of each cerebral ganglion[35]. The two 

(left and right) CGCs fire synchronously due to their mixed electrical and chemical 

connection with each other[336]. They fire tonically and in vivo fine wire recordings of the 

CGCs performed by Yeoman et al. (1994) showed that they had firing rates between 1-

20 spikes/min, which was considerably lower than CGC firing rates recorded from 

isolated CNS preparations (60-120 spikes/min)[508]. It is only at these higher non-

physiological firing rates in the isolated CNS that the CGCs have been shown to initiate 

fictive feeding[508,35]. Instead, the CGCs at physiological firing rates have a gating 

function in the feeding network[508,35]. The firing of CGCs, for example, depolarises 

N1Ms and N2vs to lower their threshold required for the generation of a plateau[505,35]. 

Additionally, it has also been shown that in order for SO to drive a fictive feeding rhythm 

via the feeding CPG, the CGCs must be firing[35,506,508]. As the CGCs have synaptic 

connections to every interneuron as well as many motor neurons to provide a background 

depolarisation, this indicates that gating by the CGCs is a fundamental aspect of the 

feeding rhythm[35].  

The cerebral ventral 1a (CV1a) cells are also an important type of modulatory neuron. 

They are located on the ventral surface of the cerebral ganglia and occur as pair of 

bilaterally symmetrical interneurons[35,223]. When depolarised, CV1a’s have been shown 

to activate and maintain fictive feeding cycles due to their monosynaptic excitatory 

synaptic connections with N1Ms[223]. CV1a, like the SO, is not necessary for the initiation 

of sucrose-evoked fictive feeding. When sucrose driven cycles are activated, however, 

inhibition of CV1a firing has been shown to disrupt the rasp phase by decreasing the 

duration of B3 motor neuron spiking activity[223]. Thus, CV1a is thought to maintain the 

stability of this important phase that typically does not exhibit a lot of variability unlike 

the other active feeding phases under normal conditions[223]. Other modulatory 

interneurons involved in feeding include the N1Ls, octopamine cells (OC) and cerebral 

ventral 1b (CV1bs) cells[459,509,35].  Figure 1.9 display traces of intracellular recordings of 

the SO, CV1a and CGCs.
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Figure 1.9 | Modulatory interneurons in the Lymnaea feeding network[223,35]. Stimulation 

of (A) SO and (B) CV1a by a depolarising current drives a fictive feeding rhythm due 

to their monosynaptic excitatory connection with N1M, which gives rise to the 

protraction phase[35]. Both SO and CV1a are then inhibited by N2 and N3 interneurons 

to allow for rasp and swallow phases, respectively. (C) CGCs form synaptic connections 

with all interneurons and numerous motor neurons to gate feeding [35]. (Di) Inhibition 

of CGC firing by a hyperpolarising current disrupts the ability of the SO to drive fictive 

feeding cycles, as observed in B10 motor neurons recording. (Dii) Depolarisation of the 

CGCs enables SO to drive fictive feeding cycles in a B10 motor neuron[223]. 

1.6   The Cerebral Giant Cells  

1.6.1   The role of the CGCs in learning and memory in Lymnaea  

The CGCs gating mechanism is an essential modulatory component of the neuronal 

network underlying feeding behaviour. Interestingly, the CGCs have been shown to be 

involved in LTM formation when Lymnaea are classically conditioned to generate a 

feeding response[35,240,224]. The experimental appetitive conditioning paradigm involves a 

single pairing of two chemosensory stimulus, amyl acetate (the conditioned stimulus, CS) 

to sucrose (the unconditioned stimulus, UC)[428]. This training in Lymnaea results in the 

associative conditioning of feeding, which can last over three weeks and is classed LTM 

formation[35,240,224]. 

In Lymnaea, the neurotransmitter nitric oxide (NO) is required for the activation of 

feeding by a chemosensory input[240]. It has also been revealed that NO is critically 

involved in LTM formation as disruption of NO signalling after appetitive conditioning 

of feeding results in the impairment of LTM consolidation[240]. Korneev et al. (2005) 

showed that there were changes to the expression of Lymnaea nitric oxide synthase genes 

(Lym-nNOS) in the CGCs following the conditioning of feeding behaviour[240]. They 

found that the expression of an anti-NOS gene (a negative translation regulator of NOS) 

decreased 4 hours post-conditioning and that two hours after this, the Lym-nNOS1 gene 

was upregulated in the CGCs[240]. Another study by Kemenes et al. (2006) showed that 

in the CGCs there was a delayed (16-24 hours) persistent depolarisation of its membrane 

potential that developed following associative conditioning of feeding[226]. This 

depolarisation enhanced the CS response in cerebro-buccal interneurons such as CV1a as 

well as elevated presynaptic Ca2+ levels, which were thought to significantly increase the 

amplitude of CGC postsynaptic potentials[224]. These findings demonstrate that the CGCs 

are not only important in gating feeding behaviour, but are also central to LTM formation.   
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1.6.2   Does ageing alter CGC associated behaviours in Lymnaea?  

The feeding neuronal circuit in Lymnaea is subjected to age-related changes, which not 

only causes deficits to feeding behaviour but also impairs LTM formation[21,336,176,477,478]. 

For example, Watson et al. (2012) found that LTM consolidation (assessed via an 

appetitive reward conditioning paradigm) was impaired in old snails, but not in young 

snails[477]. Other studies have produced similar findings and interestingly Hermann et al. 

(2007) showed that whilst LTM consolidation is impaired, acquisition (or learning) is not 

compromised in old snails[174].  

With regards to age-related changes to feeding behaviour, Arundell et al. (2005) 

demonstrated in old snails that there was a significant decrease in the number of sucrose-

evoked bites as well as an increase in bite duration when compared to young snails[21]. 

They also found that the increase in bite duration was due to an increase in the protraction 

phase, but not rasp phase, and that the lower bite frequency was mainly caused by an 

increase to the swallow phase of the feeding cycle[21].  

A subsequent investigation from the same group utilised semi-intact preparations to 

record spontaneous action potential activity from the CGCs following the application of 

sucrose to the lips[336]. It was observed that CGC firing rates in response to sucrose 

stimulation increased significantly in young snails, but failed to do so in old snails[240]. It 

was also shown that the RMP of the B1 and B4 motor neurons was significantly 

hyperpolarised in the old snails, which is likely due to the decrease in CGC firing 

frequency[336]. Furthermore, this study as well as Yeoman et al. (2008) study showed that 

the amplitude of CGC evoked EPSPs was enhanced and attenuated in B1 and B4, 

respectively, in old snails[336,507]. This is consistent with the behavioural observations, in 

which both the protraction (mediated by B1) and the swallow phases (mediated by B4) 

are longer with age. This increase of the EPSP amplitude in B1 contradicts the RMP data, 

but is likely a compensatory mechanism to minimise the effects of reduced CGC 

excitability with age[507].   

 

1.6.3   The electrophysiological properties of ageing CGCs  

The age-related changes to behaviours associated with the CGCs have largely been 

attributed to a decline in CGC firing frequency and alterations to the action potential 

waveform[393,392,336]. Some of the reported changes include, for example, action potential 
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narrowing, hyperpolarisation of the RMP, increase of the fAHP amplitude and increases 

of the mAHP and sAHP durations[393,392,336]. 

In the ageing CGCs, the role of the sAHP in the decline of neuronal firing frequency has 

been of particular interest[392]. The reason for this is that the sAHP is a critical regulator 

of the inter-spike interval and is largely mediated by a Ca2+-activated K+ current- a 

conductance heavily implicated in the ageing of mammalian neurons[352,48,102,324,364].  

Scutt (2012) provided evidence for the existence of Ca2+-activated K+ currents in the 

Lymnaea CGCs[392]. It was initially identified during two-electrode voltage clamp 

(TEVC) experiments, that a proportion of the total outward K+ current in the CGCs was 

dependent on Ca2+ due to its sensitivity to cadmium (Cd2+; a non-specific blocker of high-

voltage activated Ca2+ channels)[392]. Current clamp experiments in this investigation also 

demonstrated that a proportion of each AHP component was sensitive to Cd2+, with the 

largest observed in the sAHP where there was approximately a 40% decrease in 

duration[392]. Subsequent examination of sAHP evoked tail currents in TEVC (measured 

100 ms- 1s post repolarisation) confirmed that this current was conducted by K+ ions, as 

determined by its reversal potential, and showed that Cd2+ reduced the magnitude of these 

tail currents[392]. These findings revealed that the sAHP in CGCs is partly mediated by an 

unknown Ca2+-activated K+ current(s), referred to as the IsAHP
[392]. Interestingly, it was 

also observed that the increase in the sAHP duration in old CGCs was accompanied by 

an increase in the underlying IsAHP
[392].  

Whilst it is undisputed that changes to the IsAHP has an important role in the age-related 

decline in CGC firing frequency, it known that this current is not responsible for all the 

alterations observed to the CGC action potential waveform with age (Scutt G, personal 

communication). This suggests that other ionic conductances involved in regulating the 

CGC action potential, particularly voltage-gated Na+, Ca2+ and K+ currents, could also be 

critically involved in these changes with age[416,316,392]. Interestingly, the effects of age 

have been explored in relation to some of these currents in the CGCs.  

 

1.6.3.1   Voltage-gated Na+ currents in the ageing CGCs   

Staras et al. (2002) conducted a detailed investigation of the voltage-gated currents 

present in the Lymnaea CGCs utilising TEVC[416]. The CGCs possess two types of 

voltage-gated Na+ currents: a transient Na+ current (INa(T)) and a persistent Na+ current 

(INa(P))[416].  
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It is likely that both these currents are conducted from the same class of channels, 

Nav1[136]. This particular class is highly selective for Na+ ions, unlike Nav2 (found only 

in invertebrates) that is permeable to Ca2+ as well as Na+ ions[516,136]. In mammals, it has 

been identified that there are at least nine Nav1 channel subtypes (Nav1.1-Nav1.9), each 

encoded by a different subtype of the vertebrate SCN gene family[136]. Invertebrates do 

not express subtypes of the Nav1 channel, which is only encoded by a single gene[136]. It 

is thought that alternative splicing of the single Nav1 gene in invertebrates is responsible 

for the distinct functional conductances of INa(T) and INa(P)
[136].  

In the CGCs, INa(T) was shown to be a large inward current that rapidly activated between 

-65 mV to -50 mV and also rapidly inactivated[416]. Such characteristics are also defining 

features of INa(T) in most mammalian and other invertebrate species[66,286,511,68,147]. INa(T) in 

the Lymnaea CGCs displayed some sensitivity to tetrodotoxin (TTX), but could not be 

completely abolished by the high concentration utilised despite this being sufficient in 

mammalian models[261,179,416]. It is thought that this may be a general feature of many 

pulmonate gastropods, which suggests that there may be slight structural differences to 

the channel pore (perhaps an evolutionarily adaptation) that prevents it from being fully 

occluded by TTX when compared to other species[2,416]. Regardless, perfusion of a zero-

Na+ saline completely abolished INa(T) and this confirmed that the current was conducted 

by Na+ ions[416].  

Staras et al. (2002) had also unveiled that INa(P) was a low threshold (activated between    

-90 mV to -60 mV) small inward current, which was thought to be responsible for the 

hyperpolarisation of the CGC RMP when in a zero Na+ saline[416]. Indeed, a subsequent 

investigation by Nikitin et al. (2006) corroborated this finding and demonstrated that INa(P) 

significantly contributed to the CGC RMP by ~20 mV[316]. This particular study also 

revealed that this current was slow to activate and that its persistent nature was due to its 

ultra-slow inactivation kinetics and very slow deactivation kinetics[316].  

Whilst a zero Na+ saline could block INa(P), further pharmacological examination revealed 

that this current was TTX resistant and could not be blocked by common vertebrate 

blockers such as riluzole and phenytoin[416]. However, a very interesting feature of INa(P) 

is that this current can be modulated by cAMP[316]. It was shown that cAMP increased 

INa(P) and subsequently depolarised the CGC RMP, which lasted up to 24 hours[316]. This 

is thought to have a very important role in neuronal plasticity of the CGCs[196,317,316].   
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What happens to voltage-gated Na+ currents in the ageing CGCs? To date, there have 

been no published studies examining the effects of age on the CGC INa(T). Similarly, in 

mammalian models such as rats and mice there have been no studies documenting any 

significant changes to INa(T) during normal brain ageing. Only under pathological 

conditions such as AD has it been shown that the expression and activity of voltage-gated 

Na+ channels conducting INa(T) increases[111]. This is thought to contribute to the 

hyperexcitability and epileptic susceptibility often observed in the early stages of AD[111].  

Unlike mammalian models and other invertebrate models, some evidence has been 

provided in Lymnaea demonstrating that INa(P) is altered during normal ageing[393]. It was 

revealed by Scutt et al. (2015) that the depolarising effect of INa(P) on the CGC RMP 

increased with age[393]. This had been ascertained by subtracting the mean change of the 

CGC RMP in a zero-Na+ saline (blocks NCX as well as INa(P)) from that observed after 

switching into a Li+ saline (Li+ substitutes Na+ and blocks only the NCX)[393]. This study 

postulated that the increase in INa(P) may be responsible for causing the NCX to operate in 

reverse mode in ageing CGCs[393]. While reverse-mode NCX would have a 

hyperpolarising effect on the CGC RMP, the increase in INa(P) meant that there were no 

overall changes to the old CGC RMP when compared to young CGCs in this particular 

study[393].  

 

1.6.3.2   Voltage-gated Ca2+ channels in the ageing CGCs 

The Lymnaea CGCs possess at least two distinct voltage-gated Ca2+ currents: a high-

voltage activated (HVA) Ca2+ current and a low-voltage activated (LVA) Ca2+ current[416].  

Staras et al. (2002) characterised the CGC LVA Ca2+ current as a small inward current 

that activated around -60 mV (near the RMP) and inactivated relatively fast[416]. It was 

also observed that this current was sensitive to Ni2+, but insensitive to Cd2+[416]. This 

strongly suggested that this current was conducted by a T-type Ca2+ channel (Cav3), as 

these features were remarkably reminiscent of Cav3 channels expressed in many 

vertebrate species[416,179,396]. However, the Cav3 subtypes (Cav3.1-3.3) expressed in the 

CGCs currently remains unknown[179].  

It was also demonstrated by Staras et al. (2002) that the CGC HVA Ca2+ current was a 

larger inward current that activated around -40 mV and possessed much slower 

inactivation kinetics[416]. This current was sensitive to Cd2+, but insensitive to ω-

conotoxin and ω-agatoxin suggesting that this current may not be conducted by either an 
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N-type or P-type channel, respectively, of the HVA class[416,179]. A more recent 

investigation by Scutt (2012) revealed that a component of the HVA current was sensitive 

to nifedipine, which strongly indicated that a proportion of this current was being 

conducted by an L-type Ca2+ channel[392]. However, the HVA channel responsible for 

mediating the nifedipine as well as ω-conotoxin and ω-agatoxin insensitive current has 

yet to be identified.  

LVA currents have been shown to have an important role in providing the initial 

depolarising drive for neurons to reach the activation threshold of Na+ from rest[340,396,416]. 

It is thought that this enables LVA currents to regulate firing rates in neurons[340,396]. HVA 

currents are involved in regulating the rate of repolarisation and influence the AHP as 

they can supply Ca2+ for Ca2+-activated K+ channels, which are partly involved in 

mediating this component of the action potential[416,263,392]. Ca2+ influx via HVA channels 

during action potential repolarisation has been shown to have a critical role in mediating 

neurotransmission[388,444,416].   

The effects of age on HVA Ca2+ currents has been examined in the CGCs. Scutt (2012) 

revealed that whilst the peak amplitude of the total HVA current was not altered in old 

CGCs, it activation, inactivation and deactivation kinetics were slower when compared 

to the young CGCs[392]. This suggests that the amount of current conducted by the HVA 

channels is not altered with age, but the current is present for a longer duration. 

Furthermore, Scutt (2012) observed that the magnitude of current conducted by HVA 

channels (both nifedipine sensitive and nifedipine insensitive) did increase as the snails 

became very old (12-14 months old as opposed to 10-12 months old)[392]. It had been 

postulated that the alterations to the properties of HVA channels with age increases the 

Ca2+ supply to Ca2+-activated K+ channels, which subsequently enhances its conductance 

and contributes to the decrease in CGC firing predominately via the AHP[392].  

Interestingly, it has also been reported in numerous rodent models that ageing in the 

hippocampus is generally associated with an increase in the L-type current [442,441,321]. This 

increase has been implicated in AAMI, as utilisation of L-type channel antagonists 

substantially reverses such behavioural deficits[442,441,321].  

With regards to the T-type (or LVA) current, preliminary TEVC experiments in our 

laboratory have demonstrated that this current is not altered in the ageing CGCs. 

Conversely, a few studies in other species such as C. elegans and rodents have 

documented that the T-type Ca2+ current is subjected to changes with increasing 
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age[485,117]. It has typically been shown that the T-type current is enhanced with age and 

that blocking this current helps to prevent Ca2+ overload in ageing neurons and thus, is 

neuroprotective[485,117]. This suggests that the structure of T-type channels may be slightly 

different in the Lymnaea CGCs, which makes them more resilient to the effects of age. 

 

1.6.3.3   Voltage-gated K+ currents in the ageing CGCs 

The CGCs express at least two types of voltage-gated K+ currents: an A-type K+ current 

(IA) and a delayed rectifier current (IDR)[416]. Across all species, these currents have an 

integral role in regulating action potential repolarisation and can have an important role 

in mediating the AHP[209,264,416,457,398]. Their role in the action potential waveform has a 

significant influence on fundamental neuronal processes such as excitability and synaptic 

plasticity[209,264,416,457,398,399].   

Staras et al. (2002) initially characterised IA in the Lymnaea CGCs and demonstrated that 

this current activated around -55 mV and was a transient current with both rapid activation 

and inactivation kinetics[416]. This current was also sensitive to the non-specific IA 

blocker, 4-aminopyridine (4-AP)[416]. All these features were consistent with observations 

previously documented in other Lymnaea cells such as heart ventricular muscle cells as 

well as neurons from other invertebrate and mammalian species[504,179,412,133].  

In addition, Staras et al. (2002) also examined the properties of IDR in the Lymnaea 

CGCs[416]. This current activated at approximately -45 mV, was slow to activate and 

exhibited very little inactivation[416]. This current was also sensitive to the non-specific 

IDR blocker, tetraethylammonium (TEA)[416]. These characteristics were similar with 

previous descriptions in other invertebrates and mammalian species[483,498,264,209].  

Currently, it is unknown what A-type K+ channel or delayed rectifier channel subtypes 

are present in the CGCs. It also has yet to be identified whether genes such as Shaker, 

Shal, Shab or Shaw, for example, are responsible for encoding these VGKCs in the 

Lymnaea CGCs, as has been observed in neurons from closely related species such as 

Aplysia as well as other invertebrate and mammalian models[514,357,520].   

To date, no studies have examined the effects of age on IA or IDR in the CGCs or any other 

neurons in the Lymnaea CNS. Moreover, findings from rodents and other invertebrate 

models such as C.elegans are extremely limited and have generated differing results with 
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reports that these currents are either enhanced or are unaltered with increasing age 

(section 3.1)[398,512,11]. 

Thus, unlike voltage-gated Na+ or Ca2+ currents, the general consensus of the changes 

typically incurred to VGKCs with age is still very unclear. This is surprising given the 

knowledge of the critical functions of IA and IDR in neurons[209,264,416,457,398]. This 

highlights the need for more investigations to be conducted across all species, including 

Lymnaea, examining the effects of age on IA and IDR.   

 

1.6.4   VGKCs: An overview of structure, selectivity and gating   

VGKCs have a crucial role in various neuronal processes including neuronal excitability 

and neurotransmitter release[158,279,179,501]. To date, there have been no structural studies 

conducted in Lymnaea investigating VGKCs. However, a plethora of studies over the last 

20-30 years have demonstrated that the fundamental basic features of VGKCs are 

evolutionarily highly conserved[28,327].   

 

1.6.4.1   Structure of VGKCs  

VGKCs are formed as tetramers with identical or similar subunits that are symmetrically 

arranged around the central aqeuous pore through which K+ ions permeate[179,244]. Each 

subunit consists of six transmembrane segments (Figure 1.10), with the N- and C-termini 

located on the intracellular side of the membrane[179,300,244,501,312,279,76]. X-ray 

crystallographic studies of VGKCs have shown that the first four segments, S1-S4, form 

an antiparallel α-helical bundle at the periphery of the channel known as the voltage 

sensor domain (VSD)[208,514,244,501,179,106].  

The last two segments, S5-S6 α-helices, are connected together via the P-loop and 

comprise the pore-forming domain located at the centre of the channel[158,179,244,502,279]. 

The pore domain (PD) contains the selectivity filter (SF; section 1.6.4.3) and channel 

gates (section 1.6.4.4) and thus, is responsible for mediating the flux of K+ ions through 

the channel[158,179,244,502,501,279,76].  

The VSD is covalently bound to the pore domain by the intracellular S4-S5 linker, an 

amphiphilic helix[123,158,244,179]. This assists in coupling VSD movements to 

conformational changes in the pore domain, which subsequently leads to opening or 

closing of the channel gates[244,46,521]. 
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Figure 1.10| Basic structure of VGKCs[501]. (A) Channels are assembled as tetramers. 

Each monomer is composed of six transmembrane segments with S1-S4 forming the 

VSD and S5-S6 composing the pore domain, which are connected together via the S4-

S5 linker. (B) Cross-section of a VGKC reveals the pore domain and its constituents.  

1.6.4.2   The important role of the S4 helix in voltage sensing   

The positively charged amino acids (arginine and lysine) of the putative S4 helix is 

thought to be primarily responsible for the electrically sensitive nature of 

VGKCs[279,5,76,501,179,244,158]. Indeed, studies examining mutant A-type K+ channels have 

demonstrated that replacing basic residues in the S4 helix with neutral or acidic residues 

significantly decreases the voltage-dependence of the channel[299,5,332,244].  

It has been documented that S4 can each contain up to eight of positively charged 

residues, which varies between different channels[182,501,179]. These positive charges are 

often referred to as gating charges and can be observed as the transient capacitive currents 

that develop prior to the opening of a channel[285,195]. The gating charges on S4 generally 

move either outwards or inwards through the electric field during depolarisation or 

hyperpolarisation of the membrane potential, respectively[501,158,244,182,279]. This alters the 

configuration of other VSD segments and subsequently induces a conformational change 

to the pore domains that leads to opening or closing of the channel[501,76,279,244,106]. 

Notably, the precise orientation and movements of S4 has been subjected to a great deal 

of controversy and has yet to be fully elucidated[330,207,383,229,182,279].  

Interestingly, it has been proposed by a few studies that the conserved acidic residues of 

S2 and/or S3 may also participate in voltage sensing by electrostatically interacting with 

the basic residues of S4 and moving through the electric field[363,257,158]. To support this, 

it has been shown that neutralising the S2-S3 acidic residues significantly alters the 

voltage sensitivity of VGKCs[363,257,158]. Despite this, it is still disputed whether voltage 

sensing is an intrinsic property of these particular segments.  

A.                                                 B. 
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1.6.4.3   Selectivity of VGKCs  

VGKCs are exquisitely selective for K+ ions[239,279,312]. The mechanisms of selectivity of 

VGKCs is highly evolutionarily conserved and has been extensively examined, 

particularly in KcsA (a simple bacterial K+ channel consisting of two transmembrane 

helices connected to one pore unit) and mammalian Shaker Kv1.2 

channels[281,155,299,250,524,267,280,106,501,179]. It has been demonstrated that K+ will usually 

travel from the intracellular side of the membrane into the central water-filled cavity of 

the channel pore where they become hydrated[524,244,501]. K+ ions then pass through the SF 

where they are dehydrated, before then being rehydrated when they finally approach the 

extracellular pore entryway[524,244,501]. An unambiguous notion is that this process of ion 

hydration and its thermodynamics have a central role in governing the selectivity of all 

ion channels, not just VGKCs[103,155,244,501].  

Numerous structural studies, particularly by the Mackinnon group in KcsA, have shown 

that the architectural framework underpinning this selectivity resides in the conserved 

signature TVGYG amino acid sequence (with minor variations) on the P-loop, which 

forms the narrow SF (Figure 1.11) located towards the extracellular end of the channel 

pore[281,525,524,280,501,179,279]. Indeed, mutations of these residues hinders that capacity of 

VGKCs to distinguish between K+ and Na+ ions[510,172,408]. The backbone of carbonyl 

oxygen molecules in this sequence along with the side chain of threonine hydroxyls 

provide four K+ binding sites (denoted S1-S4), which are specifically orientated towards 

the pore lumen and each contain eight oxygen atoms[501,525,106,312,279]. It has been proposed 

that the precise geometry and distance of oxygen atoms in the SF mimics the hydration 

shell of K+ and thus, compensates for the energetic cost of dehydration[91,37,106,456,239]. 

Given the atomic radius of Na+ is smaller than that of K+, after it becomes dehydrated it 

does not fit well in the SF of VGKCs[312,244,525,501]. The Mackinnon group also revealed 

in KcsA channels that the oxygen atoms are spaced too far apart to adequately mimic the 

hydration shell of Na+ ions and therefore, its permeation through the channel is 

energetically unfavourable[526,525]. Such crucial findings from crystal structures clarified 

how VGKCs are highly selective for K+ ions and are able to virtually eliminate the flux 

of Na+ ions.  

A characteristic feature of VGKCs is its near diffusion-limited rate of conduction[279]. 

This indicates that K+ ions are relieved from the bindings sites and translocated across the 

membrane very fast. Studies have proposed, based on structural observations, that two K+ 
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ions occupy the SF at any given time, either at the S1/S3 binding sites (1,3 configuration) 

or S2/S4 binding sites (2,4 configuration)[521,450,368,279]. The remaining two alternate sites 

are each occupied with a molecule of water[521,450,368,279].  

It is very unlikely that K+ could occupy the adjacent binding sites due to the electrostatic 

repulsion encountered[450,368,207]. It is this phenomena, however, that propels the 

movement of K+ ions along the SF and eventually out of the channel (Figure 1.11). This 

contributes to the high conductance rate, as the energy transfer cost for K+ to move 

between the two configurations is very low[521,450,368,279].  

Interestingly, studies have also shown that K+ ions are weakly bound to the S1-S4 binding 

sites depite the high selectivity of VGKCs[521,450,368,279]. It is believed that this also 

contributes to the high conduction rate of VGKCs[521,450,368,279].  

 

      

Figure 1.11| The SF of VGKCs[279]. (A) Ball-and-stick representation of the SF in KcsA. 

This demonstrates the location of the S1-S4 binding sites in the SF that can be occupied 

by K+ ions (green balls). The important TVGYG amino acid motif is also shown. (Bi-ii) 

K+ ions (green) alternate with water molecules (red) to occupy the SF in the following 

two congifurations: 1,3 with K+ ions at the S1/S3 binding sites or 2,4 with K+ ions at the 

S2/S4 binding sites. (Biii) Simple cycle illustrating the conduction of K+ ions (green) 

through the SF in the 1,3 and 2,4 configurations, which is driven by electrostatic 

repulsion[521,450,368,279].  

A.                                                       Bi.                                            Bii. 

 

 

 

 

 

                                         Biii. 
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1.6.4.4   Gating of VGKCs  

VGKCs can be described as having the following four functional states: 1) resting; 2) 

activated; 3) deactivated, and; 4) inactivated. In the resting state, VGKCs are usually in 

the closed conformation and cannot conduct K+ ions[179,244,158]. During activation, usually 

in response to depolarisation, the channels switch to an open conformation to permit the 

flux of K+ ions[179,244,158]. As neurons repolarise and return to their RMP following 

activation, channel will begin to deactivate and enter into a non-conductive 

conformation[514,332,37,502]. If, however, depolarisation of the membrane potential is 

prolonged following activation, some channels will inactivate and shift into a non-

conductive conformation (albeit its kinetic state differs from deactivated channels) 
[514,332,37,502]. Inactivated channels generally will not conduct again in response to any 

further activating stimuli until the neuron repolarises, which enables channels to 

‘deinactivate’ (recover from inactivation) and return back to the resting state[502,158]. 

Gating is the process that controls opening and closing of ion channels. The pore of 

VGKCs contains two distinguishable gates[179,158,244,279,76]. There is an intracellular gate, 

otherwise known as the bundle-crossing (BC) gate, formed by the cytoplasmic crossing 

of C-termini of the S6 helices[501,251,158,244]. This particular gate is considered as the main 

activation gate of VGKCs[181,250,76,244,158]. X-ray structural studies in combination with 

mutational studies of eukaryotic VGKCs have implicated the conserved Pro (proline)-Val 

(valine)-Pro motif in the S6 helix responsible for the bend (or kink) observed in this 

segment and the generation of a molecular hinge[193,407,443,250,76,279]. It has been suggested 

that the hinge-bending motions of the S6 helix opens the intracellular gate (moves it away 

from the central cavity) during activation and then closes it during deactivation[158,244,502]. 

The second is the extracellular gate, also known as the pore gate (P-gate). This gate is 

formed by the SF, which undergoes various configurations in response to the status of 

intracellular gate under different functional states[251,244].  

There have been two mechanisms of inactivation described for VGKCs (Figure 1.12): 

N-type and C-type[244,179,502,158]. N-type inactivation is a rapid auto-inhibitory process 

(typically a few milliseconds) that occurs in some classes of VGKCs[179,244,469,158]. For 

example, many A-type K+ channels such as Kv1.2 and Kv1.4 undergo this type of 

inactivation and is responsible for the fast inactivation kinetics typically observed in such 

channels[118,39]. Notably, N-type inactivation may not be the sole inactivation process for 

such channels and is dependent on their functions in neurons[39,158,502].   
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Extensive structural studies involving mammalian and invertebrate A-type K+ channels 

have shown that N-type inactivation is mediated by an inactivation peptide assembled 

into a globule (inactivation ball), which is tethered to either the α-subunit or β-subunit of 

the N-terminus via a hydrophilic chain[469,158,244,179]. When the membrane is depolarised, 

the chain pushes the inactivation ball into the channel pore to occlude it and cease the 

conduction of K+ ions[244,118,39,158]. Hence, this inactivation process is often referred to as 

the ‘ball-and-chain’ mechanism[244,118,39,158].  

C-type inactivation is a much slower process, but the majority of VGKCs are subjected 

to this form of inactivation[37,158,244,179]. During this process, conformational changes to 

the SF closes the extracellular P-gate to prevent the flux of K+ ions[37,158,244,179,502,501].                    

                                  

Figure 1.12| Inactivation of VGKCs. (A) N-type inactivation is a very fast process that 

involves the inactivation peptide entering the channel pore to block it. (B) C-type 

inactivation is a slower process involving conformational changes to the SF that closes 

the P-gate and terminates the conduction of K+ ions. During recovery from inactivation, 

channels switch back to the closed conformation of the resting state[158,244,502].

1.7   Is OS responsible for altering Lymnaea CGC firing properties with age?  

To date, much of the work investigating OS in the ageing Lymnaea CNS has been 

conducted on the RPeD1 neuron by the Wildering group in Calgary[478,476]. For example, 

in their 2012 study they showed that application of 2, 2’-Azobis (2-amidinopropane) 

dihydrochloride (AAPH), a peroxyl and hydroxyl radical generator, on the young 

Lymnaea CNS significantly reduced RPeD1 firing to rates typically witnessed in old 

RPeD1 neurons[478]. It was observed that this decrease in firing frequency in the AAPH-

treated young RPeD1 neurons was, as in old RPeD1 neurons, accompanied with an 

increase in the amplitude and duration of the AHP as well as hyperpolarisation of the 

RMP[478]. Lastly, this particular study also showed that MDA levels were elevated in the 

     A.                                         B. 
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young CNS exposed to AAPH and that this again mimicked what had been observed in 

old CNS preparations[478]. Based on these findings, it was suggested that OS was involved 

in the decline of RPeD1 firing with age. Subsequent studies from the same group provided 

more support for this notion by demonstrating that incubating old RPeD1 neurons and 

AAPH-treated young RPeD1 neurons with antioxidants, such as glutathione and α-

tocopherol, significantly increased RPeD1 firing frequency[476,32]. 

Interestingly, the Wildering group also suggested that OS was involved in the age-related 

decrease of CGC firing frequency[477]. This was derived from the observations that 

treating an old CNS with α-tocopherol significantly increased CGC firing[477]. A major 

issue of this study was that they simply assumed that α-tocopherol increased CGC firing 

by reversing the effects of OS[477]. It is not ideal to make such statements as it remains 

unclear whether α-tocopherol is reversing the effects of OS or whether it is having its 

effects via mechanisms independent of OS.  

It is likely that OS is intimately involved in the ageing of the CGCs due to the plethora of 

studies heavily implicating its role in the ageing of other invertebrate and mammalian 

neurons[503,445,295,470,87,176,32]. However, more investigations are needed to conclusively 

establish whether this is a feature of ageing CGCs. Interestingly, many non-ageing studies 

have often shown that OS has the capacity to directly and indirectly alter ion channels 

such as VGKCs, VGCCs and Ca2+-activated K+ channels as well as ionic pumps such as 

the NCX and Na+/K+-ATPase that results in alterations to the electrophysiological 

properties of neurons[398,399,191,173,272,364]. This is often observed as a decline in neuronal 

firing[398,399,59]. If OS is involved in the ageing process of the CGCs, the mechanisms by 

which OS alters the electrophysiological properties of the CGCs will also need to be 

investigated.  

 

1.8   Summary  

The elderly population in the UK is projected to double over the next 30 years, which will 

increase the prevalence of conditions associated with ageing such as AAMI[4]. This will 

also increase the burden on health and social care services that are severely understaffed 

and suffering from financial difficulties[289]. Therefore, it is imperative to conduct more 

research to understand the mechanisms underlying normal neuronal ageing as this could 

lead to the development of therapeutics that attenuates detrimental age-related changes in 

the CNS and potentially even delay the onset of neurodegenerative diseases such as AD.  
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The use of humans to understand the mechanisms underlying neuronal ageing has proven 

to be extremely difficult due to the complexity of the human brain[400]. Currently, the 

majority of neuronal ageing research is conducted on other mammalian models such as 

rats and mice. The use of these models have identified key changes that occur during 

ageing such as a decrease in neuronal firing, altered neurotransmission and impaired 

synaptic plasticity[364,503,445,343]. Problems are also encountered with simpler mammalian 

models as their brains are still incredibly complex, which has made it difficult for 

researchers to link alterations in behaviours with age to the properties of individual 

neurons[355,386]. This top-down approach, however, has been accomplished with 

invertebrate species. The pond snail, Lymnaea stagnalis, has proven to be a very useful 

animal model to study neuronal ageing because of its relatively simple CNS and the 

ability to trace behaviours to key neurons[35]. 

The Lymnaea CGCs are particularly interesting as they exhibit several age-related 

changes often observed in mammalian models. This includes, for example, a decrease in 

neuronal firing frequency and alterations to neurotransmission[507,21,174,393,478]. These 

changes to the properties of the CGCs with age have been implicated in hindering 

important Lymnaea behavioural outputs such as feeding and learning and 

memory[21,478,477].  

In Lymnaea, OS has been shown to be involved in decreasing RPeD1 firing with age[478]. 

Whilst it has been suggested that OS may also mediate the age-related decline in CGC 

firing, no studies to date have produced direct evidence to support this statement[477]. If 

OS is responsible for reducing CGC firing with age, it would be interesting to further 

explore the mechanisms via which it accomplishes this. In particular, it would be 

fascinating to examine OS in association with ionic conductances that are not dependent 

on Ca2+. For example, this includes VGKCs as they are known to have a critical role in 

regulating the neuronal action potential waveform but their potential involvement in 

ageing has largely been overshadowed due to the focus on Ca2+-activated K+ 

currents[209,264,416,398,318,447].   

 

Thus, the primary hypothesis that will be investigated in the thesis is the following: 

OS in Lymnaea stagnalis drives the age-related changes in CGC firing properties and 

the shape of the action potential waveform by altering voltage-gated ion channels. 

 



  

45 
 

Chapter 2: The effects of age and acute oxidative stress on the firing properties of 
the CGCs 

2.1   Introduction 

A decrease in neuronal firing frequency is often regarded as a conspicuous hallmark of 

the ageing CNS. Indeed, across the animal kingdom plentiful studies in vertebrate species 

including monkeys, rabbits, rats and mice as well as invertebrate species such as 

Caenorhabditis elegans, Drosophila melanogaster and Lymnaea stagnalis have 

documented an age-related decrease in neuronal firing and established that this is an 

evolutionarily conserved change accompanying the ageing of neurons[503].  

Alterations to the action potential waveform has been shown to be critically responsible 

for decreasing neuronal firing with age[393,503,336,292,364]. Many studies in mammalian 

neurons have demonstrated that the mAHP and sAHP increases significantly with 

age[422,247,305,322,364]. Certainly, an increase in the duration of both these AHP parameters 

would have detrimental ramifications on firing frequency as it would increase the inter-

spike interval and subsequently delay the generation of successive action potentials. In 

pyramidal neurons, for example, apamin significantly reverses the age-related decrease 

in firing frequency by decreasing the mAHP duration via the attenuation of SK 

currents[422,247]. In ageing hippocampal neurons, blocking L-type Ca2+ currents with 

antagonists such as nimodipine significantly increases firing frequency by reducing the 

sAHP duration via depression of the Ca2+-activated K+ current, IsAHP
[247,305,322]. 

Interestingly, even in invertebrate species such as C. elegans and Lymnaea an increase in 

the AHP duration has also been reported and is thought to contribute to the age-related 

decrease in neuronal firing[392,336,399]. 

An increase in the mAHP and sAHP are not the only components of the action potential 

waveform that can influence neuronal firing frequency. Manipulation of the fAHP 

amplitude, half-width and peak amplitude, for example, have also been shown to 

significantly vary firing rates[13,409,387,404,293,336,392]. Alterations to such parameters of the 

action potential waveform, however, have not been as widely investigated with age 

despite common knowledge that changes to the AHP duration is often not fully 

accountable for the decrease in neuronal firing. Therefore, it is imperative to conduct a 

detailed examination of the changes to the action potential waveform with age in order to 

better understand how the decline in neuronal firing frequency manifests. Importantly, 

this will also provide an insight into the behaviour of underlying ionic currents and allow 
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for the utilisation of appropriate pharmacological agents that could potentially reverse 

these age-related changes.   

A plethora of studies have strongly suggested that OS is one of the principle mediators 

for the age-related changes in neurons[139,470,476,364,59]. So how does OS alter the firing 

properties of neurons with age? Whilst current knowledge is limited, a study in CA1 

hippocampal neurons by Bodhinathan et al. (2010), for example, provided some evidence 

suggesting that OS reduces neuronal firing by hindering Ca2+ homeostatic 

mechanisms[48]. This study found that treating CA1 neurons with the reducing agent, 

DTT, increased firing by decreasing the age-related increase to the sAHP. However, the 

effects of DTT could be prevented by thapsigargin (that depletes intracellular Ca2+ stores) 

and ryanodine (used at micromolar concentrations to inhibit ryanodine receptors)[48]. This 

strongly suggests that oxidative modifications to residues on intracellular Ca2+ stores and 

ryanodine receptors enhances Ca2+ release, which leads to the sAHP increase (via IsAHP) 

and subsequent decrease in CA1 neuronal firing with age.  

In non-ageing studies, there is ample evidence demonstrating that an increase in OS 

modifies many ion channels involved in regulating neuronal firing properties. For 

example, oxidation of cysteine residues on A-type K+ channels significantly slows 

inactivation, which causes an increase in the amplitude and duration of the AHP and 

subsequently decreases neuronal firing[398,59]. In other studies, oxidation of methionine 

and cysteine residues has been shown to significantly alter the gating properties of Ca2+-

activated K+ channels to enhance their conductance[398,399]. Consequently, this decreases 

neuronal firing by increasing the AHP duration and hyperpolarising the RMP[398,399]. 

Thus, there is precedence that OS could alter neuronal firing with age via the oxidation 

of ion channels that shape the action potential waveform.  

Most mammalian studies, however, have only provided correlative data for the role of OS 

in the age-related decrease to neuronal firing frequency[476,32,503,242,144]. Some studies have 

demonstrated that the decrease in neuronal firing is associated with an increase in OS, but 

have not investigated a reversal with antioxidants. Alternatively, others have utilised 

antioxidants to reverse the decrease in neuronal firing, but have not examined whether 

this is due to a decrease in OS[476,32,503]. Failure to do this means that it cannot be 

confirmed whether OS is a mechanism responsible for the age-related changes to neuronal 

firing properties.  
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Even in simpler organisms such as Lymnaea stagnalis, only correlative data linking OS 

to the age-related decrease in neuronal firing has been provided. In Lymnaea neurons 

including RPeD1 and the CGCs, for example, it has been demonstrated that the decrease 

in neuronal firing with age can be reversed with antioxidants[478,476,176]. However, it has 

not been assessed by such studies whether the subsequent increase in firing frequency 

following antioxidant treatment is due to a decrease in OS. Thus, the aim of experiments 

in this chapter will be to explore the following questions: ‘Is OS responsible for the age-

related decline in neuronal firing frequency in the Lymnaea CNS and if so what is its 

mechanism of action?’.   

The CGCs are of particular interest in this investigation because they have a very 

important role in regulating feeding behaviour as well as learning and memory in 

Lymnaea[21,336,506,35,427]. It has been well documented that a decrease in CGC firing 

frequency is involved in impairing these behaviours in ageing Lymnaea[21,336,507,392]. To 

determine the mechanisms by which OS impairs CGC firing properties with age, a 

comprehensive examination of the action potential waveform needs to be conducted to 

identify the ionic currents that may potentially be altered. Findings from ageing CGCs 

will also need to be compared to an experimentally induced OS model to assess whether 

alterations to CGC firing properties manifest in an analogous manner. This could 

strengthen the evidence for the role of OS in the age-related decrease to CGC firing. 

Finally, to provide conclusive and causal affirmation, antioxidants will need to be utilised 

to examine whether changes to CGC firing properties can be reversed by decreasing OS 

in the ageing CNS.    

 

The hypothesis of this chapter is as follows: Age-related changes to the CGC action 

potential waveform and firing frequency are due to an increase in OS.   
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2.2   Methods  

2.2.1   Experimental animals  

All experiments were conducted on the pond snail, Lymnaea stagnalis, which were bred 

at the University of Brighton. Snails were housed in large tanks that were continually 

perfused with copper-free water maintained at 18-20°C. Each tank contained up to 100 

identically aged snails to maintain a stocking density of one animal per litre of water. 

Snails were housed on a 12 hour light/dark cycle and fed daily on an alternating diet of 

round lettuce and vegetable fish flakes (Sera Flora, Germany)[336]. 

Experiments in Lymnaea were conducted on the following two age groups: 3-4 months 

old (young) and 8-9 months old (old). Young snails were selected at 3-4 months old as 

this represented the earliest point at which they had reached sexual maturity (adulthood), 

as noted by the earliest time egg masses were observed in the tanks. The 8-9 months old 

snails represented old age as survival curves fitted with a Weibull function determined 

that this was the period when over 80% of the animals in the population had died (Figure 

2.1)[218].  
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Figure 2.1| Lymnaea stagnalis population survival curve. This is a representative plot 

for one of the Lymnaea populations utilised in this thesis. Snails are considered old when 

over 80% of the population have died (<20% survival) and this typically is the point 

where the majority of the snails in the population exhibit an ageing phenotype[21,200].  

2.2.2   Isolation and preparation of Lymnaea CNS  

Snails were deshelled gently by hand and transferred to a Sylgard-lined dissecting dish 

positioned under a light microscope containing 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES)-buffered saline (room temperature). The 

composition of this control saline was: NaCl 50 mM, KCl 1.7 mM, CaCl2 4 mM, MgCl2 
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2 mM, HEPES 10 mM, adjusted to pH 7.9 with NaOH 3 M (Sigma-Aldrich, UK). The 

snail body was pinned dorsal side-up (foot-down) and an incision was made using micro-

scissors through the body wall of the head to reveal the internal organs. All the internal 

organs- with the exception of the buccal mass- was removed to expose the CNS. The 

nerve connections between the CNS and the body wall and peripheral organs was severed 

with micro-scissors to isolate the CNS. However, the dorsal buccal nerves (DBN) 

attached to the pro-oesophagus was maintained to aid pinning of the preparation. 

The isolated CNS was then transferred to an electrophysiological recording chamber and 

pinned dorsal side-up through the pro-oesophagus and median lip nerves. To record from 

the CGCs, the cerebral ganglia was inverted as these neurons are located on the ventral 

surface and a pin was placed over the cerebral commissure to keep the preparation flat 

and minimise movement (Figure 2.2A). The outer ganglion sheath of the cerebral ganglia 

was removed with fine forceps to expose the surface neurons. The inner connective sheath 

was then softened by solid protease (Type XIV; Sigma-Aldrich, UK) treatment on the 

surface of the ganglia for one minute before being washed repeatedly with HEPES-

buffered saline. During recordings, the chamber was continuously perfused with saline at 

a flow rate of 1 ml min−1 via a gravity feed system and a vacuum pump was used to 

remove excess solution from the chamber (Figure 2.2B).  

 

                                                              

Figure 2.2| Preparation setup. (A) Schematic illustrating the placement of pins in the 

isolated Lymnaea CNS preparation. (B) Diagram of the electrophysiological recording 

chamber, demonstrating where the isolated CNS was placed and where the extracellular 

saline entered and exited the bath. Abbreviations: CC- cerebral commissure, LBG – left 

buccal ganglia, RBG- right buccal ganglia, LCG- left cerebral ganglia, RCG- right 

cerebral ganglia, MLN- medial lip nerve. 

 

A.                                                      B.  



  

50 
 

2.2.3   Electrophysiology: Current clamp recordings 

Micropipettes for current clamp recordings were made from borosilicate glass capillaries 

with filaments (OD 1.5 mm, ID 0.6 mm; Harvard Apparatus, UK) and pulled using the 

P-30 vertical micropipette puller (Sutter Instrument, USA). Micropipettes were backfilled 

with 4 M potassium acetate solution (Sigma-Aldrich, UK) and the tip was dipped in black 

indian ink (Windsor and Newton, UK) to aid impalement into neurons. The resistance of 

microelectrodes were between 10-15 MΩ. In experiments that required the injection of 

pharmacological agents into the cell, the resistance was lowered to 4-7 MΩ.  

Microelectrodes were connected to preamplifier headstages and signals were amplified 

using the Axoclamp 2B amplifier (AxonInstruments, USA). Prior to impalement of the 

CGCs, microelectrodes were bridge balanced to nullify the voltage drop across the 

microelectrode. Following impalement, there was a 10 minute acclimatisation period in 

HEPES-buffed saline for every preparation to allow for the CGC RMP and firing 

frequency to stabilise. 

Amplified analogue signals were digitised using the Digidata 1440A (AxonInstruments, 

USA) at a sampling frequency of 5 KHz. The data was recorded on a PC running 

AxoScope® and Clampex® and analysed offline in Clampfit® from the pClamp version 

10.5 software package (Molecular Devices, USA). 

 

2.2.3.1   Protocol to evoke CGC action potentials   

Current injections during intracellular recordings of the CGCs was performed in 

Clampex® to assess the properties of evoked action potentials. The protocol involved 

artificially depolarising CGCs from the RMP with a 5 second 2 nA square wave pulse. 

This protocol was repeated three times over a 2 minute period and responses were 

averaged offline in Clampfit®.  

 

2.2.3.2   Protocol for injection of pharmacological agents into CGCs  

In experiments involving the administration of pharmacological agents into the 

intracellular environment of the CGCs, a depolarising pulse protocol was performed in 

Clampex® to facilitate the influx of agents. This protocol consisted of a series of 1 second 

0.5 nA square wave pulse generated every 15 seconds during the 60-90 minute 

experimental recordings. 
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2.2.4   Pharmacological agents to examine the role of OS 

2.2.4.1   Extracellular OS experiments  

This study utilised 2,2'-azobis (2-amidino-propane) dihydrochloride (AAPH; Sigma-

Aldrich, UK) to induce OS in the young Lymnaea CNS. AAPH is a water-soluble 

compound containing an azo group (-N=N-) that decomposes to produce peroxyl and 

hydroxyl radicals[273,243,291]. During recordings of the CGCs, the CNS was perfused with 

either 1, 3, 10 or 30 mM AAPH (dissolved in HEPES-buffered saline) for 30 minutes 

following the 10 minute control period (in HEPES-buffered saline only) to assess the 

acute extracellular effects of AAPH.  

In a small sub-set of experiments, 0.1, 0.3, 18 and 20 mM AAPH was also perfused over 

young CNS preparations.  

 

2.2.4.2   Intracellular OS experiments   

The effects of intracellular AAPH on CGC firing properties was examined. In these 

experiments, 60 mM and 600 mM AAPH (dissolved in 100 mM potassium acetate 

solution) was backfilled into the current passing microelectrode. Its influx into left CGCs 

was facilitated by passing a series of depolarising current pulses (section 2.2.3.2). 

Throughout the entire experimental recording (60-90 minutes), the whole CNS was 

perfused extracellularly with HEPES-buffered saline.  

 

2.2.4.3   Extracellular antioxidant experiments    

To examine whether antioxidants could prevent/reverse the effects of OS, preparations 

were perfused with 0.5 mM vitamin C (dissolved in HEPES-buffered saline; Sigma-

Aldrich, UK) and 7 mM vitamin E (dissolved in HEPES-buffered saline containing 0.01% 

DMSO; Sigma-Aldrich, UK) for 90 minutes in the old snails or 60 minutes before or after 

treatment with pro-oxidants in young snails.   

Note: Control experiments were conducted to assess the effects of DMSO on CGC firing 

frequency. The inclusion of 0.01% DMSO in the HEPES-buffered saline did not 

significantly alter young or old spontaneous CGC firing frequency over a 110 minute 

period when compared to preparations that been perfused in HEPES-buffered saline only 

(p>0.05 for both, n=6 RCGCs; mixed ANOVA with Bonferroni post-hoc analysis; data 

not shown). 
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2.2.5   Biochemical assays  

2.2.5.1   Protein quantification assay 

The protein concentration in isolated Lymnaea cerebral ganglia samples (where the CGCs 

are located) was measured spectrophotometrically using the Bradford (Coomassie Blue) 

assay. In this method, protein standards of bovine gamma-globulin (Bio-Rad, U.S.A) in 

the range of 1.25-25 μg/mL were made up in dH2O. The cerebral ganglia extracts were 

also prepared in dH2O at a dilution of 1 in 100. The standards and cerebral ganglia 

samples, as well as the ‘blank’ (composed only of dH2O and therefore contained no 

protein), were placed into microplate wells. This was then followed by the addition of an 

equal volume of the Quick Start Bradford Reagent (Bio-Rad, U.S.A) to these wells.   

There was a 5 minute incubation period at room temperature before the absorbance of the 

wells were measured at the wavelength of 595 nm. Each absorbance value was subtracted 

from the absorbance of the blank to correct for any background interferences caused, for 

example, by light scatter from the microplate. A standard curve was generated for each 

Bradford assay by plotting the absorbance readings vs. their protein concentration 

(μg/mL) to determine the unknown protein concentration in the cerebral ganglia samples 

(Figure 2.4A). 

 

2.2.5.2   Malondialdehyde assay   

Malondialdehyde (MDA) is a marker of OS, specifically lipid peroxidation[22]. An MDA 

assay was performed on the isolated cerebral ganglia samples to measure the extent of 

lipid peroxidation in this region of the CNS.  

Cerebral ganglia samples were homogenised by hand using a pestle in ice-cold KCl 

solution (1.15%, w/v; Sigma-Aldrich, UK) and then centrifuged for 10 minutes at 12,000 

x g at 4oC to yield the supernatant. Standards of MDA (Sigma-Aldrich, UK) were 

prepared in the range of 0.15-10 nmol/mL in deionised water (dH2O). In test tubes, 40 μL 

of the supernatant or standard were incubated in the presence of sodium dodecyl sulphate 

(8.1%, w/v; Sigma-Aldrich, UK), acetic acid (20%, v/v; Sigma-Aldrich, UK) and 

thiobarbituric acid (0.8%, w/v; Sigma-Aldrich, UK) at 95 °C for 1 hour. An additional 

test tube referred to as the ‘blank’ was also prepared and incubated with all these 

components with the exception of the supernatant or standard so that no MDA was 

present. 
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Following the reaction, the samples were centrifuged for 10 minutes at 12,000 x g to 

produce a clear supernatant. Samples were placed into microplate wells and the 

absorbance of the wells were measured at a wavelength of 532 nm. Each absorbance value 

was subtracted from the absorbance of the blank to correct for any background 

interferences. A standard curve was generated for each MDA assay by plotting the 

absorbance readings vs. their MDA concentration (nmol/mL) to determine the unknown 

MDA levels in the cerebral ganglia (Figure 2.3B).   

 

2.2.5.3   Protein carbonyl ELISA  

Protein carbonyls are highly reactive derivatives such as aldehydes and ketones that are 

generated when ROS oxidises the side chains of proteins and/or cleaves peptide 

bonds[298]. Thus, protein carbonyl is often utilised in experimental investigations as a 

marker of OS[164,8,92,353].  

In this study, a carbonyl assay was conducted on isolated cerebral ganglia samples. 

Samples were homogenised in 1% streptomycin sulphate solution (Sigma-Aldrich, UK), 

using a hand pestle and were left to incubate at room temperature for 30 minutes. Samples 

were then centrifuged at 4oC for 10 minutes at 6000 g to remove any nucleic acid.  

A protein quantification assay (section 2.2.6.1) was then conducted on the cerebral 

ganglia samples. Each sample was diluted to 10 µg/mL protein in 1X PBS saline. 

Standards of reduced/oxidised BSA (Cell BioLabs, USA) were prepared in test tubes in 

the range of 0.375-7.5 nmol/mg of protein carbonyl. A ‘blank’ was also prepared in a test 

tube containing only dH2O and no protein. The cerebral ganglia samples, standards and 

blank were added to the 96-well protein binding plate and the protein carbonyl ELISA 

was performed in accordance to the manufacturer’s instructions without any 

modifications (OxiSelect™ Protein Carbonyl Elisa Kit; Cell BioLabs, USA). 

Upon completion of the assay, the absorbance of the wells were measured at a wavelength 

of 450 nm. The absorbance values were subtracted from the absorbance of the blank to 

correct for any background interferences. A standard curve was generated for each protein 

carbonyl assay by plotting the absorbance readings vs. their protein carbonyl 

concentration (nmol/mg) to determine the unknown protein carbonyl levels in the cerebral 

ganglia (Figure 2.3C).    
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Figure 2.3| Sample standard curves for biochemical assays. (A) Bradford assay standard 

curve displaying protein concentration (μg/mL) vs. absorbance measured at 595 nm. 

Linear regression analysis of the Bradford standard curve showed that R2= 0.997. (B) 

MDA assay standard curve displaying MDA concentration (nmol/mL) vs. absorbance 

measured at 532 nm. Linear regression analysis showed that R2= 0.998. (C) Protein 

carbonyl standard curve illustrating protein carbonyl concentration (nmol/mg) vs. 

absorbance measured at 450 nm. Linear regression analysis showed that R2= 0.996. 

2.2.6   Short-term feeding behaviour experiments in Lymnaea  

Firstly, it is important to note that it would have been preferred to conduct a blinded study 

when investigating feeding behaviour in Lymnaea. However, due to differences in 

physical appearances between young and old snails (young snails were slightly smaller 

and their shells were much thinner and darker than old snails) and obvious impairments 

to feeding motor functions in snails injected with pharmacological agents, it was not 

possible to perform a blinded study with only a single experimenter in this thesis. In an 

attempt to reduce bias, all the events recorded within testing periods were measured and 

video recordings were utilised post-testing to corroborate the acquired results during 

analysis.  

The effects of age and the pro-oxidant, AAPH, on short-term feeding behaviour in 

Lymnaea were investigated using methods previously described by Staras et al. (1999) 

and Arundell et al. (2006)[21,419]. In brief, animals were removed from their main tank and 

housed in smaller tanks containing copper-free water for 3 days in a laboratory maintained 

  A.                                                                     B.  

    C.  
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between 20-22oC and set at a 12 hour light/dark cycle. Snails had free access to lettuce in 

the tanks, but were starved overnight prior to testing.  

An hour prior to feeding assessment, young snails were injected with either HEPES-

buffered saline (control) or with the AAPH saline to an estimated final concentration of 

0.3 mM or 3 mM. Old snails were only injected with the HEPES-buffered saline. Two 

hundred microliters of the control saline or AAPH saline was injected through the foot of 

the snail to access the haemolymph. The snail haemolymph volume was estimated to be 

approximately 1-1.2 mL (young and old, respectively) based on experiments where 

similarly sized snails were bled by touching the foot with a pair of forceps and 

encouraging the animals to withdraw into their shells maximally by exuding their 

haemolymph.  

Feeding responses of the snails were then examined by placing them in a 15 cm diameter 

petri dish containing 90 ml of copper-free water. Initially, the time taken for the snails to 

emerge (extension of both tentacles) from their shells during the 2 minute period was 

recorded. Importantly, snails that did not emerge (“non-emergers”) were excluded from 

subsequent stages of the behaviour experiments.  

Following this, 5 ml of copper-free water was gently dispersed around the lips of the 

snails that had emerged and all the number of bites were recorded over the next 2 minutes. 

At the end of this period, 5 ml of sucrose (0.01 M final bath concentration dissolved in 

copper-free water; Sigma-Aldrich, UK) was gently pipetted around the lips and the 

number of bites was recorded for a further 2 minutes. 0.01M sucrose was selected as the 

stimulus intensity as previous experiments conducted by Kemenes et al. (1986) and 

Arundell et al. (2006) demonstrated that 100% of young snails in a population generated 

feeding responses at this concentration[221,336].  

The emergence time, number of bites, bite duration and inter-bite interval were all 

recorded using the Lymnaea feeding software package developed by Staras et al. 

(1998)[420]. Video recordings of all behavioural experiments were conducted to enable 

offline frame-by-frame analysis. When behavioural experiments had concluded, the 

number of bites evoked by sucrose was subtracted from the number of bites in water to 

correct for any contributions the vehicle solution may have had on feeding. The feeding 

parameters from young, old and AAPH-treated young snails were then entered into 

Graphpad Prism 7 (GraphPad Software, USA) or SPSS (IBM statistics 24, USA) to 

determine the population mean value and conduct statistical analysis (section 2.2.9).  
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2.2.7   Current clamp data analysis 

2.2.7.1   Analysis of spontaneous action potentials parameters  

Analysis of the current clamp recordings was performed offline using Clampfit® from the 

pClamp version 10.5 software package. Traces were not filtered prior to analysis. The 

‘Template Search’ function in Clampfit® was used to measure at selected intervals 

(section 2.2.8.3), the following parameters: 1) spontaneous firing frequency; 2) RMP; 3) 

peak amplitude; 4) half-width, and; 5) fAHP amplitude.  

The ‘Fit’ function was used to generate the mAHP time constant by fitting an exponential 

curve from the peak of the fAHP to the 100 ms time point after the fAHP peak. The sAHP 

was assessed using the ‘Threshold search’ function, which measured the duration from 

the fAHP peak to the RMP. This ‘Threshold search’ function was also used to determine 

the CGC action potential threshold. Figure 2.4 illustrates how the AHP parameters and 

the RMP potential of the CGC action potentials were measured in Clampfit®.  

                                                                                                                    

20 mV

200 ms

sAHP (fAHP to RMP)

fAHP

RMP

mAHP

Threshold

 

Figure 2.4| Analysis of the AHP and RMP. The fAHP was measured as the amplitude 

from the action potential threshold to the negative going peak. The mAHP was 

measured by fitting an exponential curve from the fAHP peak to 100 ms after the fAHP. 

The sAHP measured as the duration from the end of the fAHP to the RMP. The RMP 

potential is measured once the CGC has repolarised following the generation of an 

action potential.   

The proportion of snails from each experimental group that demonstrated synchronous 

activity between the paired CGCs in a CNS preparation was also assessed in Clampfit®. 

CGC coupling was measured as 1:1 action potentials between the right CGC (RCGC) and 

left CGC (LCGC) over a 2 minute period at selected times intervals (section 2.2.8.3). 
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The averages for each action potential parameter were calculated and then entered in 

Graphpad Prism 7 to determine the population mean and conduct statistical analysis 

(section 2.2.9).  

 

2.2.7.2   Analysis of spike frequency adaptation  

The ‘Template search’ function in Clampfit® was used to measure the number and half-

width of the action potentials generated by the CGCs during the 5 second 2 nA 

depolarising current pulse (section 2.2.3.1) at selected intervals (section 2.2.8.3). This 

functionality also measured the instantaneous frequency (Hz) and inter-spike interval 

(ISI), which was used to construct an ‘instantaneous frequency (f) vs. time of spike (t)’ 

plot to analyse the following SFA parameters: the initial instantaneous firing frequency 

(f0), the steady state firing frequency (fss), the frequency of adaptation (Fadap), the time 

constant of adaptation (τadap) and the time constant of Ca2+ clearance (τCalcium)[472].  

A single exponential curve was fitted to the ‘f vs. t’ plot of each data set to yield the τadap 

(tau) and fss (plateau constant). The fss (Hz) and f0 (Hz) values was then used to calculate 

Fadap using equation 2.1. The τCalcium was calculated using the τadap and Fadap values in 

accordance to equation 2.2.[472]  

 

                                 Equation 2.1                 Fadap = (f0 - fss)/f0 

 

                                 Equation 2.2                 τCalcium = τadap/(1- Fadap) 

 

The calculated values for SFA parameters from each data set were entered in Graphpad 

Prism 7 to determine the population mean and conduct statistical analysis (section 2.2.9).  

 

2.2.7.3   Parameters analysed in each experimental investigation  

Analysis was primarily conducted on the RCGCs- except for when examining differences 

between paired CGCs- as voltage clamp experiments (Chapter 3) were to be performed 

on this particular CGC and therefore, alterations in ionic currents could be related back 

to changes in the action potential parameters. This was important because it has been 

observed that there are slight differences in the ion channel complement mediating the 

action potential waveform between the RCGC and LCGC (Yeoman MS, personal 

communication).     
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Action potential coupling was measured over a 2 minute duration (section 2.2.7.1), 

spontaneous action potential parameters over a 5 minute duration (section 2.2.7.1) and 

evoked action potential parameters over a 2 minute duration (section 2.2.3.1) from the 

trace recordings. Furthermore, the time intervals selected for the measurements of these 

parameters represented the period by which pharmacological agents had mediated their 

maximal effects on CGC firing properties (section 2.2.4).  

 

2.2.7.3.1   The effects of age and acute extracellular OS on CGC firing properties 

In experiments comparing differences between young controls, old and extracellular 

AAPH-treated young preparations (section 2.2.4.1), all spontaneous action potential 

parameters were measured at 40 minutes and all SFA parameters at 45 minutes from trace 

recordings of the RCGCs.   

Action potential coupling in all these preparations was also measured at 40 minutes from 

simultaneous recordings of the paired CGCs.  

 

2.2.7.3.2   Reversing alterations to CGC firing with age and acute extracellular OS    

To assess whether the effects of extracellular AAPH treatment on young CGC firing could 

simply be reversed by a HEPES-buffered saline washout period, spontaneous RCGC 

firing frequency was measured at various intervals. Initially at 5 minutes during the 

control period, then at 40 minutes following AAPH treatment and finally at 105 minutes 

after the HEPES-buffered saline wash.  

Analysis of reversal with antioxidants involved assessing spontaneous RCGC firing 

frequency, which was initially measured at 5 minutes during the control period of each 

experimental study. Then again as follows:  

� In the pre-AAPH antioxidant experiments, measurements were conducted at 70 

minutes following incubation in the antioxidant saline and then at 105 minutes 

following perfusion with the AAPH saline.  

� In the post-AAPH antioxidant experiments, measurements were conducted at 40 

minutes following perfusion in the AAPH saline and then again at 105 minutes 

following exposure to the antioxidant saline.  

� In experiments involving old CNS preparations, measurements were conducted at 

100 minutes following perfusion of the antioxidant saline.  
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2.2.7.3.3   The effects of intracellular OS on CGC firing properties  

In the intracellular OS experiments (section 2.2.4.2), action potential coupling and all 

spontaneous action potential parameters were measured at 60 minutes from recordings of 

the paired CGCs following intracellular injection of the control saline and AAPH saline. 

In a small sub-set of experiments, these measurements were also taken at 90 minutes.   

 

2.2.7.3.4   The stability of CGC firing frequency during experimental recordings 

To assess the stability of spontaneous RCGC firing frequency during an experiment, 

measurements in a sub-set of young and old control preparations were conducted every 

10 minutes over a 110 minute recording period. No electrophysiological experiments 

exceeded 110 minutes in this thesis. This analysis was performed to ensure that any 

alterations to CGC firing frequency was caused by the pharmacological agents and not 

by changes that may inherently occur in the CGCs when recording over time. 

Figure 2.5 reveals that RCGC firing frequency did not significantly change in young and 

old preparations during a 110 minute recording period in HEPES-buffered saline (p>0.05 

for both, n=6 RCGCs; repeated-measures ANOVA with Bonferroni post-hoc).  

 

 

   
 

 

 

 

Figure 2.5| Stability of CGC firing frequency. In both (A) young and (B) old control 

preparations, spontaneous CGC firing frequency did not significantly change during an 

experimental recording. Data shown as mean ± SEM, n=6 RCGCs. NS, p>0.05.  

2.2.8   Biochemical assay analysis  

Standard curves were generated for each assay to determine the unknown MDA 

concentration (section 2.2.5.2) and unknown protein concentration (section 2.2.5.3) in 

the Lymnaea cerebral ganglia samples, respectively. Values obtained from the Bradford 

   A.                                                                                B.  
Young CGCs

10 20 30 40 50 60 70 80 90 100 110
0

20

40

60

80

100

Time (min)

C
G

C
 F

ir
in

g
 F

re
q

u
e

n
c

y
 (

s
p

ik
e

s
/m

in
)

Old CGCs

10 20 30 40 50 60 70 80 90 100 110
0

10

20

30

Time (min)

C
G

C
 F

ir
in

g
 F

re
q

u
e

n
c

y
 (

s
p

ik
e

s
/m

in
)



  

60 
 

assay were multiplied by the amount of volume the cerebral ganglia sample was diluted 

in to correct for the dilution factor and thus obtain the real protein concentration.  

The concentration of MDA in the cerebral ganglia samples was then normalised to protein 

by dividing by the protein value calculated from the Bradford assay. This was conducted 

in Microsoft Excel® (Microsoft, USA) and the values generated were entered into 

GraphPad Prism 7 for statistical analysis (section 2.9). 

 

2.2.9   Statistical data analysis  

A Pearson’s chi-squared test was performed to determine whether the proportion of a 

categorical variable differed between two independent populations. This analysis was 

conducted in SPSS statistics 24. An unpaired t-test was performed on data containing two 

independent groups. A one-way ANOVA for independent groups or a repeated-measures 

ANOVA for related groups was conducted on data sets containing more than two groups. 

A two-way ANOVA was performed when data sets had two independent variables. These 

statistical tests were conducted in GraphPad Prism 7.  

When there was a significant difference following an ANOVA test, a Bonferroni multiple 

comparisons test was conducted in GraphPad Prism 7 to identify where the significant 

changes had occurred. The Bonferroni method was selected to reduce the likelihood of 

producing type I errors (incorrect rejection of the null hypothesis in favour of the 

alternative) when testing multiple hypotheses[80,320,86]. This method accomplishes this by 

dividing the p-value by the number of comparisons being performed to produce a new 

lower critical p-value[86]. While the Bonferroni test is regarded as quite conservative 

because of this, it reduces the possibility of drawing conclusions based on false positive 

results in this thesis[319].   

The following p-values indicated that there was a significant difference: *p<0.05, 

**p<0.01, and ***p<0.001. For non-significant (NS) values, p>0.05. All data in the 

results sections are presented as the mean ± standard error of the mean (SEM) and n 

denotes the sample size. Depending on the experimental study, n was representative of 

the following samples: 1) number of RCGCs each from recorded from an individual 

preparation; 2) number of LCGCs each recorded from an individual preparation; 3) 

number of paired CGCs (PCGCs) simultaneously recorded from an individual 

preparation; 4) number of snails utilised during in vivo experiments, or; 5) number of 

cerebral ganglia (CG; both right and left) isolated from an individual CNS preparation.
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2.3   Results 

2.3.1   Age-related changes to feeding behaviour in Lymnaea 

Short-term feeding behaviour experiments were conducted to assess whether there were 

any changes to feeding with increasing age, which would be strongly indicative of 

changes to CGC firing properties[21,508]. In both the young and old snail population, 

approximately 11% of the snails did not emerge from their shells when placed in the test 

arena and thus, there was no significant difference between the two populations (χ2=0, 

p>0.05, n=9 snails; Pearson’s chi-squared test; Figure 2.6A). Non-emergers were 

excluded from subsequent testing.   

Old snails took significantly longer to emerge than the young snails (p<0.001, n=8 snails; 

unpaired t-test; Figure 2.6B). In Figure 2.6C, the 0.01M sucrose stimulus evoked a 

significantly lower number of bites in old snails when compared to the young (p<0.05, 

n=8 snails; unpaired t-test). Rates decreased from 19 ± 2.3 sucrose bites min-1 in the 

young to 13.2 ± 0.7 sucrose bites min-1 in the old. This decrease in old snails was 

accompanied with a significant increase in the bite duration (p<0.05, n=8 snails; Figure 

2.6D) and inter-bite interval (p<0.001, n=8 snails; Figure 2.6E).  

Figure 2.6F displays images from the frame-by-frame video analysis demonstrating that 

the old snails had no issues with opening their mouths wide and protracting their radula 

out during a sucrose-evoked bite (white arrow) when compared to young snails (visual 

assessment only, n=8 snails). 
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Figure 2.6| Age-related changes to feeding behaviour. (A) Age did not affect the 

proportion of snails that emerged. However, it (B) increased the time it took for old 

snails to emerge from their shells, (C) decreased sucrose-evoked bites, and increased 

both (D) bite duration and (E) the inter-bite interval. (F) Image analysis (every 2 seconds 

during a 10 second period) shows that mouth opening and radula protrusion during a 

sucrose-evoked bite (white arrow) was not hindered with age. Data shown as mean ± 

SEM, n=8-9 snails per group. *p<0.05 (part D), **p<0.01 (part C) and ***p<0.001 vs. 

young snail (Part B and E). 
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2.3.2   Spontaneous CGC firing decreases in old snails 

In Figure 2.7A, sample traces of intracellular recordings from a young and old RCGC 

illustrates the decrease in firing frequency with increasing age. The reduction in 

spontaneous firing frequency in old CGCs was significant when compared to the young 

CGCs (p<0.01, n=7 RCGCs; unpaired t-test; Figure 2.7B). CGC firing rates decreased 

by ~70% from 62.8 ± 9.4 spikes min-1 in young snails to 20.1 ± 3.1 spikes min-1 in the 

old snails.  

The RCGC and LCGC in young and old snails fired in synchronicity in every preparation 

(χ2=0, p>0.05, n=7 PCGCs; Pearson’s chi-squared test; Figure 2.7C). 

 

     

Young CGC Old CGC
0

20

40

60

80

100

**

C
G

C
 F

ir
in

g
 F

re
q

u
e

n
c
y

 (
sp

ik
e

s/
m

in
)

5 s

20 mV

Old CGC

Young CGC

Young CGC Old CGC
0

50

100

150

%
 o

f 
C

G
C

 c
o

u
p

le
d

 p
a

ir
s

 
 

Figure 2.7| Age-related changes in spontaneous CGC firing frequency. (A) 

Representative sample trace of a young (top) and old (bottom) RCGC spontaneously 

firing. (B) Firing frequency significantly decreased with age, but there were (C) no 

alterations to CGC coupling. Data shown as mean ± SEM, n=7 RCGCs for part B and 

n=7 PCGCs for part C. **p<0.01 vs. young CGC. 
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2.3.3   Changes to the CGC AHP and RMP with age  

The age-related reduction in firing rates in Lymnaea may be due to the CGCs being in a 

more hyperpolarised state, which could be attributed to changes in the AHP and/or RMP.  

In Figure 2.8Ai, a representative example of a CGC action potential from a young and 

old preparation illustrates changes to the AHP with age. The fAHP amplitude increased 

significantly from -12.6 ± 0.1 mV in the young to -19.8 ± 0.8 mV in the old CGCs 

(p<0.001, n=7 RCGCs, unpaired t-test; Figure 2.8Aii). The sAHP duration also increased 

significantly from 582.8 ± 141.4 ms in the young CGCs to 2081.2 ± 259.8 ms in the old 

CGCs (p<0.05, n=7 RCGCs; Figure 2.8Aiii). The mAHP duration, however, did not 

significantly change with advancing age (p>0.05, n=7 RCGCs; data not shown). 

Figure 2.8B revealed that the RMP of old CGCs was significantly more hyperpolarised, 

by ~-16 mV, than that of young CGCs (p<0.01, n=7 RCGCs).  

 

   

Figure 2.8| Age-related changes to the AHP and RMP. (Ai) Representative RCGC action 

potential illustrating clear differences to the AHP between the young and old CGC. Both 

the (Aii) fAHP amplitude and (Aiii) sAHP duration increased significantly with age. (B) 

Old CGCs also had a significantly more hyperpolarised RMP than young CGCs. Data 

shown as mean ± SEM, n=7 RCGCs. **p<0.01 and ***p<0.001 vs. young RCGC.   
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2.3.4   Does the CGC action potential half-width or peak amplitude change with age?  

Figure 2.9Ai, a sample trace of RCGC action potential displays clear changes to the half-

width with age. The action potentials of old CGCs were significantly narrower, by ~20%, 

when compared to young CGC action potentials (p<0.01, n=7 RCGCs; unpaired t-test; 

Figure 2.9Aii).  

The peak amplitude of the CGC action potentials, however, did not significantly differ 

between the young and old CGCs (p>0.05, n=7 RCGCs; Figure 2.9B). 

 

                                        

 

 

 

 

 

 

                                        

 

 

 

 

 

Figure 2.9| Age-related changes to the half-width and peak amplitude. (Ai) Sample 

traces illustrates that the RCGC action potential narrowed with age and this change 

(Aii) was statistically significant. (B) The peak amplitude of the CGC action potential 

was not altered with age. Data shown as mean ± SEM, n=7 RCGCs. **p<0.01 vs. young 

CGC (part A).    

2.3.5   Age-related changes to CGC spike frequency adaptation  

Many neurons possess the ability to decrease their firing frequency in response to a 

constant depolarising input. This phenomenon is known as spike frequency adaptation 

(SFA). A recent investigation by Scutt (2012) demonstrated for the first time that the 

CGCs in Lymnaea exhibit SFA[393]. Furthermore, that study also showed that the 
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parameters and dynamics of SFA were altered with increasing age. Thus, the aim of the 

following section is to assess whether there are any changes to SFA in this ageing 

Lymnaea model.  

 

2.3.5.1   SFA exhibited by the CGCs from young and old Lymnaea  

Figure 2.10A displays the high frequency action potential bursts generated by a young 

and old right CGC during the depolarising current pulse evoked from the RMP. Both 

young and old CGCs exhibited SFA as demonstrated by the exponential decline in the 

representative ‘instantaneous frequency vs. time of spike’ plot in Figure 2.10B. 

Significantly less spikes were evoked in old CGCs when compared to young CGCs 

(p<0.01, n=7 RCGCs; unpaired t-test; Figure 2.10C). Young CGCs evoked an average 

of 23 ± 2.4 spikes/5s when depolarised, whereas old CGCs generated only 12 ± 0.8 

spikes/5s.  
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Figure 2.10| Age-related changes to evoked spiking frequency. (A) Sample traces of 

evoked spikes generated by a young (top) and old (bottom) RCGC. (B) The exponential 

decline of this plot reveals that both young and old CGCs exhibited SFA. (C) The 

frequency of evoked spikes during SFA decreased significantly with age. Data shown as 

mean ± SEM, n=7 RCGCs. **p<0.01 vs. young CGC. 
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2.3.5.2   Changes to basic SFA parameters in the CGCs with age  

Sample traces in Figure 2.11A illustrates changes to both initial (f0) and steady state (fss) 

instantaneous firing frequencies during SFA with age. f0 (Hz) was significantly slower in 

the old CGCs when compared to young CGCs (p<0.05, n=7 RCGCs; unpaired t-test; 

Figure 2.11B). The mean f0 (Hz) value calculated in the young was 12.1 ± 0.5 Hz and 

this decreased to 8.5 ± 1.1 Hz with age. fss (Hz) was also significantly lower in the old 

CGCs when compared to the young (p<0.05, n=7 RCGCs; Figure 2.11C). Values were 

3.1 ± 0.6 Hz and 1.2 ± 0.5 Hz for the young and old CGCs, respectively.  

In Figure 2.11D, the % increase in half-width duration from the spike at f0 to the spike at 

fss did not significantly differ between young and old CGCs (p>0.05, n=7 RCGCs). 

 

 

                                                                                                                                                                                                                                                                                                                                                                     

 

 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11| Age-related changes to f0 (Hz) and fss (Hz). (A) Sample traces of SFA 

exhibited by a young (top) and old (bottom) RCGC. Both (B) f0 (Hz) and (C) fss (Hz) 

were significantly slower in the old CGCs when compared to young CGCs. (D) The % 

increase in the half-width duration from f0 to fss did not significantly change with age. 

Data shown as mean ± SEM, n=7 RCGCs. *p<0.05 vs. young CGC.   

A.                                                                                   B.                                            
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2.3.5.3   Do the dynamics of SFA change in the CGCs with age?  

The strength of adaptation (Fadap) and speed of adaptation (τadap) was assessed to 

determine whether the dynamics of SFA was altered in ageing CGCs. Analysis of τadap 

(Figure 2.12A) and Fadap (Figure 2.12B) revealed no significant changes with age 

(p>0.05, n=7 RCGCs; unpaired t-test).  

Fadap and τadap were subsequently used to calculate the time constant of Ca2+ clearance 

(τCalcium) in the young and old CGCs in accordance to Equation 2.2. There was no 

significant difference in τCalcium between young and old CGCs (p>0.05, n=7 RCGCs; 

unpaired t-test; Figure 2.12C).  
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Figure 2.12| Age-related changes to SFA dynamics. (A) τadap, (B) Fadap and (C) τCalcium 

did not significantly change with increasing age in the CGCs. Data shown as mean ± 

SEM, n=7 RCGCs. NS, p>0.05 vs. young CGC.   

 

2.3.6   Acute extracellular AAPH treatment induces an ageing-like phenotype in 
young Lymnaea  

In mammalian CNS studies, it has often been hypothesised that OS plays an instrumental 

role in the decline of neuronal excitability with age. Work previously on the RPeD1 

neuron in the Lymnaea CNS has also conclusively shown that experimental OS can mimic 
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the effects of ageing in this neuron[476,478]. Evidence that OS is a major driver of CGC 

ageing is at best circumstantial and if OS is causal in CGC ageing there is, to date, no 

detailing the mechanisms by which OS reduces CGC firing[477]. Thus, the aim 

experiments in this section was to examine CGC firing properties in the presence of the 

pro-oxidant generator, AAPH. 

 

2.3.7   The effects of AAPH on young Lymnaea stagnalis feeding behaviour 

Experiments in this chapter previously demonstrated that ageing in Lymnaea was 

associated with a decrease in the frequency of sucrose-evoked bites. Thus, it was of 

interest to observe whether acute AAPH treatment in young snails could mimic the ageing 

feeding behaviour phenotype.  

Whilst all the control (HEPES-buffered saline injected) snails and 0.3 mM AAPH 

injected snails emerged from their shells, approximately 50% of the 3 mM AAPH injected 

snails did not emerge from their shells within the 2 minute test period (χ2=9.6, p<0.001 

for both groups, n=8 snails; Pearson’s chi-squared test; Figure 2.13A). Non-emergers 

were excluded from participating in subsequent stages of feeding behaviour experiments.  

Figure 2.13B reveals that the 3 mM AAPH injected snails took significantly longer to 

emerge when compared to both the control and 0.3 mM AAPH injected snails (p<0.001 

for both groups, n=4-8 snails; one-way ANOVA with Bonferroni post-hoc analysis). The 

0.3 mM AAPH injected snails also emerged significantly slower than control snails 

(p<0.001, n=8 snails).  
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Figure 2.13| AAPH alters the young Lymnaea emergence response. (A) Every control 

and 0.3 mM AAPH injected snails emerged, whilst only 50% of the 3 mM AAPH 

injected snails emerged. (B) All AAPH injected snails emerged significantly slower from 

their shells (in a concentration-dependent manner) when compared to control snails. 

Data shown as mean ± SEM, n=4-8 snails. ***p<0.001.   
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The 3 mM AAPH injected young snails that emerged from their shells failed to generate 

any bites when presented with the 0.01 M sucrose stimulus. These snails appeared to 

sense the sucrose that had been dispensed around their lips as it was observed that they 

emerged further out from their shells and that their tentacles became more elongated 

(visual assessment only; n=4 snails; Figure 2.14A). The lack of sucrose-evoked bites in 

these snails meant that other feeding behaviour parameters could not be investigated.  

0.3 mM AAPH injected young snails produced significantly fewer sucrose-evoked bites 

than the controls (p<0.001, n=8 snails; one-way ANOVA with Bonferroni post-hoc 

analysis; Figure 2.14B). There was a significant decrease in the bite duration (p<0.01, 

n=8 snails; Figure 2.14C) and a significant increase in the inter-bite interval (p<0.001, 

n=8 snails; Figure 2.14D) in these snails.  

Images from frame-by-frame video analysis in Figure 2.14Ei-ii shows that the 0.3 mM 

AAPH injected young snails also had serious issues with opening their mouths as wide 

as the controls and struggled to protract their radula out of the open mouth (visual 

assessment only; n=8 snails). 
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Figure 2.14| AAPH alters feeding in young Lymnaea. (A) Image analysis (over a 24 s 

interval) demonstrates that 3 mM AAPH injected snails were able to sense sucrose when 

it was applied near their lips (red cross), despite not evoking any bites. Snails 

transitioned from being relatively stationary in the absence of sucrose to more active 

(black arrows) when presented with the stimulus. (B) 0.3 mM AAPH injected snails 

evoked significantly less bites than control snails. This decrease was associated with an 

increase in the (C) bite duration and (D) inter-bite interval. (Ei-Eii) Frame-by-frame 

analysis illustrates that the 0.3 mM AAPH injected snails were unable to open their 

mouths wide and protract their radula out (red arrow) during a sucrose-evoked bite. 

Data shown as mean ± SEM, n=4-8 snails. **p<0.01 and ***p<0.001 vs. control. 

 

2.3.8   Acute extracellular AAPH decreases spontaneous firing of the young CGCs  

To investigate whether the effects of acute extracellular AAPH treatment on CGC firing 

properties were dose-dependent, 1, 3, 10 and 30 mM AAPH were selected as the 

concentrations to be utilised, as they all mediated their effects on young CGCs within 30 

minutes. It was important for AAPH to have an effect in 30 minutes or less, as this greatly 

improves the stability required for voltage-clamp recordings (Chapter 3).  

Concentrations <1 mM AAPH, including 0.1 mM and 0.3 mM, both failed to significantly 

reduced CGC firing frequency within 30 minutes (p>0.05 for both, n=5 RCGCs; one-

way ANOVA with Bonferroni post-hoc analysis; data not shown). Even when perfused 

for a longer duration of 90 minutes, there were no alterations to CGC firing frequency 

with these lower AAPH concentrations (p>0.05 for both, n=5 RCGCs; data not shown).   

In Figure 2.15A, sample traces of intracellular recordings from young preparations 

demonstrate that there is a reduction and eventual inhibition of CGC firing in response to 

increasing AAPH concentrations from 1 mM to 30 mM. Figure 2.15B revealed the lowest 

concentration, 1 mM, caused a 41% decrease in firing frequency that was significantly 

different when compared to the control (p<0.05, n=8 RCGCs; one-way ANOVA with 

Bonferroni post-hoc analysis). Rates decreased from 62.9 ± 9.5 spikes min-1 in the control 

to 36.1 ± 8.5 spikes min-1 with 1 mM AAPH. At the higher concentrations of 3 mM and 

10 mM AAPH there was over a 50% reduction in the CGC firing rate. Firing frequency 

significantly decreased to 26.1 ± 9.2 spikes min-1 at 3 mM (p<0.001, n=8 RCGCs) and 

31.9 ± 2.6 spikes min-1 at 10 mM AAPH (p<0.05, n=8 RCGCs). Interestingly, exposure 

to 30 mM AAPH completely inhibited spontaneous CGC firing (p<0.001, n=8 RCGCs).  



  

73 
 

The highlighted light grey area of the curve in Figure 2.15B displays the steady decrease 

in the firing frequency from 1-10 mM AAPH. The area highlighted in dark grey shows 

the steep decline in CGC firing rate following application of 30 mM AAPH.  

Recordings conducted at 18 and 20 mM AAPH (n=2 RCGCs; data not shown) 

demonstrated that there was no gradual decline to the inhibition of CGC firing between 

10-30 mM AAPH as the firing frequency at 18 mM resembled values seen at 3 and 10 

mM, whilst 20 mM resulted in the complete inhibition of CGC firing.  
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Figure 2.15| Acute extracellular AAPH alters young CGC firing frequency. (A) Sample 

traces showing firing of RCGCs following exposure to 1-30 mM AAPH.  (B) There was 

a significant reduction in firing frequency with increasing AAPH concentrations (1-10 

mM), which was followed by complete suppression of firing with 30 mM AAPH. Data 

shown as mean ± SEM, n=8 RCGCs. *p<0.05, **p<0.01, ***p<0.001 vs. control.  

 

2.3.9  Effect of acute extracellular AAPH on young CGC action potential 
synchronicity 

Sample traces in Figure 2.16A of a paired RCGC and LCGC demonstrates that exposure 

to the highest concentration of AAPH, 30 mM, alters CGC coupling. Prior to complete 

cessation of spontaneous CGC firing, 30 mM AAPH significantly impaired CGC 

synchronicity in approximately 40% of preparations as firing slowed down (χ2=12.9, 

p<0.01 vs. each group, n=8 PCGCs; Pearson’s chi-squared test; Figure 2.16B). 
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Conversely, CGCs fired in synchronicity in every control and 1-10 mM AAPH-treated 

preparations (χ2=0, p>0.05, n=8 PCGCs; Pearson’s chi-squared test).   
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Figure 2.16| CGC coupling following acute extracellular AAPH treatment. (A) Sample 

traces displaying alterations to synchronicity between the paired RCGC and LCGC 

following treatment with 30 mM AAPH. (B) The control and 1-10 mM AAPH-treated 

CGCs were coupled in every preparation, but only 60% of the CGCs were coupled in 

the 30 mM AAPH preparations. Data shown as mean ± SEM, n=8 PCGCs. **p<0.01 vs. 

control. 
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2.3.10   Changes to the RMP and AHP of the young CGC action potential during 
acute extracellular AAPH treatment  

Inhibition of spontaneous CGC firing by 30 mM AAPH meant that it was only possible 

to analyse the CGC RMP from this group. 

In Figure 2.17A, sample traces clearly demonstrate that both 3 and 10 mM AAPH altered 

the AHP amplitude and duration of spontaneously evoked RCGC action potentials in 

young preparations. Indeed, the fAHP amplitude significantly increased following 3 and 

10 mM AAPH treatment (p<0.01, n=8 RCGCs; one-way ANOVA with Bonferroni post-

hoc analysis; Figure 2.17B). However, 1 mM AAPH did not significantly alter the fAHP 

amplitude when compared to the control (p>0.05, n=8 RCGCs).  

Treatment with 3 and 10 mM AAPH also significantly increased the sAHP duration when 

compared with the control (p<0.001 and p<0.05 respectively, n=8 RCGCs; one-way 

ANOVA with Bonferroni post-hoc analysis; Figure 2.17C). 1 mM AAPH only slightly, 

but not significantly, increased the sAHP (p>0.05, n=8 RCGCs).  

There was no significant difference to the RMP between the 1-30 mM AAPH-treated 

young CGCs and the young control CGCs (p>0.05, n=8 RCGCs; one-way ANOVA; 

Figure 2.17D). 
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Figure 2.17| Acute extracellular effects of AAPH on the RMP and AHP. (A) Sample 

traces of young RCGC action potentials illustrate changes to the AHP following 

treatment with 3 and 10 mM AAPH. There was a significant increase in both the (B) 

fAHP amplitude and (C) sAHP duration when compared to the control. 1 mM AAPH 

did not significantly alter AHP parameters. (D) 1-30 mM AAPH treatment did not 

change the CGC RMP. Data shown as mean ± SEM, n=8 RCGCs.*p<0.05, **p<0.01, 

***p<0.001 vs. control. 

 

2.3.11   Does acute extracellular AAPH treatment alter the half-width and peak 
amplitude of the young CGC action potential? 

Perfusion of young CNSs with 1-10 mM AAPH substantially reduced the half-width of 

the CGC action potentials, although this did not reach statistical significance (p>0.05, 

n=8 RCGCs; one-way ANOVA; Figure 2.18A). Figure 2.18B demonstrated that AAPH 

did not alter the peak amplitude of young CGC action potentials (p>0.05, n=8 RCGCs).  

    A.                

 

                                                 

 

    B.                                                                              C. 

 

                                                 

                                                             

 

                                                                D. 



  

77 
 

 

9

10

11

12

13

14

-3.0 -2.5 -2.0 -1.5Control

                          Log AAPH Concentration (M)

H
a

lf
-w

id
th

(m
s)

70

75

80

85

90

-3.0 -2.5 -2.0 -1.5Control

                          Log AAPH Concentration (M)

P
e

a
k
 A

m
p

li
tu

d
e

 (
m

V
)

 

Figure 2.18| Acute extracellular effects of AAPH on the half-width and peak amplitude. 

1-10 mM AAPH treatment (A) slightly narrowed young CGC action potentials, but (B) 

did not alter the peak amplitude. Data shown as mean ± SEM, n=8 RCGCs. NS, p>0.05.   

 

2.3.12   The extracellular effects of AAPH on young CGC SFA 

Results so far have demonstrated that acute treatment with extracellular AAPH can mimic 

many of the changes observed in the CGC firing properties of old snails. Whilst the 

dynamics of SFA did not significantly change with age, it was still of interest to examine 

whether AAPH could affect this property of the CGCs.    

 

2.3.12.1   The acute effects of AAPH on evoked CGC action potentials 

In Figure 2.19A, sample traces demonstrate changes to the number of young RCGC 

spikes evoked during a depolarising pulse from the RMP following acute extracellular 

treatment with 1-30 mM AAPH.  

A representative ‘instantaneous frequency vs. time of spike’ plot in Figure 2.19B reveals 

that all the control and 1-30 mM AAPH-treated young CGCs exhibited SFA as there was 

an exponential decay. Young CGCs treated with 3 and 10 mM AAPH evoked 

significantly fewer action potentials than both control and 1 mM AAPH-treated young 

CGCs during SFA (p<0.05 and p<0.01, respectively, n=8 RCGCs; one-way ANOVA 

with Bonferroni post-hoc analysis; Figure 2.19C). There was no significant difference 

between the control and 1 mM AAPH-treated CGCs (p>0.05, n=8 RCGCs). 30 mM 

AAPH-treated CGCs evoked significantly fewer spikes than the control and 1-10 mM 

AAPH-treated CGCs during SFA (p<0.001, n=8 RCGCs).  
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Figure 2.19| Acute extracellular effects of AAPH on SFA. (A) Sample traces of evoked 

RCGC action potentials in the control and 1-30 mM AAPH-treated preparations. (B) 

The representative plot shows that each CGC group exhibited SFA, hence the 

exponential decay. (C) CGCs exposed to 3-30 mM AAPH evoked significantly fewer 

spikes during SFA than both the control and 1 mM AAPH-treated CGCs. Data shown 

as mean ± SEM, n=8 RCGCs. *p<0.05, **p<0.01, ***p<0.001 vs. control and 1 mM 

AAPH. 
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2.3.12.2   The acute effects of extracellular AAPH treatment on f0 (Hz) and fss (Hz) 
during SFA in young CGCs 

 

f0 (Hz) in young CGCs treated with 30 mM AAPH was significantly slower than the 

control and 1-10 mM AAPH-treated CGCs (p<0.05, n=8 RCGCs; one-way ANOVA with 

Bonferroni post-hoc analysis; Figure 2.20A). 1-10 mM AAPH did not significantly alter 

f0 (Hz) (p>0.05, n=8 RCGCs).   

Due to the very low number of CGC spikes evoked in 30 mM AAPH, the mean fss (Hz) 

could not be calculated.  fss (Hz) decreased in the 1-10 mM AAPH-treated CGCs, although 

this was not significant when compared to control CGCs (p>0.05, n=8 RCGCs; Figure 

2.20B).   

The % increase in half-width duration from f0 to fss only significantly differed from the 

control CGCs following treatment with 30 mM AAPH, which caused a decrease 

(p<0.001, n=8 RCGCs; Figure 2.20C).  
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Figure 2.20| Does acute extracellular AAPH alter SFA parameters? (A) 30 mM AAPH 

significantly decreased fo (Hz), but 1-10 mM AAPH did not when compared to control 

CGCs. (B) fss (Hz) substantially decreased following 1-10 mM AAPH treatment when 

compared to the control. (C) The % increase in the half-width duration from f0 to fss 

only significantly changed in the 30 mM AAPH-treated CGCs via a reduction. Data 

shown as mean ± SEM, n=8 RCGCs. **p<0.01 (part A), ***p<0.001 (part C) vs. control. 
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2.3.12.3   Does AAPH alter SFA dynamics?   

Neither Fadap nor τadap changed significantly between the control and 1-10 mM AAPH 

preparations (p>0.05, n=8 RCGCs; one-way ANOVA with Bonferroni post-hoc analysis; 

Figure 2.21A and B, respectively). Due to the lack of action potentials evoked by the 

CGCs during exposure to 30 mM AAPH (see Figure 2.19A) it was not possible to 

calculate the values for these SFA parameters.  

τCalcium also did not significantly differ between the control and 1-10 mM AAPH 

preparations (p>0.05, n=8 RCGCs; Figure 2.21C).  
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Figure 2.21| Acute extracellular AAPH does not alter SFA dynamics. (A) Fadap, (B) τadap 

and (C) τCalcium did not significantly differ between control and the 1-10 mM AAPH 

treated CGCs. Data shown as mean ± SEM, n=8 RCGCs, NS, p>0.05. 
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2.3.13   Result summary of the changes to the CGC action potential parameters with 
increasing age and acute extracellular OS 

 

 

 

Table 2.1| Spontaneous and evoked CGC action potential parameters of old and 3 mM 

AAPH-treated young CGCs compared to the young control CGCs. Red upward or 

downward facing arrows indicate a significant increase or decrease of the parameter, 

respectively. Black upward or downward facing arrows indicate a substantial (>20% 

change) but not significant increase or decrease of the parameter, respectively. Data 

shown as mean ± SEM, n=7-8 RCGCs for parameter. *p<0.05, **p<0.01 and ***p<0.001 

vs. young CGCs. NS, not statistically significant. 

 
 

CGC 
Parameter 

Young Control CGC 
values 

Parameter altered in old 
CGCs? 

Parameter altered in 3 
mM AAPH-treated 

young CGCs? 
 

Spontaneous CGC Action Potentials 
 
Firing 
Frequency 

 
62.8 ± 9.4  spikes min-1 

  

  20.1 ± 3.1 spikes min-1  (**) 26.1 ± 9.2  spikes min-1 (*) 

 
fAHP 

 
-12.6 ± 0.1 mV 

  

 -19.8 ± 0.8 mV (***)  -18.7 ± 1.2 mV (**) 
 

 
sAHP 

 
582.8 ± 141.4 ms 

  

 2081.2 ± 259.8 ms (***)    1946 ± 378.3 ms (***) 
 

 
RMP 

 
-57.1 ± 2.6 mV 

 

No Change 

 -70.1 ± 0.3 mV (***) -60.6 ± 2.5 mV (NS) 
 

 
Half-Width 

 
13.4 ± 1.4 ms 

  

 9.3 ± 0.4 ms (**) 9.9  ± 0.7 ms (NS) 
 

 
Peak 
Amplitude 

 
78.8 ± 1.7 mV 

No Change No Change 

81.9 ± 3.3 mV (NS) 80.9  ± 1.9 mV (NS) 
Evoked CGC Action Potentials 

Firing Rate  
23 ± 2.4 spikes/5s 

 
 

 

 12 ± 0.8 spikes/5s (**) 19.1 ± 0.1 spikes/ 5s (*) 
f0 (Hz)  

12.1 ± 0.5 Hz 

  

 8.5 ± 1.1 Hz (*) 9.37 ± 0.4 Hz (NS) 

fss  (Hz)  
3.1 ± 0.6 Hz 

 
 

 

 1.79 ± 0.3 Hz (*)    2.3 ± 0.6 Hz (NS) 
 

Fadap  
0.79 ± 0.1 

No Change No Change 

1.24 ± 0.3 (NS) 0.81 ± 0.1 (NS) 
 

τadap  
0.95 ± 0.2 s 

No Change No Change 

 1.04 ± 0.4 s (NS) 0.92 ± 0.2 s (NS) 
 

τCalcium  
5.6 ± 1.5 s 

No Change   No Change 

 7.74 ± 2.4 s (NS) 6.3 ± 1.3 s (NS) 
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2.3.14   The ability of acute extracellular AAPH treatment to induce OS in the young 
Lymnaea CNS  

Given that acute extracellular AAPH treatment caused young CGCs to mimic many age-

related changes of CGC firing properties, it was important to determine whether AAPH 

was inducing OS to elicit these changes. In addition, the possibility of reversing the 

effects of acute extracellular AAPH as well as age on CGC firing was also examined.  

Dose-response analysis of acute extracellular AAPH on spontaneous and evoked CGC 

firing properties (section 2.3.8), showed that 3 mM AAPH was capable of accurately 

mimicking many of the age-related changes to CGC firing properties. Results from 10 

mM AAPH were not significantly different from those observed with 3 mM AAPH and 

therefore, 3mM AAPH was selected as the only concentration to be used in subsequent 

experiments in this thesis.  

  

2.3.14.1   Does 3 mM AAPH treatment mimic age-related changes to OS markers?   

To determine whether AAPH’s ability to induce an ageing phenotype in young CGCs is 

due to its pro-oxidant capacity, both protein carbonyl and MDA levels were assessed. 

Protein carbonyl is a protein that has been oxidised forming a carbon-oxygen double bond 

on the amino acids converting them into reactive aldehydes and ketones[89]. MDA is a 

reactive aldehyde formed following oxidation of lipids[22]. These common OS markers 

were measured in the cerebral ganglia (CG) that had been individually isolated from the 

whole CNS to determine whether this region, where the CGCs are located, is susceptible 

to OS. 

Protein carbonyl levels in old CG samples were significantly higher than young CG 

samples (p<0.05, n=6 CGs; one-way ANOVA with Bonferroni post-hoc analysis, Figure 

2.22A). Protein carbonyl levels in young CG samples treated with 3 mM AAPH were 

also significantly higher than the young control CG (p<0.05, n=6 CGs) and thus 

mimicked old preparations (p>0.05, n=6 CGs). 

Figure 2.22B shows that MDA levels were significantly elevated in both the old CG 

(p<0.01, n=7 CGs) and the 3 mM AAPH-treated young CG (p<0.001, n=7 CGs) when 

compared to the young control CG. MDA levels did not significantly differ between the 

old CG and 3 mM AAPH-treated young CG samples (p>0.05, n=7 CGs).  
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Figure 2.22| Changes to OS markers with age and acute extracellular AAPH treatment.  In 

the old CGs there was a significant increase in both (A) protein carbonyl and (B) MDA 

levels when compared to the young control CGs. This elevation with age was mimicked by 

the 3 mM AAPH-treated young CG samples. Data shown as mean ± SEM, n= 6-7 CGs. 

*p<0.05, **p<0.01 and ***p<0.001 vs. young CG.  

 

2.3.14.2   Can antioxidants reverse the decrease to CGC firing frequency and 
increase in OS with increasing age? 

Treating old preparations with the antioxidant combination saline (0.5 mM vitamin C and 

7 mM vitamin E) did not significantly reverse the age-related reduction to spontaneous 

CGC firing frequency (p>0.05, n=8 RCGCs; paired t-test; Figure 2.23A). 

Furthermore, the antioxidant combination saline failed to significantly reverse the age-

related increase to MDA levels in old CG samples (p>0.05, n=8 CGs; unpaired t-test; 

Figure 2.23B).  
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Figure 2.23| Antioxidant treatment in old Lymnaea. The antioxidant combination saline 

failed to significantly (A) increase old CGC firing frequency and (B) decrease MDA 

levels in the old CG. Data shown as mean ± SEM, n=8 RCGCs and CGs for part A and 

part B, respectively. NS, p>0.05.  
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2.3.14.3   Are the effects of acute extracellular AAPH treatment on young CGC 
firing frequency reversible? 

To assess whether the effects of 3 mM AAPH on CGC spontaneous firing frequency was 

reversible, AAPH-treated young CNSs were continually washed with HEPES-buffered 

saline for 1 hour (section 2.2.7.3). Sample traces of spontaneous RCGC firing in Figure 

2.24Ai demonstrates this experiment. CGC firing frequency was significantly reduced by 

3 mM AAPH (p<0.001, n=8 RCGCs; one-way ANOVA with Bonferroni post-hoc 

analysis; Figure 2.24Aii) and was still significantly lower following the HEPES-buffered 

saline wash (p<0.001, n=8 RCGCs). There was no significant difference between CGC 

firing rates during 3 mM AAPH treatment and following the HEPES-buffered wash 

(p>0.05, n=8 RCGCs).  

Bathing young preparations with the antioxidant combination saline (0.5 mM vitamin C 

and 7 mM vitamin E) following 3 mM AAPH treatment, significantly reversed the effects 

of AAPH on CGC firing (p<0.01, n=6 RCGCs). Consequently, CGC firing frequency 

was no longer significantly different from the control (p>0.05, n=6 RCGCs). 

Furthermore, pre-incubation of young CNSs with the antioxidants prior to extracellular 3 

mM AAPH exposure prevented the decrease to CGC firing (p>0.05, n=6 RCGCs; Figure 

2.24C). Both pre- and post-treatment with each individual antioxidant showed a trend to 

increase CGC firing frequency, but these changes were not significant (p>0.05, n=6 

RCGCs; data not shown).  

Pre-treatment with the antioxidant combination saline prevented the increase in MDA 

levels in the young CG that was typically observed following 3 mM AAPH treatment 

(p<0.01, n=6 CGs; one-way ANOVA with Bonferroni post-hoc analysis; Figure 2.24D). 

Furthermore, post-treatment with the antioxidants significantly decreased MDA levels in 

the young CG that had been initially elevated by 3 mM AAPH (p<0.05, n=6 CGs). There 

was no significant difference in the MDA levels between the control CG samples and 

those in the AAPH-treated CG samples that were pre- or post-treated with the antioxidant 

combination saline (p>0.05, n=6 CGs).  

At present, it has not been explored in this study whether the antioxidant combination 

saline can also prevent/reverse the increase in protein carbonyl levels in the 3 mM AAPH-

treated or old CG samples. Thus, it will be very interesting to examine this in future 

experiments.  
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Figure 2.24| Antioxidant treatment in acute extracellular AAPH-treated young 

Lymnaea. (Ai-Aii) Sample traces and the corresponding graph, revealed that the 

reduction of CGC firing frequency by 3 mM AAPH could not be reversed by a HEPES-

buffered saline wash. Post-incubation of the antioxidant combination saline (B) 

significantly reversed the decrease in CGC firing caused by 3 mM AAPH, whilst pre-

incubation (C) prevented its detrimental effects on firing. (D) The significant increase 

to MDA levels in the young CG by 3 mM AAPH could be prevented and significantly 

reduced by pre-treatment and post-treatment, respectively, with antioxidants. Data 

shown as mean ± SEM, n=8 RCGCs for part A-C and n=6 CGs for part D. *p<0.05, 

**p<0.01 and ***p<0.001. 
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2.3.15   The acute effects of intracellular AAPH on young CGC firing properties  

This chapter has shown that acute extracellular AAPH exposure caused young CGCs to 

mimic many of the age-related changes to CGC firing properties (Table 2.1). These 

changes are believed in part to be due AAPH’s pro-oxidative capacity as young 

preparations exposed to 3 mM AAPH had elevated protein carbonyl and MDA levels and 

its detrimental effects on firing could be prevented/reversed with antioxidants.  

To further explore the mechanisms by which AAPH mediates its effects upon the CGCs, 

a series of experiments were designed to investigate whether intracellular AAPH 

treatment could better mimic the effects of age on the CGCs. To test this idea, AAPH was 

added to the current injecting microelectrode so that it could be applied intracellularly 

following a series of depolarising pulses (section 2.2.3.2).  

 

2.3.15.1   Does intracellular AAPH decrease CGC firing and alter synchronicity? 

Figure 2.25A displays sample traces of spontaneous action potentials elicited from the 

paired young CGCs in each treatment group.  LCGCs were impaled with microelectrodes 

containing AAPH (0-600 mM), while RCGCs (in the same preparation) were impaled 

with a microelectrode containing 100 mM potassium acetate and thus, acted as the 

control.  

Firing frequency between the AAPH-treated LCGCs (0-600 mM) and the corresponding 

control RCGCs did not significantly differ (p>0.05, n=6 PCGCs; two-way ANOVA with 

Bonferroni post-hoc analysis; Figure 2.25B). Furthermore, the firing rates between the 

AAPH-treated LCGCs and between the control RCGCs did not significantly differ as 

microelectrode AAPH concentration increased (p>0.05, n=6 LCGCs and RCGCs).  

Intracellular AAPH treatment did not hinder the paired CGCs ability to fire 

synchronously, regardless of the AAPH concentration present in the microelectrode 

(χ2=0, p>0.05, n=6 PCGCs; Pearson’s chi-squared test; Figure 2.25C).  
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Figure 2.25| Intracellular effects of AAPH on CGC firing frequency. (A) Sample traces 

of spontaneous firing from the paired CGCs in each group. (B) Firing frequency of the 

AAPH-treated LCGCs did not significantly differ from the corresponding control 

RCGCs in any group. Additionally, there was no significant change in firing rates 

between the AAPH-treated LCGCs and between the control RCGCs, as the 

concentration of AAPH in the microelectrode increased. (C) CGC coupling was not 

impaired in any treatment group. Data shown as mean ± SEM, n =6 PCGCs, NS p>0.05 

vs. Control RCGC (part B) or vs. 0 mM AAPH (part C). 

 

2.3.15.2   The effects of intracellular AAPH on the peak amplitude and half-width 
of CGC action potentials 

Figure 2.26Ai displays a representative action potential generated by a young LCGC of 

each treatment group overlapped with an action potential elicited by its contralateral 

control RCGC. As illustrated, there were profound changes to the peak amplitude and 

half-width of the LCGC action potential in the 600 mM AAPH group.  
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The action potential half-width of the LCGCs impaled with 600 mM AAPH in the current 

injecting microelectrode was significantly broader than its contralateral control RCGC 

(p<0.01, n=6 PCGCs; two-way ANOVA with Bonferroni post-hoc; Figure 2.26Aii). 

There was no significant difference in the half-width duration between the AAPH-treated 

LCGCs and control RCGCs in preparations impaled with 0 mM AAPH or 60 mM AAPH 

containing microelectrodes (p>0.05 for both, n=6 PCGCs). Furthermore, the action 

potential half-width of LCGCs recorded with the 600 mM AAPH microelectrode was 

significantly larger than that of LCGCs impaled with the 0 mM or 60 mM AAPH 

microelectrodes (p<0.001 for both, n=6 LCGCs; one-way ANOVA with Bonferroni post-

hoc).  

There was no significant change to the action potential peak amplitude between the 

AAPH-treated LCGCs and the corresponding control RCGCs of the 0 mM and 60 mM 

AAPH groups (p>0.05, n=6 PCGCs; two-way ANOVA with Bonferroni post-hoc; 

Figure 2.256iii). Impalement of LCGCs with microelectrodes containing 600 mM AAPH 

caused a significant reduction to the peak amplitude when compared to the contralateral 

control RCGC (p<0.001, n=6 PCGCs) and LCGCs from the 0 mM and 60 mM AAPH 

groups (p<0.001, n=6 LCGCs; one-way ANOVA with Bonferroni post-hoc analysis). 

In a sub-set of recordings conducted over a longer duration (90 minutes as opposed to 60 

minutes), it was observed that the action potential peak amplitude of LCGCs impaled 

with 600 mM AAPH in the microelectrode became very small, ~2-4 mV (n=4 LCGCs; 

data not shown), towards the end of the experiment. This is demonstrated in the sample 

trace in Figure 2.26B. Notably, LCGCs of the 0 mM and 60 mM AAPH group did not 

exhibit such alterations to the peak amplitude of the CGC action potentials (n=4 LCGCs; 

data not shown). 
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Figure 2.26| Intracellular effects of AAPH on action potential half-width and peak 

amplitude. (A) Representative action potentials of the control RCGC (solid light grey 

line) and its corresponding AAPH-treated LCGC (dark grey dotted line) from each 

group. As illustrated, 600 mM AAPH significantly (Ai) broadened and (Aii) reduced the 

peak amplitude of LCGC action potentials when compared to its contralateral control 

RCGC action potentials and those generated by LCGCs impaled with 0 mM and 60 mM 

AAPH in the microelectrode. (B) The peak amplitude of action potentials generated by 

LCGCs impaled with 600 mM AAPH dramatically reduced (visual observations) as the 

experiment progressed. Notably, this was accompanied with substantial depolarisation 

of the RMP. Data shown as mean ± SEM, n= 4-6 PCGCs. **p<0.01, ***p<0.001 vs. 

control RCGC. 
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2.3.15.3   Does intracellular AAPH alter the CGC RMP?   

The RMP of LCGCs impaled with 600 mM AAPH in the microelectrode was more 

depolarised than its contralateral control RCGCs, although this was not significant 

(p=0.0734, n=5 PCGCs; two-way ANOVA with Bonferroni post-hoc analysis; Figure 

2.27). However, the RMP of LCGCs with 600 mM AAPH was significantly more 

depolarised than LCGCs recorded with the 60 mM or 0 mM AAPH microelectrode 

(p<0.01, n=6 LCGCs; one-way ANOVA with Bonferroni post-hoc analysis). The RMP 

of the control RCGCs did not significantly vary between the different AAPH groups 

(p>0.05, n=6 RCGCs). 
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Figure 2.27| Intracellular AAPH alters the RMP. LCGCs impaled with microelectrodes 

containing 600 mM AAPH were more depolarised than the control RCGCs and 

significantly more depolarised than LCGCs impaled with 0 or 60 mM AAPH. Data 

shown as mean ± SEM, n=6 PCGCs. NS, p>0.05 vs. control RCGCs. 

2.3.15.4   The effects of intracellular AAPH on the CGC AHP 

Figure 2.28Ai displays the fAHP component of the LCGC action potential from each 

group, which clearly illustrates there are differences in the amplitude. It was revealed in 

Figure 2.28Aii, that the fAHP of the LCGC action potential recorded with 600 mM 

AAPH in the microelectrode was significantly smaller than its control RCGC (p<0.01, 

n=6 PCGCs; two-way ANOVA with Bonferroni post-hoc analysis). There was no 

significant change to the fAHP amplitude in LCGCs recorded with either 60 mM or 0 

mM AAPH in the microelectrode when compared to their contralateral control RCGCs 

(p>0.05, n=6 PCGCs). Additionally, the fAHP of LCGCs recorded with 600 mM AAPH 
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in the electrode was significantly smaller than LCGCs of the 0 mM and 60 mM AAPH 

groups (p<0.001, n=6 LCGCs; one-way ANOVA with Bonferroni post-hoc analysis).  

The sAHP duration in LCGCs impaled  with 0 mM, 60 mM and 600 mM AAPH in the 

microelectrode did not differ significantly from their contralateral control RCGCs  

(p>0.05, n=6 PCGCs; two-way ANOVA; Figure 2.28B). There was also no significant 

difference in the sAHP duration between the LCGCs or the RCGCs from each group 

(p>0.05 for both, n=6 LCGCs or RCGCs; one-way ANOVA). 
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Figure 2.28| Intracellular effects of AAPH on the CGC AHP. (Ai) Representative 

example of the fAHP component from LCGCs impaled with microelectrodes containing 

0 mM (solid black line), 60 mM (solid light grey line) and 600 mM (dotted dark grey 

line) AAPH demonstrates a decrease in amplitude with increasing concentrations. (Aii) 

The fAHP was significantly smaller in the 600 mM AAPH-treated LCGCs when 

compared to LCGCs of the other AAPH groups and to its contralateral control RCGC. 

(B) Intracellular AAPH did not significantly alter the sAHP at any concentrations. Data 

shown as mean ± SEM, n=6 PCGCs. **p<0.01 vs. control RCGCs.  
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2.4   Discussion  

The study presented in this chapter investigated the hypothesis that the age-related 

decrease in CGC firing is caused by OS altering the action potential waveform. In brief, 

experiments demonstrated that the decrease in CGC firing frequency with age was 

accompanied with an increase in the amplitude and duration of the AHP, a decrease in 

the action potential half-width and hyperpolarisation of the RMP. Ageing of Lymnaea 

was also behaviourally associated with a decrease in short-term feeding. This largely 

corroborated previous findings yielded in ageing Lymnaea[393,336,392]. It was also shown 

in this study that acute experimental OS (induced by AAPH treatment) caused the young 

CGCs to extensively mimic the ageing electrophysiological phenotype, but had adversely 

impaired feeding behaviour. The observation that age and AAPH treatment increased 

markers of OS, and that the effects of AAPH could be prevented/reversed using 

antioxidants, strongly suggests that OS may be a major driver in the age-related changes 

to CGC firing properties. 

 

2.4.1   Acute extracellular AAPH treatment induces OS to alter young CGC firing 
properties 

With OS often cited as an instrumental mediator of neuronal ageing, the ability of young 

preparations to mimic the ageing phenotype following the induction of acute extracellular 

OS was examined in this chapter[139,143,295,476]. Previous studies in the Lymnaea RPeD1 

neuron revealed that the age-related decrease in firing frequency could be mimicked in 

young RPeD1 neurons following exposure to pro-oxidants[478,476]. Whether OS was 

accountable for the various changes to the action potential waveform with age, such as 

those described in this study or previously by Scutt et al. (2015) and Patel et al. (2006), 

had not been not explored[476,393,336].  

Interestingly, this study demonstrated that acute extracellular treatment with the pro-

oxidant generator, AAPH, caused young CGCs to mimic many of the changes observed 

in the old CGCs including reduced firing frequency, an increase in the fAHP and sAHP 

as well as substantial narrowing of the CGC action potential.  

Given that previous investigations have shown that peroxyl radicals generated by 

dissociation of AAPH damage lipids in the plasma membrane to alter cellular functioning, 

it was important to establish whether AAPH in this study was altering young CGC firing 

properties via its pro-oxidant capabilities[110,411,326].  
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Indeed, experiments had demonstrated that changes to young CGC firing properties 

caused by acute extracellular AAPH treatment was due to its pro-oxidant nature. More 

specifically, application of 3 mM AAPH extracellularly was associated with increases in 

both MDA and protein carbonyls in the young cerebral ganglia and its effects on CGC 

firing properties could be prevented by pre-treatment with a mixture of vitamin E and 

vitamin C and reversed by the same combination of antioxidants.  Thus, it seems entirely 

plausible that the ability of AAPH to mimic the effects of age (which had also been 

associated with a significant increase in MDA and protein carbonyl levels) are due to its 

pro-oxidant properties and not caused by non-specific effects on ion channels or other 

membrane proteins.  

The observation that neither vitamin E nor vitamin C alone was capable of 

preventing/reversing the acute extracellular effects of AAPH unless they were combined, 

suggests that vitamin C may be required to regenerate vitamin E from tocopheryl radicals 

that are typically formed when oxygen radicals are scavenged within the plasma 

membrane[436,315]. Hence, studies often using vitamin E will also add vitamin C to the 

bathing saline to function essentially as a preservative[436]. Alternatively, this finding may 

be indicative that OS in both the hydrophobic and hydrophilic cellular compartments are 

important for AAPH to generate the ageing phenotype. This suggests that AAPH may be 

targeting the hydrophobic membrane to alter ion channel functioning or additionally 

might be affecting the hydrophilic pore of the ion channel.  

Further evidence that AAPH’s actions are predominately via its effects on the plasma 

membrane and integral ion channels came from experiments that examined the effects of 

intracellular AAPH on CGC firing frequency and the action potential waveform.  

Administration of AAPH into the CGC intracellular milieu failed to alter spontaneous 

firing frequency regardless of the concentration present and thus, unlike extracellular 

AAPH, did not mimic this particular feature of ageing. Whilst exposure to the lowest 

AAPH concentration in the microelectrode, 60 mM, also did not significantly alter the 

CGC action potential waveform, the inclusion of 600 mM AAPH in the microelectrode 

did mediate opposite changes to what had been observed with age. This included 

significant depolarisation of the RMP, a reduction of the peak amplitude, action potential 

broadening and a decrease of the fAHP.  
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Whether these changes are due to AAPH inducing OS intracellularly is currently 

unknown as experiments utilising, for example, fluorescent probes (such as Amplex Red 

or Dichlorodihydrofluorescein) or immunoassays to measure intracellular ROS levels 

have yet to be performed[319]. However, the changes to the action potential waveform 

likely indicates that the AAPH concentration in the CGCs impaled with 600 mM in the 

microelectrode might be inducing an extreme form of OS and/or is neurotoxic. This 

notion stems from observations that the action potential of the young AAPH-treated 

LCGCs became almost negligible towards the very end of experimental recordings and 

the highly depolarised RMP was stabilising towards 0 mV. This suggests that AAPH is 

causing adverse intracellular modifications/damage that may possibly be facilitating the 

death of the treated LCGCs.   

Numerous intracellular targets such as organelles or the domains of ion channels/pumps 

could be affected by the actions of AAPH, both directly or indirectly, to yield such 

manifestations to CGC firing properties. AAPH intracellularly, for example, may be 

damaging the mitochondria and consequently impairing critical processes such as ATP 

synthesis. Insufficient ATP availability would inhibit pumps such as the Na+/K+-ATPase, 

which would depolarise the RMP and as the Na+ driving force decreases, reduce the peak 

amplitude of action potentials and eventually inhibit their generation altogether[272,156,303]. 

This depolarisation of the RMP also means that the neuron is above the activation 

threshold for voltage-gated gated Ca2+ channels, which would increase Ca2+ influx during 

firing. This would not only further depolarise the membrane potential, but would also 

broaden action potentials (as observed) and could lead to Ca2+ overload. Such severe 

damage to the mitochondria and subsequent impairment to Ca2+ homeostasis, if persistent, 

would ultimately trigger apoptosis[185,318,495].   

Alternatively, the effects of intracellular AAPH may be independent of OS and/or 

neurotoxicity and instead could be due to the nature of the compound itself. AAPH is a 

relatively large molecule that is positively charged and thus, entrapment of large 

concentrations of this molecule in the CGCs may lead to non-specific depolarisation of 

the RMP. Such significant depolarisation of the RMP would decrease the Na+ driving 

force, prolong Ca2+ channel activation and decrease the activation of K+ channels. This 

would account for the peak amplitude reduction, increase in half-width and decrease in 

fAHP amplitude observed in LCGCs following impalement with the 600 mM AAPH 

microelectrode.  
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Caution is needed when drawing conclusions from these experiments as it does not 

necessarily suggest that AAPH is causing young CGCs to mimic the ageing phenotype 

by solely targeting extracellular constituents. It may be that the concentration of AAPH 

in the intracellular environment is not within the appropriate range to induce changes 

typically observed in old CGCs. This is reflective, however, of the limitations associated 

with sharp electrode recordings and not being able to control, and therefore determine, 

the AAPH concentration present intracellularly. Whole-cell patch clamp may have been 

a more suitable alternative technique for such experiments as the cell’s intracellular 

content can be dialysed completely with the micropipette solution[272]. This provides a 

more efficient way of delivering pharmacological agents faster, but importantly the 

concentration present intracellularly can be more accurately determined.   

If AAPH, however, is primarily targeting the extracellular components to mimic the 

ageing CGC phenotype, it then raises the question as to the source of free radicals 

attacking the CGCs in the ageing CNS. The likely possibility are glial cells, which 

outnumber and surround neuronal cells bodies and are the most potent ROS generators in 

the CNS[187,25]. Studies in mammalian models have shown that glial cells undergo 

replicative senescence and exhibit the SASP[429,430,277]. These cells are typically larger 

than their younger counterparts and secrete a range of inflammatory mediators such as 

IL-6, IL-1β and TNFα and also generate excessive ROS[142]. 

Interestingly, a few studies in Lymnaea have demonstrated a clear link between 

inflammation and OS with age. Watson et al. (2012) revealed that there was an increase 

in inflammation in the ageing CNS, which increased OS (as determined by MDA levels) 

and was accompanied with a significant decrease in old RPeD1 firing frequency[476,478]. 

Such findings strongly allude that glial cells may be an important source of ROS in the 

ageing Lymnaea CNS.  

 

2.4.2   The CGC action potential waveform with age and acute extracellular OS 

Whilst acute extracellular AAPH treatment mimicked many of the age-related changes to 

the CGC action potential waveform, a parameter that had not been altered by AAPH was 

the RMP. The lack of hyperpolarisation to the RMP suggests that some of the critical 

mechanisms involved in regulating the CGC RMP may more be resilient to the effects of 

OS.  
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K+ currents are often documented as having a pivotal role in regulating the RMP of 

neurons[130,178,79,488,58]. For example, one of the primary functions of the inward rectifier 

is to set and stabilise the RMP following the generation of action potentials[178]. Inward 

rectifiers will generate a large inward current when the membrane potential is negative 

relative to the Erev for K+ to facilitate K+ influx and depolarise cells back to their RMP. 

Conversely, when the membrane potential is more positive that Erev for K+, inward 

rectifiers will produce an outward current to promote K+ efflux and subsequently  

hyperpolarise neurons back to the RMP[130,178].   

A-type K+ channels and delayed rectifiers also have a significant influence on maintaining 

a negative RMP in neurons. Pharmacological inhibition of these VGKCs with agents such 

as 4-AP (IA) and TEA (IDR) in mammalian and invertebrate neurons, as well as VGKC 

knockout rodent models have shown that the RMP becomes significantly more 

depolarised[65,412,457,416].   

Interestingly, there is evidence that oxidation of VGKCs results in significant 

hyperpolarisation of the RMP. A study in mammalian enteric neurons, for example, 

demonstrated that peroxyl radicals (which can also be generated by AAPH) increases the 

outward conductance of voltage-gated inward rectifiers and subsequently hyperpolarises 

the RMP[177]. Another study in C. elegans found that oxidative modifications to the A-

type K+ channel significantly hyperpolarised sensory neurons[59].  

So why does AAPH not hyperpolarise the RMP of young CGCs? It could be that OS 

induced by acute extracellular AAPH treatment is not sufficient, in terms of time course, 

to alter properties of the ion channels involved in regulating the RMP. It may be that 

chronic exposure to AAPH in young CGCs could better replicate the ageing CGC 

phenotype. After all, ageing and its associated changes are manifestations driven by 

chronic processes. 

Such findings does not exclude the possibility that VGKCs are not altered by acute AAPH 

treatment, especially as it is not known in any great detail which K+ currents are involving 

in regulating the CGC RMP. The other CGC action potential parameters altered by acute 

AAPH treatment such as half-width and the AHP are thought to be substantially regulated 

by K+ currents and this would suggest that AAPH is most likely affecting some 

VGKCs[457,416]. Therefore, it will be important for future experiments to comprehensively 

identify all the currents involved in regulating the CGC RMP (as well as other 
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components of the action potential waveform in general) and to record these currents in 

voltage clamp to examine if they are altered with acute OS as well as with increasing age.    

The ageing-like changes incurred in young CGCs following acute extracellular AAPH 

treatment was not always demonstrated across the range of concentrations utilised. 

Exposure to 1-10 mM AAPH caused a substantial decrease to spontaneous firing 

frequency that mimicked rates observed in old CGCs, but had not differed significantly 

from each other. However, treatment with 30 mM AAPH drastically reduced and 

eventually suppressed young CGC firing and thus did not accurately mirror the ageing 

CGC phenotype of this study.  

The effects of 30 mM AAPH on the CGCs suggests that this concentration may be 

inducing an extreme form of OS that, unlike lower concentrations, is severely enhancing 

the function of ion channels involved in slowing down neuronal firing such as K+ 

channels. These channels can alter the parameters of an action potential in numerous ways 

to reduce firing including, for example, by increasing the half-width, fAHP amplitude 

and/or sAHP duration[247,305,322,364]. Indeed, it was noted that the sAHP duration was about 

7 seconds in the 30 mM AAPH-treated young CGCs prior to inhibition of firing, whereas 

with lower concentrations of AAPH and even with age the sAHP lasted for ~2 seconds. 

This suggests that 30 mM AAPH may be profoundly augmenting K+ currents. Future 

experiments assessing OS markers such as MDA or protein carbonyl across all the 

concentrations of AAPH utilised in this study (not just at 3 mM AAPH) would help 

ascertain whether 30 mM AAPH is inducing extreme OS in young Lymnaea.  

Whilst the actions of 30 mM AAPH did not reflect the 8-9 month old ageing phenotype 

of this study, it may be mimicking an extreme ageing phenotype often witnessed in snails 

a few days before they die. The uncoupling of the CGCs and stark reduction in 

spontaneous firing before complete cessation caused by 30 mM AAPH was reminiscent 

to observations made in a very small population of snails that had reached 12 months old 

in our laboratory. Interestingly, Patel et al. (2006) also documented that the CGCs of very 

old snails that had reached 11-12 months were also uncoupled[336].  

With regards to the other concentrations of AAPH utilised, 1-10 mM, it was generally 

found that both 3 and 10 mM AAPH in the bathing saline mimicked the ageing phenotype 

more accurately than 1 mM AAPH. This suggests that the level of free radical production 

by 1 mM AAPH may not be sufficient to significantly modify ion channels involved in 
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regulating the CGC action potential waveform. Additionally, antioxidant defence 

mechanisms in the Lymnaea CNS may be able to deal with radicals more effectively at 

lower concentrations of AAPH and reverse their effects, as they are not being 

overwhelmed. It would be useful for future investigations to measure ROS activity and 

antioxidant capacity at each concentration of AAPH in young preparations to 

comprehensively examine the redox status. 

The significant increase in the fAHP amplitude observed with 3 and 10 mM AAPH-

treated young CGCs suggests that OS may be involved in increasing the fAHP in ageing 

CGCs. An increase in the fAHP would decrease firing, as it would prolong neurons from 

re-establishing their RMP and subsequently delay the depolarisation required for the 

generation of successive action potentials. Of the currents known to be present in the 

Lymnaea CGCs, it is postulated that modifications to IA and/or IDR may be responsible 

for the fAHP increase with age in this study[416,316,392,393,457].   

IA has been shown to have a prominent influence on the fAHP in mammalian and other 

invertebrate neurons. Disterhoft et al. (2015), for example, demonstrated that IA 

conducted by Kv4.2/Kv4.3 channels increased with age and that this was responsible 

increasing the fAHP in ageing CA3 hippocampal neurons[409]. In C. elegans, it has also 

been revealed that enhancement of IA contributes to the age-related decrease in neuronal 

firing partly via an increase in the fAHP[59].   

Inactivation of IA is redox modulated, which makes this channel very susceptible to 

unwanted oxidative modifications[398]. Indeed, studies in young cultured cells/animal 

models have often demonstrated that an increase in experimental OS drastically slows the 

inactivation kinetics of IA and consequently decreases neuronal excitability by increasing 

the fAHP of  action potentials[398,399,59].  

With regards to IDR, previous investigations by Staras et al. (2002) and Vavoulis et al. 

(2010) have shown that this conductance is involved in the mediating the fAHP of CGC 

action potentials[416,457]. At present, however, no studies have directly examined IDR in 

relation to the components of the action potential waveform with age or experimental OS.  

Intuitively, enhancement of either IDR or IA in the CGCs would likely lead to an increase 

in the fAHP duration. Therefore, it would be fascinating to extensively explore the 

properties of these VGKCs with increasing age and acute OS.  
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The sAHP, is perhaps, the most widely investigated parameter in neuronal ageing 

electrophysiological studies and it was interesting to observe the acute extracellular OS 

could mimic the age-related increase to the sAHP duration[1,292,393,447,318,392]. An increase 

in the sAHP slows down firing frequency by increasing the inter-spike interval, which 

subsequently delays the onset of successive action potentials. A plethora of studies in 

mammalian neurons have shown that the Ca2+-activated K+ current, IsAHP, underlying the 

sAHP is enhanced with age due to an increase in [Ca2+]i
[1,292,447,398,392]. Even in the 

Lymnaea CGCs (Scutt G, personal communications), an increase in IsAHP has been 

demonstrated to be involved in augmenting the sAHP duration with age[392]. 

The voltage-gated K+ currents, IA and IDR, can also regulate the sAHP[264,146]. Alterations 

to the inactivation kinetics of IA has been shown to significantly increase the duration of 

the sAHP with age and experimental OS in both invertebrate and mammalian 

neurons[59,399]. IDR substantially contributes to the sAHP due to the minimal inactivation 

typically exhibited by this current[264]. Whilst little is known about the effects of age on 

the functioning of IDR, it is likely that enhancement to this current with age would increase 

the sAHP duration[11,398]. Thus, it would be very interesting to investigate whether IA and 

IDR are also involved in increasing this particular phase of the AHP by examining the 

properties of these currents in the old and AAPH-treated young CGCs. 

The decrease in CGC firing frequency with age and acute OS was also accompanied with 

narrowing of the CGC action potential. Initially, this may seem unusual as reduction of 

the half-width would repolarise action potentials faster and should lead to the generation 

of more action potentials as opposed to less. However, increasing the rate of repolarisation 

may cause a decrease in firing frequency by enabling neurons to enter the AHP phase 

sooner. As there is an increase in amplitude and duration of the AHP in old and AAPH-

treated young CGCs, this then delays the generation of subsequent action potentials.  

The half-width decrease could be indicative of an increase in voltage-gated K+ currents. 

Both IA and IDR are critical regulators of action potential repolarisation and suppression 

of either one of these currents has previously been shown to significantly broaden action 

potentials in many mammalian and invertebrate neurons, including the 

CGCs[234,338,231,104,119]. Therefore, an increase in the conductance of these voltage-gated 

K+ currents, perhaps due to oxidative modifications to the channels, would help explain 

the narrowing observed to the CGC action potentials with age and acute OS.  
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2.4.3   The effects of age and acute OS on SFA in the CGCs 

The CGCs examined in this study all exhibited SFA, as demonstrated by the exponential 

decline in the instantaneous frequency vs. time of spike plots. Given that Scutt et al. 

(2015) had previously revealed that the dynamics of SFA were significantly altered in old 

CGCs, it was of interest to determine if this was still the case in the old CGCs of this 

study and to examine whether OS may be involved in any possible alterations to SFA 

parameters[393].  

It was observed that old CGCs evoked significantly fewer spikes than the young CGCs 

during the depolarising pulse. This was associated with an increase in both initial (f0) and 

steady-state (fss) instantaneous firing frequencies. This result differed slightly from the 

Scutt et al. (2015) study, which had only demonstrated a decrease in fss (Hz) in the old 

CGCs[393]. A possible explanation for this is that the expression of channels involved in 

regulating f0 (Hz) in the CGCs is different between these two studies and thus, the effects 

of age on these channels and subsequently on f0 (Hz) differs.  

Interestingly, it has been shown that changes in environmental conditions can alter the 

expression of ion channels in cells[367,416]. There were differences between the Scutt et al. 

(2015) study and this study in relation to housing conditions (from a large shallow tank 

in a recirculating water system to small deeper holding tanks in a non-recirculating water 

system) and feeding regime (from feeding 5 days a week to 7 days a week). These changes 

had been implemented in our laboratory to improve infection control and survival rates 

of the snails, but in doing so could have also potentially altered the expression of some 

ion channels. 

Of the known currents present in the Lymnaea CGCs and knowledge derived from 

mammalian investigations, it is postulated that voltage-gated K+ currents may be involved 

in the f0 (Hz) decrease observed with age in this study[141,424,416]. IA is an important 

regulator of f0 (Hz) due to its fast activation kinetics. Studies in hippocampal and 

amygdala neurons, for example, have demonstrated that suppression of IA with 4-AP 

significantly increases f0 (Hz) by reducing the amplitude of the fAHP and decreasing the 

inter-spike interval[141,424]. 

IDR has also been described as the largest conductance responsible for regulating the inter-

spike interval during intense repetitive spiking[159]. This coupled with the very little 

inactivation typically displayed by IDR, means that this current has a strong influence on 
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f0 (Hz)[18,152]. Indeed, enhancement of IDR has been shown in mammalian hippocampal 

and sympathetic neurons to significantly decrease f0 (Hz)[18,152]. 

With regards to fss (Hz), IsAHP has been established in mammalian neurons as having a 

very prominent role in regulating this phase during SFA because of its slow activation 

and inactivation properties[382,351,159,393,472,392]. The fss (Hz) phase is very important since 

it is where the adaptive response manifests[382,351,159,393,472,392]. IsAHP decreases fss (Hz) by 

increasing the sAHP duration of each spike during intense firing. It had previously been 

observed in our laboratory (Scutt G, personal communications), both theoretically and 

experimentally, that an increase in IsAHP contributed to the slowing of fss (Hz) in ageing 

CGCs. However, this may not be the case for the old CGCs of this study based on the 

analysis of SFA dynamics (Fadap, τadap and τcalcium) using Wang’s mathematical model 

(section 2.2.7.2). 

ταdap is the time constant for adaptation- essentially how long it takes for adaptation to 

occur[472]. As described by the model, τadap is linked to intracellular Ca2+ kinetics of a 

neuron. In brief, intense repetitive spiking opens VGCCs that facilitates Ca2+ influx and 

leads to the activation of Ca2+-activated K+ currents (particularly IsAHP)[472]. These currents 

slow down firing by hyperpolarising the RMP and increasing the duration of the sAHP, 

which consequently reduces Ca2+ influx. However, if calcium homeostatic mechanisms 

are unable to reduce [Ca2+]i then τadap increases[472,392]. Thus, τadap is related to the time 

course of Ca2+ clearance, denoted as τcalcium
[472]. Fadap is the strength of adaptation and is 

determined, as detailed in the model, by the conductance of Ca2+-activated K+ currents 

and Ca2+ influx with each spike[472]. The greater the Ca2+ influx and increased conductance 

of Ca2+-activated K+ currents, the larger the Fadap.   

Αs τadap, Fadap and τcalcium did not significantly change in this study, according to Wang’s 

model this suggests that Ca2+ influx via VGCCs and the conductance of Ca2+-activated 

K+ currents are not significantly altered in these old CGCs.  

Changes to IA or IDR, however, may be responsible for the age-related decrease in fss (Hz). 

Numerous investigations in hippocampal and cortical neurons have demonstrated that 

suppressing either one of these voltage-gated K+ currents causes a significant decrease in 

fss (Hz) because of their critical role in regulating the inter-spike interval during repetitive 

firing[141,424,159]. It would be interesting to examine the properties of IA and IDR in old 

CGCs as alterations to these currents may not only be accountable for the decrease in fss 
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(Hz) and/or f0 (Hz), but could also explain many of the changes observed to spontaneously 

generated CGC action potentials with age (section 2.4.2).    

When investigating SFA in this thesis, the CGCs during experiments were left at their 

RMPs and not held at a defined holding potential when eliciting the depolarising current 

pulse. As a result of this experimental design limitation, the observed decrease in evoked 

spiking frequency with age may simply be due to the RMP of the old CGCs being 

significantly more hyperpolarised than that of young CGCs as opposed to changes in 

intrinsic excitability. Future experiments should be modified so that both young and old 

CGCs are held at a defined holding potential to enable for a more direct comparison of 

intrinsic excitability.  

This experimental limitation may also explain why SFA parameters- a measure of the 

dynamics of intrinsic excitability- were found to be unaltered with increasing age. Given 

that age-related changes to spontaneous CGC action potential parameters were largely 

consistent between this study and the  Scutt et al. (2015) study, this limitation may also 

account for the differences between the two investigations with regards to intrinsic 

excitability where the latter had observed significant changes to SFA dynamics[393]. Thus, 

caution is needed with the current interpretations of these findings. 

Applications of concentrations ≥3 mM AAPH reduced the number of evoked spikes in 

young preparations. Despite AAPH-treated CGCs not being stimulated from a defined 

holding potential, their RMP had not significantly differed from young controls and this 

suggests that acute OS has the capacity to decrease intrinsic excitability. As 3 and 10 mM 

AAPH mimicked age-related changes to spontaneous CGC parameters remarkably well, 

the decrease in evoked firing in old CGCs may be reflective of some alterations to 

intrinsic excitability irrespective of having been stimulated from a more hyperpolarised 

RMP.  

Acute OS, however, did not alter SFA dynamics (Fadap, ταdap and τcalcium) when compared 

to young control CGCs. This suggests, at least with respect to Scutt et al. (2015) study, 

where the young and old CGCs were stimulated from a defined holding potential, that OS 

may not be responsible mediating changes to SFA with age[393].  

It may be that acute OS is not sufficient to alter the dynamics of SFA, but chronic 

exposure to pro-oxidants that more accurately reflects the ageing process could induce 

some of the changes observed previously in old CGCs[393,392]. Thus, it may be interesting 
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for future experiments to develop a chronic model of OS induced by AAPH in young 

Lymnaea to assess whether there are any changes to SFA dynamics.  

Alternatively, it could be that changes in SFA manifests due to alterations in intracellular 

components and is not specifically linked to membrane effects. It may be found that 

treating young CGCs intracellularly with AAPH could alter the dynamics of SFA to a 

similar manner that had been documented previously in old CGCs[393,392].   

 

2.4.4   Deficits to feeding behaviour in Lymnaea with age and acute OS 

Given the crucial role of the CGCs in gating and modulating the feeding rhythm, it was 

important to determine whether the alterations to CGC firing properties with age and 

acute OS in this study was associated with any functional changes to feeding 

behaviour[35,506,507,336].  

Analysis of short-term feeding behaviour revealed that old snails took longer to emerge 

from their shells and evoked significantly fewer bites than young snails due to an increase 

in the bite duration and inter-bite interval. This corroborated previous findings by 

Arundell et al. (2006)[21]. Acute AAPH exposure in young snails mimicked ageing by 

decreasing feeding frequency, but did so in a manner that was relatively inconsistent with 

the ageing Lymnaea phenotype.  

Injection with 3 mM AAPH caused a whole-body withdrawal in up to 60% of young 

snails and completely impeded the ability of these snails to re-emerge from their shells 

when placed in the test arena. The remaining slower emergent snails (~40% of the 

population) failed to generate any bites in response to the sucrose stimulus. The 

observations that 3 mM AAPH had more marked effects in vivo than ex vivo suggests that 

other components in snails such as the feeding apparatus and withdrawal reflex muscles 

are also susceptible, in addition to the CNS, to the actions of AAPH.   

It is unlikely that 3 mM AAPH in vivo is hindering the properties of chemosensory 

neurons to inhibit sucrose-evoked feeding. This stems from observations that the 

emergent snails extended further out of their shells, maximally elongated their tentacles 

and glided around following sucrose application near the lips. Interestingly, this was 

reminiscent to findings document by Arundell et al. (2006) where it had been observed 

that the ability of old snails to sense sucrose was not impaired as there were no changes 

to median lip nerve activity in semi-intact preparations[21]. This suggests that peripheral 
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processing of chemosensory information may inherently be more resilient to the effects 

of OS with age. 

There was a significant decrease in sucrose-evoked bites in the 0.3 mM AAPH injected 

young snails. Unlike the old snails, however, this was accompanied with a significant 

decrease in bite duration and extreme lengthening of the inter-bite interval (approximately 

twice as long than in old snails). It appeared that these deficits to feeding behaviour in the 

0.3 mM AAPH injected snails was primarily due to their inability to open their mouth 

wide and protrude their radula out, which had not been observed in the old snails. This 

suggests that there may be significant issues with the cellular and structural components 

involved in feeding (section 1.5), particularly in the protraction phase.  

Contrary to the old snails, it is dubious whether 0.3 mM AAPH is affecting the gating and 

modulatory functions of the CGCs to alter feeding behaviour in young snails. This is 

based on preliminary in vitro experiments where it was observed that 0.3 mM AAPH 

treatment failed to significantly alter CGC firing frequency. This strongly suggests that 

0.3 mM AAPH in vivo may be targeting many other neurons or constituents of the feeding 

apparatus, perhaps those specifically involved protraction, to adversely hinder feeding 

behaviour. Hence, its effects in vivo appeared more profound than in vitro. Both the in 

vivo and in vitro findings with 0.3 mM AAPH treatment strongly suggests that the 

decrease in feeding frequency is predominately occurring via mechanisms that is not 

largely consistent with the ageing process.   

Overall, the data gathered from these short-term feeding behaviour experiments 

demonstrates that feeding decreases with both increasing age and acute experimental OS. 

However, the mechanisms by which this occurs clearly differs and strongly suggests that 

the increase in OS with age may not be fully responsible for mediating the changes to 

feeding behaviour.   

 

2.4.5   Reversing age-related changes to the CGC firing properties  

Unlike the effects of acute AAPH treatment on young CGCs, the age-related changes to 

CGC firing frequency could not be reversed with the use of antioxidants. At first this may 

suggest that OS is not responsible for mediating the changes to the CGC firing properties 

with age, however, this may not necessarily be the case.  
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It could be that the duration of antioxidant treatment in the old preparations or the 

concentration of antioxidants utilised was insufficient to reverse the untold modifications 

that have occurred to the cellular components of the CGCs over the last several months 

(remember ageing is driven by chronic processes). Whilst MDA and protein carbonyl 

levels were relatively similar between the old and AAPH-treated young CGCs, it may be 

found that other OS markers such as protein nitration or 4-HNE are higher in the old 

CGCs. This would indicated that OS is actually greater in the old CGCs and consequently 

that there is more oxidative modifications/damage.   

Utilising antioxidants for a longer duration (hours to a few days) and/or at a higher 

concentration may provide sufficient time and drive for the antioxidants to effectively 

reverse oxidative modifications in old CGCs. Only then may a reversal to the age-related 

decrease in CGC firing and alterations to the action potential waveform be observed.  

At present, it can neither be confirmed nor excluded whether OS is responsible for the 

age-related changes to the CGCs. However, the observations that acute OS  in young 

CGCs closely mimicked many of the age-related electrophysiological changes strongly 

suggests that OS is an important mechanism involved in altering the CGCs with 

increasing age.   

 

2.5    Conclusion   

In conclusion, the data gathered in this chapter demonstrates that the age-related decrease 

in CGC firing frequency is associated with hyperpolarisation of the RMP, action potential 

narrowing and an increase in the amplitude and duration of the AHP. These changes to 

the CGCs were accompanied with a decrease in sucrose-evoked feeding in the old 

Lymnaea. The age-related alterations to CGC firing properties were largely mirrored in 

young Lymnaea treated with acute extracellular, but not intracellular, AAPH. However, 

age-related changes to feeding behaviour were not accurately mimicked by acute AAPH 

treatment in young snails. The data from this study also strongly suggests that OS, which 

increased significantly in the cerebral ganglia with age and acute AAPH treatment in the 

young, may be responsible for driving the alterations to CGC firing properties. 

Interestingly, many of the changes to CGC action potential waveform with age and acute 

OS greatly implicate the involvement of voltage-gated K+ currents.     
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Chapter 3: The properties of voltage-gated outward currents in the Lymnaea CGCs 
with increasing age and acute oxidative stress  

3.1   Introduction  

Neuronal firing frequency has been a well explored feature due to its important role in 

encoding and transferring information between neurons[60,214]. The action potential 

waveform has a critical influence on neuronal firing frequency as well as neurotransmitter 

release, but surprisingly is not often discussed in the literature. Experiments in Chapter 2, 

for example, demonstrated that an increase in the amplitude and duration of the CGC 

AHP contributed to the decrease in firing frequency with age and acute OS. Other studies 

have shown that action potential broadening can lead to greater Ca2+ influx, which 

stimulates the release of more neurotransmitters that can either  increase or decrease the 

firing of post-synaptic neurons[180,307]. Thus, the shape of an action potential in neurons 

and its firing frequency can ultimately dictate behavioural outputs of an organism such as 

feeding and learning and memory.   

The aim of investigating the parameters of the CGC action potential in the previous 

chapter had been to acquire an insight into the ionic currents that may potentially be 

altered with age and acute OS. This is possible because different ionic currents regulate 

different components of an action potential and thus, determine its shape. It was observed 

in the old and 3 mM AAPH-treated young CGCs that there were profound changes to the 

amplitude and duration of the AHP, narrowing of the action potential and 

hyperpolarisation of the RMP. 

Ca2+-activated K+ currents have been heavily implicated as mediators for such changes to 

the neuronal action potential with age as it has often been observed that their conductance 

is altered due to OS and impaired Ca2+ homeostasis[246,440,151,447,393,294]. Indeed, similar 

findings have been demonstrated previously in our laboratory where an increase in [Ca2+]i  

in old CGCs, caused by reversal of the NCX (section 1.6.3.1), enhanced IsAHP and 

consequently contributed to a decrease in firing frequency via an increase in the sAHP 

duration[392]. However, an increase in Ca2+-activated K+ currents in the old CGCs was not 

fully accountable for the reduction in firing frequency (Scutt G, personal communication) 

and could not explain many changes typically observed to the ageing CGC action 

potential waveform, such as the decrease in half-width or increase in the fAHP 

amplitude[392,336]. This finding strongly challenges the notion often made in the neuronal 

ageing field, particularly in mammalian models, that Ca2+-activated K+ currents are the 
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main instigators for changes to neuronal firing properties, especially as such studies have 

not fully examined the action potential waveform in relation to these 

currents[246,440,151,447,294].  

Voltage-gated K+ currents, however, are recognised as having an instrumental role in 

regulating various action potential parameters including the half-width, RMP and AHP 

in neurons across all species[26,404,190,31]. Therefore, the possible involvement of these 

currents in changes to neuronal firing properties with age should not be disregarded. The 

seminal paper by Staras et al. (2002), identifying the ionic currents expressed by young 

CGCs, had described the presence of VGKCs in these neurons (section 1.6.3.3). It was 

found that the CGCs had an A-type K+ current and a delayed rectifier that principally 

contributed to the total early and sustained voltage-gated outward current, 

respectively[416]. This strongly suggested that these currents may have a very important 

role in regulating CGC firing properties[416]. It was also noted by Staras et al. (2002) that 

the CGCs did not appear to express a voltage-dependent inward rectifier current[416].   

IA, with its distinctive fast activation and relatively fast inactivation kinetics, is heavily 

involved in regulating action potential repolarisation and can cause neurons to fire at 

lower frequencies by increasing the inter-spike interval[231,133]. To date, the effects of age 

on IA have produced differing results. It has been demonstrated during normal ageing in 

C. elegans that aberrant ROS activity increases the IA conductance in neurons, which 

leads to a decrease in excitability and subsequent impairment of sensory functions[398]. 

Conversely, healthy ageing of CA1 hippocampal rat neurons has been shown to decrease 

IA when compared to the young[11]. Pathological ageing studies such as those involving 

AD have also produced contradictory results, with reports in CA3 hippocampal neurons 

of either an increase or decrease in the amplitude of IA
[387,409].  

Determining whether an increase or decrease in IA conductance is a characteristic feature 

of neuronal ageing is not yet known, as the effects of increasing age on this current has 

not yet been explored in many different organisms. It is well known, however, that the A-

type K+ channel is susceptible to oxidative modifications[398,186].  For example, an increase 

in the IA conductance has been shown to be caused by oxidation of cysteine and 

methionine residues on the VSD and gate domains374,399]. This slows down activation and 

inactivation of the A-type K+ channels[374,398]. Considering this vulnerability to oxidative 

modifications, it will be particularly interesting in this study to investigate the CGC IA 
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and assess how it changes with increasing age, especially as OS has been implicated as a 

causative factor for the alterations observed to CGC firing properties. 

IDR, with its very slow activation kinetics and very little inactivation, has been recognised 

as the major conduit for K+ efflux in most neurons[512,26]. It is activated following 

depolarisation to repolarise action potentials[512,26]. It does this to regulate repetitive firing 

in neurons by increasing the interval between action potentials[9]. Evidence of changes to 

IDR during normal and even pathological ageing is extremely limited. Primarily studies 

have reported an increase in the expression of delayed rectifier channels in mammalian 

neurons such as neocortical and hippocampal neurons with age, but have not examined 

the electrophysiological consequences of these changes[115,398].  

The delayed rectifier channel has also been shown to be susceptible to oxidative 

modifications, but these changes are extremely detrimental[398,512]. In C. elegans, for 

example, oxidation of the delayed rectifier channel results in the formation of oligomers 

that are held together by disulphide bridges between cysteine residues[398]. This renders 

the channel non-conductive and promotes neuronal death[398]. Due to the very important 

role of IDR in action potential repolarisation, it is important to examine the properties of 

this current with age and acute OS to increase knowledge in this very limited field.  

The aim of experiments in this chapter will be to investigate how outward VGKCs change 

in the CGCs with increasing age and acute OS. TEVC is the optimal technique for this 

because, unlike patch clamp, it is able to sufficiently clamp large cells at desired potentials 

more accurately as well as the record large currents generated by such cells[160,29]. The 

basic principle of the TEVC technique is that two microelectrodes penetrate a cell (Figure 

3.1). One records the membrane potential (Vm) and the other is a current injecting 

microelectrode that adjusts the Vm to the command potential set by the user[160]. 
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Figure 3.1| Overview of the TEVC circuit[97]. Neurons of interest are impaled with two 

microelectrodes. The voltage-sensing microelectrode (ME1) connected to the unity-gain 

buffer records the membrane potential (Vm). This is then compared to the voltage 

command potential (Vcmd) in the high-gain differential amplified (A2), which will inject 

a current via the current-passing microelectrode (ME2). The current injected is 

proportional to the difference between Vm and Vcmd and therefore, clamps the neuron 

at the desired command potential.  

 

This chapter will test the following hypothesis: Changes to the CGC action potential 

waveform and the decrease in firing frequency with increasing age and acute OS involve 

alterations to the conductive properties of voltage-gated outward K+ currents. 

 

 

 

 

 

 CGC 
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3.2   Methods 

3.2.1   Preparation of isolated Lymnaea CNS for TEVC 

Isolation of the Lymnaea CNS from young (3-4 month old) and old (8-9 month old) snails 

and preparation in the electrophysiological recording chamber containing HEPES-

buffered saline was performed as detailed in Chapter 2 (section 2.3).  

To conduct voltage-clamp recordings of RCGCs (section 2.2.7.3), the right cerebral-

buccal connective and the cerebral commissure were also gently crushed using fine 

forceps to improve space clamp (red lines; Figure 3.2). 

                                                                                                                                                                                                           

Figure 3.2| Modifications to the Lymnaea CNS preparation for TEVC recordings. Prior 

to recording of the RCGC, the right cerebral-buccal connection (RCBC) as well as the 

cerebral commissure (CC) were gently crushed (red lines) to reduce space clamping 

issues. Abbreviations: RCG (right cerebral ganglia), LCG (left cerebral ganglia), MLN 

(medial lateral nerves), RBG (right buccal ganglia) and LBG (left buccal ganglia).  

 

3.2.1.1   Preparation of AAPH-treated young CNSs 

To investigate the effects of acute OS on CGC ionic conductances, a subset of young 

preparations were incubated in a HEPES-buffered saline containing 3 mM AAPH for 30 

minutes (section 2.2.4.1) prior to TEVC recordings. Experiments in Chapter 2 had 

demonstrated that this concentration of AAPH and duration of treatment was sufficient 

to induce OS in the cerebral ganglia and accurately mimic many age-related changes to 

CGC firing properties.  

Right cerebral-
buccal connective 

(RCBC) 



  

111 
 

In addition, all the buffers utilised to isolate various ionic currents (section 3.2.3) in this 

chapter also contained the addition of 3 mM AAPH to maintain a consistent state of OS 

in the preparation throughout recordings.  

 

3.2.2   The TEVC Setup  

For TEVC recordings, micropipettes were made from borosilicate glass capillaries with 

filaments (OD 1.5 mm, ID 0.6 mm; Harvard Apparatus, UK) and pulled using the P-30 

vertical micropipette puller (Sutter Instrument, USA). Micropipettes were backfilled with 

3 M potassium acetate/0.5 mM potassium chloride solution (Sigma-Aldrich, UK) and the 

tips were dipped in black Indian ink (Windsor & Newton, UK) to facilitate impalement 

of the microelectrodes into the RCGC.  

In all experiments, the current passing microelectrode attached to high gain differential 

headstage had a resistance between 4-7 MΩ, whilst the voltage sensing electrode attached 

to the unity-gain headstage had a resistance between 10-15 MΩ. Prior to impalement, 

both microelectrodes were bridge balanced to eliminate the voltage drop across the 

microelectrode. Following impalement of the RCGC, preparations were perfused in 

HEPES-buffered saline for a 10 minute acclimatisation period under current clamp mode 

to allow for firing frequency and the membrane potential to stabilise. CGCs were only 

accepted as suitable if their RMP was below -50 mV and the voltage recordings from both 

electrodes showed values that were within 2 mV of each other. During this period an 

aluminium (foil) sheet was also slowly positioned between the current injecting and 

voltage sensing microelectrodes to minimise capacitive coupling during recordings.  

CGC signals derived from the microelectrodes were amplified using the Axoclamp 2B 

amplifier (AxonInstruments, USA) and analogue signals were digitised using the 

Digidata 1440A (AxonInstruments, USA). The signals sampled at 5 kHz were recorded 

on a PC running Axoscope and Clampex® and analysed offline in Clampfit®, all part of 

the pClamp version 10.5 software package (Molecular Devices, USA).  

In TEVC experiments, measurements were made relative to the bath electrode. A 

Ag/AgCl pellet was used as a bath electrode in most experiments because of its extremely 

low resistance[415].  

In experiments examining outward Cl- currents, an agar salt bridge was utilised to prevent 

the voltage offset encountered with the Ag/AgCl ground when the extracellular chloride 
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concentration is altered during recordings[415]. Agar salt bridges were constructed in the 

laboratory by filling bent borosilicate capillary tubes (no filament, OD 1.5 mm, ID 0.6 

mm; Harvard Apparatus, UK) with a 1% agarose/3 M KCl solution, which set into a gel 

immediately.  

 

 

3.2.3   Chemicals and salines  

All the salines utilised in TEVC experiments contained CaCl2 despite the presence of 

Ca2+ channel blockers to maintain the stability of the CGC membrane during recordings. 

 

3.2.3.1   HEPES-buffered saline 

Composition as detailed in Chapter 2 (section 2.3).   

 

3.2.3.2   Zero-Na+/CdCl2 saline 

The zero-Na+/CdCl2 saline was used to block Na+, high-voltage activated (HVA) Ca2+ 

and Ca2+-activated K+ currents during the isolation of the total voltage-gated outward 

currents in the  Lymnaea CGCs. The saline composition was: N-methyl-D-glucamine 50 

mM, CdCl2 100 µM, KCl 1.7 mM, CaCl2 4 mM, MgCl2 2 mM, HEPES 10 mM, adjusted 

to pH 7.9 with HCl 1M (Sigma-Aldrich, UK)[416,393]. Preparations were incubated in this 

saline for 10 minutes as this ensured all targeted currents were completely blocked and 

no CGC action potentials were generated. 

 

3.2.3.3   Zero-Na+/4-AP/CdCl2 saline 

This saline was utilised to block the A-type K+, Na+, HVA Ca2+ and Ca2+-activated K+ 

currents during experiments examining the sensitivity of IA in the Lymnaea CGCs. The 

saline composition was N-methyl-D-glucamine 50 mM, CdCl2 100 µM, 4-AP 4 mM, KCl 

1.6 mM, CaCl2 4 mM, MgCl2 2 mM, HEPES 10 mM, adjusted to pH 7.9 with HCl 1 M 

(Sigma-Aldrich, UK)[393]. Preparations were incubated in this saline for 15 minutes to 

completely suppress IA.  

 

3.2.3.4   TEA/4-AP/CdCl2 saline  

The tetraethylammonium (TEA)/4-AP/CdCl2 saline was used block the delayed rectifier, 

A-type K+, Na+, HVA Ca2+ and Ca2+-activated K+ currents during experiments examining 
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the sensitivity of IDR in the Lymnaea CGCs. The saline composition was: TEA 50 mM, 4-

AP 4 mM, CdCl2 100 µM, KCl 1.7 mM, CaCl2 4 mM, MgCl2 2 mM, HEPES 10 mM, 

adjusted to pH 7.9 with TEA hydroxide 3M (Sigma-Aldrich, UK). Preparations were 

incubated in this saline for 15 minutes as this provided sufficient time to completely 

inhibit IDR.  

 

3.2.3.5   High K+ saline  

This saline was used to block Na+, HVA Ca2+ and Ca2+-activated K+ currents during 

examination of the ion selectivity of channels in the Lymnaea CGC. The saline 

composition was: N-methyl-D-glucamine 50 mM, CdCl2 100 µM, potassium acetate 16 

mM, CaCl2 4 mM, MgCl2 2 mM, HEPES 10 mM, adjusted to pH 7.9 with HCl 1M 

(Sigma-Aldrich, UK). Preparations were incubated in this saline for 10 minutes. 

 

3.2.3.6   Zero Cl- saline  

This saline substituted chloride-based salts with other anionic salts to block voltage-gated 

outward Cl- currents in the Lymnaea CGCs. To prevent contamination from other currents 

when examining the sensitivity of Cl- currents, this saline also inhibited Na+, HVA Ca2+, 

Ca2+-activated K+ and voltage-gated K+ currents. The saline composition was: TEA 

acetate 50 mM, cadmium sulphate 100 µM, 4-AP 4 mM, potassium acetate 1.6 mM, 

calcium acetate 4 mM, magnesium acetate 2 mM, HEPES 10 mM, adjusted to pH 7.9 

with TEA hydroxide 3 M (Sigma-Aldrich, UK). Preparations were incubated in this saline 

for 10 minutes as this allowed for ICl to be completely suppressed in the CGCs.  

 

3.2.3.7   Pharmacological agents   

To isolate Cl- currents, blockers including 5-Nitro-2-(3-phenulpropylamino) benzoic acid 

(NPPB, 100 µM; Tocris Biosciences, UK), 4,4′-diisothiocyanatostilbene-2,2′-disulfonate 

(DIDS, 100 µM; Sigma-Aldrich, UK) and niflumic acid (NFA, 1 mM; Sigma-Aldrich, 

UK) were utilised during recordings.  

Experiments characterising the inward rectifier (IR) involved using the non-specific 

blockers, barium chloride (Ba2+, 4 mM; Sigma-Aldrich, UK) and caesium chloride (Cs2+, 

2 mM; Sigma-Aldrich, UK).  
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CNS preparations were incubated with each chloride channel blocker or inward rectifier 

blocker for 15 minutes before eliciting voltage clamp protocols to provide sufficient time 

for the blockers to mediate their effects.  

 

3.2.4   TEVC protocols utilised to investigate properties of ionic currents  

To study voltage-gated currents from young, old and 3 mM AAPH-treated young CGCs, 

various voltage clamp protocols were evoked in this investigation. Clampex® was used 

to design and execute these protocols as well as record the current response elicited by 

the CGCs. Table 3.1 and 3.2 describes the voltage protocols utilised.   

Each particular voltage protocol was repeated three times (responses were averaged 

offline in Clampfit®) within a 2 minute period. Once the protocol had concluded, the 

amplifier was switched back to current clamp mode from TEVC mode until the next 

protocol was ready to be conducted. This was a 3 minute rest interval when in the same 

saline or the incubation time detailed in section 3.2.3 when switching to another saline. 

The rest period was crucial as it relieved the stress upon the CGCs, which occurs when 

clamping the potential of cells for long durations[415]. 
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3.2.4.1   Voltage step protocols 

 

In TEVC experiments of this study step protocol were utilised to measure steady-state currents at a desired voltage as well as examine inactivation, 

deactivation, reversal potential and the kinetic properties of voltage-gated outward currents in the Lymnaea CGC.

Voltage Protocol                              Step Illustration Description 
 

VP1: Activation protocol 
from -90 mV holding 
potential.  

  

                                  

This protocol was designed to elicit the voltage-gated outward currents 
of the Lymnaea CGCs during TEVC recordings. The CGCs were held 
at -90 mV for 50 ms to remove inactivation before stepping to a series 
of potentials from -90 mV to +30 mV in 10 mV increments for 100 ms 
each to active the voltage-gated outward currents[416,375]. 
 

VP2: Activation protocol 
from -40 mV holding 
potential. 

                       

                       

                     

This protocol is an adaptation of VP1 in which the holding potential was 
altered from -90 mV to -40 mV[416]. The purpose of this was to inactivate 
IA and allow for its isolation via subtraction from the total outward 
current evoked in response to VP1. In this protocol, the CGCs were held 
at -40 mV for 50 ms to inactivate A-type K+ channels before stepping to 
a series of potentials from -90 mV to +30 mV in 10 mV increments for 
100 ms to activate the remaining voltage-gated outward currents[416].  
 
 

VP3: The reversal 
potential protocol for 
voltage-gated outward 
currents.  

        
 

              

This protocol was used to evoke tail currents from the CGCs to 
determine the reversal potential for the conducting ion of interest. The 
CGCs were held at -90 mV for 50 ms to remove inactivation, which was 
followed by a +30 mV step for 100 ms to activate the voltage-gated 
outward currents before stepping to a series of potentials from -90 mV 
to +20 mV in 10 mV increments for 500 ms each to generate the tail 
currents[504,375].  
 

+30 mV 

-90 mV   
50 ms 

 100 ms 

-90 mV 

50 ms 

+30 mV 
+20 mV 

500 ms 

100 ms 

+30 mV 

 100 ms 

50 ms 

-90 mV  

-40 mV  



  

116 
 

 

Table 3.1| The TEVC protocols. This table details the voltage protocols that were designed in Clampex® and utilised in this study to examine the ionic 

currents of young, old and 3 mM AAPH-treated young RCGCs.  

Voltage Protocol                                  Step Illustration Description 
 

VP4: Steady-state 
inactivation protocol for 
voltage-gated outward 
currents.  

     
                                                                       

                

This protocol was designed to study the steady-state inactivation 
properties of the voltage-gated outward currents in young, old and 3 mM 
AAPH-treated young CGCs. The CGCs were held at -90 mV for 100 ms 
to remove inactivation, followed by a 1s pre-pulse to a range of voltages 
between -90 mV to 0 mV in 10 mV increments to activate the voltage-
gated outward currents before the 200 ms test pulse at 0 mV, to examine 
the amplitude of the remaining current[101,375]. 

VP5: Activation of the 
inward rectifier from -20 
mV holding potential. 

 
           

            
 
 

The purpose of this protocol was to explore the presence of an inward 
rectifier current in CGCs of young, old and 3 mM AAPH-treated young 
preparations. The CGCs were held at -20 mV for 100 ms before stepping 
to a series of potentials from -20 mV to -140 mV in 20 mV increments 
for 200 ms[416].  
 

VP6: Steady-state 
inactivation protocol for 
the inward rectifier 
current.  

                
 

      

This protocol was implemented to study the steady-state inactivation 
properties of the inward rectifier current of the young, old and 3 mM 
AAPH-treated young CGCs. The CGCs were held at -60 mV for 100 
ms, followed then by a 1 s pre-pulse from -20 mV to -140 mV in 20 mV 
increments to activate the inward rectifier before the 200 ms test pulse 
at -20 mV, to observe the remaining current.  

100 ms 
-90 mV 

0 mV 200 ms 

1000 ms 

200 ms -20 mV 

100 ms 

-140 mV 

-140 mV 

1000 ms 
-60 mV 

100 ms 
200 ms 

 -20 mV 
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3.2.4.2    Action potential waveforms protocols  

In a subset of experiments in this study, a refinement of the conventional TEVC method 

known as the “action potential (AP)-clamp” technique was utilised. Instead of the 

traditional voltage step protocols (Table 3.1), a pre-recorded single young CGC action 

potential (acquired in current clamp mode; section 2.2.3) was imported into Clampex® 

and used as the voltage command. The rationale for this approach was to profile the 

behaviour of voltage-gated outward currents during a more physiological stimulus, the 

young CGC action potential.[70,451] 

 

Table 3.2| AP-clamp protocols. This table describes the action potential waveform 

protocols that were evoked in Clampex®.   

3.2.6   Data analysis  

3.2.6.1   Filtering and leak subtraction of voltage clamp recordings 

Traces were filtered offline prior to the analysis of currents that had been acquired during 

experimental recordings. This was accomplished using the ‘Filter’ function in Clampfit® 

and selecting a low-pass Gaussian filter to filter the traces at 1 KHz, a 1/5 of the sampling 

frequency (5 kHz). The ‘Leak subtraction’ function in Clampfit® was then employed to 

remove the voltage-independent leak current.  

Voltage Protocol      AP Waveform Illustration Description 
 

AP1: Young CGC 
action potential 
from -50 mV 
holding potential.  

 

 

                                

                

The purpose of this protocol was to 
study the behaviour of voltage-
gated outward currents during the 
firing of a young CGC action 
potential.  
 
The CGCs were held at -50 mV as 
this represented the typical RMP 
of young preparations.  
 
 

AP2: Young CGC 
action potential 
from -150 mV 
holding potential. 

 

 

 

 

The purpose of this protocol was to 
remove (via subtraction) passive 
responses evoked by the CGCs 
during AP1 that were not mediated 
by voltage-gated ion channels.  
 
Holding the CGCs at -150 mV, 
where no voltage-gated currents 
were active, revealed only the 
passive responses generated by the 
CGCs during the AP waveform 
command protocol.  
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3.2.6.2   Subtraction of voltage-gated ionic currents  

A digital subtraction needed to be performed for the isolation of certain voltage-gated 

currents in this study. To do this, the ‘Subtract Control’ function in Clampex® was utilised 

on the selected trace recordings. 

 

3.2.6.3   Analysis of current amplitude  

Measurements of the peak amplitude of currents were conducted offline using Clampfit®. 

The data generated was entered in GraphPad Prism 7 to calculate the population mean 

and subsequently utilised in the construction of I-V plots, activation curves, steady-state 

inactivation curves as well as calculating % block (by pharmacological agents) of a 

current.  

The amplitude of all currents were measured at the early component between 5-25 ms 

and at the sustained component between 70-90 ms during the 100 ms step of the activation 

voltage protocols. The currents generated from the steady-state inactivation protocol were 

measured between 150 ms-170 ms at the 0 mV test pulse. For the inward rectifier current 

the peak amplitude was measured at 10-15 ms during the 200 ms voltage step of the 

activation protocol as well as between 150 -170 ms during the -40 mV test pulse of its 

steady-state inactivation protocol.  

  

3.2.6.3   Analysis of current area   

Assessment of the area of a current from AP-clamp experiments were conducted offline 

in Clampfit®. Two cursors were placed on traces from where the measurements were to 

be taken from each current and the ‘Template search’ function in Clampfit® was the 

utilised to determine the area under the current. The data generated was entered in 

GraphPad Prism 7 for further analysis.  

 
 

3.2.6.4   Analysis of the activation and inactivation rates of IA 

The activation rate for IA was measured offline in Clampfit® on filtered and leak 

subtracted traces. The ‘Template Search’ function was utilised to measure the time to 

peak from 0 ms of the protocol at +30 mV in the young, old and 3 mM AAPH-treated 

young CGCs. Note, the time to peak was selected as the measure for activation rate as it 

avoided any interferences from transient capacitive artefacts may be present at the very 
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start of a voltage trace. This would not have been the case if an exponential was used to 

fit the activation.   

The IA inactivation rate was calculated by fitting a single exponential function (Equation 

3.1[415]) from the peak to the trough of the current in the young, old and 3 mM AAPH-

treated young CGCs. The inactivation time constant for IA from -30 mV to +30 mV were 

calculated using the ‘Fit’ function in Clampfit® and selecting the Chebyshev method.   

 

                                                        

 

Equation 3.1| Exponential function fitted to currents to calculate inactivation rates and 

the reversal potential[415]. For each component (i), this function solves for the amplitude 

(A), tau (τ), and the constant y-offset (C)[415]. 

3.2.6.5   Analysis of the reversal potential and deactivation rates  

The reversal potential (Erev) of a current and its deactivation rate were determined by 

fitting an exponential function to the tail currents across the entire voltage range of the 

protocol (VP3 and VP6). This was performed offline by utilising the ‘Fit’ function in 

Clampfit® and selecting the Chebyshev method (Equation 3.1[415]). The number of fits 

required to best fit the tail currents was determined by conducting a sum-of-squares F-

test, which compared different exponential models. 

The tail current amplitude data generated from the exponential fits were entered into 

GraphPad Prism 7 to generate a population mean that was then plotted as a function of 

voltage. A linear regression (Equation 3.2) were fitted to tail currents and the reversal 

potential of the current determined from the point where the regression line crossed the 

zero current axis. Reversal potentials for each current were calculated using this method 

and then the mean ± SEM determined.  

 

                                         

Equation 3.2| Linear regression function where m is the slope of the line and c is the y-

intercept. This was fitted to the data sets on the tail current amplitude vs. voltage plots 

to calculate the mean reversal potential of an ionic current[415].  

f(t) = 

f (x) = mx + c 
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3.2.6.6   Activation Curves  

To construct an activation curve for a particular current, its reversal potential (section 

3.6.4) and amplitude across the full range of voltages (section 3.6.3) was initially 

ascertained for each current. These values were then used to calculate the conductance at 

each step of the voltage protocol in accordance to Equation 3.3.  

 
 

 

                                               G = I / (Vm -Erev) 

Equation 3.3| This equation was used to calculate conductance of the current, whereby 

G is conductance (nS), I is current amplitude (nA), Vm is the voltage of the protocol steps 

(mV) and Erev is the reversal potential of the conducting ion (mV). 

The G values for each step were normalised to maximum conductance (G/Gmax). The 

normalised conductance values for each preparation were then entered into GraphPad 

Prism 7 and plotted as a function of voltage, which was then fitted with a single 

Boltzmann sigmoidal function (Equation 3.4). The “Top” and “Bottom” parameters of 

the Boltzmann curve were constrained to 1 and 0, respectively. Notably, the conductance 

values when Vm=Erev had to be excluded to enable the successful fitting of the Boltzmann 

function. The reason for this is that when Vm is around the reversal potential of the 

conducting ion, the difference between Vm and Erev is extremely small and subsequently 

produces a very large error when calculating G.  

Individual Boltzmann fits generated the V50 (potential to activate 50% of available 

channels) and slope factor (voltage-dependence of channel opening) values before the 

mean ± SEM were determined for each CGC group in Graphpad Prism 7. When there 

was no differences in the mean V50 and/or slope factor values between the data sets of the 

three CGC groups, a global (shared) fit of the Boltzmann sigmoidal function was fitted 

to the population mean of the normalised conductance values from all three groups. 

 

                                    G/Gmax = 1/(1+exp[(V50-Vm)/k]) 

Equation 3.4| The Boltzmann sigmoidal equation fitted to activation curves. G/Gmax is 

normalised conductance, V50 is the threshold potential for half-maximal conductance (in 

mV), Vm is the membrane potential (mV) and k (or slope factor) is the voltage 

dependence (in mV/e-fold change). 
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3.2.6.7   Steady-state inactivation curves  

To construct steady-state inactivation curves, the measured peak current amplitude (I) for 

each voltage step was normalised to the maximal current (Imax). The normalised current 

values for every preparation was then entered into GraphPad Prism 7 and plotted as a 

function of voltage, which was then fitted with a single Boltzmann sigmoidal function in 

accordance to Equation 3.5. The “Top” and “Bottom” parameters of the Boltzmann curve 

were constrained to 1 and 0, respectively. 

The V50 (potential to inactivate 50% of available channels) and slope factor (voltage-

dependence of inactivation) values were derived from individual Boltzmann fits for each 

preparation before determining the population mean ± SEM in GraphPad Prism 7. When 

there was no significant difference in the mean V50 and/or slope factor values between 

the data sets of the three CGC groups, a global (shared) fit of the Boltzmann sigmoidal 

function to the mean I/Imax values was performed for some currents. 

 

                                      I/Imax = 1/(1+exp[(Vm-V50)/k]) 

Equation 3.5| The Boltzmann sigmoidal equation fitted to activation curves. G/Gmax is 

normalised conductance, V50 is the threshold potential for half-maximal conductance (in 

mV), Vm is the membrane potential (mV) and k (or slope factor) is the voltage 

dependence (in mV/e-fold change).  

 

3.2.6.8   Nernst Equation  

The Nernst equation (Equation 3.6) was utilised to predict the reversal potential of a 

conducting ion based on its valence and concentration across the CGC membrane.                                                    

 

                                            

Equation 3.6| The Nernst equation used to calculate the reversal potential of a 

conducting ion, where Erev is the reversal potential, R is the universal gas constant (equal 

to 8.3145 J K-1 mol-1), T is temperature in Kelvin (293.2 K), z is the charge of the ion, F 

is Faraday’s constant (96485 C mol-1), [X]out is the extracellular concentration of the ion 

and [X]in is the intracellular concentration. 

Erev = 
RT

zF
1n [X]o

[X]in
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3.2.7   Statistical data analysis 
 

Experimental data was analysed for statistical significance in GraphPad Prism 7. In 

addition to the statistical tests described in Chapter 2 (section 2.10), the following were 

also conducted in this chapter:  
 

� A mixed ANOVA was performed when comparing the population means between 

two or more groups that were split on two factors[51]. The first was the within-

subjects (or repeated-measures) factor that represented either voltage (mV) or 

time (ms) in this chapter. The second was the between-subjects factor that 

represented either the different CGC groups or different ionic currents.  
 

� A paired t-test was performed to compare two population means from the same 

data set. 
 

� A one-sample t-test for independent samples was performed when determining 

whether the population mean was significantly different from the hypothesised 

mean. 
 

� An extra sum-of-squares F-test had been conducted on the data to compare the 

goodness-of-fit of two different mathematical models. 
 

� A Grubb’s (extreme studentized deviate) test was conducted to detect a single 

outlier at a particular voltage step within each treatment group. This method 

accomplishes this by calculating the difference between a potential outlier and 

the population mean divided by the SD[268]. If the Z-ratio generated from this 

calculation is larger than the critical Z-ratio, then the deviation is considered to 

be statistically significant and the outlier can be excluded[268].  
 

The following p-values indicated that there was a significant difference: *p<0.05, 

**p<0.01, and ***p<0.001. For non-significant (NS) values, p>0.05. All data in the 

results sections are presented as the mean ± standard error of the mean (SEM) and n 

represents the number of RCGCs each recorded from an individual preparation. 
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3.3   Results 

3.3.1   The total voltage-gated outward current in young, old and 3 mM AAPH- 
treated young CGCs 

To challenge the notion often made in the literature that Ca2+-activated K+ currents are 

principally responsible for age-related changes to neuronal firing properties (section 3.1), 

all experiments in this study inhibited these currents in the Lymnaea CGCs. The main 

focus was then shifted to the potential involvement of voltage-gated K+ currents in the 

changes to CGC firing properties with age, especially as it is well recognised that these 

currents have an important role in regulating many parameters of the action potential 

waveform[26,404,190,31].  

Initial experiments in this chapter examined age-related changes to the total voltage-gated 

outward current. CGCs were perfused in a zero-Na+/CdCl2 saline to block all inward 

currents and inhibit the activation of outward Ca2+-dependent K+ currents.  

Currents were evoked from a holding potential of -90 mV (VP1) and depolarised to 

voltages between -90 mV and +30 mV (Figure 3.3A). A representative sample trace of 

the total outward current elicited by a young RCGC in response to this protocol is also 

shown. As demonstrated, the total outward current rapidly activates and peaks ~20 ms 

into the depolarising steps (arrow 1). At more depolarised potentials and following a brief 

inactivation period, a sustained current (arrow 2) was observed that did not appear to 

show any signs of inactivation over the 100 ms voltage step.  

I-V curves of the total early outward current did not significantly differ between young, 

old and 3 mM AAPH-treated young CGCs (p>0.05, n=8 RCGCs; mixed ANOVA with 

Bonferroni post-hoc analysis; Figure 3.3Bi). Similarly, there was no significant 

difference in the amplitude of the total sustained current between the three groups 

(p>0.05, n=8 RCGCs; Figure 3.3Bii). 
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Figure 3.3| Total voltage-gated outward current. (A) Sample trace of total outward 

current generated by a young RCGC in response to VP1. Arrow 1 highlights the early 

transient current and arrow 2 shows the sustained non-inactivating current that follows. 

(B) The amplitude of the total (Bi) early and (Bii) sustained current did not differ 

between the three CGC groups. Data shown as mean ± SEM, n=8 RCGCs. NS, p>0.05. 

 

3.3.2   Voltage-gated outward K+ currents of the Lymnaea CGC 

Despite no significant difference in the amplitude of the total outward ionic current, it is 

possible that ageing and acute OS may alter the activation/inactivation kinetics of the 

constituent currents or the proportion that each individual current contributes toward the 

total outward CGC current.  

 

3.3.2.1   The K+ reversal potential    

Preparations were bathed in a zero-Na+/CdCl2 saline containing the Cl- channel blocker, 

NPPB. In Figure 3.4A, a representative sample trace from a young RCGC recording 

illustrates tail currents that were elicited in response to VP3 and used to assess the Erev of 

K+. All CGC tail currents were fitted with a double exponential function. A comparison 

of a single and double exponential fit to the tail currents in a young RCGC is shown in 

Figure 3.4B. A single exponential function (top) resulted in a poor fit particularly to the 
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fast component of the tail currents (black arrow), which deviated from the fitted (red) 

curve. With a double exponential fit (bottom), the tail currents, particularly the fast 

component, did not deviate from the fitted (red) curve. A sum-of-squares F-test 

comparing the two exponential models confirmed that a double exponential fit was the 

most suitable for the CGC tail currents (p>0.05, n=8 RCGCs). This fitting of a double 

exponential suggests that either the total K+ current has two deactivation processes or is 

contaminated with another current, each with a single (different) deactivation process. 

Figure 3.4C revealed that the estimated Erev for K+ did not significantly differ between 

the three CGC groups (p>0.05, n=8 RCGCs; one-way ANOVA with Bonferroni post-

hoc analysis). The K+ reversal potential was estimated as follows: 1) -59.4 ± 1.25 mV for 

young CGCs; 2) -59.3 ± 2.32 mV for old CGCs, and; 3) -57.6 ± 2.15 mV for 3 mM 

AAPH-treated young CGCs. 
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Figure 3.4| Estimated Erev of K+ in the CGCs. (A) Sample trace of tail currents evoked 

from a young control RCGC. (B) Illustrates that tail currents fitted with a single (top) 

exponential function resulted in a poor fit (black arrows highlight the deviation from 

the fitted red curve) when compared to the fit with a double (bottom) exponential 

function. (C) The estimated Erev for K+, ~-60 mV, did not significantly differ between the 

three CGC groups. Data shown as mean ± SEM, n=8 RCGCs. NS, p>0.05 (part C). 
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3.3.3   Characterisation of IA 

The total voltage-gated early outward current in the CGCs had been previously described 

as being predominately mediated by IA
[416]. Thus, it was of interest to isolate and 

characterise this current in the CGCs of this study and subsequently examine the effects 

of age and acute OS on its properties.  

In Figure 3.5A, voltage steps from -90 mV to +30 mV (VP1) in the zero-Na+/CdCl2 saline 

evoked a series of currents that consisted of an early fast transient (arrow 1) component 

and a slower sustained component (arrow 2). This early fast transient current was 

abolished (arrow 3; Fig 3.5Bi) following the addition of 4 mM 4-AP (a non-specific IA 

blocker) to the bathing saline. The residual 4-AP insensitive current (Figure 3.5Bi) was 

then digitally subtracted from the total outward current (Figure 3.5A) to isolate the 4-AP 

sensitive IA (Figure 3.5Bii).  

Another technique routinely utilised to isolate IA involves manipulating the holding 

potential of the CGCs in a zero-Na+/CdCl2 saline. VP2 (Table 3.1) makes use of the fact 

that IA rapidly inactivates when held at depolarised potentials[416]. Indeed, altering the 

holding potential of the protocol from -90 mV to -40 mV (VP2) and stepping from -90 

mV to +30 mV, caused inactivation of the A-type current (arrow 4; Figure 3.5Ci). The 

outward current from -40 mV holding potential was then subtracted from the total 

outward current (Figure 3.5A) evoked from -90 mV holding potential (via VP1) to isolate 

IA (Figure 3.5Cii).  

Figure 3.5D showed that IA yielded from both pharmacological and voltage subtractions, 

activated around -60 mV (p<0.05, n=8 RCGCs; one-sample t-test, current > hypothetical 

value of 0 nA) and that the peak amplitude of the current did not significantly differ 

between the two isolation methods (p>0.05, n=8 RCGCs; mixed ANOVA with 

Bonferroni post-hoc analysis). The amplitude of both these currents, however, were 

significantly smaller than the total early current, indicating that other currents are also 

substantially active in this region (p<0.001, n=8 RCGCs).  
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Figure 3.5| Isolation of IA in young CGCs. (A) Total voltage-gated outward current with 

arrow 1 pointing at the early transient component and arrow 2 at the sustained 

component. (Bi) 4-AP blocked the early current (arrow 3), leaving a 4-AP insensitive 

sustained current. (Bii) Subtraction of (Bi) from (A) isolated IA. (Ci) The sustained 

current, but not early current (arrow 4) was evoked from the -40 mV holding potential. 

(Cii) Subtraction of (Ci) from (A) also isolated IA. (D) IA isolated (Bii) pharmacologically 

or by (Cii) altering the holding potential did not differ from each other, but were 

significantly smaller than the total early current. Data shown as mean ± SEM, n=8 

RCGCs, ++/**p<0.01,+++/***p<0.001 vs. total early current (part D). Graph symbols: 

asterisk (*) designated for 4-AP sensitive IA and plus (+) for Voltage isolated IA. 
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3.3.3.1   Activation properties of IA with age and acute OS  

As the 4-AP sensitive IA and voltage-isolated IA were not significantly different from one 

another, the remaining experiments in this chapter will utilise 4-AP in the process of 

isolating IA.  

I-V plots in Figure 3.6A exhibited a noticeable decrease in the voltage sensitivity 

(rightward shift) of IA with both age and acute OS. However, the peak amplitude of IA did 

not significantly differ between the three CGC groups across the potential range of VP1 

(p>0.05, n=8 RCGCs; mixed ANOVA with Bonferroni post-hoc analysis). Additionally, 

as in the young CGCs, it was observed that IA activated around -60 mV in both the old 

and 3 mM AAPH-treated young CGCs (p<0.05, n=8 RCGCs; one-sample t-test, current 

> hypothetical value of 0 nA) and thus, did not significantly differ from one another 

(p<0.05, n=8 RCGCs; one-way ANOVA with Bonferroni post-hoc analysis).  

Given that a large proportion of the amplitude of IA in the I-V plot is dependent on the 

voltage across the membrane, a more informative way to analyse these data sets is to plot 

activation curves that looks specifically at the proportion of channels open in the 

membrane and how these change with increasing voltage. To study this, the peak IA data 

(Figure 3.6A) as well as the estimated Erev for K+ (Figure 3.4C) was used to generate 

activation curves (G/Gmax vs. voltage).  

IA activation curves for young, old and 3 mM AAPH-treated young CGCs in Figure 3.6B 

were fitted well with the Boltzmann sigmoidal function. However, there was a significant 

rightward shift in the curves with both age and acute AAPH-treatment (p<0.001, n=8 

RCGCs; mixed ANOVA with Bonferroni post-hoc analysis). Independent Boltzmann fits 

for each Lymnaea preparation revealed that this was due to changes in both V50 and the 

slope factor.   

The V50 shifted to a more positive potential from -54.6 ± 3.6 mV in young CGCs to -31.7 

± 3.3 mV and -36.2 ± 4.1 mV in the old and 3 mM AAPH-treated young CGCs, 

respectively (p<0.05, n=8 RCGCs; one-way ANOVA with Bonferroni post-hoc analysis; 

Figure 3.6Ci). The slope factor was less steep with values becoming more positive from 

4.37 ± 1.3 mV in young CGCs to 24.5 ± 5.2 mV in old CGCs and 27.6 ± 4.5 mV in 3 mM 

AAPH-treated young CGCs (p<0.05, n=8 RCGCs; Figure 3.6Cii).  

Sample traces of the 4-AP sensitive IA (evoked at -30 mV command potential from the    

-90 mV holding potential of VP1) demonstrates that in both old and 3 mM AAPH-treated 



  

129 
 

young CGCs it takes longer to reach the peak of this current when compared to young 

CGCs (Figure 3.6Di). This difference was statistically significant (p<0.05, n=8 RCGCs; 

Figure 3.6Dii). 

         

-100 -80 -60 -40 -20 0 20 40

20

40

60

80

Young CGC

Old CGC

3 mM AAPH-treated

young CGC

                                                                    V (mV)

I (nA)

-100 -80 -60 -40 -20 0 20 40

0.0

0.2

0.4

0.6

0.8

1.0

Young CGC

Old CGC

3 mM AAPH-treated

young CGC

***
***

***
***

++****
+++

+++

+++

+++

       V (mV)

  
  

  
G

/G
m

a
x

Young CGC Old CGC
-80

-60

-40

-20

0

*
*

3 mM

AAPH-treated

young CGC

V
50

(m
V

)

Young CGC Old CGC
0

10

20

30

40

50

*
*

3 mM

AAPH-treated

young CGC

S
lo

p
e

 (
m

V
)

Young CGC Old CGC
0

5

10

15

20

25

*
*

3 mM

AAPH-treated

young CGC

τ a
c

ti
v

a
ti

o
n

(m
s

)

10 nA

10 ms

Young CGC

Old CGC

3 mM AAPH-treated

young CGC

*

 

Figure 3.6| Activation properties of IA with age and acute OS. (A) Peak amplitude of IA 

did not differ between the three CGC groups. (B) IA activation curves exhibited a 

significant rightward shift with age and acute OS due to a significant increase in (Ci) 

V50 and the (Cii) slope factor. (Di) Representative current traces, evoked at -30 mV 

command potential, illustrates that old and AAPH-treated young CGCs reach the IA 

peak (asterisk) much slower than young CGCs. (Dii) Indeed, this slowing  of the IA 

activation rate was significant. Data shown as mean ± SEM, n=8 RCGCs. +/*p<0.05, 

++/**p<0.01,+++/***p<0.001, vs. young CGCs (part B-D). Graph symbols: asterisk (*) 

designated for Old CGCs and plus (+) for 3 mM AAPH-treated young CGCs (part B).       
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3.3.3.2   Inactivation of IA changes with age and acute OS 

Steady-state inactivation of IA was examined by conducting the voltage protocol (VP4) 

illustrated in Figure 3.7Ai. This figure also displays a representative sample trace of the 

current response elicited by a young RCGC during this protocol.  

The steady-state inactivation curve (I/Imax vs. voltage) in Figure 3.7Aii, fitted 

successfully with a Boltzmann function, demonstrated that IA in young, old and 3 mM 

AAPH-treated young CGCs all exhibited pronounced steady-state inactivation. A global 

fit of the Boltzmann function to the inactivation data was rejected due to slight differences 

in either the V50 and/or slope factor. However, individual fittings of the Boltzmann 

function to each preparation found that these changes in V50 and the slope factor between 

the three CGC groups were not significant (p>0.05 for both, n=8 RCGCs; one-way 

ANOVA with Bonferroni post-hoc analysis; data not shown). This indicates that the 

threshold and voltage-dependence of IA inactivation is not altered with age or acute OS.  

Sample traces of IA from its peak, evoked at -30 mV command potential from the -90 mV 

holding potential of VP1, illustrates that ageing and acute OS altered its inactivation 

kinetics (Figure 3.7Bi). The time constant of IA inactivation was measured by 

successfully fitting a single exponential function from the peak (asterisk) to the trough 

(arrow) of the current. Figure 3.7Bii showed that inactivation of IA in both the old and 3 

mM AAPH-treated young CGCs was significant slower (from -30 mV to + 30 mV) than 

in young CGCs (p<0.01, n=8 RCGCs; mixed ANOVA with Bonferroni post-hoc 

analysis). There was no significant differences in the IA inactivation time constants 

between old and 3 mM AAPH CGCs (p>0.05, n=8 RCGCs).  
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Figure 3.7| Inactivation of IA with age and acute OS. (Ai) Sample trace of the current 

response generated by a young RCGC, which was used to construct (Aii) steady-state 

inactivation plots. These curves exhibited pronounced steady-state inactivation and did 

not significantly differ between the three CGC groups. (B) IA inactivation kinetics did 

change. (Bi) Sample traces of IA, evoked at -30 mV command potential, demonstrates 

that inactivation is much slower (from asterisk to arrow) in old and AAPH-treated 

young CGCs when compared to young CGCs and that this (Bii) is statistically 

significantly from -30 mV to + 30 mV. Data shown as mean ± SEM, n=8 RCGCs, 

***p<0.001, ++/**p<0.01, +/*p<0.05 vs. young CGCs (part Bii). Graph symbols: asterisk 

(*) designated for Old CGCs and plus (+) for 3 mM AAPH-treated young CGCs.  

 

3.3.3.3   The IA window current 

IA analysed from young, old and 3 mM AAPH-treated young CGCs all exhibited a 

window current when the activation and steady-state inactivation curves were 

superimposed (Figure 3.8Ai-iii). This feature represents the period where IA
 channels are 

available for activation, but inactivation of the current is submaximal.  
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IA opened at physiologically relevant potentials in all three CGC groups, but the 

magnitude (area) of the window currents did significantly decrease with age and acute 

OS (p<0.05, n=8 RCGCs; one-way ANOVA with Bonferroni post-hoc analysis).  

At the peak of the window current, in all three CGC groups, up to ~60% (calculated as a 

proportion of Gmax) of the available channels were active in the young CGCs, ~35% in 

the old CGCs and ~40% in the 3 mM AAPH-treated young CGCs.  

In relation to the RMP of the CGCs, -57.6 mV for young CGCs, -73.2 mV for old CGCs 

and -60.3 mV for 3 mM AAPH-treated young CGCs (Chapter 2), there were significant 

differences in the proportion of IA active between each of the CGC groups (p<0.01, n=8 

RCGCs; Figure 3.8B). At their respective RMPs (calculated as a proportion of Gmax), 

~35% of the IA channels were open in the young, ~20% in the 3 mM AAPH-treated young 

CGCs and, ~10% in the old CGCs. 
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Figure 3.8| IA window current. (A) The window current in (Ai) young CGCs is larger 

than that of (Aii) old and (Aiii) 3 mM AAPH-treated young CGCs. (B) A significantly 

smaller proportion of A-type K+ channels were open at the RMP of old CGCs when 

compared to both young and 3 mM AAPH-treated young CGCs at their respective 

RMPs. Young CGCs had the greatest proportion of A-type K+ channels open at their 

RMP. **p<0.01 vs. Old CGC and ***p<0.001 vs. Young CGC (part B).  
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3.3.4   Characterisation of IDR  

To isolate IDR from the total outward current, IA (arrow 1; Figure 3.9Ai) was first blocked 

(arrow 2; Figure 3.9Aii) by bathing young CGCs in a zero-Na+/CdCl2/4-AP saline.  

Figure 3.9Aiii, displays I-V curves for the sustained currents before and after the addition 

of 4-AP to the bathing saline. The amplitude of the 4-AP insensitive sustained current 

was smaller than the total sustained outward current, which reached significance at very 

depolarised potentials (p<0.05, n=8 RCGCs; mixed ANOVA with Bonferroni post-hoc 

analysis). Interestingly, this indicates that a small proportion of IA also contributes to the 

sustained component of the total voltage-gated outward CGC current. 

A substantial proportion of the 4-AP insensitive sustained current was identified as IDR, 

as its amplitude reduced following the extracellular application of 50 mM TEA. Figure 

3.9B illustrates a representative trace of the TEA/4-AP insensitive current (+TEA) 

overlaid on the 4-AP insensitive current (control), both evoked at the +10 mV command 

potential of VP1. The difference between these two currents is reflective of the amplitude 

of the TEA sensitive IDR. The accompanying bar graph in this panel reveals that IDR 

accounted for ~80% of the 4-AP insensitive sustained current.  

Figure 3.9Ci displays a typical example of the TEA sensitive IDR isolated by subtraction 

of the TEA/4-AP insensitive current from the 4-AP insensitive current. The TEA sensitive 

IDR demonstrated the characteristic features of a ‘classical’ IDR, such as being slow to 

activate and undergoing very little inactivation[504,375,416]. I-V curves of the sustained 

currents in Figure 3.9Cii reveals that the reduction of the control 4-AP insensitive 

sustained current by TEA was significant (p<0.05, n=8 RCGCs). The amplitude of the 

TEA sensitive IDR was significantly larger than the sustained TEA/4-AP insensitive 

current (p>0.001, n=8 RCGCs), indicating that IDR is the principal contributor to the total 

outward sustained current in young CGCs. 
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Figure 3.9| IDR isolation in young CGCs. (A) VP1 evoked voltage-gated currents. (Ai) To 

isolate IDR, IA (arrow 1) was first blocked (Aii) with 4-AP (arrow 2), as shown in this 

sample trace. (Aiii) IA significantly contributes to the total sustained outward current. 

(B) Sample trace illustrates that TEA reduced the 4-AP insensitive (control) current by 

~80%. (Ci) The TEA sensitive IDR (isolated via subtraction) activates slowly and 

undergoes minimal inactivation. (Cii) IDR is the largest component of the 4-AP 

insensitive sustained current. Data shown as mean ± SEM, n=8 RCGCs. xp<0.05, 

++p<0.01,xxx/+++/***p<0.001. Graph symbols for Part Cii: asterisk (*) designated for 

sustained 4-AP insensitive current (vs. sustained TEA/4-AP insensitive current), plus (+) 

for sustained TEA/4-AP insensitive current (vs. IDR) and cross (x) for IDR (vs. sustained 

4-AP insensitive current).  
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3.3.4.1   IDR properties with age and acute OS  

Figure 3.10A revealed that the amplitude of the TEA sensitive IDR did not significantly 

differ between young, old and 3 mM AAPH-treated CGCs (p>0.05, n=8; mixed ANOVA 

with Bonferroni post-hoc analysis). IDR in all 3 groups activated at approximately -50 mV 

(p<0.05; n=8 RCGCs; one-sample t-test, current > hypothetical value of 0 nA) and 

reached a maximal magnitude of approximately 60 nA at the +30 mV command potential.  

IDR activation curves generated for young, old and 3 mM AAPH-treated young CGCs 

were successfully fitted with a global Boltzmann sigmoidal function (p>0.05; n=8; extra 

sum-of-squares F-test; Figure 3.10B). This indicates that V50 and slope factor is not 

significantly altered with age and acute OS.  

A particularly interesting feature of the IDR global activation curve was that it was very 

shallow. This strongly suggests that the voltage-dependence of activation is weak in the 

delayed rectifiers of the Lymnaea CGCs.   

Notably, mean conductance values from the 3 mM AAPH-treated young CGC group did 

not fit particularly well to the Boltzmann curve between -40 mV to -70 mV where there 

was an unusual upward deflection. One data set was principally responsible for this 

deviation as it consistently (protocols repeated 3 times; section 3.2.4) evoked a larger 

current, predominantly at these voltages, when compared to other data sets in the AAPH 

group. This yielded a larger conductance value during calculations and subsequently 

increased the population mean substantially at these voltages. The conductance values 

between -40 mV to -70 mV from this one data set could not be excluded as its deviation 

from the population mean was not deemed to be a significant outlier (p>0.05 for -40 mV, 

-50 mV and -70 mV, n=8 RCGCs; Grubbs’ test; data not shown).  

Steady-state inactivation properties of IDR in the three CGC groups was then examined 

using VP4 (Figure 3.10Ci). The accompanying sample trace of a typical response evoked 

by this protocol in a young RCGC illustrates that IDR undergoes very little inactivation. 

The steady-state inactivation curve in Figure 3.10Cii was successfully fitted with a global 

Boltzmann function (p>0.05, n=8; extra sum-of-squares F-test; Figure 3.10Cii), 

indicating no significant changes in the V50 and slope factor with age or acute OS. This 

shallow curve also shows that inactivation of IDR is weakly voltage-dependent in the three 

CGCs groups. The incomplete inactivation over the 1000 ms test period duration of the 

voltage protocol is considered to be a characteristic feature of IDR
[375,504,416]. 
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Figure 3.10| IDR properties with age and acute OS. (A) The amplitude and activation 

threshold (~-50 mV) of the TEA sensitive IDR did not significantly change between the 

three CGC groups. (B) There was also no significant differences between the IDR 

activation curves. (Ci) Sample trace of the steady-state inactivation current response 

evoked by a young RCGC in response to VP4, reveals that IDR exhibits very little 

inactivation. (Cii) IDR inactivation properties did not significant alter with age or acute 

OS.  Data shown as mean ± SEM, n =8 RCGCs. NS, p>0.05.  

 

3.3.5   The TEA/4-AP insensitive outward current  

Experiments in section 3.3.4.1, unveiled the presence of a voltage-gated outward current 

in the CGCs that had not been previously reported in the Lymnaea literature. This current 

was insensitive to 50 mM TEA and 4 mM 4-AP and did not display the typical features 

of a ‘classical’ IDR. Sample traces from a young RCGC in Figure 3.11A demonstrates that 

the TEA/4-AP insensitive current has a ‘biphasic’ phenotype with a fast transient 

activation component followed by a smaller slower sustained component, whereas the 

TEA sensitive IDR has a very slow activation phase that is followed by a larger sustained 

component. 
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The activation threshold of these two currents also significantly differed (p<0.01, n=8 

RCGCs; unpaired t-test; Figure 3.11B). The TEA/4-AP insensitive current activated at 

approximately -30 mV, while the TEA sensitive IDR activated around -50 mV (p<0.05, 

n=8; one-sample t-test, current > hypothetical value of 0 nA).   

Sample traces in Figure 3.11Ci from a young RCGC demonstrates that tail currents 

(evoked via VP3) of the TEA/4-AP insensitive current (isolated in the TEA/4-AP/CdCl2 

saline) were larger, slower and more persistent than the TEA sensitive IDR tail currents 

(isolated via subtraction of the TEA/4-AP insensitive current from the 4-AP insensitive 

current). All tail currents were fitted with a double exponential function (p<0.01, n=8 

RCGCs; sum-of-squares F-test). Figure 3.11Cii confirmed that the TEA/4-AP 

insensitive current generated significantly larger tail currents than the TEA sensitive IDR 

(p<0.01, n=8 RCGCs; mixed ANOVA with Bonferroni post-hoc). This plot also showed 

that the Erev of the TEA/4-AP insensitive current (-31.1 ± 1.09 mV) was significantly 

more depolarised that the estimated Erev for IDR (-61.2 ± 1.37 mV) (p<0.01, n=8 RCGCs; 

unpaired t-test). This indicates that the TEA/4-AP insensitive current is not principally 

conducted by K+ ions.  

Figure 3.11Ciii showed that the slower deactivation rate of the TEA/4-AP insensitive 

current was significant when compared the TEA sensitive IDR (p<0.01, n=8 RCGCs; 

mixed ANOVA with Bonferroni post-hoc analysis). The tail currents of the TEA/4-AP 

insensitive current were persistent as deactivation was incomplete 1 s after the +30 mV 

step had concluded and returned back to the -90 mV holding potential (p<0.05, n=8 

RCGCs; one-sample t-test, current > hypothetical value of 0 nA). IDR tail currents had 

completely deactivated by this point (p>0.05, n=8 RCGCs; one-sample t-test, current > 

hypothetical value of 0 nA) and thus differed significantly from the TEA/4-AP insensitive 

sustained current (p<0.001, n=8 RCGCs; unpaired t-test; Figure 3. 11Civ).  
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Figure 3.11| TEA sensitive IDR vs. TEA/4-AP insensitive current in young CGCs. (A) 

Sample trace of IDR (right) and the TEA/4-AP insensitive current (left). (B) The 

sustained TEA/4-AP insensitive current activated ~-30 mV and IDR activated at ~-50 mV. 

(Ci) Sample traces illustrating differences in the amplitude and decay of tail currents 

generated by IDR (top) and the TEA/4-AP insensitive current (bottom). (Cii) IDR tail 

currents were significantly smaller and its estimated Erev is more hyperpolarised than 

the TEA/4-AP insensitive current. When compared to IDR, the TEA/4-AP insensitive 

current (Ciii) deactivated significantly slower and a (Civ) significant proportion of this 

current had still not deactivated 1 second after the +30 mV step of VP3 had concluded. 

Data shown as mean ± SEM, n=8 RCGCs. **p<0.01 and***p<0.001 and vs. IDR. 
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3.3.6   Is the TEA/4-AP insensitive current a single current or a mixture of currents? 

Figure 3.12A displays a sample trace of the TEA/4-AP insensitive current evoked from 

a young RCGC in response to VP1 in the TEA/4-AP/CdCl2 saline. This ‘biphasic’ current 

consists of an early transient component followed by a sustained non-inactivating 

component.  

Activation thresholds of both the early and sustained component of the TEA/4-AP 

insensitive current in young CGCs were determined from I-V plots (see Figures 3.13 and 

3.14, respectively). Figure 3.12B revealed that the activation threshold of the early 

component was significantly more negative than the sustained component (p<0.01, n=8 

RCGCs; unpaired t-test). The early TEA/4-AP insensitive current activated ~-50 mV and 

the sustained TEA/4-AP insensitive current at ~-30 mV (p<0.05 for both currents, n=8 

RCGCs; one-sample t-test, current > hypothetical value of 0 nA), which strongly 

indicates that the TEA/4-AP insensitive current is composed of at least two different 

conductances.   
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Figure 3.12| Activation threshold of the TEA/4-AP insensitive current. (A) Sample trace 

of the TEA/4-AP insensitive current evoked by a young RCGC. (B) The early transient 

component activates at a significantly more hyperpolarised potential (~-50 mV) than 

the sustained component (~-30 mV). Data shown as mean ± SEM, n=8 RCGCs. **p<0.01 

vs. Early transient current.  

3.3.6.1   The effects of age and acute OS on the early transient TEA/4-AP insensitive 
current  

Sample traces of the total TEA/4-AP insensitive current in Figure 3.13A and the I-V 

relationship in Figure 3.13B, demonstrate that the early transient component of the this 

current enhanced with age and acute OS (p<0.01, n=8 RCGCs; mixed ANOVA with 

Bonferroni post-hoc analysis). There were no significant differences between the old and 

3 mM AAPH-treated young CGCs (p>0.05, n=8 RCGCs).  

             A.                                                                 B.                                  
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The activation potential of the early transient TEA/4-AP insensitive current, derived from 

the I-V curve, was ~-50 mV in all three CGC groups (one-sample t-test, current > 

hypothetical value of 0 nA) and thus, had not significantly differed from each other 

(p>0.05, n=8 RCGCs; one-way ANOVA with Bonferroni post-hoc analysis).  

Activation curves in Figure 3.13Ci, showed that old and 3 mM AAPH-treated young 

CGCs significantly differed from young CGCs (p<0.01, n=8 RCGCs; mixed ANOVA), 

which was due to a rightward shift in V50 (p<0.01, n=8 RCGCs; one-way ANOVA; 

Figure 3.13Cii).  
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Figure 3.13| Age and acute OS alters the early transient TEA/4-AP insensitive current. 

(A) Sample traces illustrate that the TEA/4-AP insensitive current is larger in both old 

and 3 mM AAPH-treated young CGCs. (B) The increase of the early current was 

significant. (Ci) There was a significant rightward shift in the activation curves with age 

and acute OS due to a (Cii) decrease in V50. Data shown as mean ± SEM, n=8 RCGCs. 

+/*p<0.05, ++/**p<0.01, +++/***p<0.001 vs. young CGCs. Graph symbols: asterisk (*) 

designated for Old CGCs and plus (+) for 3 mM AAPH-treated young CGCs.   
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3.3.6.2   The sustained TEA/4-AP insensitive current 

The sustained TEA/4-AP insensitive current increased significantly with age and acute 

OS (p<0.01, n=8 RCGCs; mixed ANOVA with Bonferroni post-hoc analysis; Figure 

3.14A). The amplitude of the sustained current did not differ between old and 3 mM 

AAPH-treated young CGCs (p>0.05, n=8 RCGCs). Additionally, the activation threshold 

of the sustained (~-30 mV; one-sample t-test, current > hypothetical value of 0 nA) was 

not significantly different between the three CGC groups (p>0.05, n=8 RCGCs; one-way 

ANOVA with Bonferroni post-hoc analysis).  

Activation curves for the sustained TEA/4-AP insensitive current from all three CGC 

groups were well fitted with a global Boltzmann sigmoidal function (p>0.05, n=8 

RCGCs; extra sum-of-squares F-test; Figure 3.14B), signifying no significant changes 

to V50 and the slope factor with age or acute OS.  

Steady-state inactivation curves in Figure 3.14Ci showed that the sustained TEA/4-AP 

insensitive current exhibited minimal inactivation (~10%) in all three CGC groups during 

1000 ms step of VP4. A global Boltzmann fit to the steady-state inactivation data was 

unsuccessful (p<0.05, n=8 RCGCs; extra sum-of-squares F-test). Individual Boltzmann 

fits to each preparation revealed that this was due to a significant increase in the slope 

factor with both age and acute OS (p<0.05, n=8 RCGCs; one-way ANOVA; Figure 

3.14Cii). This indicates that voltage-dependent inactivation of the sustained TEA/4-AP 

insensitive current is weaker in the old and 3 mM AAPH-treated young CGCs.  
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Figure 3.14| Age and acute OS alters the sustained TEA/4-AP insensitive current. (A) 

This current, which activated around -30 mV, was significant larger in both the old and 

3 mM AAPH-treated young CGCs. (B) Activation curves did not significantly change 

with age or acute OS. (Ci) Steady-state inactivation curves revealed that this 

conductance undergoes very little inactivation in all three CGC groups. However, 

curves were less steep in both the old and 3 mM AAPH-treated young CGCs due to (Cii) 

a significant increase in slope factor. Data shown as mean ± SEM, n=8 RCGCs. 

+/*p<0.05, **p<0.01, +++/***p<0.001 vs. young CGCs. Graph symbols: asterisk (*) 

designated for Old CGCs and plus (+) for 3 mM AAPH-treated young CGCs. 

 

3.3.6.3   Age and acute OS alters the TEA/4-AP insensitive current reversal potential  

The Erev of the TEA/4-AP insensitive current in the CGCs was examined from tail currents 

evoked by VP3 in the TEA/4-AP/CdCl2 saline (Figure 3.15A). Tail currents were fitted 

with a double exponential function in each CGC group (p<0.01, n=8 RCGCs; sum-of-

squares F-test).  

Figure 3.15B showed that the Erev of the young TEA/4-AP insensitive current (-31.1 ± 

1.09 mV) was significantly different from both old (-40.1 ± 0.45 mV) and 3 mM AAPH-

treated young CGCs (-41.2 ± 1.84 mV) (p<0.001, n=8 RCGCs; one-way ANOVA with 

Bonferroni post-hoc analysis).  
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Figure 3.15| Age and acute OS on the Erev of the TEA/4-AP insensitive current. (A) VP3 

was utilised to generate the tail currents required for reversal potential analysis. (B) 

The Erev of the TEA/4-AP insensitive current was significantly more hyperpolarised in 

both old and 3 mM AAPH-treated young CGCs, by ~-10 mV, when compared to young 

CGCs. Data shown as mean ± SEM, n=8 RCGCs. ***p<0.001 vs. young CGC (part B).  

3.3.7   Characterisation of the CGC sustained TEA/4-AP insensitive current 

Notably, pharmacological approaches implemented in this study were unable to block the 

early transient TEA/4-AP insensitive current and at present this current could not be 

explored further. Thus, this section will characterise the sustained TEA/4-AP insensitive 

current and examine whether this current changes with age and acute OS.   

 

 

3.3.7.1   Is the sustained TEA/4-AP insensitive current conducted by chloride ions?  

Given that the Erev of the total TEA/4-AP insensitive current was significantly more 

positive than the estimated Erev for K+ (Figure 3.12C), it was possible that the sustained 

TEA/4-AP insensitive current was carried by Cl- ions as its Erev resembled previous 

descriptions of voltage-gated outward Cl- currents in vertebrate and other invertebrate 

neurons[460,490,220]. 

In Figure 3.16Ai-ii, bathing young preparations in a zero Cl- saline reduced the amplitude 

of the sustained TEA/4-AP insensitive current, leaving a residual sustained TEA/4-

AP/zero Cl- insensitive current. Figure 3.16Aii, showed that subtraction of this residual 

current from the control sustained TEA/4-AP insensitive current isolated a voltage-gated 

outward Cl- current (ICl). 

Figure 3.16B showed that ICl activated around -35 mV (p<0.05, n=7 RCGCs; one-sample 

t-test, current > hypothetical value of 0 nA). Additionally, the amplitude of ICl was both 

significantly smaller than the control sustained TEA/4-AP insensitive current and larger 

       A.                                                                   B.  
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than the TEA/4-AP/zero Cl- insensitive current at more depolarised potentials (p<0.01 for 

both, n=7 RCGCs; mixed ANOVA with Bonferroni post-hoc analysis). This indicates ICl 

is the principle contributor of the sustained TEA/4-AP insensitive current in young CGCs.  

The effects of established voltage-gated Cl- channel blockers on the sustained TEA/4-AP 

insensitive current was also assessed. 100 µM NPPB mimicked the effects of the zero Cl- 

saline by reducing the sustained TEA/4-AP insensitive current by ~60% (p>0.05, n=7 

RCGCs; unpaired t-test; Figure 3.16C). However, 100 µM DIDS and 1 mM niflumic 

acid did not alter the sustained TEA/4-AP insensitive current (p>0.05, n=4 RCGCs; 

mixed ANOVA; data not shown). 
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Figure 3.16| ICl in young CGCs. (A) Sample traces show that the (Ai) TEA/4-AP 

insensitive current  substantially (Aii) reduced in the zero Cl- saline, leaving a residual 

TEA/4-AP/zero Cl- insensitive current. (Aiii) Subtraction of (Aii) from (Ai) isolated ICl. 

(B) The sustained TEA/4-AP insensitive current is predominately conducted by Cl-, as 

ICl was significantly larger than the sustained TEA/4-AP/zero Cl- insensitive current. 

(C) NPPB mimicked the zero Cl- saline by reducing the sustained TEA/4-AP insensitive 

current by ~60%. Data shown as mean ± SEM, n=7 RCGCs. x/*p<0.05, xx/**p<0.01 and 

***p<0.001. Graph symbols: asterisk (*) designated for zero Cl- saline and cross (x) for 

ICl.   
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3.3.7.2   The contribution of ICl to the large slow persistent tail currents of the 
sustained TEA/4-AP insensitive current 

Figure 3.17A displays sample traces of young CGC tail currents (evoked via VP3) of the 

TEA/4-AP insensitive current, the TEA/4-AP/zero Cl- insensitive current and ICl. These 

traces show that ICl exhibited faster deactivation kinetics than the other two currents and 

analysis confirmed this following the successful double exponential fit to the tail currents 

of each conductance (p<0.01, n=7 RCGCs; sum-of-squares F-test).  

Tail currents of both the TEA/4-AP insensitive current and the TEA/4-AP/zero Cl- 

insensitive current were significantly larger in amplitude than ICl tail currents 

(p<0.01, n=7 RCGCs; mixed ANOVA with Bonferroni post-hoc analysis; Figure 

3.17B). There was no significant difference between the TEA/4-AP insensitive current 

and the TEA/4-AP/zero Cl- insensitive current (p>0.05, n=7 RCGCs). This indicates that 

the large tail currents of the TEA/4-AP insensitive current are not principle mediated by 

the deactivation of ICl. 

 In Figure 3.17C, the slow decaying tail currents of the sustained TEA/4-AP insensitive 

current was due to the deactivation properties of the sustained TEA/4-AP/zero Cl- 

insensitive current as the deactivation time constant did not significantly differ between 

these two conductances (p<0.001, n=7 RCGCs). ICl did not contribute towards the slow 

deactivation kinetics of the sustained TEA/4-AP insensitive current as its tail currents 

decayed significantly faster (p<0.01, n=7 RCGCs). 

The persistent nature of the sustained TEA/4-AP insensitive tail currents was also due to 

the TEA/4-AP/zero Cl- insensitive current, as tail current amplitudes did not significantly 

differ between these conductances when measured at the -90 mV holding potential 1 s 

after the +30 mV step had concluded (p>0.05, n=7 RCGCs; one-way ANOVA with 

Bonferroni post-hoc analysis; Figure 3.17D). Conversely, ICl tail currents significantly 

deactivated by this time point (p<0.001 vs. both currents, n=7 RCGCs).  

 

  

  

 

 



  

146 
 

-100 -80 -60 -40 -20 0 20 40
-60

-40

-20

0

20

40

60
TEA/4-AP/zero Cl -

insensitive current

ICl

TEA/4-AP

insensitive current

********
*** *** ** ****

V (mV)

T
a

il
 c

u
rr

e
n

t 
a

m
p

li
tu

d
e

 (
n

A
)

-100 -80 -60 -40 -20 0 20 40
0

10

20

30

40
TEA/4-AP/zero Cl -

insensitive current

TEA/4-AP

insensitive current

ICl

*** *********
*********

************

V (mV)

τ d
e

a
c

ti
v

a
ti

o
n
 (

m
s

)

0

1

2

3

4

5

***T
a

il
 c

u
rr

e
n

t 
a

m
p

li
tu

d
e

 (
n

A
)

a
t 

1
 s

e
c

o
n

d

TEA/4-AP

insensitive

current

TEA/4-AP/zero

Cl- insensitive

current

ICl

500 ms

+ 30 mV + 20 mV
100 ms

100 ms

- 90 mV

 

Figure 3.17| Comparison of deactivation properties. (A) Sample traces of deactivating 

tail currents evoked (via VP3) by the sustained TEA/4-AP insensitive current, sustained 

TEA/4-AP/zero Cl- insensitive current and ICl in young RCGCs. The deactivating ICl tail 

currents were significantly (B) smaller in amplitude, (C) decayed faster, and (D) were 

not persistent when compared to tail currents of the TEA/4-AP insensitive current and 

TEA/4-AP/zero Cl- insensitive current. (B-D) The deactivation kinetics of the TEA/4-

AP/zero Cl- insensitive current did not differ significantly from the TEA/4-AP 

insensitive current. Data shown as mean ± SEM, n=7 RCGCs. **p<0.01, ***p<0.001 vs. 

sustained TEA/4-AP insensitive current and sustained TEA/4-AP/zero Cl- insensitive current. 
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3.3.7.3   Does ICl change with age and acute OS?  

In contrast to the young CGCs (see Figure 3.16C), 100 µM NPPB did not alter the 

amplitude of the sustained TEA/4-AP insensitive current in both old (Figure 3.18Ai) and 

3 mM AAPH-treated young CGCs (Figure 3.18Aii) (p>0.05, n=7 RCGCs; mixed 

ANOVA Bonferroni post-hoc analysis).   

This was not due to changes in the sensitivity of the voltage-gated chloride channels to 

NPPB, as the perfusion with a zero Cl- saline also failed to significantly reduce the TEA/4-

AP insensitive current in the old CGCs (Figure 3.18Bi) and 3 mM AAPH-treated young 

CGCs (Figure 3.18Bii) (p>0.05, n=3 RCGCs). This suggests that ICl is suppressed with 

age and acute OS.  

The residual sustained TEA/4-AP/NPPB insensitive current was significantly larger in 

both the old and 3 mM AAPH-treated young CGCs when compared to young control 

CGCs (p<0.001, n=7 RCGCs; Figure 3.18C).  
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Figure 3.18| ICl is altered with age and acute OS. (A) NPPB did not decrease the 

sustained TEA/4-AP insensitive current in (Ai) old or (Aii) 3 mM AAPH-treated young 

CGCs. The zero Cl- saline also did not alter this current in (Bi) old or (Bii) 3 mM AAPH-

treated young CGCs. (C) The residual sustained TEA/4-AP/NPPB insensitive current 

increased significantly with age and acute OS. Data shown as mean ± SEM, n=3-7 

RCGCs. +++/***p<0.001 vs. young CGCs. Graph symbols: asterisk (*) designated for Old 

CGC and cross (x) for 3 mM AAPH-treated young CGC.   
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3.3.8   Reversal potential and deactivation of the sustained TEA/4-AP/zero Cl- 
insensitive current  

An initial question raised was whether suppression of ICl with age and acute OS was 

responsible for the hyperpolarising shift to the Erev of the TEA/4-AP insensitive current 

(see Figure 3.12A). 

Figure 3.19A, tail currents recorded in the TEA/4-AP/zero Cl- saline and fitted with a 

double exponential function (p>0.05, n=7 RCGCs; sum-of-squares F-test) showed a 

leftward shift in the Erev when compared to that of the TEA/4-AP insensitive current in 

the young CGCs. This hyperpolarising shift to the Erev from -31.1 ± 1.09 mV in the 

TEA/4-AP saline to -46.2 ± 3.82 mV following perfusion in the zero Cl- saline was 

significant (p<0.05, n=7 RCGCs; paired t-test). This indicates that suppression of ICl with 

age and acute OS is responsible for the hyperpolarised Erev of the TEA/4-AP insensitive 

current.  

Figure 3.19B revealed that Erev for the TEA/4-AP/zero Cl- insensitive current in young 

CGCs did not significantly differ from that of the old (-40.1 ± 0.45mV) and 3 mM AAPH-

treated young CGCs (-41.2 ± 1.84 mV) (p>0.05, n=7 RCGCs; one-way ANOVA with 

Bonferroni post-hoc analysis). Notably, the Erev of the sustained TEA/4-AP insensitive 

current did not significantly change when Cl- ions were removed from the extracellular 

saline in both old and 3 mM AAPH-treated young CGCs (p>0.05 for both, n=7 RCGCs, 

paired t-test; data not shown). This demonstrates that in addition to ICl there is another 

previously unreported current, the sustained TEA/4-AP/zero Cl- insensitive current, 

conducted by the CGCs.    

Figure 3.19B also showed that the tail current amplitude of the sustained TEA/4-AP/zero 

Cl- insensitive current increased significantly in old and 3 mM AAPH-treated young 

CGCs when compared to young CGCs (p<0.001, n=7 RCGCs; mixed ANOVA with 

Bonferroni post-hoc analysis). 

The rate of deactivation of the TEA/4-AP/zero Cl- insensitive current was significantly 

slower with age and acute OS (p<0.001 for both, n=7 RCGCs; Figure 3.19C). Lastly, the 

persistent TEA/4-AP/zero Cl- insensitive tail currents were also significantly larger 

(measured 1 second following the voltage drop from +30 mV command potential to the  

-90 mV holding potential) in both old and 3 mM AAPH-treated young CGCs when 

compared to young CGCs (p<0.001, n=7 RCGCs; one-way ANOVA with Bonferroni 

post-hoc analysis; Figure 3.19D). 
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Figure 3.19| The sustained TEA/4-AP/zero Cl- insensitive current with age and acute 

OS. (A) Inhibition of ICl in young CGCs caused a significant leftward shift in the Erev of 

the sustained TEA/4-AP/zero Cl- insensitive current. (B) The Erev of the TEA/4-AP/zero 

Cl- insensitive current did not significantly differ between the three CGC groups. 

However, the amplitude of the deactivating tail currents increased significantly with age 

and acute OS. Additionally, deactivation of the sustained TEA/4-AP/zero Cl- insensitive 

current was significantly (C) slower and (D) more persistent in these CGCs. Data shown 

as mean ± SEM, n=7 RCGCs. +/*p<0.05, ++/**p<0.01, +++/***p<0.001 vs. young CGC. 

Graph symbols: asterisk (*) designated for Old CGC and plus (+) for 3 mM AAPH-

treated young CGC (part B-C).   
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3.3.9   What is the sustained TEA/4-AP/zero Cl- insensitive current? 

The lack of ICl in both old and 3 mM AAPH-treated young CGCs was a surprising 

revelation as it was being masked by the significant increase in the TEA/4-AP/zero Cl- 

insensitive current. Thus, this section will examine this residual current with the aim of 

developing a better understanding of the nature of this current. 

 

3.3.9.1   Sustained TEA/4-AP/zero Cl- insensitive current vs. ICl  

Figure 3.20Ai displays sample current traces (evoked via VP1) from a young RCGC. 

The TEA/4-AP/zero Cl- insensitive current exhibits a biphasic phenotype with its fast 

activation followed by a small sustained component. This differs from ICl, which activates 

slower into a larger sustained component (Figure 3.16B for comparison of current 

amplitudes). The activation threshold of the two currents also significantly differed 

(p<0.05, n=7 RCGCs; paired t-test; Figure 3.20Aii). ICl activated at around -35 mV, 

whilst the sustained TEA/4-AP/zero Cl- insensitive current activated around -20 mV 

(p<0.05 for both, n=7 RCGCs; one-sample t-test, current > hypothetical value of 0 nA). 

Findings from Figure 3.20A, along with the differences in the deactivation kinetics 

between these two currents (see Figure 3.17) suggests that these currents may be 

mediated by different channels. 

Comparisons of the activation and inactivation properties of these two sustained currents, 

however, suggests otherwise. The activation curve in Figure 3.20B was fitted 

successfully with a global Boltzmann sigmoidal function, indicating no significant shift 

in V50 or slope factor between the two currents (p>0.05, n=7 RCGCs; mixed ANOVA 

with Bonferroni post-hoc analysis). Steady-state inactivation curves in Figure 3.20C, 

showed that both these currents exhibited very little inactivation. Despite a global 

Boltzmann fit between the currents being unsuccessful, there were no significant changes 

to V50 or slope factor (p>0.05 for both, n=7 RCGCs; unpaired t-test; data not shown). 
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Figure 3.20| TEA/4-AP/zero Cl- insensitive current and ICl in young CGCs. (A) Sample 

traces illustrate that the TEA/4-AP/ zero Cl- insensitive current activates fast and is 

followed by a small sustained component. ICl activates slowly into a larger sustained 

component. (B) The activation threshold of the TEA/4-AP/zero Cl- insensitive current 

(~-20 mV) was significantly more depolarised than ICl (~-35 mV). The (C) activation and 

(D) steady-state inactivation properties between the two currents did not significantly 

differ. Data shown as mean ± SEM, n=7 RCGCs. *p<0.05, **p<0.01 vs. ICl.  

 

3.3.9.2   Is the sustained TEA/4-AP/zero Cl- insensitive current a proton current? 

In Figure 3.21Ai, the I-V relationship of the sustained TEA/4-AP/zero Cl- insensitive 

current in young CGCs revealed that altering the extracellular proton concentration (10-

fold from pH 7.9 to pH 6.9) did not alter the amplitude of the current (p>0.05, n=3 

RCGCs; mixed ANOVA with Bonferroni post-hoc analysis). The Erev of the TEA/4-

AP/zero Cl- insensitive current also did not change in response to altering the extracellular 

pH (p>0.05, n=3 RCGCs; Figure 3.21Aii) and therefore, demonstrated that young CGCs 

do not conduct a voltage-gated outward proton current. 

Despite this, it was still possible that the increase in the sustained TEA/4-AP/zero Cl- 

insensitive current with age and acute OS could be due to a proton current. However, as 

A.                                                                                   B.        
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with young CGCs, altering the extracellular pH did not significantly change the amplitude 

or shift the Erev of the current in the old CGCs (p>0.05, n=3 RCGCs; Figure 3.21Bi-Bii) 

and 3 mM AAPH-treated young CGCs (p>0.05, n=3 RCGCs; Figure 3.21Ci-Cii).  
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Figure 3.21| Do the CGCs conduct a voltage-gated outward proton current? Increasing 

the extracellular proton concentration (from pH 7.9 to pH 6.9) did not alter the (Ai-Ci) 

amplitude of the sustained TEA/4-AP/zero Cl- insensitive current or (Aii-Ciii) shift its 

Erev in the young, old and 3 mM AAPH-treated young CGCs, respectively. Data shown 

as mean ± SEM, n=3 RCGCs. NS, p>0.05.  

3.3.10   The action potential waveform of the Lymnaea CGCs  

To better understand the role of voltage-gated outward currents in shaping the CGC action 

potential, a young RCGC action potential waveform was used as the voltage clamp 

Ai.                                                                                             Aii.        
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command during AP-clamp experimental recordings. IA, IDR, ICl and the TEA/4-AP/NPPB 

insensitive currents were isolated in young CGCs in the same manner (in terms of saline 

solutions utilised and digital subtractions) as when performing voltage step protocols 

(section 3.3.3-3.3.7).  

In Figure 3.22A, AP1 (protocol from -50 mV holding potential) evoked currents in young 

CGCs revealed that the 4-AP sensitive isolated IA activated around the RMP and was the 

only current active until the membrane potential had surpassed the CGC action potential 

threshold (~-45 mV). During the rising phase of the young CGC action potential, IA 

continued to rapidly increase. This phase of the CGC action potential command then 

sequentially activated IDR (~ -40 mV), ICl (~ -35 mV) and TEA/4-AP/NPPB insensitive 

current (~-20 mV). 

The peak of the CGC action potential corresponded with the establishment of the IA peak. 

From the start of repolarisation, IA decreased as it started to inactivate, while IDR, ICl and 

TEA/4-AP/NPPB insensitive currents increased further to reach their maximal amplitude 

slightly later at the “shoulder” of the CGC action potential command (~0 mV).  

Before the occurrence of the fAHP, both ICl and TEA/4-AP/NPPB insensitive current 

amplitudes returned to zero. Conversely, both IA and IDR currents were still active at this 

point and contributed a similar proportion to the fAHP. However, both these currents 

were no longer active when the sAHP developed.  

Figure 3.22B, reveals the contribution each conductance makes to the total outward 

current mediating a single young CGC action potential. IA was the predominant 

contributor (49%) as its magnitude (area under the curve) was substantially larger than 

IDR (p>0.05, n=6 RCGCs; one-way ANOVA with Bonferroni post-hoc analysis) and 

significantly larger than both ICl (p<0.05, n=6 RCGCs) and the TEA/4-AP/ NPPB 

insensitive current (p<0.01, n=6 RCGCs). IDR was the second major contributor (35%) to 

the total voltage-gated outward current as it was significantly larger than both ICl (p<0.05, 

n=6 RCGCs) and the TEA/4-AP/NPPB insensitive current (p<0.05, n=6 RCGCs). ICl 

represented 9% of the total outward current of a young CGC action potential while the 

TEA/4-AP/NPPB insensitive current made up 7%. This very slight difference in 

magnitude between these two conductances was not significant (p>0.05, n=6 RCGCs).  



  

155 
 

 

 

Figure 3.22| Profiling voltage-gated outward currents in a young CGC action potential. 

(A) IA, during the AP-waveform command, activated near the RMP (-50 mV), reached 

maximal conductance at the action potential peak and inactivated prior to the onset of 

the sAHP. IDR activated during the rising phase of the action potential, reached maximal 

conductance at the shoulder of the repolarising action potential and deactivated before 

the sAHP commenced. Both ICl and the TEA/4-AP/NPPB insensitive current activated 

during depolarisation, reached maximal conductance at the shoulder of the repolarising 

action potential, and appeared to have completely deactivated prior the onset of the 

fAHP. (B) IA is the largest voltage-gated outward current active during the action 

potential, closely followed by IDR, then ICl and finally the TEA/4-AP/NPPB insensitive 

current. Data shown as mean ± SEM, n=6 RCGCs. +p<0.05 vs. IDR and **p<0.01 vs. IA 

(part B).  
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3.3.11   The inward rectifier K+ current of Lymnaea CGCs  

An additional voltage-gated K+ current of interest in this thesis was the inward rectifier 

(IR). As the name suggests, unlike the other voltage-gated K+ currents, this current is an 

inward K+ conductance. It has previously been shown in other organisms that this current 

has an important role in regulating neuronal firing and the RMP, but little is known about 

its contribution to the age-related decrease in neuronal firing[130,162].  

 

3.3.11.1   Characterisation of IR 

Initial characterisation of IR was performed on young RCGCs perfused in a zero-

Na+/CdCl2 saline. To elicit IR, CGCs were held at -20 mV before conducting 

hyperpolarising steps from -20 mV to -140 mV (VP5; Figure 3.23Ai). Figure 3.23Aii 

shows a typical trace of the evoked current and reveals that IR is a fast activating and fast 

inactivating current. 

The sample trace in Figure 3.23Bi of IR evoked at -140 mV command potential from -20 

mV holding potential of VP5, illustrates that increasing the extracellular K+ concentration 

10-fold from 1.6 mM to 16 mM greatly increases the amplitude of the current. Indeed, 

this increase was statistically significant (p<0.001, n=6 RCGCs; mixed ANOVA with 

Bonferroni post-hoc analysis Figure 3.23Bii). 

Figure 3.23Bii also revealed that the estimated Erev of IR shifted from ~-60 mV in normal 

K+ saline to ~-20 mV in the high K+ saline. This shift was approximately 40 mV and 

deviated slightly from the 58 mV shift prediction calculated in accordance to the Nernst 

equation if K+ was the sole conducting ion through this channel. 

The sensitivity of the CGC IR to extracellular blockers was then explored (Figure 3.23C). 

The addition of 4 mM barium chloride or 2 mM caesium chloride to the zero-Na+/CdCl2 

saline both failed to alter the amplitude of IR when compared to the control recorded in 

the zero-Na+/CdCl2 saline (p>0.05, n=4-6 RCGCs; mixed ANOVA with Bonferroni post-

hoc analysis). Perfusion of preparations in a 50 mM TEA/CdCl2 saline also did not 

significantly alter the amplitude of the CGC IR when compared to the control (p>0.05, 

n=4-6 RCGCs).  
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Figure 3.23| IR in the CGCs. (Ai) VP5 evoked IR in young RCGCs bathed in the zero-

Na+/CdCl2 saline. (Aii) Sample trace of IR illustrates that this current activates and 

inactivates relatively fast. (Bi) Sample trace of IR evoked from -140 mV command 

potential demonstrates that this current substantially increased following the increase 

in the extracellular K+ concentration from 1.6 mM to 16 mM.  (Bii) This increase was 

significant and was accompanied with a rightward shift in the estimated Erev of K+
, from 

~-60 mV in the normal K+ saline (black arrow) to ~-20 mV in the high K+ saline (grey 

arrow).  (C) The CGC IR is Ba2+, Cs2+ and TEA insensitive. Data shown as mean ± SEM, 

n=4-6 RCGCs. *p<0.05, ***p<0.001 vs. normal K+ saline (part Bii).  
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3.3.11.2   Do the properties of IR change with age and acute OS?  

The I-V relationship for IR in Figure 3.24A showed that there was no significant change 

to the amplitude of this current between young, old and 3 mM AAPH-treated young CGCs 

(p>0.05, n=6 RCGCs; mixed ANOVA with Bonferroni post-hoc analysis).  

In Figure 3.24B, IR activation curves (G/Gmax vs. voltage) could be fitted with a global 

Boltzmann sigmoidal function (p>0.05, n=6; extra sum-of-squares F-test), indicating that 

there were no significant changes to the V50 or slope factor parameters between the three 

CGC groups (p>0.05, n=6 RCGCs; mixed ANOVA with Bonferroni post-hoc analysis).  

Given that the CGC IR is fast inactivating, it was of interest to observe whether there were 

changes to the rate of inactivation with age or acute OS. The time constant for IR 

inactivation was measured by successfully fitting a single exponential function from the 

peak to the trough of the current. Figure 3.24C shows that while the IR time constants of 

inactivation appeared faster in both the old and 3 mM AAPH-treated young CGCs when 

compared to the young CGCs, this difference did not reach statistical significance 

(p>0.05, n=6 RCGCs; mixed ANOVA with Bonferroni post-hoc analysis). 

The steady-state inactivation properties of IR were also investigated to determine if there 

were any changes to the voltage-dependence of inactivation. Using the protocol (VP6) 

shown in Figure 3.24D, IR in young, old and 3 mM AAPH-treated young CGCs did not 

fully inactivate (~20% of the current was still active). A global Boltzmann sigmoidal 

function could be fitted to the data and this indicated that there was no significant 

difference to the V50 or slope factor parameters between the three CGC groups (p>0.05, 

n=6 RCGCs; extra sum-of-squares F-test).  
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Figure 3.24| The effects of age and acute OS on IR. (A) The peak amplitude and (B) 

activation properties (V50 and slope factor) of IR did not significantly differ between the 

three CGC groups. (C) IR in old and 3 mM AAPH-treated young CGCs inactivated 

slightly faster than the young CGCs, however, this was not significant. (D) VP6 was 

executed to examine the inactivation properties of the CGC IR. The accompanying plot, 

fitted with a global Boltzmann sigmoidal function, reveals that there were no significant 

changes to inactivation properties with age or acute OS. Data shown as mean ± SEM, 

n=6 RCGCs. NS, p>0.05.   
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3.3.14    Results summary of the changes to voltage-gated outward currents of the CGCs with age and acute OS  

 

Table 3.3| The voltage-gated outward currents of the CGCs. This table summarises the voltage-gated outward currents that changed with age and 

acute OS and indicates what properties were specifically altered for each current. Red upward or downward facing arrows indicate a significant 

increase or decrease of the parameter, respectively. Data shown as mean ± SEM, n=6-9 RCGCs. *p<0.05, **p<0.01 and ***p<0.001 vs. young CGCs. 

NS, not statistically significant.

Current  
 

Parameter Young CGCs Parameter altered in old CGCs? Parameter altered in 3 mM AAPH-treated 
young CGCs? 

 
 
 

 

 

IA 
 
 

Activation threshold (mV) ~-60 mV No Change ~-60 mV (NS) 
 

No Change 
 

~-60 mV (NS) 
 

Peak Amplitude (nA) 62.34 ± 7.13 nA No Change 57.1 ± 5.84 nA (NS) No Change 
 

54.5 ± 6.51  nA (NS) 
 

Activation V50 (mV) -54.6 ± 4.58 mV  -38.4 ± 4.32 mV (***)                          
 

-36.2 ± 5.67 mV (***) 
 

Activation slope factor (mV) 4.37 ± 1.34 mV  24.4 ± 6.25 mV (***)                                                27.6 ± 6.57 mV (***) 
 

τactivation   (ms) 
 

10.3 ± 1.40 ms  -18.1 ± 2.64 ms  (*)                                                                                         -19.5 ± 4.25 ms (*) 
 

Inactivation V50   (mV) -50.9 ± 2.33 mV No Change -52.8 ± 5.16 mV  (NS) No Change  -58.8 ± 1.87 mV (NS) 
 

Inactivation  slope (mV) 10.4 ± 2.57 mV No Change 6.39 ± 1.37 mV  (NS) No Change 9.52 ± 1.08 mV (NS) 
 

τinactivation (ms) 
 

12.5 ± 2.2 ms  -23.9 ± 2.91 ms (*)  -21.5 ± 2.72 ms (*) 
 

ICl  Peak Amplitude (nA) 19.4 ± 2.2 mV  0 nA  (***)  0 nA (***) 
 

 
 
 
 
TEA/4-AP/zero 
Cl- insensitive 
current 

Activation threshold (mV) ~-30 mV No Change ~-30 mV (NS) No Change ~-30 mV (NS) 
 

Peak Amplitude (nA) 13.59 ± 1.84 nA  62.5 ± 1.98 nA (***)  59.5 ± 1.98 nA (***) 
 

Activation V50 (mV) 
 

-3.47 ± 2.34 mV No Change -4.64 ± 0.57 mV (NS) No Change -4.23 ± 1.93 mV (NS) 
 

Activation slope factor (mV) 11.3 ± 2.61 mV No Change 22.5 ± 3.16 mV (NS) No Change 19.5 ± 2.06 mV (NS) 
 

Inactivation V50   (mV) 
 

-66.9 ± 3.51 mV No Change -76.3 ± 2.51 mV (NS) No Change -73.9 ± 2.01 mV (NS) 

Inactivation slope factor (mV) 
 

12.21 ± 3.6 mV  7.80 ± 0.43 (*)  9.98 ± 1.11 (*) 

Deactivating tail current  (nA) 
 

21.4 ± 3.52 nA  46.5 ± 5.68 nA (***)  51.4 ± 5.93nA (***)              

τdeactivation (ms) 
 

29.41 ± 2.39 ms                       42.6 ± 1.77 ms (***)                           43.4 ± 2.48 ms (***) 

IDR and  IR All Parameters - No Changes    (NS) No Changes    (NS) 
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3.4   Discussion  

This study is the first comprehensive account detailing changes to the voltage-gated 

outward ionic currents with increasing age and acute OS in the CGCs of Lymnaea 

stagnalis. Experiments in this chapter revealed that the total voltage-gated outward 

current did not change in the old and 3 mM AAPH-treated young CGCs, but the properties 

of the underlying constituent currents were altered. Specifically, there was a decrease in 

the rate of activation and inactivation of IA, suppression of a newly identified voltage 

gated Cl- current, and an increase in a previously undocumented TEA/4-AP/zero Cl- 

insensitive current. These changes may be responsible for the alterations to the CGC 

action potential waveform and the subsequent decrease in firing frequency that was 

previously described in Chapter 2. It was also observed, however, that the properties of 

IDR and the recently discovered IR were not compromised with age or acute OS.  

 

3.4.1   The total voltage-gated outward current of the Lymnaea CGCs  

An important finding from experiments in this chapter was that while there were no 

changes to the amplitude of the total voltage-gated outward current of the CGCs with age 

and acute OS, the constituent currents and their kinetics were altered.  

A number of previous studies examining both normal and pathological ageing of the CNS 

have proposed the idea that alterations to the properties of certain ionic currents may be 

masked by compensatory changes in others[288,84,216]. This may occur in an attempt to 

reduce age-related hindrances to key neuronal processes such as excitability and/or 

neurotransmission. Additionally, these compensatory changes may arise to maintain 

important homeostatic mechanisms such as those involved in regulating intracellular Ca2+ 

levels[288,84,216]. It has been demonstrated, for example, that an increase in IA can be 

compensated by an increase in IR, which may potentially occur to impede action potential 

narrowing and the consequential decrease in neurotransmitter release[288].  

Thus, it appears that current compensation may be happening in the CGCs with age and 

acute OS to possibly hamper extreme alterations to the action potential waveform and 

firing frequency, and consequently limit adverse changes to behavioural outputs such as 

feeding.  
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3.4.2   The A-type K+ current of the Lymnaea CGCs  

Experiments conducted in this chapter confirmed the presence of IA in the CGCs, which 

had initially been reported by Staras et al. (2002)[416]. It was found that the amplitude of 

the 4-AP sensitive IA isolated in this study was much smaller than that documented by 

Staras et al. (2002) and represented only 60% of the total outward early current compared 

to the 80% in the Staras et al. (2002) study. This difference could possibly be due to the 

reduced expression of A-type K+ channels in the CGCs of this study. There is some 

evidence that changes in environmental factors such as temperature or food can alter ion 

channel expression in cells and it is possible such differences may be accountable for this 

finding[367]. Alternatively, the observed differences may be because Staras et al. (2002) 

did not inhibit Ca2+-activated K+ channels[416]. This is important as some Ca2+-activated 

K+ channels have exhibited sensitivity to 4-AP and thus, may contribute to the amplitude 

of IA when isolated[344,17].  

Consistent with Staras et al. (2002) study and findings in some mammalian neurons, IA 

activated at approximately -60 mV, which was around the CGC RMP[198,13,375,416]. 

Previous studies have shown that the low activation threshold of IA is important in 

enabling neurons to fire at lower frequencies by regulating the rate of action potential 

repolarisation and maintaining a more negative RMP[12,370,311].  

Both age and acute OS failed to alter the peak amplitude of IA. Whether this is a reflection 

of what typically occurs during healthy neuronal ageing is difficult to know as the limited 

studies published to date have produced conflicting results (section 3.1). Whilst there 

were no changes to the amplitude of IA in this study, both age and acute OS caused a 

significant rightward shift in the activation curves. This shift was due to a change in both 

V50 and slope factor, which suggested that A-type K+ channels were less sensitive to 

voltage. These findings demonstrate that channel activation is slower in response to 

depolarisation of the CGC membrane potential with age and acute OS, but once opened 

the amount of K+ ions conducted from the channels is not significantly compromised.   

The rightward shift in the IA activation curve with acute OS is consistent with previous 

studies that have shown that oxidative modifications to the voltage sensor and/or the gate 

domains can alter the activation properties of IA
[398,374,58]. To date, however, the effects of 

age on IA conductance properties have not been described elsewhere. Interestingly, the 

kinetics of IA activation was also significantly slower in both old CGCs and young CGCs 

treated with 3 mM AAPH. This strongly implies that opening of the activation gate 
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(C�O) of the A-type K+ channel is impaired in some manner by oxidative modifications 

occurring during CGC ageing.  

As with mammalian neurons and other invertebrate neurons, IA in each CGC group 

characteristically exhibited pronounced steady-state inactivation[17,13,504]. Boltzmann fits 

to the data revealed that the voltage-dependence of inactivation was not altered with age 

or acute OS. However, the rate of inactivation was significantly slower. 

IA is thought to largely undergo N-type inactivation (section 1.6.4.4)[469,398]. It has been 

well established that N-type inactivation is regulated by redox agents, which makes this 

mechanism susceptible to unwanted oxidative modifications[58,374,398]. Indeed, aberrant 

ROS activity has been shown to oxidise cysteine and methionine residues of the 

inactivation ball domain to diminish its hydrophobic interactions with residues in the 

channel pore and consequently slow channel inactivation[184,58,374,398]. This may be 

occurring in the old and AAPH-treated young CGCs to slow IA inactivation. 

Could the changes observed to the properties of IA with age and acute OS account for the 

decrease in CGC firing and alterations to the action potential waveform? AP-clamp 

experiments established that IA is the major contributor to the total voltage-gated outward 

current (representing 49%) underlying young CGC action potentials. Thus, it would be 

predicted that alterations to IA would have a profound impact on the firing properties of 

the CGCs.  

In young CGCs IA is activated near the RMP (~-60 mV), which based on previous studies 

is thought to allow IA to dampen excitability and control repetitive firing[349]. Whilst some 

A-type K+ channels activated around the RMP in old and 3 mM AAPH-treated young 

CGCs,  the alterations to the voltage sensitivity and kinetics of IA activation will reduce 

the proportion of channels open at any given voltage. With it taking ~20 ms for IA to fully 

activate in the old and 3 mM AAPH-treated young CGCs, this current will not reach 

maximal conductance until after the peak of the action potential (as it takes ~17 ms to 

reach the peak) and the process of repolarisation has begun. In young CGCs, IA fully 

activates in ~15 ms and this closely coincides with the establishment of the action 

potential peak, as demonstrated in AP-clamp experiments.  

Importantly, A-type K+ channels in the young, old and 3 mM AAPH-treated young CGCs 

will all be involved in repolarising action potentials, which corroborates previous studies 

identifying this as one of the main functions of IA
[349]. However, IA in young CGCs due 
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to its faster inactivation kinetics will not have such a profound impact on the rate of 

repolarisation when compared to the old and 3 mM AAPH-treated young CGCs. This 

notion was supported by the finding that CGC action potentials were narrower with age 

and acute OS. 

The slower inactivation kinetics of IA in the old and 3 mM AAPH-treated young CGCs 

also means that this current will have a greater contribution to the fAHP when compared 

to young CGCs. This may help explain the increase in the fAHP and early sAHP (~70 

ms) observed with age and acute OS. However, this also suggests that other currents in 

the CGCs such as IDR or even Ca2+-activated K+ currents may be predominately 

responsible for the increase to the sAHP with age and acute OS[392,416].  

Regardless, the possible increase in the fAHP and slight increase in the early sAHP caused 

by slower inactivation of IA with age and acute OS would be expected to decrease CGC 

firing frequency.   

  

3.4.3   The delayed rectifier of the Lymnaea CGCs 

IDR isolated in this chapter exhibited similar properties to what had been described 

previously by Staras et al. (2002) in the CGCs as well as in mammalian neurons, with 

regards to its slow activation from a threshold of ~-50 mV, very little inactivation and 

sensitivity to TEA[256,434,452,375,416]. The TEA sensitive IDR contributed ~35% of the total 

outward current underlying a young CGC action potential and was predominately 

involved in regulating the rate of repolarisation. 

As with IA, the amplitude of IDR in this study was substantially smaller than what had been 

documented by Staras et al. (2002), despite the amplitude of the total outward sustained 

current being very similar between these two studies[416]. Some studies have shown that 

alterations to housing conditions or feeding may alter the expression of certain ion 

channels, although as of yet this has not been demonstrated with IDR
[230,416]. Alternatively, 

there are some Ca2+-activated K+ currents sensitive to TEA. Thus, IDR isolated in the 

Staras et al. (2002) study may be contaminated as no blockers for Ca2+-activated K+ 

currents were utilised[489,157].  

It has been documented that the activation of some mammalian delayed rectifiers such as 

Kv1.2, for example, have a relatively weak voltage-dependence[44,468,192,309,167]. The 

activation IDR in the CGCs, however, was very weakly voltage-dependent as reflected by 
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the extreme shallow activation curves. This suggests that the structure and/or molecular 

mechanisms involved in voltage sensing (section 1.6.4.2) may differ slightly in the 

delayed rectifier channels of the Lymnaea CGCs.  

This very weak voltage-dependence of the CGC IDR may arise due to a smaller number 

of effective gating charges moving through the electric field upon activation. This could 

be caused by each voltage-sensing residue contributing less to the gating charge  and/or 

a decrease in the number of residues present[278,480]. Alternatively, it may be that coupling 

of VSD movements to gate opening is weaker in the CGG delayed rectifiers. In channels 

where activation is strongly voltage-dependent such as the A-type K+ channel, for 

example, it has been reported that this coupling is extremely tight and yields a steeper 

activation curve[194,195]. It has also been recognised in mammalian models that this 

coupling is not strong in weak voltage sensitive channels such as BK, which have been 

heavily investigated with regards to this matter[195,183,194,480]. 

At present, the mechanisms responsible for weaker coupling between VSD movements 

and gate opening in weak voltage sensitive channels have yet to be fully elucidated. It 

may be that the molecular interactions between S4-S5 linker to the S6 helices, that is 

necessary for this coupling, differs in weak voltage-dependent channels when compared 

strong voltage-dependent channels[455].  

The overall weak voltage sensitivity of the CGC IDR (extremely shallow steady-state 

inactivation curves were also exhibited in all CGC groups) is likely responsible for the 

slow activation of this current as well as the minimal inactivation it undergoes. This would 

also enable IDR to operate over a wider voltage range and may allow it to fine-tune 

numerous action potential parameters such as repolarisation, the AHP and the 

RMP[480,194].  

The shallow CGC IDR activation curve may not actually be indicative of weaker voltage-

dependence, but rather could be reflective of the presence of more than one channel 

subtype in the CGCs. Each delayed rectifier channel subtype could possess different V50 

and slope factor parameters, which consequently may alter the overall shape of the total 

IDR activation curve. Currently, it is not known whether different delayed rectifier channel 

subtypes are expressed in the CGCs.  

The lack of change to IDR activation and inactivation properties with age and acute OS 

was very interesting considering the important role this current has in neurons. Delayed 
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rectifiers provide one of the major routes for K+ efflux in neurons and are instrumental in 

action potential repolarisation[401,349]. Previous studies have also shown that IDR is a large 

contributor to the fAHP and sAHP due to the minimal inactivation exhibited by this 

current[403,264,416]. Indeed, this was observed by Staras et al. (2002) who showed that 

blocking IDR significantly broadened CGC action potentials and reduced the amplitude 

and duration of the AHP[416]. With the activation threshold of IDR near the RMP of 

neurons, this current is also involved in regulating a negative RMP[237,79,349]. As there 

were no significant changes to this current with age and acute OS, this strongly suggests 

that other currents such as IA may be responsible (at least partially) for the changes to the 

CGC RMP, half-width and AHP with age and acute OS.  

Whether the lack of change to IDR properties observed in this study was unusual is 

currently not known as the literature examining the effects of age on IDR is extremely 

limited (section 3.1)[115,398]. Experimental OS models have consistently shown that ROS 

can increase the conductance of IDR, but only under pathological conditions such as AD 

where ROS activity is greater than in healthy neuronal ageing[484,513,374,398]. This may 

explain why the AAPH model of acute OS in this study did not alter IDR as ROS activity 

may have not been sufficiently high enough in the young cerebral ganglia.  

Given that the application of 3 mM AAPH in this study mimics the normal ageing CGC 

phenotype remarkably well, strongly suggests that IDR is not sensitive to OS during 

healthy ageing. It is most likely that delayed rectifiers are particularly resilient to the 

effects of age in order to protect neurons, as pathological conditions have shown that 

increasing K+ efflux via IDR activates caspases and triggers neuronal apoptosis[513,401,512]. 

 

3.4.4   The inward rectifier of the Lymnaea CGC  

IR prefers to facilitate K+ influx, but physiologically is still an outward K+ current. 

Contrary to Staras et al. (2002), this study showed for the first time that the Lymnaea 

CGCs exhibit a voltage-activated inward rectifier K+ current. It is currently unknown why 

these two studies differed with regards to the finding of this current. This could be due to 

differences in the Lymnaea feeding conditions and/or feeding regime between these two 

studies, as it has been shown that the expression of some ion channels are sensitive to 

environmental changes[230,416].  



  

167 
 

IR characterised in this study activated in response to a hyperpolarising protocol and had 

an estimated Erev ~-60 mV, which strongly suggested the principal conducting ion was 

K+. This was confirmed by increasing the extracellular potassium concentration 10-fold 

from 1.6 mM to 16 mM, which significantly increased the amplitude of IR and caused the 

Erev to shift from ~-60 mV to ~-20 mV. This depolarising shift was by ~40 mV, which 

deviated slightly from the 58 mV shift predicted from the Nernst equation if K+ was the 

only conducting ion. Taken together, the electrophysiological characteristics and the 

reversal potential data established that this current was an inward rectifier K+ current.   

A fascinating feature observed with the CGC inward rectifier was its relatively fast 

inactivation kinetics. Whilst most inward rectifiers tend to be very slow to inactivate, 

there have been some reports of ultrafast inactivating inward rectifiers[413,125]. It is thought 

that fast inactivating inward rectifiers are specifically involved in rapidly repolarising 

action potentials[413,125].   

Another interesting feature of the CGC inward rectifier was that it could not be blocked 

by conventional extracellular blockers such as Ba2+, Cs2+ and TEA. In mammalian 

models, it has been shown that inward rectifiers are generally not insensitive to the effects 

of all three of these extracellular blockers[241,88,347]. It could be that the binding sites 

required to block the inward rectifier are located purely intracellularly in the Lymnaea 

CGC and therefore, channels have to be blocked in this manner. It is often observed in 

the literature that Ba2+ and Cs2+, as well as other high affinity IR blockers such as Mg2+, 

are placed in a patch pipette so that they can diffuse into the cell in order to attenuate 

IR
[178,162]. Thus, future TEVC experiments in the CGCs could involve including IR 

blockers into the current injecting microelectrode to assess whether this current could be 

blocked via an intracellular manner. 

Experiments in this chapter revealed that the amplitude of IR as well as its activation and 

inactivation properties did not significantly alter with increasing age or acute OS. To date, 

this is the first study to show that the properties of IR are not altered by OS during normal 

neuronal ageing.  

Whilst the role of IR in the CGCs has yet to be determined, it is predicted (based on 

previous mammalian and other invertebrate studies) that this current will be important in 

stabilising the CGC RMP and regulating excitability[178,130]. As IR is active around the 

CGC RMP, it will be involved in regulating the inter-spike interval and preventing the 
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unwanted generation of action potentials caused by weak depolarising stimuli[130,178,162]. 

Only when the depolarising stimulus is sufficiently large enough, will IR permit the firing 

of action potentials[130,178,162].  

 

3.4.5   The Erev of K+ in the Lymnaea CGCs  

Examining the activation properties of voltage-gated K+ currents in this study had 

required the Erev of K+ during calculations. Analysis of tail currents elicited by the CGCs 

had approximated the Erev of K+ to be around -60 mV. The AHP of the CGC action 

potential, which is thought to be largely driven by K+ currents, was considerably more 

negative than -60 mV. Thus, it is expected that the true Erev of K+ in the CGCs will be 

below the AHP peak at a value more negative than -60 mV.  

It is also clear that the Erev for K+ estimated in this study was substantially more 

depolarised to what has typically been reported in the literature. In mammalian neurons, 

the Erev of K+ has often been shown be around -70 mV to -90 mV [165,410,404]. Even previous 

studies involving the Lymnaea CGCs have documented similar findings that the Erev of 

K+ is between -75 mV to -90 mV[457,416,392].   

This discrepancy has arisen due to contamination of the tail currents elicited by outward 

voltage-gated K+ currents in the zero-Na+/CdCl2/NPPB saline. Tail currents were not 

completely selective for voltage-gated K+ currents because the TEA/4-AP/NPPB 

insensitive current, with its significantly more depolarised Erev and slower deactivation 

kinetics, could not be blocked and thus raised the reversal potential. Hence, the Erev of K+ 

could only be estimated rather than conclusively determined from the tail current analysis 

in this study. The presence of the TEA/4-AP/NPPB insensitive current most likely 

explains why tail currents had to be fitted with a double exponential function as it 

suggested, prior to discovery of this current, that the total voltage-gated outward K+ 

current may have been contaminated with another current, each with a single (different) 

deactivation process.  

Unlike this study, Staras et al. (2002) and Scutt (2012) had previously been able to 

generate a more accurate value for the Erev of K+ as analysis had been conducted on tail 

currents generated by the deactivation of both voltage-gated and Ca2+-activated K+ 

currents[392,416]. This greater presence of K+ currents is likely to have substantially 

minimised any positive shift to the reversal potential caused by contamination from the 
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(previously unidentified) TEA/4-AP/NPPB insensitive current. Another study by 

Vavoulis et al. (2010), had also accurately estimated that the Erev of K+ was between -75 

mV to -90 mV, as values confined within this range permitted the successful reproduction 

of the CGC action potential in the Hodgkin-Huxley-type computational model[457]. 

However, the benefit of this last experimental approach is that the reversal potential of an 

ion can be accurately estimated given the lack of contamination from other ionic currents.   

Experiments in this chapter had also assessed tail currents that had been elicited by the 

TEA sensitive IDR in an attempt to yield a more accurate estimation of the Erev of K+. This 

also generated a more positive value than expected (~-60 mV), which was surprising 

given that TEA sensitive IDR tail currents had been isolated via subtraction and should 

have removed any potential contamination from the TEA/4-AP/NPPB insensitive current.  

A possible explanation for this is that TEA may be blocking other voltage-gated currents 

that are not mediated by K+ ions. A few studies have previously demonstrated that TEA 

can suppress inward chloride currents[380,381]. This is not a possibility in this thesis as all 

inward currents were inhibited. However, interesting preliminary experiments in Xenopus 

laevis CNS neurons (Li W, personal communications) have also shown this in relation to 

voltage-gated outward anion currents (which are primarily mediated by Cl- ions). Indeed, 

the double exponential fit to IDR tail currents in this study may be due to the presence of 

another current with a different deactivation process rather than IDR consisting of two 

deactivation processes.  

There are several methods that could be conducted by future experiments to more 

accurately estimate the CGC Erev of K+ and minimise issues caused by contamination 

from other ionic currents. First, if tail currents generated by VGKCs are to be used for 

this analysis, then it is important to identify the channel(s) conducting the TEA/4-

AP/NPPB insensitive current and find an appropriate blocker. Second, the Staras et al. 

(2002) and Scutt (2012) approach could be utilised, whereby Ca2+-activated K+ currents 

are not inhibited to enhance the total outward K+ current of the CGCs and consequently 

minimise any positive shift to the reversal potential caused by the TEA/4-AP/NPPB 

insensitive current[392,416]. Third, the intracellular K+ concentration could be determined 

(perhaps via the use of a K+ fluorescent indicator such as PBFI-AM) and used in the 

Nernst equation along with the known extracellular K+ concentration to more accurately 

estimate the Erev of K+ in the CGCs. Fourth, IDR tail currents could be isolated in a zero 

Cl- saline to prevent the possibility that TEA may be blocking voltage-gated Cl- currents. 
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Lastly, all experiments examining the activation properties of voltage-gated K+ currents 

could be conducted in a high K+ saline. This would enhance the amplitude of K+ currents 

and substantially reduce contamination from other currents, which would enable for the 

calculation of a more accurate Erev value. However, values generated from analysis in the 

high K+ saline, such as V50 and slope factor, would not be in a physiologically relevant 

range.  

It is very important to note that the changes to the activation properties of voltage-gated 

K+ currents with age and acute OS, such as the rightward shift to IA activation curves 

(section 3.3.3), are still observed even when the Erev of K+ is theoretically set to a more 

hyperpolarised value. Manipulation of the Erev of K+ (not shown in this thesis) from 

approximately -60 mV to -80 mV (derived from previous Lymnaea studies[392,416,457]) 

caused a small (non-significant) rightward shift in all the voltage-gated K+ current 

activation curves (IA, IDR and IR) in young, old and 3 mM AAPH-treated young CGCs, 

by ~ 5 mV to V50 and ~3 mV to the slope factor. Thus, interpretations made with regards 

to the activation properties of voltage-gated K+ current in this study are valid despite the 

discrepancies surrounding the Erev of K+.   

 

3.4.6   The TEA/4-AP insensitive currents of the Lymnaea CGCs 

This study has characterised an exciting novel TEA/4-AP insensitive current in the young, 

old and 3 mM AAPH-treated young CGCs. Several lines of evidence presented in this 

chapter suggests that this current is not an unblocked component of IDR. First, this novel 

current has a ‘biphasic’ phenotype with a fast transient activation phase followed by a 

smaller sustained component, whereas IDR activated slowly into a larger sustained 

component. Second, the TEA/4-AP insensitive current (measured at the sustained 

component) activated at a significantly more depolarised potential (~-30 mV) than IDR  

(~-50 mV). Third, the TEA/4-AP insensitive current represented ~30% of the total 

sustained current, whereas IDR made up ~70% in the young CGCs. This signified that IDR 

was the dominant voltage-gated sustained outward current, which corroborated previous 

findings in mammalian and other invertebrate neurons[264,416,152]. Fourth, the Erev for the 

TEA/4-AP insensitive current was significantly more depolarised (-30 mV) than the 

estimated Erev for IDR (-60 mV), indicating that the TEA/4-AP insensitive current is not 

primarily conducted by K+ ions. Finally, analysis of deactivation kinetics demonstrated 

that tail currents generated by the TEA/4-AP insensitive current were significantly larger 

in amplitude and slower to deactivate than IDR tail currents. Interestingly, the very slow 
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deactivation kinetics of the TEA/4-AP insensitive current and the observation that its tail 

currents were inward at voltages below the RMP suggests that this conductance may have 

a possible role in CGC pacemaking activity.  

The ‘biphasic’ phenotype exhibited by the TEA/4-AP insensitive current alluded to the 

possibility that this current may be a mixed conductance. Analysis of the activation 

threshold revealed that the early transient component activated at a significantly more 

hyperpolarised potential (-50 mV) than the sustained component (-30 mV), which 

confirmed this suspicion. Although, it is possible that different ions conducted from the 

same channel may alter the activation potential[230,416]. If they are two distinct currents, 

then this may also explain why it was necessary to fit a double exponential function to 

the deactivating tail currents of the TEA/4-AP insensitive current.   

Interestingly, both the early and sustained TEA/4-AP insensitive currents increased 

significantly, by ~40%, with age and acute OS. The increase in the magnitude of these 

currents meant that IA and IDR were no longer the principle voltage-gated outward currents 

contributing to the total outward current of the CGCs. This indicates that the channels 

mediating the TEA/4-AP insensitive currents are particularly vulnerable to oxidative 

modifications with age.  

Neuronal ageing studies have provided a wealth of evidence showing that OS can increase 

the conductance of an ion channel in numerous ways including oxidation of amino acids 

on the voltage sensor, activation/inactivation gates and/or channel pore[469,184,374,398]. 

Hydroxyl and peroxyl radicals, both of which are generated by AAPH, have also been 

shown to alter the properties of ion channels[173,398]. At present, however, the molecular 

mechanisms by which OS in the CGCs increases the conductance of the early and 

sustained TEA/4-AP insensitive current is unknown.   

The increase in the early transient TEA/4-AP insensitive current with age and acute OS 

was associated with a significant rightward shift in the activation curves due to a change 

in V50 for the current. This suggests that the voltage sensor domains of the channel are 

being oxidised, which is subsequently slowing the transmission of the voltage-driven 

conformational change required to open the channel pore. Whether the inactivation 

properties of this current changes with age or acute OS is not known as this conductance 

could not be isolated due to the difficulties in finding a suitable pharmacological blocker. 
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However, experiments did establish that this current was not a voltage-gated chloride or 

proton current.   

The fast transient nature of the early TEA/4-AP insensitive current as well as its -50 mV 

activation potential and rightward shift in the activation curve with age and acute OS was 

remarkably reminiscent to the 4-AP sensitive IA conductance. Thus, this current could be 

a 4-AP insensitive IA. While no studies have reported the existence of such a current, it 

has been shown in mesencephalic neurons that there is a fast activating transient current 

that shares very similar properties to IA, but is insensitive to 4-AP[314]. Alternatively, it 

may be that the early TEA/4-AP insensitive current is not sensitive to the concentration 

of 4-AP utilised in this study. Increasing the concentration of 4-AP, however, may not 

necessarily resolve this problem as higher concentrations have been shown to inhibit other 

voltage-gated K+ currents[393,416,13,50].  

The early TEA/4-AP insensitive current and its tail currents could not be isolated via 

subtraction due to the lack of blockers for this current. It was also not possible to isolate 

the early current by removing contamination from the sustained TEA/4-AP insensitive 

current as the latter current could not be completely blocked. This meant that the Erev of 

the early TEA/4-AP insensitive current could not be determined to provide information 

about its conducting ion. Thus, simple experiments in the future manipulating the K+ 

concentration of the bathing saline may provide insight as to whether the early TEA/4-

AP insensitive of the CGCs is conducted by K+ ions. If this current is then found to be a 

4-AP insensitive IA, then it would probably decrease CGC firing frequency with age and 

acute OS in a similar manner that had been postulated for the 4-AP sensitive IA (section 

3.4.2). 

The increase in the sustained TEA/4-AP insensitive current with age and acute OS was 

not due to changes in the activation properties of the channel, as both V50 and the slope 

factor were unaltered. Whilst this current displayed little inactivation across the three 

CGCs groups, a rightward shift in the steady-state inactivation curve was observed with 

age and acute OS due to a change in the slope factor. This meant that the current 

inactivated less when compared to young CGCs, as voltage-dependence was weaker. This 

coupled with slower deactivation kinetics of the sustained TEA/4-AP insensitive current 

in the old and 3 mM AAPH-treated young CGCs suggests that a greater proportion of 

channels remains open for much longer, potentially explaining the increased magnitude 

of this current in these CGCs. The altered deactivation kinetics of the sustained TEA/4-
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AP insensitive current with age and acute OS also suggests that the possible role of this 

current in pacemaking activity is augmented and thus, may be accountable for some of 

the changes observed in the CGC firing properties.  

 

3.4.7   The discovery of a voltage-gated outward chloride current in the CGCs 

Given that the sustained TEA/4-AP insensitive current was deemed not to be a voltage-

gated K+ current due to its significantly depolarised reversal potential, experiments 

investigated whether this sustained current was ICl. Previous studies in mammalian and 

other invertebrate cells have demonstrated voltage-gated outward Cl- currents can have 

an Erev of ~-30 mV and activate around -35 mV, which is very similar to the properties 

exhibited by the sustained TEA/4-AP insensitive current of the Lymnaea CGCs[460,490,220]. 

A study in the invertebrate Tritonia diomedea also showed that voltage-gated outward Cl- 

currents possess extremely slow and large persistent tail currents, which further fuelled 

speculation that the CGC sustained TEA/4-AP insensitive conductance may be ICl
[490].  

Perfusion of preparations in a zero Cl- saline or in the presence of the Cl- channel blocker, 

NPPB, caused a significant reduction (~60%) to the sustained TEA/4-AP insensitive 

current in the young CGCs. This confirmed for the first time that a voltage-gated outward 

Cl- current is present in the Lymnaea CGCs. Notably, other chloride channel blockers 

including DIDS and niflumic acid did not reduce the sustained TEA/4-AP insensitive 

current. This is likely a reflection of the channel sub-type(s) present in the Lymnaea CGC, 

as each sub-type tends to exhibit different sensitivities toward various blockers.  

To date, nine voltage-gated chloride channels (CLC 1-9) have been identified in 

vertebrates and invertebrate species. CLC-1 and 2 are expressed on the plasma membrane, 

CLC 3-7 (typically regarded as Cl-/H+ antiporters as opposed to a classical chloride 

channels) are generally located intracellularly and finally both CLC-Ka and CLC-Kb  are 

predominately expressed on the plasma membrane of renal and inner ear epithelial 

cells[301,423,462]. Currently, it is not known what subtypes are expressed by the Lymnaea 

CGC, but CLC1-2 can be ruled out as both these channels are inward rectifying chloride 

channels[462].  

Isolation of ICl showed that its tail currents were small and channels were fast to 

deactivate, which indicated that this current was unlikely to be involved in pacemaking. 

However, the reduction of the sustained TEA/4-AP insensitive current by NPPB and the 
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zero Cl- saline demonstrated that the residual unblocked current still possessed large slow 

persistent tail currents. Thus, this current may contribute to pacemaking activity in the 

CGCs.  

In contrast to young CGCs, ICl appeared to be absent in the old and 3 mM AAPH-treated 

young CGCs as the zero Cl- saline and NPPB both failed to alter the amplitude of the 

sustained TEA/4-AP insensitive current. This suppression of ICl with age and acute OS 

was masked by a significant increase in the residual sustained TEA/4-AP/zero Cl- 

insensitive current. At present, it is not known why ICl is completely attenuated with age 

or acute OS. Interestingly, a non-neuronal ageing study showed that hydroxyl radicals 

can suppress outwardly rectifying ICl of bronchial cells[205]. This provides some 

precedence for the findings of this current study, especially as AAPH can produce 

hydroxyl radicals[273,243,291]. 

Erev analysis revealed that the presence of ICl was responsible for significantly 

depolarising the Erev of the TEA/4-AP insensitive current in young CGCs when compared 

to the old and 3 mM AAPH-treated young CGCs, where ICl was suppressed. However, 

the residual TEA/4-AP/zero Cl- insensitive current between the three CGC groups shared 

a similar Erev and this strongly suggested that this current was being conducted by the 

same ion(s) in each group.  

What is the role of ICl in the CGCs and how would suppression of this current with age 

and acute OS alter CGC firing? AP-clamp experiments demonstrated that ICl activates 

during depolarisation of the action potential (activation threshold is ~-35 mV). With the 

activation threshold of voltage-gated Cl- channels only slightly more positive that the Erev 

for Cl-, ICl will be small (in magnitude) due to the weak driving force. At this stage, the 

activated channels will initially slow down the rate of depolarisation of the CGCs as Cl- 

move into the cell. As the CGC action potential continues to depolarise and deviate further 

away from the Erev of Cl-, the influx of Cl- increases and the current will start contributing 

toward repolarising the CGC action potential. When the membrane potential then falls 

below Erev of Cl- during the repolarisation phase, channels will begin to conduct an inward 

current. This efflux of Cl- ions will act to depolarise the CGCs and therefore, slow the 

rate of repolarisation.  

It is unlikely that the depolarising effect of ICl will be profound as this current only 

constituted 9% of the total voltage-gated outward current evoked during a young CGC 
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action potential. Additionally, it appeared from AP-clamp experiments that the amplitude 

of ICl was close to zero by the time the cell had reach the Erev of Cl-. This is probably due 

to the extremely fast deactivation rate of the current, which strengthens the notion that ICl 

may only have a small depolarising effect in the CGCs.  

Overall, it appears that the main role of ICl in young CGCs is to make them less excitable. 

This would suggest that suppression of the hyperpolarising ICl current with age and acute 

OS may be a compensatory change that occurs to potentially reduce the decrease to CGC 

firing.  

 

3.4.8   Is the sustained TEA/4-AP/zero Cl- insensitive current a proton current?  

The possibility that the residual TEA/4-AP/zero Cl- insensitive current (or at least a 

proportion of it) was conducted by a voltage-gated proton channel was explored in this 

study. Some voltage-gated proton currents are outwardly rectifying currents that have an 

activation threshold in the range of +10 to -40 mV, depending on the neuron[57,94,189,490]. 

Why there is such a big variation in the activation threshold of proton currents is 

unknown, but as with other currents it is probably a reflection of the functions they 

perform in the neuron. Interestingly, voltage-gated outward proton currents have been 

demonstrated to increase in neurodegenerative diseases such as AD and in young 

mammalian models of OS[57,493,492,189]. Whether there are changes to these voltage-gated 

outward proton currents during normal neuronal ageing is currently not known.  

In Lymnaea, visceral and parietal neurons have been shown to conduct an outward proton 

current that activates around -30 mV, which is not too dissimilar from the activation 

potential of the sustained TEA/4-AP/zero Cl- insensitive current in the CGCs of this 

study[57]. However, altering the pH of the zero Cl- saline from pH 7.9 to pH 6.9 did not 

alter the conductance or reversal potential of the TEA/4-AP/zero Cl- insensitive current 

in the young, old and 3 mM AAPH-treated young CGCs. This established for the first 

time that the Lymnaea CGCs do not conduct a voltage-gated outward proton current.  

 

3.4.9   The sustained TEA/4-AP/zero Cl- insensitive current of the Lymnaea CGC  

Given that the sustained TEA/4-AP/zero Cl- insensitive current increased with age and 

acute OS and presumably has an important role in regulating CGC firing and the action 
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potential waveform, it was important to identify the conducting channel mediating this 

current in order to gain a better understanding of its functions.  

Experiments had established that this conductance was not a proton current and the use 

of zero Cl- saline during recordings excluded the possibility that this residual current was 

conducted by Cl- ions. However, this does not mean that voltage-gated chloride channels 

are not conducting the sustained TEA/4-AP/zero Cl- insensitive current as blocking the 

conductance of voltage-gated chloride channels is notoriously difficult even when a zero 

Cl- saline or classical antagonists such as NPPB are being utilised[462,301].  

There are two possible explanations for this situation. First, most chloride channels are 

not actually selective for chloride ions but instead display a general selectivity toward all 

anions[356,531,301]. Second, chloride channels possess large pores that are difficult to 

occlude and hence, many ICl blockers have been described as either redundant or weak 

because they struggle to prevent the permeation by anions including chloride 

itself[356,531,462,301]. So, if a weak blocker is used Cl- ions may still pass through the channel 

and in the presence of a zero Cl- saline the substitution anion(s) may also permeate the 

channel. Thus, a residual current will be elicited as had been demonstrated in this study. 

As the efficacy of the NPPB block on voltage-gated Cl- channels in the CGCs is not 

known, it was not entirely surprising that a residual current was still present when NPPB 

was added to the zero Cl- saline as an additive measure to block any potential permeation 

from other anions. Some of the anions that have been shown to permeate Cl- channels 

includes negatively charged amino acids, nitrates, bicarbonate, bromide, phosphates and 

even acetate[462,301]. The zero Cl- saline used in this study was composed mostly of acetate-

based salts to replace chloride-based salts and therefore, there is a possibility that the 

residual sustained current could be mediated by acetate anions.  

Whilst such a scenario could be conceivable in the young CGCs, it is less so in the old 

and 3 mM AAPH-treated young CGCs. The reason for this is that suppression of ICl would 

strongly suggest that voltage-gated Cl- channels are being blocked in some manner and 

therefore, it would be unexpected if anything could be conducted by the channel. Unless, 

for example, residues on the SF are altered by oxidative modifications during ageing that 

increases the channel’s affinity for other anions over Cl-. However, this has not been 

observed in Cl- channels or any other ion channels for that matter. While this is probably 

unlikely, residues such threonine and cysteine found in the SF of voltage-gated ion 
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channels are known to be susceptible to oxidative modifications and this could provide a 

possible explanation for these findings[398]. 

Determining whether the sustained TEA/4-AP/zero Cl- insensitive current is conducted 

by voltage-gated Cl- channels is challenging, particularly as evidence presented in this 

chapter produced some confounding results. First, the conductance and steady-state 

inactivation properties between the isolated ICl and the sustained TEA/4-AP/zero Cl- 

insensitive current were indistinguishable suggesting that both these currents may be 

conducted by the same channel. Although, it could be that there are two channels 

conducting currents with very similar properties. Second, the sustained TEA/4-AP/zero 

Cl- insensitive current with its hyperpolarised activation threshold and slower 

deactivation kinetics than ICl suggests that these currents may be mediated by different 

channels. However, these particular changes could be reflective of the fact that in isolating 

this current the natural conducting ion has been removed from the saline and as such this 

may have altered the properties of the channel. Currently, the precise nature of this current 

and its conducting channel is unknown.  

To examine whether the sustained TEA/4-AP/zero Cl- insensitive current is conducted by 

voltage-gated Cl- channels, a few different electrophysiological approaches could be 

implemented in future investigations. Using the TEVC setup, the extracellular anion 

concentration of the zero Cl- saline could be altered to examine if there are any changes 

to the amplitude of this residual current and whether any shifts to the reversal potential 

occur in accordance to predictions derived from the Nernst equation. As acetate-based 

salts were predominately used to compose the zero Cl- saline, the concentration of this 

particular anion could be altered. Any changes observed in response to altering the 

extracellular anion concentration would strongly indicate that the TEA/4-AP/zero Cl- 

insensitive current is conducted by a voltage-gated Cl- channel because of their relatively 

poor selectivity among different anions[462,301].  

Another technique that could be utilised to provide more conclusive evidence that the 

TEA/4-AP/zero Cl- insensitive current is being conducted by a voltage-gated chloride 

channel is to perform single channel recordings in the Lymnaea CGCs. This technique 

provides a direct approach to examine the microscopic properties of individual ion 

channels such as their kinetics and the nature of the conducting ions[323,377].  
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Different patch clamp configurations could be implemented to record single-channel 

activity in the CGCs. The first is cell-attached patch clamp, which involves the pipette 

forming a seal onto the membrane, but not rupturing it. Here, the patch of membrane’s 

extracellular surface is exposed to the pipette solution that represent the extracellular 

milieu. The second configuration is inside-out patch clamp, which involves excising a 

patch of membrane from the cell with the intracellular surface of the membrane exposed 

to the bathing saline. The last method is outside-out patch clamp, where the extracellular 

surface of an excised patch of the membrane is exposed to the bathing saline. 

Outside-out patch clamp would be the ideal method, albeit the most challenging, to study 

the question of interest. The reason for this is that the membrane patch can be exposed 

successively to different extracellular solutions, which means that the single channel 

current can be repeatedly measured under varying extracellular conditions[415]. Thus, the 

distribution of anions can be altered across the same CGC patch (containing only one or 

a few voltage-gated chloride channels, as other channels will be blocked) during 

recordings[415]. In such experiments, if the chloride single channel current is not abolished 

following extracellular perfusion of the CGC patch with a zero Cl- saline, this would 

directly show that the channel is conducting the remaining TEA/4-AP/zero Cl- current. 

Following this, if a zero Cl- saline with a modified anion concentration (such as 

higher/lower acetate concentration) altered the single channel conductance and shifted 

the reversal potential in line with calculations derived from the Nernst equation, this 

would provide strong evidence demonstrating that the TEA/4-AP/zero Cl- current is 

mediated by other anions conducted via voltage-gated chloride channels.  

 

3.5    Conclusion  

In conclusion, this chapter extensively examined the properties of voltage-gated outward 

currents that regulate the CGC action potential waveform with age and acute OS. The 

changes incurred to the properties of these currents with age were accurately mimicked 

by young CGCs following acute extracellular AAPH treatment, which strongly suggests 

that OS is involved in the age-related changes in CGCs. Whilst the amplitude of total 

voltage-gated outward current did not change, the composition of its underlying 

constituent currents did, with alterations observed specifically in IA and the newly 

discovered ICl and TEA/4-AP/zero Cl- insensitive current. The delayed activation and 

inactivation exhibited by IA may explain the decrease in CGC firing frequency and the 
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altered action potential waveform with age and acute OS. The properties of IDR and IR, 

the other voltage-gated K+ currents examined, were not altered with age or acute OS. 

However, it is predicted that the suppression of ICl in the old and AAPH-treated young 

CGCs as well as an increase in the amplitude and delayed inactivation of the sustained 

TEA/4-AP/zero Cl- insensitive current may also be involved in the alterations to the action 

potential waveform and firing frequency in these CGCs.  
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Chapter 4: The role of voltage-gated outward currents on the firing properties of 
the CGCs   

4.1   Introduction   

A challenging issue has emerged in understanding how changes to the properties of 

voltage-gated outward currents (observed in Chapter 3) alters the firing properties of the 

CGCs with age and acute OS. This stems from the relatively limited knowledge regarding 

the role of voltage-gated outward currents in mediating CGC action potentials.  

Initial experiments by Staras et al. (2002) in the young CGCs as well as by Vavoulis et 

al. (2012) in a Hodgkin-Huxley type computational CGC model, demonstrated that 

blocking IDR with TEA broadened action potentials, decreased the AHP amplitude and 

depolarised the RMP[58,53]. This suggests that IDR regulates the rate of repolarisation 

during an action potential, contributes to the development of the fAHP and is involved in 

maintaining a negative RMP in the young CGCs. Vavoulis et al. (2012) also noted that 

suppression of IA broadened the model CGC action potential, which suggested this 

current has an important role in repolarising the CGCs[58]. However, whether the 

inhibition of these voltage-gated K+ currents altered other parameters such as the sAHP or 

those associated with SFA and consequently how these changes influence CGC firing 

frequency has not yet been investigated. Thus, at present many of the ionic currents in the 

CGCs have often been assumed to have a similar function to those observed previously 

in mammalian and other invertebrate neurons. This may not necessarily be the situation 

due to differences, for example, in ion channel structure or subtype expression.    

The aim of experiments in this chapter will be to investigate the role of voltage-gated 

outward currents in regulating the young CGC action potential. Currently, the role of the 

TEA/4-AP/zero Cl- insensitive current and IR in the CGCs cannot be investigated due to 

the lack of specific antagonists. Therefore, this study will focus on the role of IA, IDR and 

the newly identified ICl in the young CGCs. While IDR did not change with age or acute 

OS, it was still imperative to fully understand the role of this current in the CGCs as it 

may shed an insight as to why delayed rectifiers appear to be more resilient to the effects 

of age and acute OS. Additionally, it is important to establish whether the functions of 

IDR matched previous descriptions documented in Lymnaea[58,53]. This is particularly 

important as it appears that the ionic current complement of the CGCs from snails in this 

study differed slightly from what had been detailed by Staras et al. (2002)[58,53].   



  

181 
 

Based on the AP-clamp experimental findings of Chapter 3, where IA, IDR and ICl were 

activated during the rising phase of the young CGC action potential and had reached their 

maximum conductance during the repolarisation phase, it is predicted that these voltage-

gated outward currents will have an important role in repolarising the CGCs. 

Additionally, it was observed that both IA and IDR had not fully inactivated/deactivated 

by the onset of the fAHP and thus, it is also predicted these currents may have an 

important role in modulating the CGC fAHP.    

 

The hypothesis of this chapter is as follows: IA, IDR and ICl are involved in reducing 

CGC firing in young Lymnaea by regulating the repolarisation and the after-

hyperpolarisation phases of the action potential.  
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4.2   Methods   

4.2.1   Experimental animals  

All experiments in this chapter were carried out on Lymnaea stagnalis aged 3-4 months 

old that had been housed in accordance to descriptions in Chapter 2 (section 2.2.1).   

 

4.2.2   Preparation of the isolated Lymnaea CNS   

Isolation of the CNS from young Lymnaea and preparation in the electrophysiological 

recording chamber containing HEPES-buffered saline was conducted as detailed in 

Chapter 2 (section 2.2.2).   

 

4.2.3   Electrophysiological recordings   

4.2.3.1   Current clamp setup   

The electrophysiological setup to conduct current clamp recordings of the RCGCs was 

performed as detailed in Chapter 2 (section 2.2.3).  

 

4.2.3.2   Current clamp protocols   

A depolarising step protocol, evoked from the RMP of the CGCs, was performed as 

previously described in Chapter 2 (section 2.2.4.1) to assess SFA in young control 

RCGCs and young RCGCs treated with the voltage-gated outward current blockers.   

 

4.2.4   Chemicals and salines   

4.2.4.1   Control saline   

Composition of the HEPES-buffered saline as described in Chapter 2 (section 2.3).   

 

4.2.4.2   4-AP saline  

To block IA in the Lymnaea CGCs, a HEPES-buffered saline containing the addition of 

4-AP was utilised during recordings. The composition of this saline was: 4-AP 

4 mM, NaCl 50 mM, KCl 1.7 mM, CaCl2 4 mM, MgCl2 2 mM, HEPES 10 mM, adjusted 

to pH 7.9 with NaOH 3 M (Sigma-Aldrich, UK).  
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4.2.4.3   TEA saline  

To block IDR in the Lymnaea CGCs, a HEPES-buffered saline containing the addition of 

TEA was utilised during recordings. The composition of this saline was: TEA 

50 mM, KCl 1.7 mM, CaCl2 4 mM, MgCl2 2 mM, HEPES 10 mM, adjusted to pH 7.9 

with NaOH 3 M (Sigma-Aldrich, UK).  

Note: The extracellular concentration of Na+ ions in this saline via the addition of 

NaOH was approximately 6 mM. Whilst this was substantially lower than what was 

present in the control HEPES-buffered saline, 50 mM via NaCl, the concentration in the 

TEA saline was still sufficient to evoke CGC action potentials.   

As 50 mM TEA extracellularly was required to completely block IDR in the CGCs 

(section 3.3.4), the inclusion of NaCl in the saline was not an option as this would have 

had an osmotic effect and subsequently compromised the functioning of all neurons in 

the Lymnaea CNS.  

 

4.2.4.4   NPPB saline   

To block ICl in the Lymnaea CGCs, a HEPES-buffered saline containing the addition of 

NPPB was utilised during recordings. The composition of this saline was: NPPB 100 µM 

(Tocris Biosciences, UK), NaCl 50 mM, KCl 1.7 mM, CaCl2 4 mM, MgCl2 2 mM, 

HEPES 10 mM, adjusted to pH 7.9 with NaOH 3 M (Sigma-Aldrich, UK).  

 

4.2.5   Setup of experimental conditions during intracellular recordings  

Current clamp recordings in every preparation preceded with a 10 minute acclimatisation 

period in HEPES-buffered saline to allow for the RMP and firing frequency of the RCGCs 

to stabilise following impalement.  

Following this, preparations were perfused with either the control saline (HEPES-

buffered saline), 4-AP saline, TEA saline or NPPB saline. Preparations were bathed in 

each saline for 15 minutes before conducting protocols. This provided sufficient time for 

pharmacological agents to block the voltage-gated channels of interest (section 3.2.2).     

As preparations were perfused in each saline for the same duration, RCGC firing 

properties were measured at the same time intervals across the four condition groups 

(section 4.2.6) during analysis.  
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4.2.6   Current clamp data analysis   

Analysis of current clamp recordings was performed offline in Clampfit® from 

the pClamp version 10.5 software package. The following parameters (section 2.2.7.1) 

were assessed on unfiltered traces of spontaneously generated action potentials: 1) Firing 

frequency; 2) RMP; 3) action potential threshold; 4) amplitude of fAHP; 5) duration 

of sAHP, and; 6) action potential half-width.   

With regards to analysis of SFA in the young CGCs (section 2.2.7.2), the frequency and 

half-width of evoked spikes were measured.  In addition, instantaneous frequency and the 

inter-spike interval were measured to construct an ‘instantaneous frequency (f) vs. time 

of spike (t)’ plot in order to determine the initial instantaneous firing frequency (f0) and 

the steady state firing frequency (fss).   

In each condition group, all spontaneous action potential parameters were measured at 25 

minutes from the experimental trace recordings over a 5 minute duration. Measurements 

of SFA parameters were conducted at 30 minutes over a 2 minute period (depolarising 

protocol had been repeated three times within this duration and responses were average 

offline in Clampfit®; section 2.2.3.1).  

  

4.2.7   Statistical Analysis   

Experimental data was analysed for statistical significance in GraphPad Prism 7. A one-

way ANOVA for independent samples was performed throughout this chapter as every 

data set contained more than two groups. When there was a significant difference, a 

Bonferroni multiple comparisons test was performed to identify where the significant 

change occurred.   

The following p-values indicated that there was a significant difference: *p<0.05, 

**p<0.01, and ***p<0.001. For non-significant (NS) values, p>0.05. All data in the 

results sections are presented as the mean ± standard error of the mean (SEM) 

and n represents the number of RCGCs each recorded from an individual preparation.   
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4.3   Results  

4.3.1   The effects of blocking IA, IDR and ICl on CGC firing frequency  

Figure 4.1A displays sample traces of spontaneously evoked CGC action potentials 

following inhibition of IA, IDR and ICl. Notably, it was observed in ~30-40% of young 

preparations from each drug treatment group that there were periods (or ‘bursts’) in which 

the inter-spike interval exhibited variability. These periods were not observed throughout 

most of the experimental recordings, although their frequency and duration in each 

treatment has yet to be examined in any further detail in this study. 

Figure 4.1B reveals that TEA significantly decreased CGC firing frequency when 

compared to the control (p<0.001, n=6 RCGCs; one-way ANOVA with Bonferroni post-

hoc analysis) and preparations perfused with either 4-AP (p<0.01, n=6 RCGCs) or NPPB 

(p<0.001, n=6 RCGCs). Firing rates decreased by ~75% from 70.2 ± 2.8 spikes min-1 in 

the control to 22 ± 3.2 spikes min-1 in the TEA saline. Neither 4-AP nor NPPB 

significantly altered young CGC firing frequency when compared to the control (p>0.05 

for both, n=6 RCGCs) or each other (p>0.05, n=6 RCGCs).  

                                                      

 

    

 

 

 

 

 

 

 

 

 

Figure 4.1| Young CGC firing frequency following inhibition of IA, IDR and ICl. (A) 

Sample traces illustrating the effects of blocking IA, IDR and ICl on spontaneous CGC 

firing. (B) Only TEA significantly altered CGC firing frequency, via a decrease, when 

compared to the control as well as 4-AP and NPPB-treated CGCs. Data shown as mean 

± SEM, n=6 RCGCs. ++p<0.01 vs. 4 mM 4-AP and ***p<0.001 vs. Control and 100 µM 

NPPB.   
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4.3.2   The effects of blocking IA, IDR and ICl on the CGC AHP and RMP 

 

Sample traces in Figure 4.2Ai illustrates that 4-AP, TEA and NPPB all reduced the fAHP 

amplitude. This decrease to the fAHP of the young CGC action potential was significant 

when compared to the control (p<0.001 for each treatment, n=6 RCGCs; one-way 

ANOVA with Bonferroni post-hoc analysis; Figure 4.2Aii). The fAHP amplitude did not 

significantly differ between the three treatment groups (p>0.05, n=6 RCGCs).  

 

Figure 4.2B revealed that TEA increased the sAHP duration by ~1000 ms when 

compared to the control (p<0.001, n=6 RCGCs) and preparations perfused with either 4-

AP (p<0.001, n=6 RCGCs) or NPPB (p<0.001, n=6 RCGCs). Interestingly, the RMP of 

the young CGCs became significantly more depolarised following treatment with either 

4-AP (p<0.01, n=6 RCGCs), TEA (p<0.001, n=6 RCGCs) or NPPB (p<0.05, n=6 

RCGCs). The RMP did not significantly differ between the three treatment groups 

(p>0.05, n=6 RCGCs). 

 

Figure 4.2| CGC AHP and RMP following inhibition of IA, IDR and ICl. (Ai) Sample 

traces of the fAHP demonstrates that this component decreases in each blocker. (Aii) 

This decrease was significant for each treatment when compared to the control. (B) Only 

TEA significantly altered the sAHP duration via an increase. (C) Each blocker 

significantly depolarised the RMP. Data shown as mean ± SEM, n=6 RCGCs. *p<0.05, 

**p<0.01, ***p<0.001 vs. Control (Part A and C); ***p<0.001 vs. each group (Part B).  
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4.3.3   The effects of blocking IA, IDR and ICl on the CGC action potential half-width 

Sample traces in Figure 4.3A displayed the dramatic alterations to the young RCGC 

action potential half-width following the addition of either 4-AP or TEA to the bathing 

saline. Both 4-AP and TEA significantly increased the half-width of the CGC action 

potential (p<0.01 and p<0.001, respectively, n=6 RCGCs; one-way ANOVA with 

Bonferroni post-hoc analysis; Figure 4.3B) when compared to control and NPPB 

preparations. The TEA-treated CGC action potential was also significantly broader than 

the 4-AP-treated young CGC action potential (p<0.01, n=6 RCGCs). Conversely, NPPB 

treatment did not significantly alter the action potential half-width when compared to the 

control (p>0.05, n=6 RCGCs). 

Notably, NPPB appeared to reduce the shoulder of the CGC action potential (arrowhead; 

Figure 4.3A) in every preparation (visual assessment only, n=6; data not shown).  
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Figure 4.3| Action potential half-width following inhibition of IA, IDR and ICl. (A) Sample 

traces illustrate that TEA and 4-AP broaden the CGC action potential. NPPB reduced 

the shoulder of the repolarising action potential. (B) Whilst TEA had a more prominent 

effect on the action potential half-width than 4-AP, both significantly increased this 

parameter when compared to the control and NPPB-treated CGCs. Data shown as 

mean ± SEM, n=6 RCGCs. ++p<0.01, +++/***p<0.001 vs. each CGC group. Graph symbols: 

asterisk (*) designated for 50 mM TEA and plus (+) for 4 mM 4-AP. 
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4.3.4   The effects of blocking IA, IDR and ICl on evoked CGC firing frequency 

4-AP significantly increased the number of CGC spikes (Figure 4.4A), evoked from the 

RMP during the 5 second 2 nA depolarising pulse, when compared to the control, NPPB-

treated CGCs (p<0.01, n=6 RCGCs for both; one-way ANOVA with Bonferroni post-

hoc analysis) and TEA-treated CGCs (p<0.001, n=6 RCGCs). Conversely, TEA 

significantly reduced the number of evoked spikes when compared to the control and 

NPPB-treated young CGCs (p<0.001 for both, n=6 RCGCs). There was no significant 

difference between control and NPPB preparations (p>0.05, n=6 RCGCs).  

In Figure 4.4B, TEA significantly increased the half-width of evoked spikes when 

compared to the other CGC groups (p<0.001 for each group, n=6 RCGCs). Evoked CGC 

spikes in 4-AP were significantly broader than the control and NPPB-treated young CGCs 

(p<0.05 for both, n=6 RCGCs). NPPB did not alter the evoked action potential half-width 

when compared to the control (p>0.05, n=6 RCGCs).  

 

 

 

 

Figure 4.4| Evoked action potentials following inhibition of IA, IDR and ICl. (A) 4-AP and 

TEA significantly increased and decreased, respectively, the number of evoked CGC 

spikes. (B) 4-AP and TEA, but not NPPB, significantly increased evoked action potential 

half-width when compared to control CGCs. Data shown as mean ± SEM, n=6 RCGCs. 

+p<0.05, +++/***p<0.001 vs. each CGC group. Graph symbols: asterisk (*) designated for 

50 mM TEA and plus (+) for 4 mM 4-AP. 
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4.3.5   The effects of blocking IA, IDR and ICl on basic SFA parameters  

Figure 4.5A illustrates a typical action potential burst generated by each treatment group 

during the 5 second 2 nA depolarising pulse evoked from the CGC RMP. Figure 4.5B 

displays a sample representative ‘instantaneous frequency vs. time of spike’ plot from a 

single preparation in each treatment group. Both TEA and 4-AP appeared to slow SFA, 

as reflected by the shallow exponential decay, when compared to the control and NPPB-

treated young CGCs.   

Both f0 (Hz) in Figure 4.5Ci and fss (Hz) in Figure 4.5Cii were significantly higher in 

CGCs treated with 4-AP when compared to control (p<0.05, n=6 RCGCs; one-way 

ANOVA with Bonferroni post-hoc analysis), TEA (p<0.001, n=6 RCGCs) and NPPB-

treated CGCs (p<0.01, n=6 RCGCs). TEA reduced f0 (Hz) and fss (Hz) when compared 

to control and NPPB-treated CGCs (p<0.001 for both, n=6 RCGCs). These parameters 

did not differ between control and NPPB-treated CGCs (p>0.05, n=6 RCGCs). 

 

 



  

190 
 

Control
0

5

10

15

100 µM

NPPB

50 mM

TEA

4 mM

4-AP

++

***

f 0
(H

z
)

Control
0

5

10

15

100 µM

NPPB

50 mM

TEA

4 mM

4-AP

**

+++

f s
s
 (

H
z
)

0 1 2 3 4 5 6

0

5

10

15

4 mM 4-AP

Control

In
st

a
n

e
o

u
s 

fr
e

q
u

e
n

c
y

 (
H

z
)

50 mM TEA

100 µM NPPB

Time of spike (s)

Control

4 mM 4-AP

50 mM TEA

100 µM NPPB

5 s

2 nA

f0 fss

 

Figure 4.5| SFA parameters following inhibition of IA, IDR and ICl. (A) Sample traces of 

evoked young CGC spikes from each treatment group. (B) This representative plot 

revealed that SFA increased with 4-AP, decreased with TEA and was unaltered 

following NPPB treatment. Both (C) f0 (Hz) and (D) fss (Hz) during SFA was significantly 

faster with 4-AP and slower in TEA when to compared to the control and NPPB-treated 

CGCs. Data shown as mean ± SEM, n=6 RCGCs. ++/**p<0.01, +++/***p<0.001 vs. each 

CGC group. Graph symbols: asterisk (*) designated for 50 mM TEA and plus (+) for 4 

mM 4-AP. 
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4.3.6   Result summary of the changes to the young CGC action potential parameters following the inhibition of IA, IDR and ICl 

 

Table 4.1| Changes to young CGCs properties following suppression of IA, IDR or ICl. Symbols: Red upward facing arrow indicates a 

significant increase of the parameter, while red downward facing arrows indicate a significant decrease of the parameter. Black upward 

or downward facing arrows indicate that a substantial (>20% change) but not significant increase or decrease of the parameter, 

respectively. Data shown as mean ± SEM, n=6 RCGCs for each treatment. *p<0.05, **p<0.01 and ***p<0.001 vs. control young CGCs. 

NS, not statistically significant. 

CGC Parameter Young control CGC  
parameter values 

Parameter altered by blocking IA 
with 4 mM 4-AP? 

Parameter altered by blocking 
IDR with 50 mM TEA? 

Parameter altered by blocking 
ICl with 100 µM NPPB? 

Spontaneous CGC Action Potentials 
Firing frequency  
 

 
70.1 ± 4.8  spikes min-1 

 

 
 

No Change 

50.2 ± 2.1  spikes min-1 (NS) 22.3 ± 3.2 spikes min-1  (***) 64.7 ± 3.8 spikes min-1 (NS) 
fAHP  

-11.89 ± 0.6 mV 
   

-4.72 ± 0.3 mV (***) -6.72 ± 0.9 mV (***) -8.26 ± 0.4 mV (***) 
sAHP  

523.4  ± 39.7 ms 
 
 

 No Change 

697.6  ± 34.7 ms (NS) 1530.3  ± 180.2 ms (***) 578.2  ± 21.5 ms (NS) 
RMP  

-56.5 ± 1.1 mV 
 
 

  

-46.4 ± 1.5 mV (**) -42.1 ± 2.5 mV (***) -48.1 ± 1.6 mV (*) 
Half-Width   

11.5 ± 1.2 ms 
 
 

 No Change 

        65.7 ± 3.2 ms (**) 110.1 ± 10.4 ms (***) 10.1 ± 0.9 ms (NS) 
Evoked CGC Action Potentials 

Firing rate  
23.1 ± 1.2 spikes/5s 

 

  
 

No Change 

32.5 ± 1.5 spikes/5s (***) 10.5 ± 1.9 spikes/5s (***) 25.1 ± 1.7 spikes/5s (NS) 
Half-width   

21.30 ± 2.5 ms 
 

  No Change 
 

         41.8 ± 2.9 ms (*) 176.2 ± 5.7 ms (***) 22.9 ± 2.3 ms (NS) 
 f0 (Hz)  

8.6 ± 0.5 Hz 
 

  
 

No Change 

11.5 ± 0.5 Hz (**) 1.8± 0.3 Hz (***) 8.7± 0.6 Hz (NS) 
fss (Hz)  

2.8 ± 0.3 Hz 
 

  No Change 

8.62 ± 0.6 Hz (***) 0.93 ± 0.2 Hz (**) 2.88 ± 0.4 Hz (NS) 
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4.4   Discussion  

Experiments in this chapter had examined the role of IA, IDR and ICl in shaping the young 

CGC action potential and regulating firing frequency. Blocking IA and IDR with 4-AP and 

TEA, respectively, caused action potential broadening, reduced the fAHP amplitude, 

depolarised the RMP and suppressed SFA in young CGCs. However, inhibition of IDR 

also increased the sAHP duration and ultimately decreased spontaneous CGC firing 

frequency. Although, suppression of ICl with NPPB also resulted in a decrease in the 

fAHP amplitude and depolarisation of the RMP, no changes were observed in other 

parameters that had been assessed including firing frequency.  

 

4.4.1   Role of voltage-gated outward current in spontaneously elicited CGC action 
potentials    

Inhibition of either IA, IDR or ICl significantly reduced the fAHP of the young CGC action 

potential, strongly suggesting that both voltage-gated outward K+ and Cl- currents have 

an important role in regulating this parameter in the Lymnaea CGCs. In mammalian 

neurons the Ca2+-activated K+ current, BK, has been cited by numerous studies as the 

principle mediator of the fAHP, whilst the involvement of voltage-gated K+ channels has 

often been overlooked[259,292]. However, the few investigations that have examined 

voltage-gated K+ currents in relation to the fAHP have also highlighted their 

importance[522,385,146,373]. For example, a study in rat neocortical neurons demonstrated 

that the fAHP was significantly reduced following the application of 4-AP, defying 

preconceptions that the fast inactivation properties of IA precludes this current from 

having a significant role in regulating the fAHP[522]. Even in other invertebrate neurons 

such as C. elegans, IA has been shown to have an important role in mediating the fAHP 

of action potentials[399]. 

In hippocampal mouse neurons, it has been shown that blocking IDR with either TEA or 

guangxitoxin (specific IDR blocker for Kv2 channels) significantly reduces the fAHP 

amplitude[264]. The role of IDR has not been as extensively investigated in other 

invertebrate neurons. However, the findings in this study corroborated the work of both 

Staras et al. (2002) and Vavoulis et al. (2012) by showing that the fAHP of the young 

CGC action potential significantly reduces following inhibition of IDR
[457,416]. All results 

yielded with IDR, however, needs to be interpreted with some caution as inhibition of this 

current will occur in other neurons of the CNS and also substantially broaden their action 

potentials. This will increase neurotransmitter release and subsequently enhance synaptic 



  

193 
 

inputs onto the CGCs. These inputs may then modulate other ionic currents in the CGCs 

to alter an array of action potential parameters, including the fAHP. 

A few different experimental approaches could be implemented in the future to prevent 

changes in neurotransmitter release in the Lymnaea CNS, caused by the indirect effects 

of manipulating voltage-gated outward currents, from altering CGC properties. First, a 

Hodgkin-Huxley type of mathematical model of the CGCs could be developed- similar 

to that by Vavoulis et al. (2012)- to accurately assess the contribution of IDR as well as 

other ionic currents to the CGC action potential in the absence of extrinsic 

interferences[457]. The Vavoulis et al. (2012) model will need to be modified to include 

ionic currents that were newly discovered in Chapter 3 (ICl, IR and the TEA/4-AP/Cl- 

insensitive current) and cannot be utilised until the model is capable of accurately 

reproducing the behaviour of the CGCs observed in vitro. Only then can the properties of 

IDR, for example, be manipulated to examine its role in the CGC action potential 

waveform and firing frequency.  

Another approach that could be performed is to chemically isolate the CGCs in the 

Lymnaea CNS. As demonstrated previously by Yeoman et al. (2008), for example, this 

can be accomplished by bathing preparations in a high Mg2+/zero Ca2+ saline[507]. The lack 

of Ca2+ in the saline should be sufficient to block neurotransmitter release, which is 

dependent on Ca2+ influx via VGCCs[179]. The high Mg2+ concentration in this saline is 

an additive measure that will block Ca2+ influx by outcompeting it for its channels and 

thus assist in attenuating neurotransmission[107]. However, this method is not ideal as it 

would affect numerous Ca2+-dependent events that are critically important for the proper 

functioning of neurons[294,447]. The resultant suppression of Ca2+-dependent currents will 

also alter the action potential waveform, which may mask the effects that blocking IDR or 

any other currents have on the CGCs and could make it more difficult to determine their 

roles.   

Alternatively, experiments could be conducted on cultured isolated CGCs. The process 

of isolating CGCs from the Lymnaea CNS has been well characterised in numerous 

studies such as that by Straub et al. (2001) and Koert et al. (2001)[426,235]. Whilst this 

technique is relatively laborious, the guarantee that CGC firing properties are not altered 

by the actions of other neurons and the ability to still conduct both current and voltage 

clamp recordings significantly outweighs this minor limitation.    
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Overall, the findings yielded from the CGCs in this study as well those generated 

previously has now provided overwhelming evidence for the important and significant 

role of voltage-gated K+ outward currents in regulating the fAHP of a neuronal action 

potential.  

Whilst it is often regarded that voltage-gated outward Cl- currents are involved in 

hyperpolarising neurons, no studies to date have shown that ICl actively contributes to the 

fAHP of action potentials[266,121]. To our knowledge, this is the first study to demonstrate 

that the outward ICl is involved in regulating the fAHP. However, as with IDR some 

consideration needs to be taken into account when generating such statements as 

inhibition of ICl has been shown to significantly increase synaptic inputs onto 

neurons[519,56]. Interestingly, an increase in synaptic inputs was observed during 

recordings of the CGCs in the presence of NPPB. Again, this highlights the importance 

of future experiments to be conducted using cultured isolated CGCs or a computational 

CGC model. 

This chapter also revealed that inhibition of IDR caused a significant increase to the 

duration of the sAHP in young CGCs. This corroborated previous findings in mammalian 

hippocampal neurons that have shown blocking IDR with TEA significantly increases the 

sAHP[391,120,425]. Initially, this may seem odd considering that delayed rectifiers are one 

of the major conduits for K+ efflux in neurons and as such would be expected to have a 

significant role in hyperpolarising neurons by contributing to the development of the 

sAHP. Indeed, a few studies have also shown that enhancement rather than attenuation of 

IDR increases the sAHP[264,232].  

Numerous studies have demonstrated that the sAHP is primarily mediated by Ca2+-

activated K+ channels conducting the IsAHP 
[364,292,393]. Interestingly, suppression of IDR has 

been linked to an increase in Ca2+ influx and it is believed that this may then increase the 

Ca2+-dependent IsAHP
[369,227,391]. An investigation in Archidoris montereyensis (a mollusc) 

neurons, for example, revealed during electrophysiological and Ca2+ imaging 

experiments that IDR inhibition facilitated greater Ca2+ influx by significantly extending 

the plateau phase of action potentials[6]. This occurs because broadening of the action 

potential increases the duration a cell spends above the activation threshold for voltage-

gated Ca2+ currents, which then leads to an increase in Ca2+ influx. In mammalian 

neurons, it has been shown that this Ca2+ influx largely occurs via L-type channels and 

consequently augments IsAHP
[16,69,263].  
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Interestingly, in the young CGCs of this study there was a significant increase in the 

action potential half-width following suppression of IDR that was also accompanied with 

prolongation of the plateau phase. Firstly, this indicates that IDR has an important role in 

the repolarisation phase of the CGC action potential. This supports previous findings from 

mammalian and other invertebrate neurons that have demonstrated that a decrease in the 

rate of repolarisation is caused by a decrease in the IDR conductance and vice 

versa[231,264,457]. Secondly, this strongly suggests that inhibition of IDR in the CGCs causes 

an increase in the sAHP via action potential broadening, greater Ca2+ influx and an 

increase in the underlying IsAHP
[392].  

Conversely, inhibition of IA in young CGCs did not significantly alter the duration of the 

sAHP and this is probably due to its relatively fast inactivation kinetics. However, there 

was significant broadening of CGC action potentials and this supported previous studies 

demonstrating that IA has an important role in regulating action potential 

repolarisation[13,231]. The observation that the sAHP duration did not significantly enhance 

despite significant broadening of the CGC action potential was also interesting. This 

suggests that the expected increase in Ca2+ influx via the broader action potential is not 

sufficient to activate enough Ca2+-activated K+ channels needed to considerably augment 

the IsAHP underlying the sAHP[392].   

Given that the sAHP is generated by the actions of multiple channels (including apamin-

sensitive and insensitive Ca2+-activated K+ channels) and that it has been documented that 

4-AP can block some apamin-insensitive Ca2+-activated K+ channels[6,344,17], it is not 

inconceivable that 4-AP may be blocking some Ca2+-activated K+ channels. This could 

explain the lack of significant increase in the sAHP, even if there is greater Ca2+ influx 

via the broader 4-AP treated CGC action potential.    

The suppression of ICl was not associated with any significant alterations to the sAHP and 

unlike inhibition of IA and IDR, there was no significant change to the half-width of the 

CGC action potential. The lack of change to the sAHP following NPPB treatment was 

not unexpected as to date there have been no studies detailing the involvement of voltage-

gated outward chloride channels regulating the sAHP in neurons.  

Studies have shown that CLC4-6 (with the exception of CLC-7) have fast deactivation 

kinetics and this could explain their lack of involvement in mediating the sAHP[9]. 

However, considering it is generally thought that voltage-gated outward Cl- channels are 
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involved in action potential repolarisation it was quite surprising to observe that there was 

no significant alteration to the CGC action potential half-width following NPPB 

treatment[467]. This may be due to the very small magnitude of ICl underlying the young 

CGC action potential. Alternatively, the lack of change may potentially be due to NPPB’s 

capacity (as demonstrated in some mammalian neurons) to inhibit Ca2+ channels such as 

L-type channels, which would act to narrow the action potential[105,523].  

Interestingly, it was observed that the “shoulder” of the young CGC action potential- a 

feature mediated by Ca2+ influx- was markedly reduced in the presence of NPPB. This 

strongly suggests that there may be a decrease in Ca2+ influx[449,395]. Performing Ca2+ 

imaging experiment in the future will help determine if this is true. Conversely, the lack 

of change in half-width may be due to NPPB increasing synaptic inputs onto the CGCs. 

This could counteract any potential increase to the half-width that may be caused by 

suppression of ICl by increasing the conductance of other currents involved in 

repolarisation such as IA or IDR.  

A common alteration observed following suppression of either IA, IDR or ICl was 

significant depolarisation of the young CGC RMP. The findings with IA and IDR 

corroborated previous studies that have shown that these currents have a significant 

influence on regulating a negative RMP in neurons, particularly as they both activated 

near the RMP[233,47,237]. For example, in some mammalian and invertebrate neurons 

application of 4-AP or TEA to block IA and IDR, respectively, results in significant 

depolarisation of the RMP[237,497,474].  

With regards to ICl, very few studies have examined the role of voltage-gated outward Cl- 

channels in regulating the RMP. A study in  rat hippocampal neurons, for example, 

demonstrated that inhibition of ICl significantly depolarised the RMP[473]. However, it is 

known that the activation threshold for ICl is significantly more positive than the RMP 

which, coupled with its relatively fast deactivation, would suggest that very little current 

is active around the RMP[9,490]. Additionally, the small magnitude of this current in the 

young CGCs supports this notion and suggests that this may be due to NPPB potentially 

blocking Ca2+ currents. Studies have shown that Ca2+-activated K+ channels can have an 

important role in regulating the RMP[306]. Thus, any potential block to Ca2+ influx by 

NPPB would decrease the conductance of these channels and subsequently lead to 

significant depolarisation of the RMP[306].   
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How do these changes to the action potential waveform following the suppression of 

either IA, IDR or ICl alter young CGC firing frequency? The inhibition of ICl with NPPB 

did not significantly alter CGC firing frequency despite the decrease in the fAHP and 

depolarisation of the RMP. This did not support previous studies in hippocampal neurons 

and dorsal root ganglion neurons, for example, which have shown that inhibition of ICl 

significantly increases firing frequency[331,473]. It was expected that the fAHP decrease 

and depolarisation of the RMP following ICl inhibition would have increased firing of the 

CGCs, as it should take less time for them to re-establish their RMP following action 

potential firing and subsequently less time to reach the threshold of the next action 

potential. As this did not happen, it suggests that the fAHP and RMP may not necessarily 

be important for regulating CGC firing frequency. 

Given the number of ionic currents shown in our laboratory (this and prior investigations) 

and by others to influence the CGC RMP such as IA, IDR, ICl and INa(p), for example, it is 

entirely plausible that the RMP may not be a fundamental regulator of CGC firing 

frequency[392,316,416]. The possible reason for this is that a change in any one of these 

currents may be compensated by changes to the properties of other currents involved in 

regulating the RMP in an attempt to stabilise and minimise significant alterations to CGC 

firing frequency. This may be particularly important in Lymnaea where in vivo and in 

vitro studies have demonstrated that CGC firing frequency is an important modulator of 

feeding frequency[508,506,507,336]. It may not be ideal in snails that depolarisation of the 

CGC RMP, or even hyperpolarisation, is accompanied with significant changes to firing 

frequency as this could cause snails to feed unnecessarily or attenuate feeding. Ultimately, 

this would likely affect the health and lifespan of the snails.  

The notion that the RMP may not necessarily be important for regulating CGC firing 

frequency in young snails was supported by findings by Kemenes et al. (2006)[226]. This 

study revealed that spontaneous CGC firing rates of conditioned snails did not significant 

differ from unconditioned snails despite significant depolarisation of the RMP[226]. Whilst 

this demonstrates that depolarisation of the CGC RMP is a key event during memory 

formation, it also strongly suggests that it is important for CGC firing frequency to be 

kept relatively constant in young snails- regardless of changes to the RMP- possibly in 

order to regulate other associated behavioural outputs.  

The suggestion that the fAHP and RMP may not be important for regulating CGC firing 

frequency may not be entirely true and could just be dependent by how much these 
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parameters are altered. It may be that further depolarisation of the RMP or further 

reduction of the fAHP amplitude would have resulted in a significant increase in CGC 

firing frequency, consistent with observations following injection of 2 nA depolarising 

pulse during SFA experiments. 

Inhibition of IA with 4-AP resulted in a slight (~26%), but not significant decrease in CGC 

firing frequency. Previous studies, particularly in cortical and hippocampal neurons have 

shown an increase in firing frequency following inhibition of IA with 4-AP[283,133,262]. It 

would have been expected that the decrease in the fAHP and depolarisation of the CGC 

RMP caused by IA inhibition would have significantly increased firing frequency, but for 

the same reasons discussed with ICl this may not necessarily be the situation and suggests 

(with caution) that both the fAHP and RMP may not be important determinants of CGC 

firing frequency.  

Even if changes in the fAHP and RMP were to have increased CGC firing, it is likely that 

this would have been masked by the significant increase in the action potential half-width 

that also occurred following the attenuation of IA. This suggests that half-width is an 

important parameter for regulating CGC firing frequency and supports other studies in 

mammalian neurons that have shown that alterations to the action potential half-width has 

a significant impact on neuronal firing rates[390,34]. However, the increase in the action 

potential half-width promotes a decrease in spontaneous CGC firing frequency and as 

such does not support previous studies that have reported an increase in firing rates 

following inhibition of IA.  

At present, the studies that have described the increase in spontaneous firing frequency 

following IA inhibition have not measured the action potential half-width, whereas those 

that have reported action potential broadening have not examined firing 

frequency[283,133,262,457]. Thus, it could be that an increase in firing frequency is not 

associated with action potential broadening, whereas a decrease could be due to action 

potential broadening. This may be a reflection of different A-type K+ channel subtypes 

with slightly different inactivation kinetics, for example, that are expressed by these 

neurons[283,133,262,457]. To date, this possibility has not been examined in any detail.  

The changes to the action potential shape following IDR suppression were associated with 

a significant decrease in CGC firing. This finding corroborated Staras et al. (2002) study, 

which also observed a decrease in CGC firing following the application of TEA[416]. 
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Although, it is well regarded that IDR is important for regulating neuronal firing in 

mammalian neurons, the effects of blocking this current on spontaneous firing frequency 

has not been extensively explored. Indeed, the very few studies that have examined this 

have also shown that suppressing IDR leads to a decrease in neuronal firing[197,517]. For 

example, Colwell et al. (2005) demonstrated that IDR inhibition caused a significant 

decrease to spontaneous firing frequency in mice suprachiasmatic nucleus (SCN) 

neurons[197]. Such studies also noted that the decrease in firing frequency following IDR 

suppression was due to a significant increase in action potential half-width and a 

significant increase in the sAHP, which had also been observed in this study.  

Overall, two important findings were yielded about the regulation of spontaneous CGC 

firing in this study. First, it was revealed that IDR is a very important voltage-gated 

outward current for controlling young CGC firing frequency, whereas IA has a much 

smaller influence and ICl has no involvement. Second, it appears that the half-width and 

the sAHP are particularly crucial parameters of the action potential waveform involved 

in regulating CGC firing frequency.  

 

4.4.2   Changes to evoked CGC firing properties following inhibition of voltage-gated 
outward currents 

The ionic profile mediating SFA in the CGCs has not been extensively examined. Thus, 

it was of interest in this study to assess whether IA, IDR and ICl were involved in regulating 

SFA in the young CGCs.  

Inhibition of both IA and IDR significantly impeded SFA in the young CGCs. This 

supported previous studies that have shown suppression of either IA or IDR slows SFA, 

highlighting the importance of voltage-gated outward K+ currents in this neuronal 

property. However, the means by which inhibition of IDR changed SFA in the young 

CGCs was not consistent with previous observations in the literature[18,152].  

In this study, blocking IDR altered SFA by reducing both initial (f0) and steady-state (fss) 

instantaneous firing frequencies. Other studies in rat sympathetic neurons or mouse 

hippocampal neurons, for example, have demonstrated that inhibition of IDR causes an 

increase in both f0 (Hz) and fss (Hz) as opposed to a decrease[18,152,159]. The decrease in  f0 

(Hz) and fss (Hz) in the young CGCs following the inhibition of IDR was due to a 

significant increase in half-width of the evoked spikes, by ~150 ms,  when compared to 

the control. Interestingly, previous studies in hippocampal neurons noted that evoked 
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spikes were much narrower following IDR inhibition. This narrowing was due to an 

increase in the activity of BK channels caused by an increase in Ca2+ influx into the cell, 

which promoted repolarisation[159]. Given that evoked spikes were significantly broader 

in the young CGCs following IDR suppression alluded to the possibility that BK channels 

may not be expressed by the CGCs. Alternatively, the increase in synaptic inputs to the 

CGCs following the perfusion of TEA may be suppressing currents involved in 

repolarisation and thus diminishing the ability of young CGCs to counteract the increase 

in spike half-width caused by IDR inhibition.   

With regards to inhibition of IA, it was found that the alterations to SFA were caused by 

an increase in the number of evoked spikes that corresponded with a significant increase 

in both f0 (Hz) and fss (Hz) to similar rates. This corroborated previous studies in 

mammalian neurons, including those from the hippocampus and amygdala, that have 

demonstrated that attenuation of IA with 4-AP increases both f0 (Hz) and fss (Hz). These 

studies noted that this increase was due to a reduction in the amplitude of the fAHP and 

a decrease in the inter-spike interval, which enabled neurons to evoke more spikes in 

response to the depolarising stimulus. Indeed, observational analysis of the high 

frequency bursts generated by young CGCs treated with 4-AP revealed that there was a 

clear decrease in the fAHP and inter-spike interval. Whilst there was a significant increase 

in half-width due to the role of IA in spike repolarisation, this increase from the control 

was not as extreme as with IDR (~17 ms as opposed to ~150 ms) and thus, did not appear 

to have a significant influence on decreasing the frequency of evoked spikes. This 

highlights an important point raised previously in that many of the parameters involved 

in shaping the action potential can alter firing frequency, but the extent of this depends 

on the magnitude by which these parameters change.  

Inhibition of ICl did not alter any of the SFA parameters in the young CGCs. No studies 

to date in mammalian or other invertebrate neurons have explored the involvement of 

voltage-gated outward Cl- currents in SFA and thus, this is the first study to establish that 

ICl is not an important conductance required for the modulation of SFA in neurons.  

Note, all data regarding the role of voltage-gated outward currents in regulating intrinsic 

CGC excitability must be interpreted with caution due to the experimental design 

limitation of this study by stimulating CGCs from their RMP and not from a defined 

membrane potential (section 2.4.3).  
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4.4.3   The role of voltage-gated outward currents in old and AAPH-treated young 
CGC action potentials  

The aim of experiments in this chapter had been to establish the role of IA, IDR and ICl in 

regulating the CGC action potential waveform and firing frequency. As this was 

accomplished by blocking these currents, it was easier to ascertain the function of these 

currents via this manner in young CGCs rather than in the old or AAPH-treated CGCs 

due to the nature of changes exhibited by some of the currents in these CGCs. However, 

it would be interesting for future experiments (when more animals are available and 

samples are prepared) to manipulate voltage-gated outward currents in old and AAPH-

treated young CGCs using either blocker or activators, where appropriate, to examine the 

role of these currents in the altered CGC action potential waveform.  

Given that IA increased in the CGCs with age and acute OS due to slower activation and 

inactivation, it would be possible for experiments to inhibit this current with 4-AP to 

investigate its role. With the action potentials narrower and the fAHP larger in both the 

old and AAPH-treated young CGCs, it is predicted that suppression of IA would 

significantly broaden action potentials and decrease the fAHP amplitude. It is unlikely, 

however, that these CGCs will resemble a young control CGCs following the alterations 

to the action potential half-width and fAHP when IA is blocked. This stems from the 

observations that the magnitude by which inhibition of IA altered the action potential half-

width and fAHP was substantially large in the young CGCs. Thus, it would be more 

sensible to lower the 4-AP concentration to decrease IA in old and AAPH-treated young 

CGCs rather than block it completely and then examine whether reversal of the altered 

action potential waveform, with respect to these particular parameters, more accurately 

reflects a young control CGC. 

It is also predicted that the RMP will depolarise in the old and AAPH-treated young CGCs 

following IA inhibition. Whilst the RMP of old CGCs was significantly more 

hyperpolarised than the AAPH-treated young CGCs, it is unlikely that this is due to IA as 

the properties of this current did not significantly differ between these CGCs. Thus, it is 

expected that the RMP of both old and AAPH-treated young CGCs will depolarise by 

approximately the same magnitude following IA suppression.  

It had been postulated that the slow inactivation kinetics of IA with age and acute OS may 

contribute towards a very small increase in the early phase of the sAHP (section 3.4.2). 

Therefore, it is predicted that inhibition of IA in these CGCs- unlike young CGCs- would 
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slightly reduce the sAHP duration. It is doubtful whether this would significantly reverse 

the decrease to spontaneous CGC firing frequency with age and acute OS, as the sAHP 

duration would still be extremely long due to alterations in other ionic currents[392]
. 

Furthermore, the significant broadening of action potentials that is also likely to be 

encountered following IA inhibition in old and AAPH-treated young CGCs would 

probably mask any effects that slightly reducing the sAHP may have on CGC firing 

frequency. Even if the 4-AP concentration was reduced to lessen broadening of action 

potentials, this consequently would decrease any potential reduction to the sAHP.  

It is predicted, however, that there will be an increase in evoked firing rates following IA 

inhibition in the old and AAPH-treated young CGCs. This is only likely to be a partial 

reversal, as it is has been reported previously that alterations to other ionic currents 

contribute significantly to the decrease in evoked CGC firing frequency with age[392].  

As the properties of IDR were not altered with age or acute OS, this current could be 

blocked with TEA in future experiments to explore its role in the CGC action potential. 

First, it is predicted that suppression of IDR will (as in young CGCs) significantly decrease 

the fAHP and depolarise the RMP. Given that the fAHP increased by ~6 mV with age 

and acute OS and that IDR inhibition in young CGCs caused a reduction by ~7 mV, it may 

be observed that the fAHP in the old and AAPH-treated CGCs bathed in TEA will no 

longer differ significantly from young control CGCs.  

The same could also be observed with the RMP of the old CGCs, where there was a 

hyperpolarisation of ~13 mV and IDR inhibition in young CGCs depolarised the RMP by 

~14 mV. Despite this, there will be still be differences in the behaviour of the underlying 

ionic currents regulating these parameters in the old and AAPH-treated CGCs when 

compared to young CGCs.  

Second, it is predicted that suppression of IDR (via its direct effects and/or possible indirect 

effects; section 4.4.1) will further increase the sAHP duration in old and AAPH-treated 

CGCs as well as significantly broaden spontaneous and evoked action potentials. It is also 

postulated that these particular alterations to the action potential waveform will then 

further decrease both spontaneous and evoked firing rates in these CGCs.  

With regards to ICl, this current was suppressed in the old and AAPH-treated young CGCs 

and so it is not possible to examine its role in the CGC action potential by blocking it. It 

may still be useful, however, to conduct this experiment for another reason and that is to 
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determine whether alterations to the young CGC action potential waveform following ICl 

inhibition with NPPB may have been caused by the potential indirect effects of this 

antagonist. 

As knowledge about the indirect effects of NPPB is limited, it is predicted that NPPB will 

not alter the action potential waveform in the old and AAPH-treated young CGCs given 

that ICl is already suppressed in these CGCs. If there is a decrease in the fAHP and 

depolarisation of the RMP (as observed in young CGCs treated with NPPB) this would 

then strongly suggest, as previously postulated, that NPPB may be having indirect effects 

on Ca2+-dependent currents and/or neurotransmitter release (section 4.4.1).  

It would also be interesting to perfuse a voltage-gated Cl- channel agonist over old and 

AAPH-treated young preparations to examine how the CGC action potential waveform 

is altered. If an agonist is successful in causing voltage-gated Cl- channels to conduct a 

Cl- current again in these CGCs (this is dependent on how the channels are modified), it 

is predicted based on findings from young CGCs (disregarding speculation about possible 

non-specific effects of NPPB) that the fAHP will increase and the RMP will 

hyperpolarise.  

The biggest challenge of this approach is finding a suitable activator, as the selection of 

agonists currently available is extremely small when compared to Ca2+-activated Cl- 

channels and volume-regulated Cl- channels. This is perhaps due to less information 

known about the pharmacology of voltage-gated Cl- channels[462].  

 

4.5   Conclusion  

In conclusion, this chapter examined the role of IA, IDR and ICl in shaping the young CGC 

action potential waveform and regulating firing frequency. It was revealed that all these 

currents were involved in hyperpolarising the CGCs via the RMP and fAHP. It was also 

observed that both IA and IDR contributed to regulating the rate of action potential 

repolarisation in the CGCs. Moreover, it was identified that IDR significantly influenced 

spontaneous CGC firing frequency predominately via its modulation of the CGC action 

potential half-width and sAHP. Importantly, this study also highlighted that future 

experiments need to be conducted on cultured isolated CGCs and/or on a computational 

CGC model to allow for the functions of various currents to be precisely characterised in 

the CGCs without potentially being altered by extrinsic processes. 
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Chapter 5: General Discussion  

Experiments in this thesis utilised the pond snail, Lymnaea stagnalis, to investigate the 

mechanisms underlying neuronal ageing in a pair of modulatory interneurons, the cerebral 

giant cells. Evidence revealed that the increase in OS in the ageing cerebral ganglia was 

accompanied with a decrease in CGC firing frequency, alterations to the CGC action 

potential waveform and a decrease in feeding frequency in old snails. These age-related 

changes were largely mimicked in young preparations following the induction of acute 

OS with extracellular AAPH treatment. This suggested that OS may be responsible for 

mediating the age-related changes in the CGCs. In addition to these findings, the 

properties of the newly discovered ICl, IR and TEA/4-AP/zero Cl- insensitive current were 

characterised along with IA and IDR in the old and AAPH-treated young CGCs. 

Interestingly, it appeared that the similar changes incurred to the voltage sensitivity and 

activation/inactivation kinetics of IA with age and acute OS may profoundly alter the CGC 

action potential waveform.  

 

5.1   What underlies changes to the CGC action potential waveform and the decrease 
in firing with age and acute OS?   

Chapter 2 demonstrated that the decrease in spontaneous and evoked CGC firing 

frequency with age was associated with an increase in the amplitude and duration of the 

AHP, hyperpolarisation of the RMP, narrowing of the action potential and slowing of 

SFA. These age-related electrophysiological changes were mimicked in young CGCs 

following acute treatment with extracellular AAPH, with the exception of the RMP and 

SFA.  

Experiments in Chapter 4 established using young CGCs that IDR has a very important 

role in regulating all the action potential parameters that exhibited changes with age and 

acute OS. Despite this, IDR could not be accountable for any of these alterations as Chapter 

3 demonstrated that the properties of this current were not altered with age or acute OS. 

Likewise, the role of the newly identified ICl in modulating the RMP and fAHP (inhibition 

of this current depolarised the RMP and reduced the fAHP in young CGCs) could not be 

accountable for the hyperpolarised RMP or larger fAHP observed in the old and 3 mM 

AAPH-treated young CGCs because this current was suppressed.   
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Of all the voltage-gated outward currents examined in this thesis, there was strong 

evidence to suggest that the changes to the properties of IA with age and acute OS may be 

responsible for some of the alterations to CGC firing properties. The first of these 

parameters was the action potential half-width. IA is known to have an important role in 

regulating the half-width, as Chapter 4 showed that suppression of this current with 4-AP 

significantly broadened young CGC action potentials. AP-clamp experiments also 

corroborated this by demonstrating that IA was the largest current present during the 

repolarisation phase of a young CGC action potential. Whilst the peak amplitude of IA 

did not change with age or acute OS, the slower activation (due to weaker voltage 

sensitivity and altered activation kinetics) coupled with slower inactivation suggests that 

more IA will be available during the repolarisation phase of the old and 3 mM AAPH-

treated young CGC action potentials. This altered sequence of events is likely to increase 

the rate of repolarisation, which would explain the narrowing of action potentials in the 

old and 3 mM AAPH-treated young CGCs. AP-clamp experiments will need to be 

performed in these CGCs in the future to confirm if more IA is active during the 

repolarisation phase.  

The increase in the fAHP with age and acute OS could also be explained by the altered 

properties of IA. Chapters 3 and 4 had shown that IA was an important regulator of the 

fAHP as its amplitude was reduced following the inhibition of this current in young 

CGCs. Thus, the slower inactivation of IA observed with age and acute OS indicates that 

a greater proportion of this current will still be active during the development of the fAHP 

and so could contribute to its increase in amplitude.  

Contrary to the half-width and fAHP, the slow inactivation kinetics of IA with age and 

acute OS is unlikely to be fully responsible for the increase to the sAHP. This is based on 

evidence from Chapter 3 where it was shown that IA takes ~70 ms to completely inactivate 

compared to the typical duration of the sAHP, ~2000 ms, in both the old and 3 mM 

AAPH-treated young CGCs. Thus, IA (if involved) could potentially only contribute to 

an increase in the early phase of the sAHP. 

Interestingly, similar findings have been observed in C. elegans where slow inactivation 

of IA in ageing neurons contributes towards a slight increase in the duration of the 

AHP[59,398]. This result along with the CGCs, suggests that other currents (not examined 

in this study) are predominately responsible for increasing the sAHP duration with age 

and acute OS. The currents most likely to be involved are Ca2+-activated K+ currents. 
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Scutt (2012) previously demonstrated that an increase in IsAHP, due to reverse-mode NCX 

(Scutt G, personal communications), was significantly responsible for the sAHP increase 

in old CGCs[392]. Even studies in ageing mammalian neurons, such as those from the 

hippocampus, have consistently demonstrated that the age-related increase of the sAHP 

is due to an increase in IsAHP
[254,292,364]. Therefore, experiments following this thesis will 

need to conduct recordings of IsAHP in the old and 3 mM AAPH-treated young CGCs to 

assess whether this current is responsible for increasing the sAHP duration.  

Another parameter altered with age and acute OS that could partially be explained by the 

slow inactivation kinetics of IA is SFA. Chapter 4 demonstrated that VGKCs have a very 

important role in modulating SFA in the CGCs, which had not been explored before in 

these neurons. IA specifically regulates SFA in the CGCs by slowing down spiking 

frequency and is involved in determining both f0 and fss (Hz). This strongly corroborated 

previous findings in mammalian neurons[141,424]. Thus, the increase in IA with age and 

acute OS due to its slower inactivation kinetics could be responsible for the decrease in 

the number of evoked CGC spikes. Note, section 2.4.3 addresses the limitation with the 

experimental design when investigating SFA and that some caution has to be taken with 

the current interpretation of these findings. 

With regards to f0 (Hz) and fss (Hz), however, these parameters only decreased with age 

and not acute OS. This strongly suggested that IA does not decrease evoked firing in the 

old and AAPH-treated young CGCs by altering f0 (Hz) and fss (Hz), as the properties of 

IA had not differed between these CGCs. It may be that other currents involved in 

regulating f0 (Hz) and fss (Hz) are altered with age, but not by acute OS. In mammalian 

neurons, a number of currents involved in modulating f0 (Hz) have been identified[232,49]. 

This includes IDR, BK and M-currents[159,49]. IDR did not change with age and therefore 

cannot be accountable for this decrease in f0 (Hz) with age. This leaves the possibility that 

alterations to a BK or an M-current (provided they are expressed by the CGCs) may be 

responsible for the age-related decrease in f0 (Hz).  

Based on previous findings in mammalian neurons, and most importantly in the ageing 

CGCs by Scutt (2012), the current likely responsible for the decrease in fss (Hz) with age 

is IsAHP
[159,137,392]. The slow activation and inactivation properties of IsAHP is thought to be 

crucial in generating the adaptive (or accommodating) response via regulating fss 

(Hz)[159,137,392]. Despite this evidence, it is generally thought that differences between the 

old and 3 mM AAPH-treated young CGCs are due to differences in the properties of ionic 
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currents[159,137,392]. If an increase in IsAHP was responsible for the decrease in fss (Hz) with 

age, this would suggest that this current could not be accountable for the increase in the 

sAHP as this parameter had not differed significantly between old and AAPH-treated 

young CGCs. This may be true, but it is also well known that IsAHP is manifested by the 

action of multiple different Ca2+-activated K+ channels and as such it could be that some 

channels are specifically involved in regulating the sAHP, while others are responsible 

for modulating SFA[364,292]. Perhaps those underlying SFA are particularly sensitive to the 

various effects of age, but not acute OS and this results in the decrease observed to fss 

(Hz) in old CGCs. 

As IA did not differ between old and AAPH-treated young CGCs, it is unlikely that the 

altered properties of IA is responsible for the hyperpolarised RMP observed only in the 

old CGCs. Notably, the involvement of IA in regulating the CGC RMP was a surprising 

result of this thesis. The reason for this is that IA in the CGCs undergoes pronounced 

steady-state inactivation at a relatively fast rate.  

The finding that IA is involved in regulating the RMP does not appear to be a unique 

feature to the Lymnaea CGCs. Whilst not common, there have been a few studies 

involving various cell types in mammalian models that have also suggested a similar role 

for IA. This includes, for example, Purkinje neurons and dorsal root ganglion neurons as 

well as non-neuronal cells such as ventricular myocytes[13,311,370,486,12]. It has been 

observed in such cells that IA activates near the RMP and that inhibition of this current 

depolarises the RMP[13,311,370,486,12]. It is the presence of an IA window current over the 

potential range encompassing the RMP that is thought to enable this current to regulate 

the RMP[12,370,13]. 

The window current occurs due to significant activation and incomplete (or submaximal) 

inactivation and is reflective of the sustained availability of IA
[179,370,13]. It has been 

reported in mammalian models from analysis of window currents that up to one third of 

A-type K+ channels are available around the RMP[370,311]. Available channels in this 

region can activate in response to subthreshold depolarisations to delay action potential 

firing and return the cell back to its RMP[13,311,12,370]. These observations in mammalian 

cells may explain how IA in the CGCs can regulate the RMP, particularly as it was also 

shown in this thesis that IA exhibited a window current around the CGC RMP and that 

inhibition of this current depolarised the RMP.   
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While IA may not be responsible for hyperpolarising the RMP with age, other currents 

may be implicated. The role of IR has yet to be established in the CGCs due to difficulties 

in finding an appropriate antagonist, but based on numerous mammalian and other 

invertebrate studies it is postulated that this current will be important in regulating the 

RMP of the CGCs[178,130]. Given that the properties of IR did not significantly change with 

age (or acute OS for that matter), this current cannot be responsible for the age-related 

hyperpolarisation of the RMP.      

Previous studies have shown that an increase in IsAHP, a decrease in INa(P), enhancement of 

the Na+/K+-ATPase and/or reverse-mode of the NCX can hyperpolarise the RMP of 

neurons[145,14,393,364]. Therefore, changes to one or more these ionic currents/pumps could 

account for the hyperpolarised RMP of the old CGCs. Preliminary experiments conducted 

in our laboratory suggests that NCX operating in reverse-mode may be responsible for 

hyperpolarising the RMP of old CGCs. It was observed that application of Li+, an NCX 

blocker, hyperpolarised the RMP of the 3 mM AAPH-treated young CGCs and 

depolarised the RMP of the old CGCs[393]. When the NCX is operating in forward mode, 

blocking this pump will hyperpolarise the RMP as Ca2+ efflux and Na+ influx is 

prevented, whereas blocking reverse-mode NCX depolarises the RMP as Ca2+ influx is 

reduced[392,393]. Interestingly, Scutt (2012) observed similar findings in the old CGCs and 

this highlights the importance of investigating pumps in addition to ion channels as they 

too may have a crucial role in determining various parameters of an action potential[392]. 

The decrease in firing frequency with age and acute OS did not appear to be due to 

changes in the voltage-gated outward currents examined in this study. Chapter 4 showed 

that only inhibition of IDR could significantly slow CGC firing frequency, but this current 

was unaltered in the old and AAPH-treated young CGCs. The slower inactivation of IA 

with age and acute OS had the potential to contribute to the decrease in CGC firing, but 

current inactivation was complete ~70 ms after the start of the action potential and this 

meant that its contribution to the sAHP increase was not substantial.  

Chapter 4 identified that a significant increase in the sAHP or half-width could cause a 

significant decrease in CGC firing frequency. As the half-width decreased and 

the sAHP increased in the old and AAPH-treated young CGCs, this strongly indicates 

that the latter of the two parameters is predominately responsible for decreasing firing 

frequency in these CGCs. This strongly suggests that IsAHP is responsible for mediating 

the decrease in CGC firing with age and acute OS, as it is the largest conductance involved 
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in regulating the sAHP[392,364,254,292]. It would be interesting to record IsAHP in the CGCs 

with increasing age and acute OS to assess if there is an increase in this current and if so, 

whether its potential effects on firing frequency can be reversed.  

Based on findings from Chapter 3, it was postulated that the unidentified TEA/4-AP/zero 

Cl- insensitive sustained current may be a pacemaker current that acts to depolarise the 

CGCs. Interestingly, this current increased with both age and acute OS suggesting that it 

could be opposing the increase in IA or the potential increase in IsAHP.  It may be doing this 

to prevent extreme changes caused by such currents to CGC firing properties with age 

and acute OS that could potentially attenuate synaptic transmission, inhibit learning and 

memory and adversely impair feeding behaviour.  

The overall findings from the electrophysiological recordings in this thesis provides 

overwhelming support for IA as an instrumental mediator of many changes to the action 

potential waveform with age and acute OS. Whilst IA may not be responsible for the 

decrease in CGC firing, it effects on other parameters such as the half-width and fAHP 

may cause detrimental alterations to processes such as neurotransmission with age and 

acute OS. To our knowledge, this is the first study that has comprehensively investigated 

the properties of IA with age and has yielded some very important findings that highlight 

the importance of this current in neuronal ageing. This should direct future studies in 

neuronal ageing across all species to consider investigating this current alongside the 

widely examined Ca2+-activated K+ currents.  

In this thesis, current clamp and AP-clamp experiments were conducted to examine the 

contribution of voltage-gated currents in the CGC action potential waveform. However, 

dynamic clamp is an alternative and very powerful technique that could also be utilised 

in the future to explore this further[96,402,365,354]. This particular electrophysiological 

configuration allows users to artificially introduce or negate ionic conductances (as well 

as synaptic inputs) in targeted cells[96,354,365,402,225]. Moreover, the artificial addition or 

subtraction of a conductance in dynamic clamp can mimic the effects of activating or 

inhibiting a current using pharmacology without the non-specific effects (a potential issue 

of this thesis; section 4.4.1) that can be encountered with some agents[96,354].  

Dynamic clamp alters the conductance of a neuron by first measuring its membrane 

potential[354,96,225,379]. It then computes the driving force (difference between the neuron’s 

membrane potential and Erev of the conductance) and multiplies this by the required 
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amount of conductance[354,96,225,379]. The resultant current is then injected into the 

neuron[354,96,225,379]. Accurate dynamic clamp requires this cycle to be executed rapidly 

(typically >10 kHz), as this enables the simulated effects of ionic conductances to be 

reproduced as if they were actually located in the membrane[354,96,225,379]. Interestingly, 

Kemenes et al. (2011) and Samu et al. (2012) designed and performed dynamic clamp 

experiments using Lymnaea neurons including the CGCs[225,379]. Thus, it is possible that 

this technique could be successfully implemented to study the role of voltage-gated 

outward currents in the CGC action potential in subsequent investigations derived from 

this thesis.  

 

5.2   The Lymnaea behavioural outputs associated with the CGCs  

The CGCs have a well-established role in the Lymnaea CNS as important neurons 

involved in modulating the frequency of feeding rhythm[506,507,21,35,477]. For example, two 

seminal papers by Yeoman et al. (1994) revealed that suppression of the CGCs either by 

irradiation or injecting a hyperpolarising current significantly reduced SO-driven fictive 

feeding rhythms[506,508]. Another study by Kemenes et al. (1990) demonstrated that the 

frequency of feeding movements significantly reduced following injection of 5,6-

dihydroxytryptamine into the snails, which lesioned the CGCs[222]. Given that the CGCs 

extensively synapse with many CPG neurons, motor neurons and muscles involved in 

generating feeding movements, it is strongly believed that an age-related decrease in CGC 

firing will impair Lymnaea feeding behaviour[336,35]. Indeed, evidence from Chapter 2 

revealed that the decrease in CGC firing frequency with age was accompanied with a 

decrease in feeding frequency (fewer sucrose-evoked bites), which corroborated similar 

findings by Patel et al. (2006)[336]. Moreover, the manner in which feeding was altered in 

the old snails (increase in bite duration and inter-bite interval) supported similar 

observations made previously by Arundell et al. (2006)[21]. 

This study as well as the previous ageing Lymnaea studies have only correlated the 

decrease in CGC firing frequency to the decrease in feeding frequency. It may be that the 

age-related decrease in feeding frequency is not simply due to an age-related decrease in 

CGC firing, but also caused by alterations in other neurons or muscles involved in 

modulating feeding behaviour. To examine this further some of the following 

experiments will need to be conducted: 1) Record from old intact snails to determine CGC 

firing frequency during feeding movements[508]; 2) Record fictive feeding patterns (for 

example, SO-driven rhythms) in association with the CGCs in old CNSs[509,35,54], and; 3) 
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Record activity of nerves that are connected to the feeding muscles, as well as record the 

movement of the muscles themselves during feeding in old snails[201,21].  

Whether OS is responsible for mediating the age-related decrease to feeding behaviour 

has proven difficult to determine. Whilst injecting young snails with 0.3 mM AAPH 

significantly reduced the number of sucrose-evoked bites, as observed in old snails, it 

more than doubled the inter-bite interval, decreased the bite duration and compromised 

mouth opening and radula protrusion. Furthermore, it was observed that 0.3 mM AAPH 

in vivo did not alter CGC firing properties. Young snails injected with 3 mM AAPH 

completely failed to evoke any bites when presented with the sucrose stimulus. This 

suggests that other neurons and muscles of the feeding system that may not be impaired 

with age are oxidised and hindered in both the 0.3 and 3 mM AAPH-treated young snails. 

This difference does not entirely rule out the possibility that OS is responsible for the age-

related decrease to feeding, as this may simply be a reflection of the limitations associated 

with this current experimental approach.  

When injecting snails with AAPH, or any pharmacological agent for that matter, all the 

cells in the snail body could be targeted by these agents and consequently the behavioural 

output may be altered in a different manner to what is typically observed with age. At 

present, the best technique to examine whether OS can accurately mimic the age-related 

decrease to feeding frequency will probably be to record fictive feeding rhythms in 

isolated young CNS preparations treated with extracellular AAPH[509,35,54].   

In addition to feeding behaviour, a lot of interest surrounds the CGCs due to their 

important role in learning and memory. Studies have shown that the CGCs are specifically 

involved in the maintenance of LTM (or late consolidation) as they exhibit, for example,  

persistent depolarisation of the RMP approximately 18-24 hours following single trial 

food-reward classical conditioning[126,222]. Kemenes et al. (2006) revealed that this 

depolarisation of the CGC RMP in trained Lymnaea was accompanied by a reduction of 

the fAHP, but no changes to CGC firing frequency[226]. Interestingly, this was strongly 

reminiscent of the effects of the newly discovered ICl that when suppressed depolarised 

the CGC RMP, reduced the fAHP amplitude, but did not alter CGC firing.  

It is postulated in this thesis that during LTM formation, ICl is inhibited in the CGCs to 

generate a long lasting depolarisation that mediates the late consolidation process. This is 

interesting as it highlights that changes in the AP waveform may not only be involved in 
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determining firing frequency, but can have independent effects that alter other important 

neuronal processes such as nonsynaptic neuronal plasticity during learning and memory. 

What is even more fascinating is that Wildering et al. (2012) demonstrated that with 

increasing age the persistent depolarisation of the CGC RMP is attenuated in trained 

snails, which consequently impairs LTM formation[226]. This loss of the persistent 

depolarisation in old CGCs could be explained by a loss of ICl observed in the old CGCs 

of this study. Whilst inhibition of ICl would be expected to depolarise the CGC RMP 

(Chapter 4), this may not be observed as it could be masked by changes to the NCX.  

 

5.3   OS, a mechanism that explains ageing of the CGCs? 

OS has been implicated in a plethora of studies as one of the main culprits responsible for 

driving neuronal ageing[139,470,476,364,59]. Consistently throughout this thesis, it has been 

observed that acute OS induced in young CGCs by extracellular AAPH mimics many of 

the changes that accompany ageing of the CGCs. This strongly suggests that OS could be 

responsible for mediating these alterations in the old CGCs. However, some of these age-

related changes could not be mimicked by acute extracellular AAPH treatment.  

This could be explained by a few reasons. First, it may be that the short exposure period 

to AAPH is not sufficient to alter the properties of some ion channels, as they may possess 

residues that are particularly resilient to oxidative modifications. To re-iterate an 

important point stated in Chapter 2, ageing is driven by chronic processes such as OS that 

manifest slowly throughout an organisms lifespan. Thus, not all the alterations observed 

with ageing occur immediately when an organism reaches the age that classifies them as 

being old. For example, in Lymnaea it is often observed that the RMP only becomes 

significantly more hyperpolarised a few weeks or even a few months after other age-

related changes (such as decreased firing frequency) have occurred. This suggests that 

some of the ion channels or pumps that regulate the RMP are particularly robust and that 

only when OS reaches a certain threshold will this parameter be altered.   

At present, the time course in which changes to each CGC action potential parameter 

occurs as Lymnaea age has not been extensively documented. Thus, it will be useful to 

conduct experiments examining the electrophysiological properties of the CGCs at more 

time points (perhaps every month) to begin constructing a timeline of when these age-

related changes begin to develop and completely manifest. In addition, future experiments 
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will need to create a chronic model of OS in young preparations to assess whether this 

can fully mimic the ageing phenotype of the CGCs.   

The second possible reason why young CGCs treated with acute extracellular AAPH did 

not mimic all the age-related changes may have been that some of these changes arise 

from the intracellular actions of ROS. Chapter 2 provided strong evidence to suggest that 

this was not the situation, as it was observed that when AAPH was injected into young 

CGCs any alterations that had occurred to firing properties did not mimic the age-related 

changes. In addition, preliminary experiments in our lab have shown that treating young 

CGCs with hydrogen peroxide (H2O2) does not induce an ageing-like phenotype. H2O2 is 

an interesting pro-oxidant to use as it only mediates its effects once it has crossed the 

plasma membrane (which it can do so freely or via aquaporins) as it needs to react with 

transition metals in order to generate ROS such as •OH[487,42]. These findings strongly 

suggest that intracellular OS does not have the capacity to alter CGC firing properties 

with age. Therefore, it appears that the production of ROS from extracellular sources are 

critically responsible for mediating the changes observed in the ageing CGCs by targeting 

its extracellular components. This extracellular generation of ROS in the Lymnaea CNS 

(Figure 5.1) is likely to come from glial cells, which are notorious for being very potent 

ROS producers in the ageing mammalian CNS, and/or other neurons[38,276].    

 

                       

Figure 5.1| OS in the ageing Lymnaea CNS. Alterations to the CGCs with age could be 

driven by ROS generated from extracellular sources such as glial cells and/or other 

neurons.  
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Lastly, it may be that some of the alterations to the CGC action potential parameters with 

age are not caused by oxidative modifications. Changes in Ca2+ signalling or an increase 

in pro-inflammatory mediators have the capacity to alter neuronal properties and thus, 

could be accountable for some of the age-related changes in the CGCs independent of 

OS[446,95,318].  

The aim of this entire thesis was to test the hypothesis that OS in Lymnaea drives the age-

related changes to the CGC firing properties and action potential waveform. Very strong 

evidence has been presented indicating that OS may be responsible for driving the age-

related changes in the CGCs. Specifically, the increase in OS markers in the ageing 

cerebral ganglia to the astonishing replication of many age-related electrophysiological 

changes in young CGCs treated with AAPH had strongly suggested that OS may be a key 

ageing mechanism in the CGCs. However, due to the challenges faced when attempting 

to reverse the effects of age on the CGC firing properties with short-term use of 

antioxidants (vitamins C and E), some caution must be exercised in conclusively stating 

that OS is responsible for mediating changes in the ageing CGCs. The next important 

experiment that will have to be conducted following this thesis will be to treat old CGCs 

with antioxidants for a much longer duration (several hours to a few days) to examine 

whether the effects of age can be reversed.  

Based on experimental findings acquired throughout this thesis, Figure 5.2 summarises 

the changes (both known and postulated) that occurs in the CGCs with increasing age and 

acute OS.  
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Figure 5.2| Overview of known and postulated changes to the CGCs with age and acute 

OS. (A) Young CGCs. IA and IDR are the principle voltage-gated outward currents 

regulating action potential repolarisation. These currents also have an important role 

in maintaining a negative RMP, slowing down SFA, mediating the fAHP and early 

sAHP. ICl appears to be involved in hyperpolarising young CGCs specifically via the 

RMP and fAHP. The TEA/4-AP/zero Cl- insensitive current is postulated to have a 

pacemaking depolarising effect on the CGCs due to its extremely slow deactivation 

kinetics. Based on previous findings in mammalian and other invertebrate neurons, it 

is postulated that IR has a role in regulating the RMP and inter-spike interval of the 

CGCs[79,130]. IsAHP significantly mediates the CGC sAHP[392]. NCX operates in forward 

mode to reduce [Ca2+]i
[393,19,203]. As a consequence, NCX has a slight depolarising effect 

on the CGCs as it mediates the influx of Na+ and also prevents enhancement of the IsAHP 

by facilitating Ca2+ efflux[393]. (B-C) Old CGCs and 3 mM AAPH-treated young CGCs. 

The increase in OS (MDA and PCs) with age and acute OS was associated with a shift 

in voltage sensitivity and slower activation/inactivation kinetics of IA in these CGCs. The 

resultant increase in IA is likely to increase the rate of repolarisation, which would help 

explain the narrowing of action potentials in these CGCs. Additionally, IA may be 

responsible for mediating the increase to the fAHP and early sAHP. There were no 

changes to IDR or IR in these CGCs. ICl was suppressed, but this was masked by an 

increase in the TEA/4-AP/zero Cl- insensitive current. The hypothesised depolarising 

effects of this latter current on the CGCs suggests that it may be acting in a 

compensatory capacity to prevent extreme changes to firing properties. Interestingly, 

the RMP of old CGCs was significantly hyperpolarised and could not be easily explained 

by the changes to the conductances examined in this study. Preliminary experiments 

revealed that NCX operating in reverse mode is involved in hyperpolarising the old 

CGC RMP, probably by increasing the conductance of Ca2+-activated K+ channels. It 

was found in 3 mM AAPH-treated young CGCs- where there were no changes to the 

RMP- that NCX was operating in forward mode. 
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5.4   Conclusion 

Ageing of CGCs in Lymnaea is associated with a decrease in firing frequency, alterations 

to the action potential waveform and a decrease in feeding frequency. Underlying the 

electrophysiological changes were the altered kinetics and voltage sensitivity of IA, the 

suppression of the previously uncharacterised ICl and an increase in the amplitude of the 

recently identified TEA/4-AP/zero Cl- insensitive current. There are no age-related 

alterations to the properties of IDR or the newly discovered IR. The increase in OS in the 

ageing CNS and the finding that acute OS induced in a young CNS mimicked the ageing 

CGC electrophysiological phenotype remarkably well, strongly suggests that OS may be 

a key instigator of changes in the CGCs with advancing age.   
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