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Abstract 

14-3-3 proteins are a ubiquitous family known for their ability to regulate myriad 

cellular processes including lifespan, neuronal signalling and transduction, protein 

trafficking and transmitter production and release. Previous work has shown that 14-3-3 

proteins are linked to a variety of pathological neurodegenerative diseases although 

their role in healthy brain ageing is currently unclear.   

This study utilised the pond snail, Lymnaea stagnalis to examine the contribution made 

by 14-3-3 to the decrease in feeding rate that is seen in this model system with age.  

Interrogation of a Lymnaea CNS cDNA library identified four putative 14-3-3 isoforms, 

one highly similar to the mammalian 14-3-3ε (14-3-3Lym1), while the other three (14-3-

3 Lym2, 14-3-3Lym3 and 14-3-3Lym3var) were more distinct.  Expression, localisation 

and function of these proteins were studied using a range of biochemical and analytical 

techniques, in three different animal age groups (3, 6-7 and 10-12 months).  Western 

blot (WB) showed a significant decrease in the overall level of 14-3-3Lym3 in the 

cerebro-buccal ganglia that correlated with feeding rate.  There was no overall change in 

the expression of 14-3-3Lym1 and 2.  14-3-3Lym3var was not detected.  CNS 14-3-3 

expression was seen in all 11 ganglia including the cerebral and buccal ganglia which are 

important for regulating feeding.  14-3-3Lym1 expression was limited to the neuronal 

cell cytoplasm and plasma membrane, whereas the remaining isoforms appeared to be 

distributed throughout the cell, including the nucleus.  Expression was shown in key 

neurones that regulate feeding including identified dopaminergic and serotonergic 

neurones.  14-3-3 proteins have previously been shown to regulate the synthesis of both 

dopamine (DA) and serotonin (5-HT) through actions on tyrosine and tryptophan 

hydroxylase (TH and TPH respectively), the rate-limiting enzymes in their production.  

HPLC analysis demonstrated that antagonism of 14-3-3 proteins with R18 significantly 

reduced the production of L-DOPA and 5-HTP in the cerebral and buccal ganglia, 

suggesting that 14-3-3 proteins can regulate DA and 5-HT production in these areas. 

In summary, the 14-3-3Lym proteins are capable of regulating the activity of TH and 

TPH and the change in expression pattern of these proteins with age may explain the 

noted age-related changes in 5-HT and DA signalling in the cerebro-buccal ganglia and 

the consequential decrease in feeding rate seen with age.  
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Chapter One: Introduction  

 

1.1 THE IMPACT OF AN AGEING POPULATION ON SOCIETY 

Ageing can be defined as the inevitable progression through various developmental 

milestones, finally resulting in loss of fecundity and functional decline that advances 

chronologically and culminates in death.   

1.1.1 The Economic Impact 

The number of individuals described as ‘aged’ within the UK is increasing in the 

overall population. In 2007, individuals of pensionable age in the UK were for the 

first time recorded as representing a larger percentage of the population than the 

under-16 age group.  At present, the over 80s are the fastest growing age group, 

representing 4.5% (2,749,507) of the total UK population compared to 2.8% 

(1,572,160) in 1981 [1].  This population increase is partly due to the post-World 

War II baby boom and partly due to social and medical improvements in the second 

half of the 20th century that have reduced the mortality rate.  Data from 2010 shows 

that age-standardised mortality rates in England and Wales continue to fall [2].  

Average life expectancy in the UK is currently estimated to increase at a rate of more 

than five hours per day, with a baby born today having an average lifespan of 100 

years [1]. 

 Despite medical advances, the later decades of life can be associated with an 

increase in frailty and infirmity.  At the time of the publication of its National Service 

Framework (NSF) for Older People in 2001, the Department of Health (DoH) 
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reported that in the year 1998-99, an estimated 40 % (£10 billion) of the NHS 

budget was spent on the medical care of over 65s.  This group represented two 

thirds of the UK hospital inpatient population, and also accounted for 50 % of funds 

spent by social services (£5.2 billion) [3].  When assessing the economic impact of 

ageing, economists investigate the dependency ratio, that is, the ratio of children and 

over-65s (dependents) to economically active adults.  As the ratio rises and the 

relatively shrinking workforce is put under strain, the standard of living for 

dependents becomes harder to maintain. 

This paints a bleak picture of the economic future for all age groups.  If the 

percentage of older people in the UK population is increasing, the expenditure on 

maintaining health into old age could increase at a rate that may be unsustainable.    

1.1.2 The Social Impact 

From current population models that take into account worldwide data, it is not 

clear whether the trend is towards increased lifespan associated with a concurrent 

rise in morbidity (the worst case scenario for UK health and economy budgets as 

well as the population themselves), or whether a dynamic equilibrium will be 

reached between the two.  Increased lifespan may also be accompanied by morbidity 

compression, conferring a healthy old age and the best case scenario economically 

and socially [4].  There is a perception that old age is a time of social isolation, of 

disability, lack of independence, grief and decline.  But modern times suggest this 

not to be the norm.  Indeed, in the USA, there is evidence to support a fall in chronic 

morbidity and associated disability during the 20th century [5].  Much of the long-
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term disability found to be ameliorated in this study was due to the application of 

medical innovations for symptom relief of chronic conditions such as cardiovascular 

disease.   Improvement of the quality of the established number of aged years in 

terms of health and social well-being causes bias in the ageing population model 

towards morbidity compression.  This is associated with a positive impact 

economically as well as socially, bestowing personal benefit, satisfaction and quality 

life to those aged individuals.  This improvement in quality is demonstrably 

achievable by the application of medical innovations [5], and so this must direct 

future research.  Medical innovation relies on an intimate understanding of a disease 

process, and herein lies one of the aims of this project: to improve the understanding 

of the ageing process at the molecular and neuronal level. 

1.2 AGE-RELATED CHANGES IN THE HUMAN CENTRAL NERVOUS SYSTEM (CNS) 

1.2.1 Discernible Changes in Behaviour and Pathology in Normal Ageing 

The normal process of human ageing brings about a number of changes in the CNS 

that are discernible at the behavioural level.  Cognition begins to fail in the form of 

recognition and spatial memory, leading to characteristic mild forgetfulness and 

difficulty in retaining short term memories [6].  Balance can also be impaired [7, 8] 

as can motor function [9].  These impairments are not necessarily serious enough to 

impart a significant level of disability on an individual however, indeed 67% of over 

65s still consider themselves to be healthy  [10].   

For many years, the functional decline associated with ageing described above was 

attributed to the loss of neurones in brain areas that were relevant to that function 
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[11].  This notion was popularised by post-mortem studies followed by primitive 

brain scanning technology that showed widening of the ventricles and deepening of 

the sulci in old brains suggestive of a physical loss of tissue.  While there are 

undoubtedly brain macrostructure changes as normal ageing progresses, in reality 

the basis for functional changes is likely to be far more subtle.  Later work in 

humans, primates and rodents showed methodological and technical issues that 

brought this theory of tissue loss with age into question [12].  Moreover it showed 

that, in the absence of specific neurodegenerative disease, aged brains show relative 

conservation of neuron numbers in key areas for cognition, namely the neocortex 

and hippocampus, even in the presence of measurable functional decline [13-15].   

More recent approaches to studying brain structure and function such as functional 

Magnetic Resonance Imaging (fMRI) and Positron Emission Tomography (PET) 

suggest that rather than gross structural changes, aged adult brains are not 

activated to the same extent as young adult brains in the pre-frontal cortex when 

presented with a task that requires executive functioning.  Additionally, adult aged 

yet healthy brains demonstrate activation in the contralateral hemisphere that is 

absent in healthy young adult brains, suggesting some compensatory mechanism by 

which cognition can be maintained.  This contralateral hemispheric activation is 

absent in the brains of individuals diagnosed with Alzheimer’s disease of mild to 

moderate severity [16].   Recent work looking at cognitive measures predicts that 

between 25 and 100 % of the decline with age can be attributed to structural brain 

changes at a cellular level, such as synaptic loss and neuronal shrinkage [17].   
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Together these data suggest that deficits in functionality in normal brain ageing may 

be divorced from major structural change.  Areas where measurable neuronal loss 

does occur include some brain stem nuclei, thought to contribute to vestibular and 

motor disturbances noted in old age [18].  The specific loss of dopaminergic neurons 

in the midbrain associated with Parkinson’s disease in humans is also very well 

documented and the prevalence of this disease increases with age [18-20]. 

1.2.2 Manifestations of Unhealthy Ageing 

Although 67 % of over 65s consider themselves to be healthy [10], this suggests that 

a third of over 65s live with some degree of ill-health including that which can lead 

to severe disability, institutionalisation and premature death.   Functional 

neurological decline is a well-documented feature of ageing.   The ability to 

physically perform fine and coarse motor tasks is diminished, affecting mobility, 

balance, strength and voluntary movements such as swallowing [7-9, 21, 22].  Our 

capacity to form new memories or learn new skills becomes impaired [12].  In some 

individuals this process appears to be accelerated and physical ability and cognitive 

function become so damaged that the person ceases to be able to live independently.  

Parkinson’s disease is the most common manifestation of age-associated movement 

disorder, and the diagnosis of dementia clinically describes the severe cognitive 

decline and memory loss that increases in prevalence in old age.  Yet a considerable 

number of aged individuals show cellular features of these extremes of pathology in 

post-mortem evaluation despite enjoying a relatively healthy phenotype in life.   
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1.2.2.1 Dementia 

Dementia is described as a syndrome featuring memory impairment primarily, and 

at least one of the following cognitive disturbances:  aphasia (impairment of speech 

or speech recognition), apraxia (impairment of voluntary movement), agnosia 

(impairment of sensory recognition) or a disturbance in executive functions [23]. 

In the UK, around 700,000 people are diagnosed with dementia [24].  Advancing age 

is the most common risk factor for dementia and so these numbers are increasing as 

the UK population ages.  The Alzheimer’s Society estimates that, by 2021, over 

900,000 individuals will suffer from a form of dementia, of which Dementia of the 

Alzheimer’s Type (DAT) will be the most common.  DAT is typified by mild memory 

loss followed by confusion, mood disturbances, aggression, severe dysfunction of 

learning and memory and general social withdrawal.  Formal diagnosis is achieved 

using a mixture of behavioural and cognitive assessments.  Severe cognitive 

impairment renders the patient incapable of independent activity thereby causing a 

terminal, physical decline of indeterminable duration.  Post-mortem examination 

reveals the brain to be atrophic in the regions of the hippocampus and the cerebral 

cortex.   

Within the cerebral cortex, histological analysis reveals intra-neuronal 

neurofibrillary tangles composed primarily of hyperphosphorylated tau protein and 

extracellular senile plaques containing significant quantities of -amyloid peptides 

alongside dystrophic neural structures and reactive glial cells.  Neuronal and 

synaptic losses also contribute to the pathology of this disease [25, 26] and 
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abnormal levels of many neurotransmitters have been reported in DAT.  Functional 

losses are described in cholinergic, gamma-aminobutyric acid (GABA) -ergic and 

monoaminergic transmitter systems [27-30] and pharmacotherapy so far is aimed 

at restoring cholinergic function and/or modulating glutamate signalling to prevent 

calcium excitotoxicity [31, 32].  While cholinergic drugs such as donepezil, 

galantamine and rivastigmine, and the N-methyl-D-aspartate (NMDA) -receptor 

antagonist memantine have had some limited success in improving the symptoms of 

DAT they are not always well-tolerated and decline continues, suggesting that either 

target neurons eventually fail to respond or die, and/or other mechanisms must be 

involved. 

1.2.2.2 Parkinson’s disease 

First described in James Parkinson’s now famous “An Essay on the Shaking Palsy” in 

1817, Parkinson’s Disease (PD) is a degenerative neurological condition 

characterised by rigidity, fine tremor and difficulties with mobility and gait [33].  

The underlying neurological deficit leading to these primary symptoms is the 

significant loss of dopamine (DA)-producing neurones in the pars compacta of the 

substantia nigra.  The basal ganglia are innervated by these dopaminergic neurons 

and their destruction affects the motor, oculo-motor, associative, limbic and orbito-

frontal circuits that interface with the basal ganglia, leading to the well-described 

assembly of movement disorders as well as some changes in cognition and 

psychiatric status [33].  The basal ganglia are key in controlling motor activity and 

the dopaminergic neurones of the substantia nigra are important modulators of 

their activity [34].  An inhibitory influence is normally exerted by the basal ganglia 
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to prevent inappropriate motor activity.  The precept to voluntary movement is the 

lifting of this inhibition, promoting motor activity, and DA facilitates this.   

Loss of dopaminergic neurons leads to the characteristic akinesia/dyskinesia 

(inability or difficulty in initiating voluntary movement).   DA deficiency also 

reduces the inhibitory effects at the D2, D3 and D4 receptors that oppose the 

muscarinic activity of brain acetylcholine (ACh) at receptors M1, M3 and M5, leading 

to involuntary skeletal muscle contractions that manifest as a tremor.  Treatment 

options largely involve DA augmentation, sometimes with ACh suppression. 

1.2.3 Neurodegeneration or Normal Ageing? 

Although these diseases are distinct from normal ageing in that they manifest 

specific neurodegenerative properties that are not present in a normal aged 

individual, the biggest single risk factor for the development of PD and DAT is 

advancing age.  Much of ageing research attempts to explain why some individuals 

are susceptible to deleterious neurodegeneration in old age when many stay 

relatively neuro-intact.  It is certainly plausible that some underlying mechanisms of 

ageing and neurodegeneration are common, for instance DNA damage and 

mitochondrial dysfunction have been implicated in both normal ageing and 

pathological neurodegenerative scenarios [35].  Understanding neuronal ageing 

mechanisms and determining what triggers nefarious pathology may lead to 

therapies to postpone age-related disease or limit the profundity of dysfunction.   
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1.3 NEUROLOGICAL DECLINE IN AGEING 

1.3.1 Age-related Changes in Normal Neuronal Function  

Aged neurons demonstrate an increase in the amplitude of the 

afterhyperpolarisation (AHP), a period of extended hyperpolarisation immediately 

following an action potential. This phenomenon has been shown to be related to 

altered intracellular Ca2+ regulation whereby an increase in Ca2+ influx leads to the 

increased AHP  [36-42].  Ca2+ release from intracellular stores may also contribute 

to the increased AHP [43], although some of the effects of high intracellular Ca2+ 

concentrations are offset by Ca2+-gated K+ channels, which open and allow positive 

K+ ions to flow from the cell, thereby restoring the resting membrane potential [44, 

45]. The increased AHP effectively limits the firing frequency of the neuron.  This 

reduction in firing frequency prevents long term potentiation (LTP), the 

enhancement of signal transmission resulting from repeated cell depolarisation and 

the fundamental neurological correlate of learning and memory, and so changes 

leading to an increased AHP may explain memory impairment.  This is well 

demonstrated in the hippocampus, which is particularly affected by ageing.  CA1 

hippocampal neurons in aged animals are less excitable due to an enhanced AHP, 

which may be part of the underlying cause of the strong correlation between 

learning ability and neuronal excitability [46].   

There is also evidence of synaptic loss leading to dysfunctional communication 

between certain neurons of the hippocampus in aged animals.  This has been 

demonstrated in experiments showing the decay of long and short term 

potentiation in the CA1 region of aged rats [47], due to synapses between CA3 
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pyramidal cells and CA1 dendrites of the hippocampus (Schaffer collaterals) [48-

50].  The rat dentate gyrus also shows both physical and electrophysiological 

evidence of loss of synaptic numbers [51, 52].  Systems show evidence of 

compensatory mechanisms however.  In rats, age-associated decreases in synaptic 

connectivity are countered by upregulation of neurotransmitter production and 

slower post-release neurotransmitter inactivation [53]. This decrease in synaptic 

connectivity may relate to deficits in neurotransmitter release, a loss of sensitivity 

on the post-synaptic membrane or a lack of connectivity between neurons. 

1.3.2 Mitochondrial Dysfunction 

Mitochondria are intracellular organelles responsible for generating the majority of 

the cell’s supply of ATP via the oxidation of glucose, predominantly.  They act as 

important Ca2+ sinks during neuronal activity, allowing Ca2+ across their membranes 

via ATP-dependent pumps, uniporters and Na+/Ca2+ exchangers, thereby reducing 

the extent of Ca2+ excitotoxicity (see section 1.4.2).  Chronic depolarisation of 

mitochondria restricts their capacity to adequately buffer intracellular Ca2+ 

concentration and is thought to lead to excitotoxicity, cell dysfunction and death 

according to the Ca2+ hypothesis of ageing (see below).  Chronic mitochondrial 

depolarisation results in an increase in the threshold concentration of intracellular 

Ca2+ required to activate mitochondrial Ca2+ uptake [54, 55].  Chronic depolarisation 

of aged mitochondria has been demonstrated by a variety of studies.  Dye-uptake 

studies using rhodamine-123 showed a decrease in dye accumulation in 

mitochondria of aged mouse cerebellar granule neurons that is supportive of 

chronic mitochondrial depolarisation [54].  Similarly, it was found that the 
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mitochondria of aged rat basal forebrain neurons appeared to be chronically 

depolarised when investigated ratiometrically using a voltage-sensitive cationic dye 

[56]  The contribution that chronic depolarisation makes to the overall ability to 

lower intracellular Ca2+ concentrations is not straightforward however, as Ca2+ 

uptake at cytosolic Ca2+ concentrations above threshold proceeds at the same rate in 

young and old rats [56, 57].   

Mitochondria also change morphologically with age.  Larger mitochondria in smaller 

numbers have been demonstrated in neurons of aged rats and humans compared to 

smaller but more abundant mitochondria in the young [58-60].  Although the overall 

volume of mitochondria within cells is unchanged, the larger mitochondria seen in 

ageing are not considered to be as bio-energetically efficient as their younger, 

smaller counterparts,  which may make a further contribution to the ageing 

neuronal phenotype [60, 61].  The environmental neurotoxin rotenone, widely used 

to mimick ageing in a number of animal models, exerts its effect through 

mitochondria as it reduces the activity of complex 1 in the electron transport chain, 

thereby emulating this age-related dysfunction [62].  

1.4 THE THEORIES UNDERLYING THE BIOLOGICAL PROCESS OF AGEING 

Ageing is a gradual phenomenon, representing decline in synchronous physiological 

function from puberty onwards that leads to a decrease in stress resistance and an 

increasing probability of death [63].  This is further defined as a decrease in the 

homeostatic reserve or increased allostatic load, describing a reduced ability to cope 

with the toxic insults sustained over time [64, 65].  As cell damage is largely 



 

12 

cumulative, a number of theories in support of low-level, high-frequency cell 

damage are popular in current literature.  Commonly, it was considered that the 

aged phenotype arises due to damage caused by the accumulation of oxidative 

stress (the free radical hypothesis) alongside disruption of intracellular calcium 

homeostasis leading to neuronal excitotoxicity (the Ca2+ hypothesis).  More recently, 

the two theories have been linked and further expanded to encompass a general 

theory of cell waste mis-management affecting cell viability, the Green Theory [66].  

Emerging work on adult stem cells and the juxtaposition with current thoughts on 

replicative senescence are also worthy of discussion  

1.4.1 The Oxidative Stress Theory of Ageing 

1.4.1.1 Free radical production 

Cumulative oxidative damage to cells arising primarily, but not exclusively, from 

aerobic metabolism has long been thought to be the basis of ageing.  Originally 

known as the free radical hypothesis of ageing, the theory was first proposed in 

1956 by Harman [67]. Noting that irradiation shortened the lifespan of living 

organisms and produced changes that resembled those observed in ageing, Harman 

combined this with the knowledge that aerobic metabolism caused the production 

of free radicals and proposed that the long term effects of oxidative damage led to 

ageing and age-related diseases.   

Frank later noted that high O2 levels were toxic to aerobic organisms due to the 

propensity of the molecule to be reduced intracellularly to reactive oxygen species 

(ROS) [68], hence the expansion of the theory to one of general oxidative stress, 
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rather than simply that caused by traditional free radicals.  Free radicals are 

chemical species that are capable of independent existence and contain an unpaired 

electron in their outer shell.  This makes them highly reactive.  In aerobic biological 

systems, O2 is the source of the majority of free radicals.  They are produced 

constantly during the sequential reduction of O2 to H2O in mitochondria during ATP 

production via oxidative phosphorylation.  They briefly exist as the highly reactive 

intermediates O2
- (superoxide), H2O2 (hydrogen peroxide) and •OH (the hydroxyl 

radical) (Figure 1.1).   Peroxisomes, which are responsible for the metabolism of 

fatty acids and are harbourers of a number of oxidative enzymes such as catalase 

and D-amino acid oxidase, also produce free radicals as a result of normal 

intracellular metabolism as do a number of cytosolic enzyme pathways [69]. 

 

Figure 1.1: The production of reactive oxygen species during the sequential reduction of O2 to H2O 

in eukaryotic cells 

 

In addition, there exist environmental sources of free radicals and these include 

ultraviolet (UV) light, ionising radiation (both cosmic and terrestrial), and 

environmental pollutants including paraquat.  Under strict intracellular 

containment, the production of ROS is integral to some cell’s survival.  ROS are 
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secreted by phagocytes in order to kill infective pathogens, and can be secreted in 

response to growth factors to prevent hyperproliferation [70].  They also have a role 

in the regulation of LTP in the hippocampus and thus learning and memory [71] and 

act as signalling molecules in skeletal muscle cells [72]. Unchecked however, free 

radicals have the ability to exact oxidative damage on a large number of biologically 

crucial molecules.  

1.4.1.2 Damage associated with free radicals/ROS 

Neurons appear to be particularly susceptible to ROS-associated damage [73] as are 

other post-mitotic, long-lived cells such as myocytes, although an increased level of 

oxidative damage has been demonstrated in the lipids, proteins and DNA of a range 

of aged animals and tissues [74].  Free radicals are able to interact with components 

of cell membranes to produce lipid peroxides  which can go on to cause cell rupture 

by affecting membrane integrity [75].  Proteins are also directly vulnerable to free-

radical reactions, particularly at the amino terminals, indeed 30-50% of total 

protein may be oxidised in an old organism [76].  Altered proteins may no longer 

adequately perform in crucial cellular, enzymatic and structural roles, affecting 

myriad functional pathways including synaptic transmission, as protein constitutes 

intra-membrane bodies such as ion channel receptors and pores.  DNA is also 

susceptible to free radical damage, which may result in catastrophic mutagenic 

changes that accumulate with age [77].   

Longevity studies show that longer-lived animals manifest less oxidative damage 

and/or are more resistant to oxidative stresses [78, 79].  This has been 
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demonstrated with Caenorhabtidis elegans where long-lived insulin/IGF-1 signalling 

mutants had greater oxidative stress resistance and less oxidative damage at old age 

[80-82].  Calorie-restriction leading to life-extension was one of the main supporting 

pillars of this theory, as calorie-restriction was thought to induce a shift in metabolic 

processes that limited the production of reactive oxygen species and/or up-

regulated anti-oxidant defences.  The oxidative stress theory of ageing is currently 

undergoing review however, as more recent work suggests that calorie restriction 

reduces the activation of mammalian Target of Rapamycin (mTOR), a protein kinase 

that integrates energy management with growth and transcription factors and has 

been implicated in cancer, diabetes and ageing [83], and largely underpins the 

Green Theory of ageing (see section 1.4.3).  Evidence that the administration of 

antioxidants combats the effects of metabolic free-radical production and therefore 

extends lifespan is limited to a single antioxidant enzyme, super-oxide dismutase-1 

(SOD1), a key human endogenous antioxidant that catalyses the dismutase reaction 

to neutralise super-oxide present in the cytoplasm and intermembrane space of 

mitochondria.  This is despite cellular anti-oxidant defences comprising a number of 

molecules for this purpose.  Transgenic Drosophila that over-express SOD1 live up to 

40% longer [84], but the longevity is dependent upon sex and genotype suggesting 

an additional genetic component [85].  Some authors conclude there to be no effect 

on Drosophila lifespan due to calorie restriction [86] and recent work with C. elegans 

that utilised the selective knock down of each of the 5 SOD genes showed no effect 

on lifespan with exception of SOD1,  where knock down modestly shortened lifespan 

and over-expression produced only small increases in lifespan [87].  This was 
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followed up by a comprehensive work using knock-down and transgenic mice to 

look at a the effects of a range of endogenous anti-oxidant molecules, which showed 

that only SOD1 had any effect on lifespan, despite a number of antioxidants 

conferring significant protection against oxidative stress and reducing oxidative 

damage [88].   

While evidence of oxidative stress affecting lifespan is conflicting, the implications of 

oxidative stress on vulnerable, high O2-consuming, post mitotic cells such as 

neurons are clear.  Increased oxidative damage is readily detectable in the brain as 

is an increase in the expression of oxidative stress-responsive genes [35, 89, 90]. 

1.4.2 The Calcium Hypothesis of Ageing 

This hypothesis suggests that changes in the regulation of intracellular calcium due 

to disruption of homeostatic mechanisms results in signalling impairment and in 

some cases, cell death [91, 92].  Ca2+ influx is a vital electrochemical process that 

mediates neurotransmitter release and synaptic signalling and is determined by a 

balance between Ca2+ inflow from the extracellular space and release of Ca2+ from 

intracellular stores (endoplasmic reticulum, mitochondria), and the amount of 

cytoplasmic Ca2+ buffering and Ca2+ clearance systems that either push Ca2+ back 

into storage or facilitate its expulsion from the cell [93].   

Ca2+ enters the cell via ligand-gated channels such as α-amino-3-hydroxy-5-

methylisoxazole-4-propionate acid (AMPA) and N-methyl-D-aspartate (NMDA) 

receptor-linked channels, and voltage-gated Ca2+ channels (VGCC) spanning the 

plasma membrane.  Intracellular Ca2+ concentrations are also increased by release 
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from the endoplasmic reticulum stores, via ryanodine (RyR) and/or inositol 

triphosphate (IP3) receptor activation.  Mitochondrial stores are released into the 

cytoplasm via the mitochondrial Na+/Ca2+ exchange pump and through 

mitochondrial permeability transition (MPT) pores, which discharge Ca2+ when the 

concentration in mitochondria becomes critical.  

Acting in opposition to this Ca2+ influx, the plasma membrane Ca2+ pump (PMCP) 

and the Na+/Ca2+ exchange pump move Ca2+ back into the intracellular space 

(although in extreme conditions such as strong depolarisation or high intracellular 

[Na+], the Na+/Ca2+ exchange pump can act in reverse).  Sarco-endoplasmic 

reticulum Ca2+ ATPase (SERCA) returns Ca2+ to the stores in the endoplasmic 

reticulum (ER) while mitochondrial membrane Ca2+ ATPase (MMCA) returns Ca2+ to 

the mitochondrial stores.  Additional buffering capacity is provided by calcium-

binding proteins (CBP) in the cytoplasm and in the endoplasmic reticulum.  

Transmembrane, Ca2+-activated K+ channels, while not able to facilitate Ca2+ outflux, 

can move K+ extracellularly to help return the cell to its resting membrane potential 

and regulate cell excitability, and therefore further Ca2+ entry (Figure 1.2).  
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Figure 1.2: The regulation of intracellular [Ca2+]. Na+/Ca2+X = Na+/Ca2+ exchange pump, PMCA = 

plasma membrane Ca2+ pump, VGCC = voltage-gated Ca2+ channel, SGCC = stores-gated Ca2+ channel, 

RGCC = receptor gated Ca2+ channel (e.g. NMDAR), CBP = Ca2+ binding protein, SERCA = Sarco-

endoplasmic reticulum Ca2+ ATPase, IP3R = inositol triphosphate receptor, RyR = ryanodine 

receptor, MPT = mitochondrial permeability transition pore, MMCA = mitochondrial membrane 

Ca2+ ATPase 

 

Prolonged raised Ca2+ concentration causes an increased afterhyperpolarisation 

(AHP), delaying cell repolarisation, and can eventually lead to neuronal cell death, as 

prolonged high Ca2+ concentration activates a number of enzymes and processes 

including endonucleases, phospholipases and proteases that destroy cell structures.  

Accordingly, neurons in the CNS demonstrate resistance to glutamate-mediated 

excitotoxicity in the presence of NMDA/AMPA receptor antagonists or voltage-

dependent Ca2+ channel blockers such as nifedipine [94, 95].  Therefore 

dysregulation at these channels/receptors tends to lead to increased intracellular 
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[Ca2+] which activates a number of processes that are ultimately deleterious and 

lead to excessive stimulation, excitotoxicity and cell death. 

As previously described, a large number of intracellular regulatory systems exist by 

which Ca2+ signals can be maintained within physiological limits, and changes in the 

abilities of these systems to regulate Ca2+-dependent signalling with advancing age 

have been well documented and implicated in the underlying pathology of cognitive 

decline [96-99].   

1.4.3 The Green Theory of Ageing 

A range of studies across species has recognized oxidative stress, impaired 

metabolism relating to mitochondrial function and the disruption of Ca2+ 

homeostasis to be pathogenically critical in a range of age-related 

neurodegenerative disorders, including Alzheimer’s disease, Parkinson’s disease 

and Huntington’s disease [100-102] suggesting a large variation in the molecular 

origin of such disruption but resulting in similar deleterious cellular events. 

In consolidation of this plethora of literature, the Green Theory of ageing postulates 

that neuronal functionality is limited by the gradual accumulation of molecular 

‘rubbish’ from normal metabolic processes that causes cellular damage, and that 

organisms utilising the most efficient clearance systems for this refuse and/or the 

most efficient repair mechanisms will suffer less from accumulation and/or will be 

more resilient to its deleterious effects and so will maintain functionality for longer 

[66].  It has been dubbed the Green Theory as it largely suggests that ageing is a 

result of a cell’s failure to recycle and subsequent propensity to allow 
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macromolecular junk to build up to toxic levels.  Calorie restriction and its ability to 

extend longevity in a variety of test species supports this theory because in this 

state xenobiotic metabolism predominates, promoting otherwise unfavourable 

energy expenditure on the repair and recycling of molecular refuse since other 

resources are limited.  The Green Theory is compatible with both the free radical 

and calcium hypotheses of ageing since they both represent mechanisms by which 

molecular refuse could accumulate in aged cells.  As a biological descriptor, it may 

be a useful link between the two.  

1.4.4 Cellular Senescence or Adult Stem Cell Failure? 

Replicative senescence leading to age-associated dysfunction is both intuitive and 

evidentially well-supported in the context of somatic cells, leading to the 

development of a non-replicating cell population in which post-mitotic damage 

starts to accumulate and cells function suboptimally.  More recently it has been 

shown that senescence is induced in cells as a stress response to DNA damage, 

oxidative stress or oncogene activity [103].  As neurons are naturally non-

replicating, this should be of limited relevance to their activity but they can be 

hostages to the effects that senescence has on the cells upon which they rely for 

basic support.  Glial cells are intimately associated with and have a supportive 

function towards neurones.  They do undergo mitosis and therefore are subject to 

the effects of senescence.  As supportive structures that maintain blood flow to 

neurons, impart structural integrity to neuronal networks, participate in 

neurotransmission, produce myelin, participate in synaptogenesis and synaptic 

plasticity and facilitate neuronal repair, their decline into replicative senescence and 
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resulting inability to properly nurture neurons may eventually lead to neuronal 

dysfunction. 

In complete contrast to senescent cells are adult stem cells, which are also present 

in the CNS but are poorly studied.  These undifferentiated cells have been recently 

proposed as important in the regulation of ageing particularly where a high 

regenerative potential is necessary, such as the blood, where haemopoetic stem cell 

differentiation occurs until the organism dies.  However as the organism ages, the 

incidence of myeloid abnormalities becomes more common as do decreases in 

cellularity such as anaemia and this is because of changes to the haemopoetic stem 

cell pool [104].  The existence of adult neuronal stem cells (NSC) challenges the 

long-held view that the complement of neurons is limited and must last a lifetime.  

NSC have been identified in the lateral ventricular wall and the hippocampal dentate 

gyrus and the mammalian spinal cord [105] and are capable of generating neurons 

as well as astrocytes and oligodendrocytes [106].  New oncological theories are 

developing on the basis of these findings and suggest that some CNS cancers may 

arise from dysregulation of these NSC.  It is plausible that ageing and associated 

neurodegenerative pathology could also lineate from such dysfunction. 

1.5 THE EFFECT OF AGE ON PROTEIN EXPRESSION AND FUNCTION 

Intracellular proteins are highly susceptible to damaging events, from DNA 

mutations affecting translation and transcription to post-translational modifications 

such as oxidation and ubiquitination.  It follows then that, with age, a distinct 

proteomic identity should emerge that reflects the extent of damage to which the 
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cell has been exposed.  Work in the last decade has sought to define the ageing 

proteome with a view to identifying potential targets for intervention.  The major 

quality control pathway that prevents the accumulation of unwanted or damaged 

proteins is the ubiquitin/proteasome pathway (UPP), where proteosome is the 

proteolytic component [107].   The process of ageing appears to disrupt the 

proteosome component, leading to the formulation and accumulation of aberrant 

ubiquitin-protein aggregates which have been recently compared to those which are 

commonly found in late-onset, progressive neurodegenerative pathologies such as 

Parkinson’s and Alzheimer’s disease [108, 109].  

Yet there are measurable changes in protein management in normal ageing too.  

Post mortem studies show that, even in neuro-intact patients, there is evidence of 

Lewy bodies, neurofibrillary tangles (NFTs) and amyloid plaques, all examples of 

aberrant protein aggregates. 

1.5.1 Alzheimer’s Disease and Amyloid 

The term ‘amyloid’ covers a number of complex proteins that become deposited in 

tissues and share common laboratory features.  Deposition of β-amyloid in brain 

neurons co-exists with DAT [110].  The precursor protein for β-amyloid - amyloid 

precursor protein (APP) – is cleaved to amyloid via the proteases α-, β- and γ-

secretase, where the β- and γ-secretases generate β-amyloid.  Individuals born with 

trisomy 21 (Down’s syndrome) are at high risk of DAT and this is thought to be a 

result of over-expression and/or differences in the processing of APP caused by the 

additional chromosome.  Dementia has a prevalence of 54.5 % in 60-69 year olds 
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with Down’s syndrome [111], suggesting an amyloid-centric hypothesis of DAT 

pathology.  Classically, precipitation and deposition of β-amyloid in neuronal cell 

bodies was thought to lead eventually to apoptosis and cell death and subsequent 

significant loss of neuronal cells throughout the hippocampus and cerebral cortex 

leading to the characteristic symptoms of short term memory and personality losses 

[110].  However the theory that in fact soluble diffuse oligomers of β-amyloid may 

be responsible for synaptic dysfunction in the brains of DAT animal models is now 

established, particularly as those oligomers have been shown to disrupt LTP and 

therefore memory formation [112-114]. 

Tau proteins have also long been implicated in the pathology of DAT.  These soluble 

filament proteins are abundant in neurons and normally function to stabilise 

microtubules within cells.  They can be phosphorylated by a variety of kinases and 

the process of phosphorylation disrupts tau-stabilised microtubules, regulating the 

process [115].  Tau is thought to become hyperphosphorylated in DAT, causing the 

protein filaments to bind to themselves creating non-soluble protein complexes 

known as neurofibrillary tangles (NFTs) that are characteristic of DAT, as well as a 

number of other so-called ‘tauopathies’.  NFTs are thought to interrupt essential 

processes that rely on order in the neuronal cytoskeleton to proceed, leading to cell 

damage and death.  Methylene blue has been shown to dissolve NFTs in vitro and 

prevent their aggregation in cell models [116] and recent clinical success in the use 

of methylene blue in patients suffering from mild or moderate DAT (as the 

therapeutic agent Rember™) supports the implication of Tau dysfunction as a 

causative agent [117].  However, there is still some controversy associated with the 
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amyloid hypothesis.  Profound NFT formation leading to fatal neurodegeneration in 

frontotemporal dementia with parkinsonism exists in the absence of β-amyloid 

plaques, suggesting that the amyloid plaques characteristic of DAT cannot be 

induced by NFT formation [118, 119]. 

1.5.2 Parkinson’s Disease and α-synuclein 

In Parkinson’s disease, apart from the loss of striatal dopaminergic neurons, the 

hallmark pathology is that of proteinaceous intracellular inclusions called Lewy 

bodies in the cytoplasm of the remaining striatal neurons.  Lewy bodies consist 

mainly of α-synuclein, a neuronal protein present in both the cytoplasm and 

nucleus, the function of which is not well characterised.  Recently it has been found 

to act as a molecular chaperone, participating in the regulation of endocytosis by 

binding to soluble NSF attachment protein receptor proteins (SNARE), and may also 

help to regulate the operations of Golgi apparatus in neurons [120, 121]. 

Native α-synuclein is usually unfolded and soluble in the cytoplasm, or bound to cell 

membranes in a helical form where it seems to protect the membrane from some of 

the deleterious effects of oxidative stress [122].  It can form insoluble aggregates 

resembling β-folded sheets which combine to give fibrils.  It is this form that α-

synuclein is found in Lewy bodies, associated with other proteins such as ubiquitin, 

which supports the notion that with age/disease the proteasome becomes impaired.  

It has not been established whether the toxicity of α-synuclein arises from its 

propensity to form Lewy bodies, or from changes the relative proportions of the 

protein in its native or folded states which affect discrete functions [123].  Recent 
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work to identify a possible genetic basis for this disease found mutations in three 

genes, α-synuclein, parkin and ubiquitin C-terminal hydrolase L1, that are 

implicated in familial Parkinson’s disease [124, 125]. 

1.6 14-3-3 PROTEINS 

Recent research implicates the 14-3-3 proteins in the pathology of a number of 

neurodegenerative disorders, notably DAT [126-130], Parkinson’s disease [131, 

132] and spinocereballar ataxia [133, 134].  The 14-3-3 protein family is also 

important in the regulation of lifespan [135-137].  The family functions in a number 

of regulatory pathways and is capable of a range of interactions, discussed below.  

Their involvement in lifespan regulation, neurodegenerative disease and cellular 

regulation make them an interesting target for research into ageing. 

1.6.1 The Protein Superfamily 

The 14-3-3 protein family consists of members that are expressed ubiquitously.  The 

structure of these proteins has been conserved throughout evolution, indeed every 

well-studied organism demonstrates the presence of at least two different 14-3-3 

isoforms [138].  The 14-3-3 protein performs myriad roles, with some significant 

influence over lifespan, learning and memory, cell-cycle progression and apoptosis, 

cell signalling and transduction, intracellular trafficking and more.  The ubiquitous 

nature of the protein and its extensive effects has made the task of characterising its 

role in each organism supremely challenging.  Originally thought to be a brain-

specific protein [139], 14-3-3 has now been detected in most mammalian tissues 

and in many eukaryotic organisms including yeasts, Drosophila, Caenorhabtidis and 
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plant species.  Studies in mammals indicate that the CNS yields much greater 

concentrations of the protein than other tissues [140].     

Mammalian species express up to seven isoforms, named β, ε, η, γ, τ, ζ and σ [138] 

compared with yeasts which express two [141], Drosophila which possesses two 

genes but expresses four proteins due to splice variants of the LEO gene [142-145] 

and Caenorhabtidis elegans which expresses two [146, 147].  Some plant species, 

notably Arabidopsis, produce up to fifteen isoforms [148].   

1.6.2 Primary Protein Structure 

There is much similarity between 14-3-3 homologues across phyla.  For instance, all 

mammalian 14-3-3ε homologues identified so far are identical in primary protein 

sequence except for a single haemopoetic sequence variant in human, bovine, ovine 

and rodent 14-3-3ε  [149, 150].  The conservation of the 14-3-3ε sequence across 

evolution may support a common role or theme in its activity, although despite its 

sequence conservation, knowledge of its function is surprisingly limited compared 

to that which exists for other isoforms.  A selection of species was chosen to reflect 

the structure of this isoform across a variety of phyla (Figure 1.3).  Long, invariant 

amino-acid stretches, common between the isoforms, suggest the evolution and 

retention of some key functions as well as some redundancy.  
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Figure 1.3:  Sequence alignment of 14-3-3ε homologs across species showing high similarity.  

Constructed using CLC Sequence Viewer v6.3 and SwissProt.  Red indicates 100 % residue 

conservation, blue represents 0 %, - represents a gap. 

 

1.6.3 Secondary, Tertiary and Quaternary Protein Structure 

Structurally, 14-3-3 exists in vivo as a tortuous, helical, dimeric protein (Figure 1.4, 

Figure 1.5), with an isoelectric point (pI) in the region of 4.5 and a monomeric 

weight of approximately 30 kDa.  Nine anti-parallel α-helices make up each 

monomer, organised into a C-terminal and N-terminal domain which tend to contain 

the most variable residues when comparing isoforms.   
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Figure 1.4:  Crystal structure of human 14-3-3ζ dimer bound to a target protein, p-n-

acetyltransferase (pAANAT).  The 14-3-3 dimer is shown in green and two molecules of pAANAT 

(the target protein) in brown and orange [151].   

 

The N-terminal helices are the significant areas for dimer formation (Figure 1.5).  

H1 interacts with H3 and H4 of the opponent monomer to facilitate dimerisation 

[152].  Dimerisation occurs due to predominantly hydrophobic interactions at these 

variable N-terminals [153] and thermodynamically, the dimer configuration is more 

stable than the monomer [149].  
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Figure 1.5:  Crystal structure of human 14-3-3ζ dimer bound to a target protein, p-n-

acetyltransferase (pAANAT).  As in figure 1.4 but viewed from above, rotated 45 ° clockwise [151].   

 

A 14-3-3 monomer consists of nine α helices in total but when configured as a 

functional dimer, helices H3, H5, H7 and H9 line the interior of the ‘w’ shaped unit, 

forming the amphipathic groove that interacts with client proteins (Figure 1.6). 
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Figure 1.6:  Sequence alignment comparing the primary sequence of the human 14-3-3 proteins.   

Green circle indicates the residues that form the phospho-peptide binding pocket.  Black lines 

mark the positions of five of the nice α helices of which the protein consists in its natural 

configuration.  The five helices indicated are the conserved regions of the protein.  Dark red 

background shows 100% homology, dark blue shows 0% homology, - indicates a gap. 

 

The formation of both homo- and heterodimers is possible depending on the stearic 

arrangements of the binding groups on each monomer [154, 155] however whether 

homo- or heterodimers have any particular significance or advantage over each 

other in terms of functionality is unclear.  Studies on mammalian 14-3-3 proteins 

demonstrate the preference of ε for heterodimerisation with β, γ and ζ over 

homodimerisation.  14-3-3 γ produced both homo- and heterodimers [155].   

Evidence thus far does indicate the dimer to be the functional unit [152, 156].  

Unless denatured and renatured, dimers will not readily exchange [155], although a 
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limited number of circumstances can lead to the degeneration of the dimer to the 

monomer in vivo, such as phosphorylation by sphinsosine-dependent kinase  [157].  

The study concluded that, while these phosphorylated monomers were found to 

retain their binding activity to a target protein, the conformational changes 

necessary for the regulation of target protein function were only possibly in the 

dimer configuration, adding to the weight of evidence that the dimer is the 

functional unit.  The impairment of the regulatory functions of 14-3-3 by point 

mutations that disrupt the dimerisation process have also been demonstrated, 

lending further support to the significance of the dimer over the monomer in 

molecular interactions [158].  More recently, dimerisation of 14-3-3ζ in Drosophila 

was shown to be integral to in vivo function and stability [156]. 

The ‘W’-shaped configuration of the dimer produces a central, negatively charged 

channel, the interior of which is lined with residues which tend to be invariant 

between isoforms and species.  The conservation of the structure of this central 

channel between isoforms is thought to allow the site to recognise common protein 

features in binding partners [151]. 

Those residues which are variable between isoforms tend to be located on the outer 

surfaces of the protein once it has attained its dimer configuration.  The literature 

suggests that this helps to determine the specificity of the numerous interactions of 

which each isoform is capable.  The residues located near the C-terminus have also 

demonstrated some control over ligand recognition and binding [159].  The N-

terminus is unlikely to be significant in target protein recognition and binding as it 
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is generally unexposed once the dimer has formed (Figure 1.4).  The complex, 

helical nature of the protein confers a great deal of rigidity in terms of its secondary, 

tertiary and quaternary configuration and this structure remains relatively 

unchanged once ligands have bound, while the ligands themselves may undergo 

extensive deformation.  This forced deformation may serve to unmask previously 

inaccessible sites on the target protein, facilitating another series of interactions 

that would have been impossible without the presence of 14-3-3 [160].  It is on the 

basis of this property that 14-3-3 proteins have long been known as the ‘molecular 

anvils’. 

1.6.4 The Function of 14-3-3 Proteins 

In excess of two hundred proteins have shown an ability to interact with 14-3-3 

[161] and more target proteins are being identified regularly, with estimates that 

14-3-3 proteins can potentially engage up to 0.6% of the human proteome [162].  

This suggests that target recognition mechanisms are many and complex.  14-3-3 

acts primarily as a chaperone protein, facilitating interactions between other 

molecules that would be otherwise unfavourable or unlikely, and acting as a 

translocator or preventer of translocation – moving various complexes around the 

cell or sequestering them to a cell compartment to effect or block a signalling 

cascade [138].   Bridges and Moorhead classify the function of 14-3-3 proteins 

according to three general modes of action [163]: 

1) Binding to 14-3-3 protein induces a conformational change in the binding partner 
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2) Binding to 14-3-3 protein occludes structural features of the binding partner that 

are necessary for its interaction with the target molecule 

3) 14-3-3 proteins act as a scaffold to fix target molecules in close proximity, 

increasing the chances of their interaction. 

The mechanisms by which 14-3-3 achieves such activity will now be considered. 

1.6.5 Binding Motifs 

Specific phosphoserine/phosphothreonine-binding activity has been demonstrated 

by all 14-3-3 isoforms [164].  This activity is responsible for the mediation of 

binding with a variety of signalling proteins including the protein kinase Raf-1 [165-

169], and the pro-apoptotic proteins BAD and FOXO3, thereby regulating cell 

apoptosis [170, 171].  When bound to FOXO3, 14-3-3 masks a nuclear localisation 

signal (NLS) which leads to FOXO3 being expelled from the cell nucleus and 

rendered unable to regulate transcription of key genes relating to growth, 

metabolism and stress responses [172, 173] (Figure 1.7).   



 

34 

 

Figure 1.7:  Binding of FOXO to 14-3-3 causes it to be expelled from the nucleus and held in the 

cytoplasm, preventing it from regulating transcription of genes relating to cell-cycle, growth and 

apoptosis.  Binding of FOXO to 14-3-3 is regulated by a number of kinases that regulate 

phosphorylation of both FOX and 14-3-3. DBD - DNA binding domain, NLS – Nuclear localisation 

signal, NES – Nuclear export signal, TD – transactivation domain 

 

A further study has identified two optimal target protein binding motif subtypes: 

RSXpSXP (known as mode I) and RXY/FXpSXP (known as mode II) where R is 

arginine, S is serine, X is any amino acid, pS indicates phosphoserine or 

phosphothreonine and P is proline [174].  The basic binding pocket that forms the 

binding site for the mode I and II motifs is in the vicinity of the third and fifth 

helices, and its location is consistent to that of the residues Lys50, Arg57, Arg128 and 

Tyr129 in human 14-3-3ζ.  The majority of phosphoserine/phosphothreonine binding 

activity is thought to occur at these motifs, and the 14-3-3 residues necessary for 
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phosphopeptide binding are completely conserved across isoforms.  The dimer 

configuration means that 14-3-3 can bind to a single ligand at multiple binding sites 

in a very strong interaction, or bind to multiple ligands at once (demonstrated in 

Figure 1.4 and Figure 1.5, where a single 14-3-3ζ dimer is bound to two p-n-

acetyltransferase (pAANAT) molecules).  More recently, a ‘mode III’ motif consisting 

of a novel carboxy-terminal pS/pT (X1-2)-CO2H (where X cannot be Pro) has been 

discovered, which facilitates the interaction of some target proteins with 14-3-3 

[175].  These target proteins include plant plasma membrane H+-ATPase [176], and 

human interleukin 9 receptor alpha chain (IL-9Rα) [177].  In addition, tryptophan 

hydroxylase binds to 14-3-3η via the C-terminal region comprising residues 171-

213 [159].  In contrast, earlier work found that a truncated mutant 14-3-3 (lacking 

the 15 residues comprising the C-terminus loop) bound more strongly to the targets 

Raf-1, BAD and also to the synthetic peptide R18, a competitive 14-3-3 antagonist 

[178].  This suggests an alternative inhibitory role for the C-terminal in some 

interactions. 

1.6.6 The Significance of Phosphorylation Status   

Target protein phosphorylation status and conformity to the optimal consensus 

binding motif(s) are likely to be important mechanisms by which 14-3-3 protein 

signalling is mediated but they are not absolutely essential.  Target proteins with 

very different binding motifs do exist [179], and there remain some targets for 

whom phosphorylation is completely unnecessary.  For example, the binding of 14-

3-3ζ to exoenzyme S of Pseudomonas aueruginosa is not dependent upon a 

phosphorylated site [180, 181] nor is the binding of the synthetic 14-3-3 antagonist 
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R18 [182].  Non-phosphorylated targets currently constitute a very small number of 

the total number of known 14-3-3 clients.  Over half of the known 14-3-3 binding 

partners interact with phosphoserine/phosphothreonine motifs or very similar 

sequences.  

1.6.6.1 Regulation by kinases and phosphatases 

As described above, many interactions require the phosphorylation of either the 14-

3-3 dimer or the target protein to proceed, and kinases and phosphatases act in 

opposition to regulate phosphorylation-dependent interactions.  Specific 14-3-3 

isoforms can be phosphorylated by a range of protein kinases including protein 

kinase A (PKA), c-Jun N-terminal kinase (JNK), Ca2+/calmodulin–dependent protein 

kinase II (CaMKII), Akt and Bcr, and this regulates their binding to specific targets 

[183-185]. 

Dephosphorylation of 14-3-3 docking sites is also a mechanism by which 

interactions can be regulated.  Protein phosphatase 1 (PP1) and PP2A are the 

ubiquitously-expressed serine/threonine phosphatase enzymes that have been 

identified in eukaryotic organisms as being significant to this process.  Cell division 

cycle 25 homolog C (Cdc25C) is a tyrosine phosphatase that plays a key role in the 

regulation of cell division.  Mitosis is triggered by the translocation of Cdc25C to the 

nucleus.  Interaction of Cdc25C with 14-3-3 dimers normally results in the 

sequestration of Cdc25C in the cytoplasm, preventing the initiation of this mitotic 

signal.  Binding of PP1 to the N-terminus of Cdc25C causes the 14-3-3 docking site to 

become dephosphorylated and disrupts the interaction [186].  Cdc25C and 14-3-3 
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disengage and a nuclear localisation motif is exposed which allows Cdc25C to 

translocate to the nucleus and initiate mitosis [187, 188]. 

PPA2 regulates 14-3-3 binding via its interaction with Bcl-2-associated death (BAD) 

protein.  Under survival conditions, BAD exists in the cytoplasm as a complex with 

14-3-3, and the interaction is maintained by the phosphorylation of three key sites 

on BAD: S112, S136 and S155 [189, 190].  Apoptotic stimuli result in the association 

of PPA2 with BAD, causing the dephosphorylation of the S112 site, which in turn 

increases the accessibility of other phosphatases to the S136 and S155 sites.  It is 

thought to be JNK-induced phosphorylation of 14-3-3 that causes the 

conformational change that makes BAD accessible to PPA2, and together these 

eventually result in the release of 14-3-3 from the 14-3-3:BAD complex and the 

binding of BAD to the Bcl-XL protein on the mitochondrial surface.  This disrupts the 

normal anti-apoptotic function of the Bcl-XL protein, initiating a signalling cascade 

that culminates in cell death (Figure 1.8). 
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Figure 1.8:  Regulation of BAD signalling by 14-3-3 phosphorylation and PPA-induced 

dephosphorylation  

 

1.6.7 Other Functions of 14-3-3 Proteins 

The ability of 14-3-3 proteins to regulate apoptosis and mitosis via interaction with 

various cell-cycle regulators including Cdc25C, oncogenic kinases such as RAF1 and 

death signals such as BAD (above), as well as their ability to interact with tumour 

suppressor protein p53 to facilitate gene induction to mediate cell-cycle arrest after 

DNA damage [191] suggests a role in the development of various cancers and the 

regulation of responses to cell damaging stress such as oxidation.  Cell studies using 

human keratinocytes showed that antisense-mediated downregulation of 14-3-3σ 

could effectively immortalise a population (to greater than four hundred passages), 
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compared to the replicative senescence of the control population at twenty five 

passages [192].  This has made the 14-3-3 protein family and their interactions 

interesting targets for cancer research [193-195].  Stress induced by heat has been 

shown to upregulate 14-3-3 protein expression in what appears to be a 

neuroprotective effort [196] and researchers into degenerative disorders such as 

diabetic cardiomyopathy are looking towards 14-3-3 protein-modulation of 

oxidative stress pathways as a key therapeutic target [197].  However, it is generally 

accepted that their ubiquity presents a challenge to any medical and therapeutic 

potential. 

14-3-3 can also contribute to regulated exocytosis and therefore may have an 

important role in neurotransmitter release [198].  14-3-3 proteins are able to 

stimulate both the priming and triggering stages of regulated exocytosis in 

permeabilised adrenal chromaffin cells [199].  The introduction of a 14-3-3 antibody 

to permeabilised chromaffin cells with the aim of removing 14-3-3 proteins from 

active participation, inhibits the stimulation of noradrenalin secretion by cytosolic 

proteins [200].  

1.7 14-3-3 IN NEURODEGENERATION AND AGEING 

Firstly, the ability of 14-3-3σ to secure senescence in keratinocyte progenitor cells 

may, if translatable, suggest implications on the ageing phenotype of other mitotic 

cells such as astrocytes, and therefore impact indirectly on longevity and neuronal 

health due to the supportive role of glial cells in the CNS [201]. 
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Whole animal work looking into longevity suggests that manipulation of 14-3-3 

expression can control signalling related to stress responses and thereby have 

effects on lifespan.  In both Drosophila and Caenorhabtidis, 14-3-3 proteins have 

been shown to mediate lifespan duration through actions on FOXO function. In 

Drosophila, 14-3-3ε has been shown to interact with dFOXO in vivo and dissociate 

under oxidative stress, leading to a phenotype described by growth repression, 

increased stress-induced apoptosis and extended lifespan [135].  The forkhead 

transcription factor FOXO integrates signals from the evolutionarily conserved 

insulin/IGF pathway thought to be responsible for longevity due to calorie 

restriction, and the JNK signalling pathway, which modulates longevity through 

stress resistance.  Conversely, in Caenorhabtidis, the over-expression of either of its 

14-3-3 homologs lead to lifespan extension and both 14-3-3 proteins are able to 

interact directly with the FOXO DAF-16, and SIR-2, which mediate lifespan and 

stress resistance via insulin/IGF-1 and calorie restriction signalling pathways [136].  

Experiments using RNAi to lower 14-3-3 production in Caenorhabtidis confirmed 

the above and also highlighted an unexpected DAF-16-independent mechanism 

whereby 14-3-3 could regulate lifespan [202].  In yeasts, deletion of 14-3-3 protein 

extends lifespan through interaction with calorie restriction, conserved nutrient-

sensing target of rapamycin (TOR) and PKA signalling pathways, where 

phosphorylated 14-3-3 is thought to inhibit longevity factors such as stress 

response proteins [137].    

Secondly the 14-3-3 proteins are developmentally important and tightly regulated 

and examination of rat brain lysates showed the adult animals to express less 14-3-
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3 than neonates [203].  In addition, both Caenorhabtidis and Drosophila show 

developmental reliance on various different isoforms.  In Caenorhabtidis the two 

genes encoding 14-3-3 proteins are par-5 (more recently known as ftt-2) and ftt-1.  

Developing embryos subject to par-5 RNAi are unviable, whereas embryos subject 

to ftt-1 RNAi largely survive [136].  The developing Drosophila CNS is enriched with 

14-3-3ζ (also known as Leo or Leonardo) compared to the adult, and it is essential 

for photoreceptor differentiation [204]. 

Thirdly 14-3-3 proteins are implicated in a range of pathologies that are relevant to 

neuronal ageing.  Learning and memory deficits have been demonstrated in animals 

that are deficient in 14-3-3.  The mushroom bodies of Drosophila are the centres for 

the consolidation of learning and memory [205] and reductions in the amount of 

Leo protein expressed in the mushroom bodies causes learning and memory deficits 

in response to olfactory stimuli [143, 206].  In rats, levels of protein-protein 

interactions in the hippocampus (including 14-3-3-client interactions) increase 

when the animal undergoes spatial learning [207].  They are also vital in synaptic 

transmission, where the 14-3-3θ isoform was identified in a proteomic analysis of 

the ageing rat synaptoproteome as downregulated in aged rats, suggesting a role in 

the deterioration of hippocampal neurotransmission between adulthood and 

advanced age [208, 209]. 

Finally, 14-3-3 proteins also have a role in neurological function, although whether 

they are the cause of decline, a result of degenerative pathology or neuroprotective 

is still under study.  In Alzheimer’s brains there is an increase in the level of 14-3-3 γ 
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and ε [210] and increases in the levels of 14-3-3 protein in the cerebrospinal fluid 

(CSF) of patients suffering from the neurodegenerative prion disease, Creudzsfeldt-

Jakob disease (CJD), form the basis of the condition’s biochemical diagnosis 

(although this may reflect the discharge of intracellular proteins into the CSF as 

neurones die).   14-3-3 proteins have also been found to be co-localised with Lewy 

bodies in the brains of patients with Parkinson’s disease [211] and α-synuclein 

shares some structural similarity to the 14-3-3 protein family and is a binding 

partner thereof [128].  

1.8 LYMNAEA STAGNALIS AS A MODEL OF HUMAN AGEING 

Lymnaea stagnalis, the common or great pond snail, is a freshwater pulmonate 

found commonly across the Holarctic region (Figure 1.9).  Their preferred habitat is 

still or slow-moving water and they extract nutrition from a variety of sources 

including pond weed, detritus, carrion and algae.  They are capable of skin 

respiration (depending upon the oxygen content of the water) but also use a gas-

filled lung and associated filling tube (the pneumostome) that inspires air from 

immediately above the water surface when hypoxic conditions necessitate.  They 

are simultaneous hermaphrodites but during sexual activity one animal will assume 

the male role and one the female depending on the age of the individuals, and the 

younger of the partners tends to mate as the male [212].  Gelatinous structures 

known as egg-masses are produced containing 50-100 eggs, from which emerge tiny 

but fully-formed individuals.  In captivity, their lifespan rarely exceeds 13-14 

months, with young snails becoming reproductively capable at 3-4 months of age.  
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Egg-masses are then produced up until death but the rate of egg mass production 

and number of viable young contained therein declines with age [213-216].   

 

Figure 1.9: Wild-type Lymnaea stagnalis (allposters.com) 

 

The colony at the University of Brighton is derived from inbred animals housed at 

Vrije Universiteit in The Netherlands. Young animals are considered to be post-

pubescent at two months and a maximum of four months in age, middle aged 

animals are considered to be 7-8 months old and old animals must be 10 months old 

or greater.  These age definitions are based on earliest sexual maturity, 50 % death 

rate and 85 % death rate, respectively [217].  This approximate one year lifespan 

gives a relatively short generational gap, ideal for lifespan/ageing research.   

1.8.1 A Model for Neuronal Research 

The seminal work of Nobel laureate Santiago Ramon y Cajal involved the 

comparison of the brains of a number of species at the microscopic level, from birds 

and rodents to humans. His observation of fundamental similarities demonstrated 

that individual human brain components are not unique.  Thus, investigation of 

structurally simpler brains can and has given invaluable insight into human brain 

function.  Lymnaea has been used as a neurobiological research model for decades 
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due to a number of significant advantages over more complex mammalian models as 

well as noted similarities in neuronal physiology and function.   

The nervous system is relatively simple, highly-accessible and brightly-pigmented 

(Figure 1.10A and B).  It consists of large, robust neurons (around 20,000 in total) of 

up to 250 µm in diameter, that lend themselves to individual study on a molecular 

and electrophysiological basis (Figure 1.10C).   

 

Figure 1.10: Dorsal view of the isolated Lymnaea CNS.  A – Buccal ganglia.  B – main circum-

oesophageal ganglia labelled as follows: Ce - Cerebral, Pe - Pedal, Pl - Pleural, Pa - Parietal, V – 

Visceral  [218].  C – 5 µm section through cerebral ganglion showing neuronal morphology.  Section 

labelled with anti-acetylcholine binding protein (donated by University of Sussex) with a FITC-

conjugated secondary antibody and viewed using confocal microscopy.  Neuronal somas appear 

bright green, with dark central nuclei.  Axon tracts converge in the centre of the ganglion to form a 

complex neuropil before entering the connectives and synapsing with cells in other ganglia, or 

other cells in the body via the surrounding nerves. 
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The CNS is sub-divided into eleven circular ganglia, nine of which are joined in a 

ring-like configuration by a series of connectives (Figure 1.10B).  This ring 

circumvents the oesophagus in the intact animal.  The remaining two buccal ganglia 

project anteriorly from the central ring (Figure 1.10A).  The entire structure is 

covered in a tough fibrous sheath which appears white under the light microscope.  

This sheath is responsible for protecting the integrity of the ganglia during 

movements of the head and mouth and delivers haemolymph (the molluscan 

equivalent to blood) to the area.  Within each ganglion, neuronal cell bodies are 

arranged on the surface of the ganglia with their axons projecting towards the 

centre to form a complex neuropil (Figure 1.10C).  This apparently tortuous tangle 

of axon tracts enters the connectives and individual cells eventually synapse with 

other cells in a number of other ganglia, facilitating signal transmission across the 

CNS and beyond.  The cell bodies contain unusually large nuclei (Figure 1.10C).  

Many of the individual neurons have also been isolated and cultured successfully, 

retaining individual functional characteristics as well as their ability to achieve 

synaptogenesis and form networks that are analogous to in vivo physiology [219].  

Adult molluscan neurons also have some regenerative capabilities and have been 

successfully harvested and transplanted and retained their propensity for 

synaptogenesis [220].  Major neurons are easily identified between preparations 

and have been extensively mapped (Figure 1.11).  The animal also displays 

behavioural characteristics which can be traced to discrete neurones, pathways and 

neurotransmitters, linking electrical and chemical changes in neurons directly to 

whole-animal activity [221-223].  Lymnaea remains a leading model that allows 
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changes in the properties of neuronal networks to be related to changes in defined 

behaviours.  The neuronal networks that control feeding [219, 224-226], respiration 

[227, 228], learning and memory [229-233], locomotion [234] as well as 

reproduction [214, 216] have been well described.  Lymnaea has also proved useful 

in improving understanding of synapse formation [235-238], synaptic plasticity 

[239], neuronal development [240, 241] and ageing [217, 242, 243]. 
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Figure 1.11: Maps showing the surface neurons of the Lymnaea CNS.  A – Dorsal view with cerebral 

commissure cut.  Serotonergic cells are shaded, non-serotonergic are unshaded.  The high density 

of cells in the pedal ganglia means that individual cells are identified on the right ganglion, and 

clusters on the left.  Symmetrical equivalents are present in the contralateral ganglion.  Ganglia (g) 

are labelled as follows: l - left, r – right, pa - parietal, v – visceral, p. – parietal, pl – pleural, pl – 

pleural, cr – cerebral, pd – pedal, b – buccal.  B – as A but ventral view.  The major nerves are 

numbered thus: 1. Postbuccal.  3. Dorsobuccal.  4. Laterobuccal.  5. Ventrobuccal. 7. Superior lip.  8. 

Median lip.  .  10. Superior pedal.  11. Median pedal.  12. Inferior pedal.  13. Left parietal.  14. 

Cutaneous pallial.  15. Anal.  16. Intestinal.  17. Genital.  18. Internal right parietal. 19. External 

right parietal.   The major commissures are: 2. Buccal.  6. Cerebro-buccal.  9. Cerebral.  C – Dorsal 

view of the buccal ganglia.  Cells 1-7 are the motor neurons, SO indicates the Slow Oscillator cell, N 

cells are feeding interneurons. 
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1.8.2 The Neurobiology of Ageing Lymnaea 

1.8.2.1 Morphological neuronal changes 

Many age-related changes have been characterised in the CNS of Lymnaea.  A study 

of the left parietal ganglion demonstrated that older animals possessed 

autophagosomes (especially in the neuronal cytoplasm), damaged mitochondrial 

cristae and residual bodies, and also mitochondrial hypertrophy, Golgi apparatus 

hyperplasia, thinning and disintegration of the cysternae of the endoplasmic 

reticulum and increased size of the nuclear membrane with deep invaginations, 

consistent with the mitochondrial changes noted in other ageing studies (see section 

1.3.1.1) [244].   

1.8.2.2 Changes in neuronal connectivity 

The interneuron of the Lymnaea right pedal ganglion, RPeD1, has two sets of 

follower cells.  One in the same ganglion called the A group and the other, the HIJK 

group, in the visceral ganglion.  Simultaneous recordings from the RPeD1 and its 

followers showed that, in older animals, the number of A group neurons found to 

respond to evoked RPeD1 action potentials decreased, whereas the number of HIJK 

group neurones responding increased, showing that synaptic connections between 

these neurons are dynamic and change with age [243]. 

Connections between cells are also achieved by electrical gap junctions, where the 

plasma membranes of two adjacent, communicating cells are intimately associated.  

Gap junctions are pores that traverse both cell membranes to connect the cytoplasm 

of each cell and allow the free passage of various ions and signalling molecules 

facilitating extremely fast (and bidirectional) transmission of electrical information 
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[245].  Age-related changes in these synapses have been reported in the rat which 

suggest an increase in electronic coupling in aged hippocampus [246].  Conversely, 

Lymnaea CNS neurons have demonstrated an age-related loss of coupling [247].  

Specifically, between the VD1 and RPD2 cells of the visceral and right parietal ganglia 

respectively, where the coupling ratio decreased from 60% to 30% between three 

and 12 months of age.  However, it was later found that in animals of greater than 13 

months of age, the coupling ratio recovered, in some cases achieving the 60% of 

younger animals suggesting some capacity for recovery of function or an altered 

phenotype for the most long-lived animals [242].   

1.8.2.3 Neurobiological changes resulting in altered ageing phenotypes 

1.8.2.3.1 The Lymnaea feeding system 

The Lymnaea feeding system is also subject to age-related changes.  During feeding, 

a series of events occurs that is driven by a network of interneurons in the buccal 

ganglia known as the central pattern generator (CPG).  These interneurons deliver 

signals to motor neurons, also located in the buccal ganglia.  In turn, these motor 

neurons control movement of the mouth and upper gastrointestinal tract [248, 249].   

Each feeding cycle consists of three distinct phases: protraction, where the mouth 

opens and a radula (similar to a tongue) extends outwards; rasp, where the radula 

scrapes over a potential foodstuff, and finally the swallow phase, where the radula  

returns to the mouth with the foodstuff, the mouth closes and the radula rotates 

backwards pushing food into the oesophagus.   
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Of the three main types of CPG interneurons, N1 generates protraction, N2 

generates rasp and N3 generates swallowing [250].  Previous work on isolated CPG 

interneurons demonstrated largely inhibitory connections between the N cells, a 

property that ensures the proper coordination and timing of each phase [226].  Each 

class of interneurons drives a specific population of motor neurones in the buccal 

ganglia - B3 (controlling rasp), B4 (swallow) and B7 (protraction) - that ultimately 

control the buccal musculature and feeding response.  The system is summarised 

schematically in Figure 1.12.   

Regulation of the CPG is achieved by input from the serotonergic Cerebral Giant 

Cells (CGCs) of the cerebral ganglia and a further population of cells on the ventral 

surface of the cerebral ganglia known as CV1A, both of which have significant 

control over the initiation of the feeding process.  Food stimuli cause the CGCs to fire 

which in turn allows the CPG to respond to food, therefore the CGC’s have gating 

properties.  The rate of feeding or, at the neuronal level, the frequency at which the 

CPG fires, is increased by increasing the rate of CGC firing [224, 225]. 
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Figure 1.12: Schematic of the neuronal pathways associated with the generation of a feeding 

response in Lymnaea [218].  SNs – sensory neurons, CGC – cerebral giant cells, SO – slow oscillator 

cell, CBI – cerebro-buccal interneurons, N1 etc.  - interneurons, B7 etc. – buccal motorneurons.  

 

As the animals age, loss of connectivity between the CGCs and B4 motor neuron 

causes swallowing to be impaired, and a reduction in the CGC firing rate reduces the 

bite frequency [217].  It is unclear whether this deficit relates to structural synaptic 

changes or a difference in the sensitivity of the target cell to released serotonin (5-

HT).  This leads to the failure of animals to respond to feeding stimuli, a reduction in 

food intake, a decrease in the number of bites an animal can perform in response to 

a food stimulus in a given time period and an increase in the duration of the swallow 

phase, suggesting deficits in the N1 and N3 interneurons [251].    

Age-related changes in feeding behaviour have also been noted in rat models, where 

a CPG controls licking frequency.  Both licking frequency and food consumption 

decrease with age in rats [252, 253].  Impairment of the swallowing function has 

also been demonstrated in aged human subjects [254, 255], lending further support 
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to the use of Lymnaea as a model for neuronal research that is relevant to higher 

animals.  

In addition, changes in the CGCs themselves have been demonstrated in the ageing 

animal.  Marked decreases in the spontaneous firing rate and excitability of the CGCs 

have been shown that help explain the changes observed in Lymnaea feeding 

behaviour with age i.e. a reduction in bite rate [217].  Attenuation of the serotonin 

transporter (SERT), a membrane protein that transports 5-HT from synaptic spaces 

into presynaptic neurons, is also apparent as are changes in the sensitivity of the B1 

and B4 motor neurons to exogenous 5-HT in older animals [229].  Reduced 

sensitivity of the motor neurons is consistent with the behavioural observations of a 

slower swallow phase in old animals, leading to an increased inter-bite interval 

[251].  While the causative pathology for these cellular changes is not known, 

decreases in SERT function may be an attempt to compensate by prolonging the 

effect of 5-HT in the synaptic space and altering sensitivity of feeding motor neurons 

to 5-HT. 

Observing the number of bites an animal makes when presented with a food 

stimulus in a control environment allows the aged phenotype to be directly 

quantified and compared with chronological age [251].  This allows animals to be 

grouped according to phenotype as well as age and also allows the effects of 

experimental interventions that may affect the ageing phenotype to be quantified. 
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1.8.2.3.2 Age-related changes in cognition 

Lymnaea also manifest cognitive changes as they age.  Using appetitive or aversive 

conditioning it is possible to show intermediate and long term memory formation in 

the animal by measuring both feeding and respiratory behaviours [230, 231, 256-

258].  Moreover, it has been demonstrated that in the case of appetitive 

conditioning, long term memory retention and/or consolidation becomes 

progressively more impaired as animals age [233].  This impairment was found to 

correspond with decline in the excitability of the CGCs in the case of appetitive 

conditioning.  Age-related decline in cognition relative to respiratory behaviour has 

not been investigated. 

1.8.3 The Expression of 14-3-3 Proteins in Lymnaea 

Lymnaea demonstrate age-related changes in neurological function that manifest in 

phenotypes that have been replicated in higher animals [252, 253] and, to some 

degree, in humans [255] and so investigation of the Lymnaea CNS could give 

informative insights into the neurobiology of the ageing human CNS. 

A key limitation in the use of Lymnaea as a biological model in neuronal work was 

the lack of availability of genomic data.  Recent sequencing work has produced an 

expressed sequence tag (EST) cDNA library compiled from Lymnaea CNS tissue, 

consisting of some 5000 clones [259], the interrogation of which revealed that 

Lymnaea expresses at least three different 14-3-3 proteins (chapter 2).   

In addition age-related decreases in the expression of 14-3-3 protein complement 

have been demonstrated in Lymnaea using a proteomics approach [260], suggesting 
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that Lymnaea may be an appropriate model for the study of these proteins and their 

effects, if any, on the ageing phenotype. 

I hypothesise therefore that decreases in 14-3-3 protein expression contribute to 

age-related decreases in feeding rate in Lymnaea. 

1.9 AIMS 

On the basis of the review above, this study aims to: 

1. Identify and characterise the 14-3-3 isoforms expressed in the CNS of 

Lymnaea  

2. Measure the relative abundances of the Lymnaea 14-3-3 proteins in the CNSs 

of animals to detect any age-related changes in protein expression 

3. Identify their discrete locations in the CNS  

4. Ascertain whether changes in 14-3-3 expression could play a role in the age-

related changes of Lymnaea feeding behaviour 

5. Demonstrate a mechanism by which 14-3-3 protein interactions or changes 

in expression could contribute to the aged phenotype of this animal by 

exploring their effects on the production of key CNS neurotransmitters. 
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Chapter Two: Bioinformatic analysis of 14-3-3-like 
ESTs in a Lymnaea adult CNS cDNA library 

 

2.1 INTRODUCTION 

An earlier study in the author’s laboratory employed proteomics technology to 

identify key proteins that may be involved in the ageing of the Lymnaea CNS.  CNS 

proteins were separated using 2-dimensional difference gel electrophoresis (2D 

DIGE) and then proteins that showed differential expression in ageing were excised 

from the gel.  Following trypsin digestion and mass spectroscopy, proteins were 

identified using de novo sequencing.  This study identified a peptide sequence with 

significant homology to the 14-3-3 protein family and demonstrated a significant 

reduction in the level of its expression in the aged (12  month old) compared to 

young (3 month old) Lymnaea CNS, suggesting that temporal alterations in the 

expression of 14-3-3 like proteins may contribute to ageing of the Lymnaea CNS 

[260]. 

Previous studies have shown that individual isoforms of 14-3-3 generally perform 

distinct cellular functions. Some instances of functional crossover between isoforms 

have been reported, notably in Drosophila where the upregulation of the Leo 

isoform can save lethally mutated D14-3-3 homozygotes [261].  So far, eukaryotes 

have not been found to express fewer than two isoforms, with even simple yeasts 

expressing two [141].  Consequently, the Lymnaea CNS may also express a range of 

isoforms, serving distinct or overlapping functions.   
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Techniques to explore gene expression and protein production rely heavily upon the 

availability of nucleotide sequence information for genes such as those that encode 

14-3-3-like proteins. Until recently only a small database of approximately 770 

cDNA ESTs derived from the Lymnaea CNS has been available to probe for 

sequences of interest [262]. Consequently, this lack of sequence information limited 

the analysis of the role of proteins in Lymnaea CNS ageing.  

Recent work by a team in Toronto supported by a consortium of Lymnaea 

researchers comprising the UK, Israel, Canada and The Netherlands sought to 

remedy this deficit by isolating mature mRNA from the Lymnaea CNS.  Their work in 

brief was as follows; cDNA was synthesized from the purified mRNA using the 

SMART cDNA library construction kit (Clontech, USA) and excess copies were 

hybridized to form dsDNA and removed by hydroxyapatite chromatography (a 

process known as normalisation) in order to reduce the frequency of common 

clones relative to rare ones, bringing them to a similar order of magnitude [263].  

Reduction of cDNA population following normalisation was 40 %.  

The remaining single-stranded (ss) cDNA was converted to double-stranded (ds) 

cDNA using the polymerase chain reaction (PCR).  The dsDNA was then inserted into 

a cloning vector (modified pBluescriptII SK-with SfiI A and B inserts at EcoRI and 

XhoI) and subsequent clones were then cultured, isolated by antibiotic selection and 

the inserts sequenced in both forward and reverse orientations.  The result is a 

cDNA library that contains over 5000 different clones (corresponding to around 

10,000 ESTs or original mRNA sequences) [259]. 
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While a useful reference tool, this library has a number of limitations.  It gives an 

indication of mRNA expressed in the CNS at the time of animal sacrifice but cannot 

guarantee to have successfully cloned every mRNA sequence present.  Genes are 

switched on and off according to need and in a tissue-dependent manner and so it is 

reasonable to assume that not all genes will be undergoing active transcription all of 

the time and the immediate environmental conditions to which the animal is 

exposed may also influence gene expression [264].  Therefore compared to the 

genome, which is largely fixed for a given organism, the transcriptome can vary with 

environmental conditions.  Animals used in the construction of this library were 

young in age, not subjected to any specific stimulus nor required to undergo any 

experimental procedure, which should therefore give a transcriptomic reflection of 

general brain function.  In addition, the ESTs were generated from randomly 

selected clones, and so not all of the clones produced are represented.  Despite these 

limitations the cDNA library can inform usefully on individual mRNA sequences, 

even when the full genome sequence is known, as they can indicate which open 

reading frames (ORFs) are actually being transcribed, identifying functioning genes.  

Additionally, the library is also a useful tool to allow comparisons to be made 

between specific mRNA species in different animals, using alignment tools to 

identify nucleotide and putative peptide sequences for analysis. 

This cDNA library was constructed using two month old animals of shell length 15-

20 mm, from an inbred colony fed twice weekly on green leaf lettuce.  This is 

comparable to the conditions in which Lymnaea are raised in the author’s 

laboratory and the colonies have the same origin.  Comparison of the library to the 
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established Aplysia CNS transcriptome [265] allowed the Toronto team to predict 

that the CNS of Lymnaea should consist of around 20,000 neuronal gene products 

based on known evolutionary similarities.   

Of the 10,375 ESTs produced in this study, 7712 were distinct and 61.4 %  had no 

hits with the previously EST library [262].  Sequences were trimmed at both ends to 

remove additional sequence corresponding to the vector and then compared with 

known nucleotide sequences.  This was performed by Spencer et al. at Brock 

University, Ontario (unpublished data – personal communication), using the Basic 

Local Alignment Search Tool (BLASTx) algorithm of the National Centre for 

Biotechnology Information (NCBI) to establish identity [266].  BLASTx compares the 

translated nucleotide sequence of interest to non-redundant protein sequences held 

in a library consisting of the GenBank, RefSeq, PDB (Protein Structure DataBase), 

SwissProt, PIR (Protein Information Resource) and PRF (Protein Research 

Foundation) databases.  The Spencer group selected the SwissProt database for 

comparison and a table of most likely identities was compiled.  The alignment 

information from the Spencer BLAST search and the sequences of all isolated EST’s 

in FASTA format were then provided to the author for further investigation.   

2.2 AIMS 

The aims of the study presented in this chapter were twofold: 

1) To identify the cDNA encoding Lymnaea 14-3-3-like protein(s) from the newly 

formed library constructed from the Lymnaea CNS and subsequently, obtain 

predicted protein sequences.   
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2) To use those sequences to determine physicochemical properties, likely 

evolutionary history and possible functional roles of the Lymnaea 14-3-3-like 

protein(s).  

2.3 METHODS 

2.3.1 Identifying 14-3-3-like EST Sequences from the cDNA Library 

Vector sequences were removed from raw sequence information and homology to 

known sequences was determined using BLASTx.  Spencer et al. (unpublished data) 

used the BLASTx bioinformatic tool to compare translated predicted protein 

sequences with published known and predicted sequences. They compared the 

entire library with the SwissProt database to give a data set indicating the most 

likely matches for each sequence along with % homology/similarity, % 

conservation/identity and the E-value of the hit, and then converted the data into a 

text file. 

The quality of each match or hit is determined by its E-value.  When two sequences 

are compared, the comparison is given a score depending on the similarity (S).  The 

greater the value of S, the greater the similarity between sequences.  The E-value is a 

measure of the reliability of the S score and states the probability that another 

alignment with a similarity greater than the S score could happen by chance.   The 

lower the E value, the greater the significance of the match, as E value decreases 

exponentially as the score of a match increases [267].   

Using a simple text search strategy of common terms used historically to describe 

14-3-3 proteins, the data file compiled by Spencer et al. was searched by this author 
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for possible Lymnaea 14-3-3-like proteins.  The following search terms were chosen 

based on their use in a recent review which listed alternative nomenclature for 14-

3-3 proteins from decades of literature [149]: 

 14-3-3 

 Tryptophan/tyrosine hydroxylase 

 Protein Kinase C inhibitor-1 
(KCIP-1) 

 Bap-1 

 Rad24 and rad25 

 Chaperone 

 Adaptor  

 Stratifin 

 Cruciform  binding protein 
(CBP) 

 Exo 1 Factor Activating ExoS 
(FAS) 

 Bilardo 

 BMH1 and 2 

 Mitochondrial import 
stimulation factor (SSF) 

 Leo, leonardo  

 Par-5, ftt-1, ftt-2  

 

This strategy was undertaken because, due to the high conservation of 14-3-3 

proteins across isoforms and species, a bona fide 14-3-3 protein is likely to have 

another 14-3-3 as its best match.  In addition, during a BLASTx search the sequences 

are also compared automatically to the Conserved Domain Database (CDD), which 

identifies the domain architectures that are common to a protein superfamily [268]. 

2.3.2 Translation of Identified Clones into Protein Sequences 

Sequences were translated, aligned and analysed using the CLC Sequence Viewer 

V6.3, a platform capable of translating both DNA and mRNA into putative amino 

acids sequences and generating alignments.  Once potential 14-3-3-like protein 

candidates had been identified, open reading frames (ORFs) were identified and the 
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cDNA clones were subsequently translated into their likely protein products.  ORFs 

consist of the space between an initiation or start codon and a termination or stop 

codon, which represents the coding sequence of the gene.   Initiation codons usually 

comprise the base-sequence AUG, in fact in eukaryotes the initiation codon AUG, 

translating to the amino acid methionine, is almost exclusively used.  However there 

are rare cases where an alternative codon is used to indicate methionine at the start 

of a protein and so the initiation codons identified were not restricted to AUG.  

Upstream of the start codon there exists a region known as the 5’ un-translated 

region (5’UTR), which reflects promoter sequences required to initiate translation 

in the animal, binding sites for transcription factors and other regulatory elements 

present in the original mRNA.  The nature of the production of the cDNA means a 

portion of vector sequence is also present, but this was removed (trimmed) at the 

time of the initial BLAST search (see section 2.1).   

Once the ORF of the EST was identified, the remainder of the EST could be 

translated, using standard genetic code, into a putative protein product allowing 

further detailed analysis.  The nature of the library construction does not prevent 

the production of duplicates when the cDNA is constructed, although the process of 

normalisation described in section 2.1 above should have reduced the number of 

highly redundant sequences.  A message or part of message could have been 

reproduced as cDNA many times as the 5’and 3’ cDNA clones are sequenced 

randomly, are not full length, and are obtained from a single-pass run with no 

validation.  In any case, we would expect two clones to indicate a single cDNA in 

many cases because when the cDNA is inserted into the cloning vector it is read in 
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both directions, 5’ to 3’ (CR) and 3’ to 5’ (C7). Random failed sequencing reactions 

mean that not every cDNA sequence had a forward and reverse read but where they 

did occur, the relatively short length of the 14-3-3 proteins meant that both the 

forward and reverse reads were likely to have some overlap in the central 

sequences.   

Where no ORF was identified, sequences were translated with frame shifts of +1, +2 

and +3 and the resulting sequences compared to that of the other EST in the group 

to ensure the clone represented the same mRNA but with the loss of its start codon.  

At this point in the analysis, forward and reverse reads that indicated the same 

original piece of cDNA were identified, compared in order to identify sequencing 

errors and/or splice variants and the putative protein translated.  Duplicate 

proteins were then dropped.   

2.3.3 Calculation of Predicted Physicochemical Properties 

To facilitate subsequent experimental characterisation of the 14-3-3-like proteins in 

the Lymnaea CNS, the predicted protein sequences for the identified cDNAs were 

used to calculate the physicochemical properties of the putative protein.  These 

included their molecular weight and isoelectric point (pI).  This data was necessary 

to increase confidence that the 14-3-3-like protein present in the Lymnaea cDNA 

library were true members of the family of 14-3-3 proteins, as other proteins such 

as α-synuclein bear resemblance to the family in terms of primary sequence [128].  

The predicted protein sequences were uploaded to the ExPASy proteomics server, 
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maintained by the Swiss Institute of Bioinformatics (SBI) [269] and were analysed 

using the ProtParam tool [270]. 

2.3.4 Origin and Functionality 

As the 14-3-3 protein family is evolutionarily conserved across biology, the Lymnaea 

protein constructs were compared to established database entries using a 

combination of the NCBI tBLASTx and BLASTx tools [271].  This enabled the 

Lymnaea sequences to be matched to existing EST, nucleotide and peptide database 

entries in terms of their primary structure.  This was important as it provided a 

basis for identifying commercial analysis tools such as antibodies or 

pharmacological agents that may translate successfully to Lymnaea research.  

First, each of the protein sequences was compared with the EST database entries, 

followed by the nucleotide and then the protein databases (including predicted 

sequences).  This strategy ensured interrogation of the following databases:  

GenBank, SwissProt, Uniprot, Partners in Flight (PIF) species assessment database 

and the RCSN Protein Data Bank (PDB).  It also ensured the inclusion of ESTs as well 

as full length nucleotide sequences meaning little-studied phyla without sequenced 

genomes or full transcriptomes were also included.  As over one thousand hits were 

obtained for some Lymnaea sequences, the first fifty hits were recorded and their 

sequences downloaded.  Where similarity was low and matches were few, only 

those with an E value of 1e-20 or better were included.   

The sequences were then transferred to the CLC sequence viewer (V6.3) and ESTs 

and nucleotides were translated into peptides.  Where translated ESTs, translated 
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nucleotides and proteins within a species were found to be identical, the verified 

protein sequence was saved and the other two dropped from the analysis.  The 

likely evolutionary history of each of the 14-3-3 proteins was then estimated using 

computational phylogenetics, culminating in the construction of a phylogenetic tree.   

Phylogenetic trees show likely evolutionary relationship between species with 

respect to a specific property such as a gene or protein sequence.  After aligning the 

entire data set, an iterative neighbour-joining algorithm was used to construct an 

unrooted phylogenetic tree, selected because it is able to handle large data sets with 

speed, accuracy and the additional benefit of bootstrapping, which can be 

computationally prohibitive in large data sets with other algorithms such as 

maximum parsimony or Unweighted Pair Group Method with Arithmetic Mean 

(UPGMA).  Unlike UPGMA, it also doesn’t assume that all lineages evolve at the same 

rate. 

Each branch of the tree is assigned a numerical value (the bootstrap value) 

indicative of the confidence with which the species has been placed on that branch 

with respect to its neighbour. The evolutionary history of the protein may bear 

significance to protein function, particularly if a similar protein is found to be 

present in a close evolutionary relative of Lymnaea.   
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2.4 RESULTS 

2.4.1 Identified Lymnaea 14-3-3-like ESTs 

Following the text search, seventeen ESTs were identified, which showed potential 

similarity to the 14-3-3 protein family.  These are shown in table 2.1 with their top 

hit from the SwissProt database (Table 2.1). 
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Table 2.1 

 Clone identifier 
E value 

(top hit) 

% 
identity 

to top 
hit 

% 
conservation 
compared to 

top hit 

Hit NCBI 
ref. 

Hit description 

FPS013.CR_A15 1.e-110 80 86 P62258 Homo sapiens 14-3-3ε protein 

FPS013.CR_E13 1e-110 81 87 P62258 Homo sapiens 14-3-3ε protein 

FPS013.CR_O23 1e-110 80 86 P62258 Homo sapiens 14-3-3ε protein 

FPS011.CR_B02 1e-109 80 86 P62258 Homo sapiens 14-3-3ε protein 

FPS0110.CR_D23 1e-108 85 90 P62258 Homo sapiens 14-3-3ε protein 

FPS013.C7.1_E23 4e-55 59 73 Q20655 
Caenorhabditis elegans 14-3-3-

like protein 2 

FPS018.CR_A20 2e-90 70 82 Q20655 
Caenorhabditis elegans 14-3-3-

like protein 2 

FPS013.CR_E23 3e-90 71 83 Q20655 
Caenorhabditis elegans 14-3-3-

like protein 2 

FPS019.CR_P19 1e-89 70 82 Q20655 
Caenorhabditis elegans 14-3-3-

like protein 2 

FPS016.CR_L07 1e-80 64 78 Q5ZLQ6 Gallus gallus 14-3-3 protein β/α 

FPS019.CR_H14 8e-80 64 78 Q5ZLQ6 Gallus gallus 14-3-3 protein β/α 

FPS0113.CR_E16 2e-77 64 77 Q5ZLQ6 Gallus gallus 14-3-3 protein β/α 

FPS011.CR_I09 5e-75 62 78 Q5ZLQ6 Gallus gallus 14-3-3 protein β/α 

FPS017.CR.1_G18 8e-80 64 78 Q5ZLQ6 Gallus gallus 14-3-3 protein β/α 

FPS011.CR_A15 1e-66 60 76 Q5ZLQ6 Gallus gallus 14-3-3 protein β/α 

FPS014.CR_J13 8e-73 62 79 Q6UFZ8 
Oncorhychus mykiss 14-3-3 

protein β/α-2 

FPS011.CR_H12 3e-16 34 55 P29305 
Hordem vulgarae 14-3-3 protein 

A 

Table 2.1:  Comparison of the seventeen ESTs from the Lymnaea CNS cDNA library with high 

similarity to members of the 14-3-3 family.  CR_ in the clone identifier indicates the plasmid was 

read in the 5’ to 3’ direction.  Sequences were compared by Spencer et al. (unpublished data) using 

BLASTx alongside the SwissProt non-redundant protein sequence database. 
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2.4.2 Translation of ESTs into Putative Proteins 

These seventeen ESTs were exported to the CLC sequence viewer (v6.3) where the 

ORFs were detected, either by identification of the inititation codon or by adjusting 

the reading frame a base at a time (Figure 2.1).  The reading frame was then 

translated into the primary amino acid sequence using standard code (Figure 2.2).  

This process is illustrated for clone FPS013.CR_A15. 

ORFs were read for each of the seventeen 14-3-3 candidate sequences and a number 

of replicates were found.  Clones FPS011.CR_B02, FPS013.CR_A15, FSP013.CR_O23, 

FPS013.CR_E13 and FPS011.CR_D23 translate to give the same predicted protein, 

highly similar to the human 14-3-3ε isoform (Figure 2.3).  However one of the 

clones, FPS011.CR_D23, was shorter at the 5’ end by thirty three amino acids when 

translating the ORF.  Using a +1 reading frame to translate, this was found to be the 

result of a sequencing error introducing a stop codon (*) early in the sequence.  

 



 

68 

 

Figure 2.1: Screen view of the CLC sequence viewer (V6.3) during the detection of the ORF in clone 

FPS013CR_A15.  The ORF is indicated by the yellow band and, for this clone, starts at base 228 and 

extends to base 1002. 

 

Figure 2.2:  Screen view of the CLC sequence viewer (V6.30) after translation of the ORF for clone 

FPS013.CR_A15 using standard code.   
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Figure 2.3:  Sequence alignment of the five translated Lymnaea ESTs that closely resemble human 

14-3-3ε.  Red indicates 100% residue conservation, blue indicates 0%, - indicates a gap and * 

indicates a stop codon.  Translation of both the ORF and the +1 reading frame for clone 

FPS0110CR_D23 shows the introduction of a stop codon towards the 5’ end, shortening the 

apparent ORF. 

 

The next four sequences (FPS018.CR_A20, FPS019.CR_P19, FPS019.CR_E23 and FPS 

013.CR.1_E23) all identified a second 14-3-3-like protein.  FPS018.CR_A20 gave a 

slightly longer sequence than clones FPS019.CR_P19 and FPS019.CR_E23, which 

were found to be identical.  The fourth sequence, derived from clone 

FPS013.C7.1_E23, is the 3’ read of clone FPS019.CR_E23, truncated at the 5’ end.  All 
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had a high similarity to the C. elegans 14-3-3-like protein 2 (known as ftt-2) 

according to the Spencer BLAST search (Figure 2.4). 

 

Figure 2.4:  Sequence alignment of the four translated Lymnaea ESTs that closely resemble C. 

elegans 14-3-3-like protein 2.  Red indicates 100% residue conservation, blue indicates 0%, - 

indicates a gap and * indicates a stop codon.  FPS013.C7.1_E23 is the 3’ read of clone FRS013.CR.E23 

and is truncated at the 5’ end. 

 

The next six sequences (FPS016.CR_L07, FPS017.CR.1_G18, FPS019.CR_H14, 

FPS013.CR_E16, FPS011.CR_I09 and FPS014.CR_J13) were aligned with their closest 

BLAST match, Gallus gallus, in Figure 2.5.  FPS011.CR_A15 was translated as two 

separate sequences due to an additional start codon at 556 bp.  Despite the BLAST 

search of Spencer et al. determining that clone FPS014.CR_J13 was more similar to 

the 14-3-3 protein of Oncorhynchus mykiss, sequence alignment showed that its N 

terminus was identical to those of the group deemed most similar to G. Gallus and 
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the remainder of the sequence was largely conserved, and so it was the seventh 

clone to be included in this alignment.  Clones FPS015.CR_L07, FPS017.CR.1_G18, 

FPS019.CR_H14 and FPS0113.CR_E16 are highly similar to the G. Gallus 14-3-3 

protein in terms of total length and C-terminus sequence. 

 

Figure 2.5:  Sequence alignment of the seven translated Lymnaea ESTs that closely resemble G. 

Gallus 14-3-3 protein β/α.  Red indicates 100% residue conservation, blue indicates 0%, - indicates 

a gap and * indicates a stop codon.  FPS011.CR_A15 consists of two open reading frames but gives 

the same protein product as FPS011.CR_I09 and FPS014.CR_J13.  The high sequence homology but 

variable C-termini suggest that there are two different isoforms present here that may be a result 

of splice variance. 
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The C-termini of the putative proteins indicated by FPS011.CR_I09, FPS014.CR_J13 

and FPS011C.R_A15 were distinct to those indicated by clones FPS016.CR_L07, 

FPS017.CR1_G18, FPS019.CR_H14 and FPS0113.CR_E16 despite high identity early 

in the remainder of the sequence.  The ORFs of the original clone sequences were 

compared to identify the cause of the divergent sequences (Figure 2.6).  The 

divergent C-termini were found to be the result of the base insertion/deletion 

indicated, causing a frame shift in the reading of the remaining sequence.   

 

Figure 2.6: Sequence alignments of untranslated cDNA clones from figure 2.6, showing the 3’ end.  

Circle indicates the adenine base insertion that leads to a frame shift and therefore two alternative 

C-terminal sequences.  Red indicates 100 % base conservation, blue indicates 0 %, and - represents 

a gap.  

 

The final EST to consider was FPS011.CR_H12.  This showed weak similarity to a 14-

3-3 protein belonging to Hordeum vulgare (barley) in Spencer’s BLASTx against non-

redundant SwissProt sequences, and a wider tBLASTx against all non-redundant 
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sequences linked to the NCBI server showed it to have a greater similarity to the 14-

3-3 protein β/α-1 of Salmo salar (Atlantic salmon).  This similarity consisted of 34 % 

identity, 54 % conservation and an E value of 2e-15, relatively low compared to the 

scores of the other Lymnaea clones.  This clone did not demonstrate any eukaryotic 

ORFs and so was translated using a +2 reading frame to achieve the similarity to the 

14-3-3 protein family described above (Figure 2.7).  Long 5’UTR and 3’UTR were 

generated, giving a product well in excess of the accepted molecular mass of the 14-

3-3 protein family (around 250 amino acids).  With the ORF missing, the alignment 

suggests that, if this is a real product, the actual 14-3-3 sequence begins at close to 

amino acid 90.   This clone also contains a forty five amino acid extension starting at 

amino acid 315 and its long 3’UTR gives it a final length of 454 amino acids.   
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Figure 2.7: Sequence alignment of the FPS011.CR_H12 clone and its nearest BLASTx matches.  Red 

indicates 100% residue conservation, blue indicates 0%, - indicates a gap and * indicates a stop 

codon. 

 

Removal of the extensive 5’ and 3’UTRs by eliminating amino acids 1-91 and 432-

454 did not improve the sequence homology scores despite putative conserved 

domains being detected by the Conserved Domain Database (CDD).  The sequence 

also contains a large number of stop codons (denoted by *) and so is unlikely to 

indicate a viable protein. 
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Once duplicates were identified, the ESTs translated to three distinct proteins, one 

possible splice variant and the unique clone FPS011.CR_H12.  Primary amino acids 

sequences are shown in with their respective clones and top blast hits (Table 2.2). 

Table 2.2 

EST sequence 
Identifier 

Translation 
Best hit            

(nomenclature 
hereafter) 

FPS013.CR_A15 
FPS013.CR_E13      
PS013.CR_O23    

FPS011.CR_B02 
FPS0110.CR_D23 

MADREDSVYQAKLAEQAERYDEMVSSMKRVAQQDTELTVEERNLLSVAY
KNVIGARRASWRIVSSLEQKDEGKVSEEKQTITREYRKQIESELNSICHDVL
GVIDNNLIPNAATGESKVFYYKMKGDYHRYLAEFATGNDRKEAAENSLVA
YKAASDISMTELAPTHPIRLGLALNFSVFYYEILNSPDRACRLAKAAFDDAIA
ELDTLSEESYKDSTLIQLLRDNLTLWTSDMQGENEGEQQEQAVQDIEGED

AS 

Homo sapiens 14-
3-3ε protein 

(14-3-3Lym1) 

FPS0110.CR_D23F
PS018.CR_A20 

FPS013.CR_E23 
FPS019.CR_P19 

MSNQGLTLKEQYVHKAKLAEQAERYDDMATAMKKCVTIAYSADSEASLT
LDNEERNLLSVAYKNVVGARRSAWRVVSSIESKTEGSEKKLEMAKKYRETI
EEELKSICNDVLELLSKHLIQKAQDDSAHHDSHVFYLKMQGDYYRYLSEVS
VGEDRNVNVSKSNEAYKKATEIAKEKMQPTHPIRLGLALNFSVFYYEIRNE
PDEACRLAKQAFDDAIAQLDQLNEESYKDSTLIMQLLRDNLTLWTSDSQA

EVEQEAENFF 

Caenorhabditis 
elegans ftt-2 

protein 

(14-3-3Lym2) 

FPS016.CR_L07 
FPS017.CR.1_G18
FPS019.CR_H14 
FPS0113.CR_E16 

MTSSTASAFKFIDGLKDVEQLVTFAKLAEQAERYDDMARSMRKVTELEGK
LTQEKRNLLSVAYKNVVGARRSSWRVICMIEQKAENEKRKAIAQEFRVKV
ESELDATCNEVLGLLEKHLITDECTDEEKVFYLKMKGDYFRYIAEYKSEQGP
ERITAITNAEEAYSRAMEHAKKNMPSTHPNRLDLALNYSVFYYEILNSPDK
ACNLAKEAFDEAISDLEKLQENDCKDSTLIMQLLRDNLTLWTSDNQAEN

GDD 

Gallus gallus 14-
3-3 protein β/α 

(14-3-3Lym3) 

FPS011.CR_I09 
FPS014.CR_J13 
FPS011.CR_A15 

MTSSTASAFKFIDGLKDVEQLVTFAKLAEQAERYEDMARSMRKVTELEGK
LTQEKRNLLSVAYKNVVGARRSSWRVICMIEQKAENEKRKAIAQEFRVKV
ESELDATCNEVLGLLEKHLITDECTDEEKFYLKMKGDYFRYIAEYKSEQGPE
RITAITNAEEAYSRAMEHAKKNMPSTHPNRLGLALNYSVFYYEILNSPDKA

CNLAKEAFDEAISDLENYKKMIVKTVL 

Gallus gallus 14-
3-3 protein β/α 

(14-3-
3Lym3var) 

FPS011.CR_H12 
translation of 
frame +2 with 

5’UTR (aa 1-91) 
and 3’UTR (aa 

432-454) 
removed 

MFSY*LTNVQQLVTLGPLDEQGYLYVSIWLRY*LKVSELAG*FHLT*PKAF
CLWITSMFVWR*PIIAVVISS*MSSLQNMKNDMACADYFRVNW*SEL*A
LCKKAHALSYSHRIPY*CSNDHQFFYLNVQRDHFLYIAQYFSDQGPDHLLAI
KNAEQPYSRSM*HDLRNMPVTHRTRMRLAFNYSVLCYEILNTPEHACRL*
SEAFEQFINDLDKLQNMMSSQYSDNATAA*SSAPVDTR*YSIHWCRTVRS
VTIKEMSTLGEASLRNLKIMLRSHRLTLCLRCLQGSTKKIPKTKKLLTSNKFTP

RNHCLGTP*FLLL*NPLCP*LKKVFKTFSKKKHP 

Salmo salar 14-3-
3 protein β/α-1 

(14-3-3Lym4) 

Table 2.2: Putative primary amino acid sequences of the five distinct peptides encoded by the 17 

ESTs identified from the Lymnaea CNS cDNA library and the sequence nomenclature used hereafter 

to describe them.  Bold letters indicate the variant C-terminus on the 14-3-3Lym3 and 14-3-

3Lym3var putative proteins.   
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Figure 2.8 shows an alignment of all Lymnaea 14-3-3-like isoforms as well as the 

low similarity FPS011.CR_H12 clone with its 5’ and 3’ ends trimmed.   The figure 

shows the usual homology in the 5 core regions (indicated by the thick black bars 

and corresponding to α-helices 1, 3, 5, 7 and 9 in the native protein) exhibited by all 

family members across evolution.  The phosphopeptide binding pockets are 

indicated by green circles. 

 

Figure 2.8: Sequence alignment comparing the primary putative sequences of the Lymnaea 14-3-3-

like proteins.  Green circle indicates the residues that form the phospho-peptide binding pocket.  

Black lines mark the relative positions of five of the nine α helices of which the protein consists in 

its natural configuration.   Red indicates 100% residue conservation, blue indicates 0%, - indicates 

a gap and * indicates a stop codon.   



 

77 

2.4.3 Theoretical Physicochemical Parameters of Lymnaea 14-3-3-like 
Proteins 

The physicochemical properties for each putative sequence were determined in 

order to predict their likely behaviour in subsequent experiments using different 

analytical techniques.  This also provided an opportunity to determine whether the 

Lymnaea 14-3-3-like proteins shared the known physicochemical parameters of 14-

3-3 proteins from other species as this would lend further support to their correct 

assignment to the established 14-3-3 protein family.   

Molecular weight and pI are particularly important properties in protein separation 

techniques such as electrophoresis as they are the most significant determinants of 

protein migration.  The five putative Lymnaea 14-3-3-like protein sequences were 

uploaded to the ExPASy server for analysis using the ProtParam tool and the length, 

mass and theoretical pIs were determined in silico based on the primary amino acid 

sequences and their relative proportions (Table 2.3). 
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Table 2.3 

 
Number of amino 

acids 
Approx. Molecular 

Weight (kDa) 
Theoretical 

pI 

14-3-3Lym1 256 29 4.61 

14-3-3Lym2 272 31 5.11 

14-3-3Lym3 255 29 5.07 

14-3-3Lym3Var 230 26 6.07 

14-3-3Lym4 324 38 9.5 

Table 2.3: The predicted physicochemical properties of the Lymnaea 14-3-3–like proteins 

determined in silico according to ProtParam (hosted by ExPASy). 

 

2.4.4 Phylogenetic Analysis 

Using the BLASTx algorithm, Lymnaea 14-3-3-like protein sequences were 

compared with actual and theoretical non-redundant protein database entries 

(GenBank, SwissProt, Uniprot, PIF and PDB).  They were also compared to EST and 

nucleotide sequences using tBLASTx to gather data that could help predict the likely 

evolutionary relationships of the five Lymnaea 14-3-3-like proteins to each other 

and to other species (tables 2.4-2.8).  All hits are recorded in descending order of E-

value.  Particular note was taken of chordate BLAST hits because such animals are 

frequently used both in studies that explore protein expression and consequently by 

industry to manufacture products to assist in those studies, antibodies for example, 

which would prove useful in later work.  They also represent an evolutionary “step-

up” in terms of their complexity and similarities between them and Lymnaea 

strengthen the case for Lymnaea as a model for general neurobiology.  The hits are 

presented in tables 2.4 to 2.8 below, for each of the 14-4-4Lym isoforms. 
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Table 2.4 

14-3-3Lym1  BLAST hit  Identifier E-value 

Aplysia kurondai nervous system mRNA  EY419471 4.00E-143 

Gallus gallus testis mRNA CO771636  2.00E-133 

Ixodes scapularis multifunctional chaperone XM002411728 8.00E-133 

Oncorhychus mykiss 14-3-3E1 protein mRNA  NM001124472 9.00E-130 

Danio rerio embryo/adult liver mRNA  GW710427 1.00E-129 

Osmerus mordax mixed tissue mRNA  EL547639  1.00E-129 

Ripicephalus appendiculatus mRNA  CD795212 1.00E-129 

Pimephales promelas mRNA  DT351850 1.00E-129 

Canis lupis familiaris mRNA  GR889109 2.00E-129 

Sus scrofa mRNA  FB660110 2.00E-129 

Oryctolagus cuniculus Ty3/Tp5 monox epsilon polypeptide  XM002718890 2.00E-129 

Callithrix jacchus 14-3-3  protein epsilon-like  XM002747823 3.00E-129 

Gryllus bimaculatus cDNA 7  DC44441 3.00E-129 

Ovis aries mRNA  EE792942 3.00E-129 

Bos taurus mRNA  EV677895 3.00E-129 

Macaca fascicularis mRNA DC647879 3.00E-129 

Pongo abelii 14-3-3 protein epsilon-like  XM002826813 4.00E-129 

Mus musculus Ty3/Tp5 monox epsilon polypeptide  NM009536 4.00E-129 

Homo sapiens Ty3/Tp5 monox E polypeptide  NM006761.4 5.00E-129 

Equus Caballus mRNA similar to 14-3-3E  NM001504287 5.00E-129 

Sus scrofa mRNA thymus  AK239624 5.00E-129 

Pan troglodytes mRNA similar E14-3-3  XM001154015 5.00E-129 

Rattus norvegicus Ty3/Tp5 monox E polypetide mRNA  BC063163 5.00E-129 

Taeniopygia guttata Ty3/Tp5 monox E polypeptide mRNA  NM002196954 6.00E-129 

Aedes aegypti 14-3-3 protein sig, gamma, zeta, beta/alpha mRNA  XM001655061 6.00E-129 

Xenopus laevis Ty3/TP5 monox E polypeptide  NM001087236 6.00E-129 

Salmo salar 14-3-3 protein E putative mRNA  BT045987 9.00E-129 

Apis mellifera 14-3-3 protein E  XM392479 2.00E-128 

Bombus insularis mRNA sequence  JI091812 2.00E-128 

Melipona quadrifasciata mRNA sequence  HP873621 2.00E-128 

Apis florea mRNA sequence  HP849618 2.00E-128 

Xenopus tropicalis cDNA  CR848241 2.00E-128 

Tribolium castaneum mRNA  XM964626 3.00E-128 

Nasonia vitripennis mRNA  XM001600554 4.00E-128 

Ictularus furcatus 14-3-3 epsilon  GU587921 3.00E-127 

Tetraodon nigroviridis cDNA CR690802 4.00E-127 

Daphnia pulex hypothetical protein  EFX71844 1.00E-109 

Solenopsis invicta hypothetical protein  EFZ16331 7.00E-109 

Campotonus floridanus 14-3-3 protein epsilon  EFN68394 1.00E-108 

Harpegnathos saltator 14-3-3 protein epsilon  EFN89235 3.00E-108 
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Table 2.4 continued 

  Ailuropoda melanoleuca 14-3-3 epsilon-like protein  XP002918088 5.00E-107 

Anopheles gambiae mRNA XP322009 6.00E-106 

Bombyx mori 14-3-3 epsilon protein NP001091764 3.00E-106 

Danio rerio Ty3/Tp5 monox protein epsilon polypeptide 2  NP001013359 4.00E-106 

Glossina morsitans morsitans multifunctional chaperone  ADD20369 1.00E-105 

Plutella xylostella 14-3-3 epsilon  ADK12634 2.00E-105 

Oncorhynchus mykiss 14-3-3E2 protein NP001117945  3.00E-105 

Drosophila melanogaster 14-3-3 protein epsilon isoform c NP732312 5.00E-105 

Branchiostoma floridae hypothetical protein  XP002065631 3.00E-104 

Lepiophtherius salmonis 14-3-3 epsilon protein ACO12163 7.00E-104 

Saccoglossus kowalevskii Ty3/Tp5 monox epsilon polypeptide-like  XP002730873 9.00E-104 

Pediculus humanis corporis 14-3-3 protein epsilon  XP002427390 2.00E-103 

Drosophila ananassae GF23073 XP001964394 6.00E-103 

Acyrthosiphon pisum 14-3-3 protein epsilon NP001155476 6.00E-103 

Physarum polycephalum 14-3-3-like protein ABL84200 3.00E-100 
Table 2.4:  Table showing the top BLAST hits across EST, nucleotide and protein databases for 14-3-

3Lym1 in order of descending E value.  Blue corresponds to ESTs, green to non-EST nucleotides and 

red to peptides.   

 

Table 2.5 

14-3-3Lym2  BLAST hit Identifier E-value 
Aplysia californica pedal-pleural ganglia cDNA  EB232736 2.00E-151 

Biomphalaria glabrata cDNA similar 14-3-3 family  ES487993 6.00E-117 

Danio rerio Ty3/TP5 monox beta polypeptide mRNA 2  NM19956 3.00E-103 

Ictalarus punctatus cDNA  GH640733 3.00E-101 

Salmo salar cDNA mixed tissue  GE776633 1.00E-99 

Perca flavescens ovarian cDNA  GO656046 4.00E-99 

Ictalurus furcatus mRNA  HP447008 4.00E-99 

Torpedo californica electric organ cDNA  EW690502 7.00E-99 

Lepeophtheirus salmonis cDNA  HO675770 2.00E-98 

Leucoraja erinacea embryo cDNA  EE988017 2.00E-98 

Centaurea solistitialis CNS cDNA  EH783787 5.00E-98 

Pimephales promelas kidney cDNA  DT351854 9.00E-98 

Oryzias latipes cDNA  BJ730046 2.00E-97 

Ictalurus furcatus mixed cDNA  FD211056 3.00E-97 

Bos taurus cDNA  DV911329 4.00E-97 

Callosobruchus maculatus cDNA  CB377642 6.00E-97 

Fundulus heteroclitus 14-3-3.a  AF302039 6.00E-97 
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Table 2.5 continued 
  

Danio rerio Ty3/Tp5 monox beta polypeptide b  NM213145 8.00E-97 

Salmo salar 14-3-3 protein zeta putative mRNA  BT060133 8.00E-97 

Meloidogyne incognita 14-3-3b protein mRNA  AY426718 8.00E-97 

Oncorhynchus mykiss 14-3-3C1 protein mRNA  NM00112470 8.00E-97 

Apis mellifera mRNA sequence  HP475433 1.00E-96 

Bufo gargarizans Ty3/Tp5 monox theta polypeptide mRNA  DQ437106 4.00E-96 

Apis florea mRNA sequence  HP849618 7.00E-95 

Danio rerio Ty3/Tp5 monox theta polypeptide a mRNA  BC154307 3.00E-95 

Anolis carolinensis 14-3-3 protein theta-like mRNA  XM003215383 3.00E-95 

Bursaphelenchus xylophilus 14-3-3 protein mRNA  GU130158 3.00E-95 

Salmo salar 14-3-3 protein beta/alpha-2  NM001140200 5.00E-95 

xenopus laevis 14-3-3 protein zeta mRNA  AF033312 7.00E-95 

Ictalurus furcatus mRNA  HP441586 9.00E-95 

Salmo salar 14-3-3 protein beta/alpha-1  BT048903 1.00E-94 

Mus musculus 14-3-3 theta-like  XM003085802 2.00E-94 

Equus caballus similar to 14-3-3 theta mRNA  XM001503580 2.00E-94 

Pan troglodytes similar to 14-3-3 protein mRNA  XM525684 2.00E-94 

Callithrix jacchus 14-3-3 protein theta-like mRNA  XM002758041 2.00E-94 

Canis familiaris similar 14-3-3 theta mRNA  XM532871 2.00E-94 

Homo sapiens Ty3/Tp5 monox theta mRNA  NM006826 2.00E-94 

Rattus norvegicus Ty3/Tp5 monox theta polypeptide  NM013053 2.00E-94 

Bos taurus Ty3/Tp5 monox theta polypeptide mRNA  BT030749 2.00E-94 

Sus scrofa Ty3/Tp5 monox theta polypeptide 1 mRNA  XM003125388 2.00E-94 

Ascaris suum 14-3-3-like protein  ADY42720 2.00E-91 

Monosiga brevicollis hypothetical protein  XP001748181 2.00E-89 

Loa loa hypothetical protein  XP003141285 6.00E-89 

Daphnia pulex hypothetical protein  EFX74245 8.00E-89 

Lactrodectus hesperus putative 14-3-3 protein  ADV40156 8.00E-89 

Caenorhabtidis elegans 14-3-3 ftt  NP509939 8.00E-89 

Acyrthosiphon pisum 14-3-3 protein zeta  NP001156510 5.00E-87 

Gallus gallus 14-3-3 protein eta  NP001007840 1.00E-86 

Ictalarus furcatus 14-3-3 protein gamma 2  ADO27886 1.00E-86 

Cimex lectularius multifunctional chaperone  ACY69942 2.00E-86 

Mus musculus 14-3-3 protein beta  AAC14343 2.00E-86 

Simulium nigrimanum mutifunctional chaperone  ACZ28283 3.00E-86 

Ochlerotatus triseriatus multifunctional chaperone  ACU30940 3.00E-86 

Drosophila virilis  XP002050866 4.00E-86 

Aedes aegypti 14-3-3 protein sigma, gamma, zeta, beta/alpha  XP001652301 4.00E-86 

Glossina morsitans morstitans multifunctional chaperone  ADD18606 5.00E-86 

Homo sapiens 14-3-3 protein eta  NP003396 5.00E-86 

Otolemur garnettii Ty3/Tp5 monox eta polypeptide  ACH53054 7.00E-86 
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Table 2.5:  Table showing the top BLAST hits across EST, nucleotide and protein databases for 14-3-

3Lym2 in order of descending E value.  Blue corresponds to ESTs, green to non-EST nucleotides and 

red to peptides.  

 

Table 2.6 

14-3-3Lym3 BLAST hit Identifier E-value 
Aplysia californica pooled FF074222 9.00E-108 

Lottia giganttea head/foot/radula/heart cDNA  FC583933 6.00E-90 

Gallus gallus cDNA  DN830622 6.00E-90 

Gallus gallus brain cDNA  CO761239 2.00E-89 

Oncorhychus nerka cDNA  EV377596 5.00E-89 

Oncorhynchus tshawytscha cDNA  EL561875 6.00E-89 

Salmo salar 14-3-3 protein beta/alpha-2  NM001140200 7.00E-89 

Danio rerio Ty3/Tp5 monox iota mRNA  BC071323 8.00E-89 

Leucoraja erinacea cDNA  EE988017 2.00E-88 

Danio rerio Ty3/Tp5 monox beta polypeptide a  NM001082798 2.00E-88 

Torpedo californica electric organ cDNA  EW690502 1.00E-88 

Coregonus clupeaformis cDNA  EV369206 3.00E-88 

Perca flavescens ovarian cDNA  GO656046 3.00E-88 

Danio rerio cDNA  EH586928 5.00E-88 

Gasterosus aculeatus cDNA  DN705612 6.00E-88 

Osmerus mordax 14-3-3 beta/alpha  BT075367 2.00E-87 

Salmo salar 14-3-3 protein beta/alpha-1  BT048903 2.00E-87 

Oncorhynchus mykiss 140303 beta-1 protein mRNA  NM001124468 4.00E-87 

Xenopus tropicalis Ty3/Tp5 monox beta polypeptide  NM001011116 4.00E-87 

Trichinella spiralis 14-3-3 protein mRNA  GQ429278 4.00E-87 

Danio rerio Ty3/Tp5 monox beta polypeptide b  NM213145 1.00E-86 

Heliothis viriscens 14-3-3 zeta mRNA  FJ550359 1.00E-86 

Bombyx mori 14-3-3 zeta mRNA  EF210316 1.00E-86 

Oreochromis massambicus 14-3-3 protein mRNA AY679526 3.00E-86 

Osmerus mordax 14-3-3 protein beta/alpha-2 mRNA   BT075488 4.00E-86 

 Xenopus laevis Ty3/Tp5 monox beta polypeptide mRNA  NM001087295 9.00E-86 

Salmo salar 14-3-3 protein beta/alpha  NM001141615 9.00E-86 

Helicoverpa armigera 14-3-3 zeta  GQ131301 9.00E-86 

Penaeus monodon 14-3-3-like protein mRNA  AY903449 3.00E-85 

Danio rerio Ty3/Tp5 monox theta polypeptide a mRNA  BC154307 3.00E-85 

Gasterosus aculeatus mRNA  BT028132 5.00E-85 

Meloidogyne incognita 14-3-3b protein mRNA  AY426718 6.00E-85 

Oryza sativa cDNA  CT837343 9.00E-85 

Apis mellifera predicted 6-phosphofructokinase mRNA  XM003250750 1.00E-84 
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Table 2.6 continued 
 

 Ancylostomo caninum 14-3-3 protein 2  FJ842376 1.00E-84 

Hordem vulgare mRNA  AK364463 2.00E-84 

Mus musculus 14-3-3 zeta mRNA  D83037 2.00E-84 

Brugia malayi 14-3-3-like protein 2 partial mRNA  XM001893631 2.00E-84 

Pan troglodytes similar 14-3-3 mRNA  XM528202 2.00E-84 

Homo sapiens Ty3/Tp5 monox zeta polypeptide  NM001135699 2.00E-84 

Caenorhabtidis elegans par-5 mRNA  NM069834 2.00E-84 

Caenorhabtidis briggsae CBR-FTT2 mRNA  XM002643890 2.00E-84 

Drosophila melanogaster 14-3-3 zeta var B mRNA  NM165742 4.00E-84 

Danio rerio Ty3/Tp5 monox theta polypeptide b  NM201484 4.00E-84 

Rattus norvegicus Ty3/Tp5 monox zeta polypeptide mRNA  BC094305 4.00E-84 

Artemita franciscana 14-3-3 zeta mRNA  GU244586 4.00E-84 

Maconellicoccus hirsutus putative 14-3-3 protein mRNA  EF070561 4.00E-84 

Sus scrofa Ty3/Tp5 monox zeta polypeptide mRNA  XM001927228 6.00E-84 

Macaca mulatta 14-3-3 protein zeta/delta like  XM002805420 6.00E-84 

Callithrix jacchus 14-3-3 protein zeta/delta like  XM002759344 6.00E-84 

Pongo abelii Ty3/Tp5 monox zeta polypeptide  NM001133140 6.00E-85 

Gallus gallus 14-3-3 protein beta/alpha  NP001006289 5.00E-79 

Ornithorhychus anatinus  XP001518806 6.00E-79 

Sus scrofula 14-3-3 protein beta/alpha 1  XP001927289 8.00E-79 

Equus caballus 14-3-3 beta/alpha   XP001503158 8.00E-79 

Canis familiaris 14-3-3 beta/alpha  XP852754 8.00E-79 

Bos taurus 14-3-3 protein beta  AAC02089 8.00E-79 

Homo sapiens 14-3-3 protein beta/alpha  NP003395 8.00E-79 

Mus musculus 14-3-3 protein beta/alpha  NP061223 1.00E-78 

Anolis carolinensis 14-3-3 protein beta/alpha-like  XP003220650 1.00E-78 

Macaca fascicularis  BAE89874 2.00E-78 

Mondelphis domestica  XP001369909 3.00E-78 

Rattus norvegicus 14-3-3 protein beta/alpha  NP062250 5.00E-78 

Ictularis punctatus 14-3-3 protein alpha/beta-1  NP001187688 1.00E-77 

Ascaris suum 14-3-3-like protein  ADY42720 8.00E-76 

Oncorhynchus mykiss 14-3-3C2 protein  NP001117943 2.00E-75 

Oncorhynchus mykiss 14-3-3C1 protein mRNA NP001117942 3.00E-75 

Table 2.6:   Table showing the top BLAST hits across EST, nucleotide and protein databases for 14-

3-3Lym3 in order of descending E value.  Blue corresponds to ESTs, green to non-EST nucleotides 

and red to peptides.   
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Table 2.7 

14-3-3Lym3var BLAST hit Identifier E-value 
Aplysia californica pooled  FF074222 3.00E-107 

Lottia giganttea head/foot/radula/heart cDNA  FC583933 4.00E-86 

Danio rerio cDNA  CK025963 3.00E-84 

Salmo salar mixed tissue cDNA  GE769247 6.00E-84 

Oncorhychus nerka cDNA  EV377596 6.00E-84 

Oncorhynchus tshawytscha cDNA  EL561875 6.00E-84 

Gallus gallus cDNA  DN830622 7.00E-84 

Salmo salar 14-3-3 protein beta/alpha-2  NM001140200 8.00E-84 

Gallus gallus brain cDNA  CO761239 9.00E-84 

Torpedo californica electric organ cDNA  EW690502 1.00E-83 

Aplysia kurondai nervous system cDNA  EY394320 2.00E-83 

Danio rerio cDNA  CN511414 2.00E-83 

Leucoraja erinacea cDNA  EE988017 2.00E-83 

Coregonus clupeaformis cDNA  EV369206 3.00E-83 

Perca flavescens ovarian cDNA  GO656046 4.00E-83 

Oncorhynchus mykiss cDNA  BX875966 4.00E-83 

Eox lucius cDNA  GH266546 6.00E-83 

Danio rerio Ty3/Tp5 monox iota mRNA  BC071323 1.00E-83 

Gasterosus aculeatus cDNA  DN705612 9.00E-82 

Danio rerio Ty3/Tp5 monox beta polypeptide a  NM001082798 3.00E-82 

Trichinella spiralis 14-3-3 protein mRNA  GQ429278 4.00E-82 

Xenopus tropicalis Ty3/Tp5 monox beta polypeptide  NM001011116 5.00E-82 

Oncorhynchus mykiss 14-3-3 beta-1 protein mRNA  NM001124468 5.00E-82 

Osmerus mordax 14-3-3 beta/alpha  BT075367 1.00E-81 

Heliothis viriscens 14-3-3 zeta mRNA  FJ550359 2.00E-81 

Bombyx mori 14-3-3 zeta mRNA  EF210316 2.00E-81 

Oncorhynchus mykiss 14-3-3B2 protein mRNA  NM001124469 3.00E-81 

Oreochromis massambicus 14-3-3 protein mRNA  AY679526 3.00E-81 

Osmerus mordax 14-3-3 protein beta/alpha-2 mRNA   BT075488 4.00E-81 

Xenopus laevis Ty3/Tp5 monox beta polypeptide mRNA  NM001087295 3.00E-80 

Helicoverpa armigera 14-3-3 zeta mRNA  GQ131301 3.00E-80 

Penaeus monodon 14-3-3-like protein mRNA  AY903449 4.00E-80 

Danio rerio Ty3/Tp5 monox theta polypeptide a mRNA  BC154307 4.00E-80 

Salmo salar 14-3-3 protein beta/alpha  NM001141615 5.00E-80 

Gasterosus aculeatus mRNA  BT028132 5.00E-80 

Oryza sativa cDNA  CT837343 7.00E-80 

Meloidogyne incognita 14-3-3b protein mRNA  AY426718 7.00E-80 

Apis mellifera predicted 6-phosphofructokinase mRNA  XM003250750 1.00E-79 

Ancylostoma caninum 14-3-3 protein 2  FJ842376 1.00E-79 

Mus musculus 14-3-3 zeta mRNA  D83037 2.00E-79 
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Table 2.7 continued 
  

Pan troglodytes similar 14-3-3 mRNA  XM528202 3.00E-79 

Homo sapiens Ty3/Tp5 monox zeta polypeptide  NM001135699 3.00E-79 

Caenorhabtidis briggsae CBR-FTT2 mRNA  XM002643890 3.00E-79 

Brugia malayi 14-3-3-like protein 2 partial mRNA  XM001893631 3.00E-79 

Drosophila melanogaster 14-3-3 zeta var B mRNA  NM165742 5.00E-79 

Danio rerio Ty3/Tp5 monox theta polypeptide b  NM201484 5.00E-79 

Rattus norvegicus Ty3/Tp5 monox zeta polypeptide mRNA  BC094305 5.00E-79 

Danio rerio Ty3/Tp5 monox beta polypeptide-like mRNA  BC065346 5.00E-79 

Artemita franciscana 14-3-3 zeta mRNA  GU244586 5.00E-79 

Maconellicoccus hirsutus putative 14-3-3 protein mRNA  EF070561 5.00E-79 

Sus scrofa Ty3/Tp5 monox zeta polypeptide mRNA  XM001927228 6.00E-79 

Macaca mulatta 14-3-3 protein zeta/delta like  XM002805420 6.00E-79 

Callithrix jacchus 14-3-3 protein zeta/delta like  XM002759344 6.00E-79 

Equus caballus sim. Ty3/Tp5 monox zeta polypeptide mRNA  XM001492988 6.00E-79 

Gallus gallus 14-3-3 protein beta/alpha  NP001006289 2.00E-73 

Ornithorhychus anatinus  XP001518806 3.00E-73 

Sus scrofula 14-3-3 protein beta/alpha 1  XP001927289 4.00E-73 

Equus caballus similar 14-3-3 protein beta/alpha  XP001503158 4.00E-73 

Homo sapiens 14-3-3 protein beta/alpha  NP003395 4.00E-73 

Canis familiaris 14-3-3 beta/alpha  XP852754 4.00E-73 

Bos taurus 14-3-3 protein beta  AAC02089 4.00E-73 

Mus musculus 14-3-3 protein beta/alpha  NP061223 5.00E-73 

Anolis carolinensis 14-3-3 protein beta/alpha-like  XP003220650 6.00E-73 

Macaca fascicularis  BAE89874 1.00E-72 

Mondelphis domestica  XP001369909 1.00E-72 

Rattus norvegicus 14-3-3 protein beta/alpha  NP062250 2.00E-72 

Danio rerio Ty3/Tp5 monox iota mRNA  BC071323 2.00E-72 

Trichinella spiralis 14-3-3 protein mRNA  GQ429278 4.00E-72 

Salmo salar 14-3-3 protein beta/alpha-1  BT048903/ACI68704 4.00E-72 

Oncorhynchus mykiss 14-3-3 protein beta/alpha 1  NP001117940 4.00E-72 

Ictularis punctatus 14-3-3 protein alpha/beta-1  NP001187688 5.00E-72 

Table 2.7:  Table showing the top BLAST hits across EST, nucleotide and protein databases for 14-3-

3Lym3var in order of descending E value.  Blue corresponds to ESTs, green to non-EST nucleotides 

and red to peptides.   
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Table 2.8 

14-3-3Lym4 BLAST hit Identifier E-value 
Chlamysomonas reinhardtii cDNA  BQ814377 8.00E-27 

Sus scrofa cDNA  EW050068 9.00E-25 

Gallus gallus embryonic cDNA  FG356228 2.00E-24 

Vitis vinifera cDNA  EV240458 1.00E-23 

Brassica napus seedling cDNA  EV176463 8.00E-23 

Gallus gallus brain cDNA  CO761239 1.00E-21 

Aplysia californica (juvenile) cDNA  EB346231 2.00E-21 

Fagus sylvatica partial 14-3-3 mRNA  AJ586516 6.00E-27 

Table 2.8:  Table showing the top BLAST hits across EST, nucleotide and protein databases for 14-3-

3Lym4 in order of descending E value.  Due to the low level of similarity between this sequence and 

the reference sequences, E values > 1e-20 only were recorded.  Blue corresponds to ESTs, green to 

non-EST nucleotides.  

 

All hits were translated into their associated proteins via ORF identification or, 

where no ORF was detected, by translation of the entire nucleotide length, changing 

the reading frame by one base until the correct one was identified.  Further 

duplicates in peptide sequence were then identified and removed, with a preference 

to include a verified protein or nucleotide over an EST where there was a choice.  A 

phylogenetic tree was built from the 174 remaining peptide sequences, using a 

neighbour-joining algorithm, demonstrating the likely evolutionary relationships of 

the Lymnaea 14-3-3-like proteins with other species (Figure 2.9).  The top and 

bottom of the tree were trimmed to show the last common node for the Lymnaea 

14-3-3-like proteins.  The full tree can be seen in Appendix 1. 
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Figure 2.9:  Phylogenetic tree assembled from the sequence data contained in tables 2.4-2.8.  The 

tree was cropped to fit, allowing the Lymnaea 14-3-3-like proteins (highlighted in green) to be 

observed with their closest evolutionary relations.   
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2.5 DISCUSSION 

2.5.1 The Lymnaea 14-3-3-like Isoforms 

This work identified that up to four distinct 14-3-3-like sequences were cloned from 

the cDNA library of the Lymnaea CNS, with a fifth sequence of uncertain accuracy.  

The number of 14-3-3 isoforms expressed by individual species is highly variable, 

with some plant species expressing twelve isoforms, humans expressing seven and 

invertebrates expressing two or three.  The construction of a cDNA library has the 

major limitation of only including mRNA sequences that were actively expressed at 

the time of sacrifice.  Therefore detection of all possible genomic sequences cannot 

be guaranteed.  It is possible that other Lymnaea 14-3-3-like proteins exist even 

within the CNS, but phylogenetic comparisons suggest that the presence of three to 

four distinct isoforms compares favourably to other species of a similar complexity 

and order.  Drosophila melanogaster, for instance, expresses four 14-3-3 proteins, 

Caenorhabtidis elegans expresses two.  Other molluscs such as Biomphalaria 

glabrata (Ram’s horn snail), Cassostrea gigas (Pacific oyster) and Hermissendra 

crassicornus (opalescent sea slug) appear to have just one isoform although 

information from their EST libraries is limited [272-274].  The cnidarian species 

Hydra and Nematosella both express four 14-3-3 isoforms [275].  This chapter has 

shown that for Aplysia californica, the Californian sea hare, at least three different 

14-3-3 ESTs are known, consistent with our findings for Lymnaea. 

Analysis of the EST library for the Lymnaea CNS shows the presence of at least three 

potential Lymnaea 14-3-3-like proteins, and a possible fourth variant, indicated by 

sixteen different ESTs.  The seventeenth EST that showed potential similarity to the 
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family upon initial analysis, FPS011.CR_H12 proved to be a poor candidate after 

further investigation.  It had extensive 3’ and 5’UTRs and also an extension of forty 

five amino acids immediately before the C-terminus, features that give it a final 

length of 454 amino acids compared to 240, the normal approximation for proteins 

in the 14-3-3 family.  The sequence contained a large number of stop codons which 

may indicate a poorly constructed clone or a non-viable protein.  This suggests that 

this clone does not represent a true 14-3-3.   

While it was possible to divide the ESTs into essentially three putative peptides, a 

number of clones showed variation that was worthy of additional consideration.  Of 

the 7 clones encoding the putative 14-3-3Lym3 peptide, three were shorter by 

approximately twenty amino acids.  These were clones FPS011.CR_I09, 

FPS014.CR_J13 and FPS011.CR_A15.  Further investigation showed that a base 

insertion or deletion of arginine (see Figure 2.6) caused a frame shift that resulted in 

an alternative C-terminus.  This is unlikely to indicate a random sequencing error as 

sequences with and without the additional base were both cloned more than once.  

As there is almost no difference in the upstream sequence when comparing all seven 

clones, a more likely explanation is that this represents a C-terminal splice variant 

as a result of a frame shift mutation.  Splice variants can be produced in a variety of 

ways during the reading of pre-mRNA and usually result in an alternative protein 

isoform with a distinct shortening or lengthening that leads to a unique run of 

sequence in the middle of the protein produced, or a complete change in protein 

after the splice position due to a shift in the reading frame [276].  The addition or 
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loss of bases to facilitate these changes is due to the regulated addition or omission 

of introns or exons into the final piece of mRNA [277].     

However without genomic data (that which includes introns as well as exons), it is 

difficult to determine whether this sequence variation represents true splicing.  14-

3-3 splice variants are not unknown in this protein family, with Drosophila,  

Oncorhynchus mykiss (rainbow trout) and humans all expressing splice variants of 

one or more of their 14-3-3 genes [142, 143, 145, 278, 279].   

FPS011.CR_D23, representing the 14-3-3Lym1 protein, was shorter at the 5’ end by 

thirty three amino acids when reading the identified ORF.  Reading the sequence 

immediately preceding the ORF showed that this apparent truncation was due to an 

anomalous stop codon being introduced into the sequence, and in fact this clone 

represented the same original mRNA sequence as its counterparts.  As the sequence 

preceding the identified ORF is identical to that of the associated clones, it is likely 

that the apparent stop codon is the result of a random sequencing error.  This 

demonstrates why a number of clones of the same piece of mRNA, cloned in both 

forward and reverse directions, are ideally required to give confidence that the 

sequence is correct. 

2.5.2 Theoretical Physicochemical Properties 

The predicted physicochemical properties of the putative proteins conform to the 

known properties of the 14-3-3 superfamily in that they are acidic with a pKa of 

between 4.5 – 5.5, and are approximately 30 kDa in mass [138].   This is with the 

exception of the clone FPS011.CR_H12, corresponding to 14-3-3Lym4.  Analysis of 
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this translated peptide sequence, even when the 5’UTR was removed and obvious 

sequence repeats were removed from the 3’ end, gave physicochemical parameters 

outside of the 14-3-3 family.  It gave a molecular weight of 40 kDa initially and once 

the 5’UTR was removed and the extensive 3’UTR was trimmed, it still had a 

molecular weight of 38 kDa.  No 14-3-3 protein of this length has even been 

documented.  Moreover, the pI of this translated peptide was estimated to be 9.64 

before trimming and 9.5 after, well outside of the established range for the 14-3-3 

protein family.  This is more evidence that this clone is unlikely to indicate a 4th 

Lymnaea 14-3-3-like protein.  

Despite the variations in the numbers of 14-3-3 isoforms expressed across phyla, 

the sequence of the 14-3-3ε isoform is highly conserved [280].  Direct sequence 

alignment suggested that the 14-3-3Lym1 peptide was highly homologous to the 14-

3-3ε isoform group.  When 14-3-3Lym1 was aligned with its best chordate BLAST hit 

Salmo salar (the Atlantic salmon), the two proteins shared 82.1 % identity and 88.7 

% similarity.  Comparison of 14-3-3Lym1 with the human 14-3-3ε also gave an 

impressive 81.7 % identity and 89.1 % similarity.  This remarkable match makes the 

ε isoform a favourable target for characterisation as the sequence conservation is 

likely to allow cross-reactivity with a number of established products designed to 

detect or manipulate 14-3-3ε such as antibodies and pharmacological agents.   

2.5.3 Primary Sequence Conservation 

An alignment of all Lymnaea 14-3-3-like isoforms shows the usual homology in the 

five core regions (Figure 2.9).  As well as demonstrating the core regions, the 
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numbered bars correspond to five out of nine α helices.  Recall that a 14-3-3 

monomer consists of nine α helices in total but when configured as a functional 

dimer, helices H3, H5, H7 and H9 line the interior of the ‘w’ shaped unit, forming the 

amphipathic groove that interacts with client proteins (see figures 1.3 and 1.4).  H1 

interacts with H3 and H4 of the opponent monomer to facilitate dimerisation [152].  

In the Lymnaea sequences, H5 shows some variation in the early amino acids 

adjacent to one of the residues that constitute part of the phospho-peptide binding 

domain (figure 2.8).  With the exception of this small variation on H5 (which 

appears to be present in the 14-3-3 proteins of many different species [281]) there 

appears to be little difference between the Lymnaea 14-3-3-like isoforms in terms of 

their binding domains and internal residues, which does suggests that there is little 

difference in their ability to bind to ligands within the amphipathic groove.  In 

addition, those residues forming the phosphopeptide binding pocket are also 

conserved in all isoforms.  14-3-3Lym1 and 14-3-3Lym2 have shorter N-termini 

than 14-3-3Lym3 and 14-3-3Lym3var, but this is unlikely to affect target 

recognition or function unless it impacts upon dimerisation or causes a distortion at 

this hinge region, as these residues are effectively hidden once the dimer has formed 

[158]. 

The variant residues that make up the remaining four helices are located on the 

exterior of the protein once it enters its final dimeric formation (Figure 1.4).  This 

supports the general theory that variance on the exterior of the structure leads to 

the recognition of specific binding partners.   
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The 14-3-3Lym2 isoform is sixteen and seventeen amino acids longer than the 14-3-

3Lym1 and 14-3-3Lym3, respectively.  The extension appears in two discrete areas 

that precede the H3 and H5 helices containing the phospho-peptide binding sites 

(figure 2.8).  These additional residues may force an extension or extra turn on H2, 

and/or an extension immediately before H5 that could minimally change the shape 

of the binding space to increase the specificity toward a binding partner, or to 

exclude a specific target protein.  This specificity could be further refined if the 

extension dictates which of the dimer configurations is the most favourable and 

thereby controls the number of possible permutations.   

All 14-3-3 proteins dimerise as this is the most thermodynamically stable 

configuration, however it has been shown that the ε isoform preferentially forms 

hetero-dimers, although it will form homo-dimers in the absence of other isoforms, 

even combining with isoforms from different species [155].  If this is also true of the 

Lymnaea isoforms, then functional specificity of the isoforms may depend upon 

their expression patterns.  The 14-3-3ε homodimer would only form in significant 

amounts in a cell where little or no other 14-3-3 isoform was present, at least in the 

immediate locale.   

The C-terminals are highly variable in terms of length and primary sequence as is 

generally the case with the 14-3-3 family.  This may be relevant to the binding 

partners that are recognised/regulated via interactions with the C-termini of the 14-

3-3 proteins such as tyrosine hydroxylase [159].  In mammals, 14-3-3σ has a 9th 

helix that is slightly askew compared to other isoforms and this is thought to lead to 
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the distinct functions of the protein compared to the rest of the family [282, 283].  

14-3-3Lym3 terminates fourteen residues earlier than its counterparts and this 

shorter C-terminus may enforce changes in configuration that have a role in 

determining target recognition. 

2.5.4 Origin and Functionality 

Phylogenetic analysis of the proteins and their highest E-value BLAST hits confirms 

that 14-3-3Lym1 belongs to the epsilon isoform group and the presence of the 

group on a separate branch compared to the rest of the peptides suggests that 14-3-

3 epsilon diverged from other isoforms and was preserved, and the remaining 

isoforms underwent individual duplication events leading to the current diversity.  

Some authors consider the ε isoform to be the best representative of the ancestral 

protein and have gone further and proposed a possible ancestral sequence [146].  A 

further study looking at the phylogenetics of 14-3-3 proteins found that upon 

alignment of selected 14-3-3 isoforms from both plants and animals, the proteins 

group distinctly into plant ε, plant non-ε, animal ε and animal non-ε [281].  The 

Lymnaea 14-3-3-like sequences appear to be similarly divided into ε and non-ε 

(Figure 2.9).    

The remaining Lymnaea peptides show some similarity to the β/α and ζ isoforms of 

14-3-3 but could not be placed in a specific group with certainty.  Indeed, their 

position in the phylogenetic tree suggests that they are themselves closely related.  

The isoforms cluster together along with cDNAs translating to the 14-3-3 proteins of 

other molluscs such as Aplysia, Lottia (limpet) and Biomphalaria, suggesting a 
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common ancestry.  Mollusca constitutes a morphologically and ecologically diverse 

metazoan phyla with more than 100,000 extant species, occupying a wide range of 

marine, terrestrial and freshwater habitats  [284].  Overall comparison of the entire 

Lymnaea CNS cDNA library to that of Aplysia showed only around 37 % overlap, 

even at a very low E-value threshold of 0.01 [259].  This  suggests that there is a 

degree of divergence and specialisation for each species (the major difference 

between Lymnaea and Aplysia are their habitats, which are freshwater and saltwater 

respectively), yet the conservation of the 14-3-3ε isoform across phyla while 

enormous evolutionary adaptation occurs suggests the involvement of this protein 

in core functions that change little with environment.  Furthermore, such a high 

degree of conservation across phyla suggests that tolerance of random mutation is 

low and that the conserved 14-3-3 domains are essential to protein function.  The 

bootstrap values on the branches are of note, as some are very low and so do not 

give high confidence of a match.  This may be due to the tree’s construction from a 

mixture of confirmed proteins and translated nucleotides and ESTs.  Database ESTs 

suffer from the same inherent sequencing and selection errors as the Lymnaea EST 

library discussed in this thesis and such errors may affect the confidence with which 

the neighbour-joining algorithm pairs individual sequences.  As the errors are 

inherent to the sequences, there is little that can be done to improve the bootstrap 

values without improvement in the quality/certainty of the database sequences. 

In summary, this chapter has identified four putative protein sequences derived 

from cDNA constructed from Lymnaea CNS mRNA.  The putative sequences indicate 

that Lymnaea expresses a distinct ε-like isoform (14-3-3Lym1) in line with all other 
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known species in which multiple 14-3-3 isoforms exist, plus a further group of less 

clear evolutionary origin (14-3-3Lym2 and 14-3-3Lym3).  The putative sequences 

and their original clones also suggest that splice variance may be in operation, and 

this may account for two of the sequences observed (14-3-3Lym3 and 14-3-

3Lym3var).  Such phenomena are established in the 14-3-3 family.  Finally, 

prediction of the physicochemical properties of those putative sequences showed 

concordance with the established properties of the 14-3-3 protein family with the 

exception of 14-3-3Lym4.  Taken together, this indicates that the identified clones 

represent at least four bona fide 14-3-3 proteins. 

The following chapters will investigate the distribution and expression levels of the 

14-3-3 proteins identified above, in the Lymnaea CNS.   
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Chapter Three: The relative quantities of 14-3-3 
isoforms in the CNS of Lymnaea 

 

3.1 INTRODUCTION 

Preliminary data from the author’s laboratory suggested that 14-3-3-like protein 

levels in Lymnaea declined with age by approximately 30% [260].  However, I 

demonstrated in the previous chapter that 14-3-3 exists as a number of different 

isoforms and this earlier preliminary study, using a proteomic approach, could not 

determine the contributions that changes in the levels of individual isoforms made 

to the overall protein sum.  It is well known that in other species the different 

isoforms can have distinct functions, however a level of functional redundancy in 

the primary sequence can, in some circumstances, allow one isoform to be 

substituted for another with little or no net effect on cellular processes, for instance, 

in Drosophila [261].  In addition, the expression of an isoform can be location-

specific and this has been demonstrated in a number of species.  Gene expression 

studies in C. elegans show the ftt-1 (IV) gene, encoding for one distinct 14-3-3 

isoform, is expressed at high levels throughout the gonad, but the ftt-2 (X) transcript 

is expressed somatically, suggesting that each resulting protein has a distinct 

function [285].  At the level of the CNS, coronal mouse brain sections showed 

discrete localization of six different isoforms [286].  This study showed that 14-3-3ε-

related immunoreactivity occurs throughout the grey matter of the brain, and β, γ, η 

and ζ immunoreactivity appears to be widespread in neuronal cell bodies and the 



 

98 

isoforms appear to co-localise.  However 14-3-3τ immunoreactivity is almost 

entirely restricted to the hippocampal region.    

An appreciation of the contributions that each 14-3-3 isoform makes to the total 14-

3-3 complement and whether these contributions change with age would be 

valuable in determining if a specific isoform is worthy of extended  study over its 

counterparts. 

3.2 AIM 

1) To confirm the presence of the predicted 14-3-3 isoforms from chapter 2 in the 

author’s Lymnaea population 

2) To examine age-related changes in the expression of the Lymnaea 14-3-3-like 

isoforms  

3.3 METHODS 

3.3.1 Animal Husbandry 

Animals were bred and housed in large tanks of copper-free water in a re-

circulating system with a maximum stocking density of approximately one animal 

per litre.  Water was circulated through carbon filters to remove impurities and 

subject to UV light treatment to kill pathogens.  The tanks were maintained in an 

isolated area with the ambient temperature controlled to between 19 and 21 °C, 

with a 12 hour light-dark cycle, and were cleaned out every two weeks to remove 

new egg masses (Figure 3.1).  Immature animals (< 3 months of age) were fed ad 

libitum with lettuce.  Animals aged 3 months and older were fed alternately fish food 

pellets (Tetra UK) or lettuce every 2 days.  
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Figure 3.1:  Housing tanks for the on-site management of the Lymnaea stagnalis population 

3.3.2 Phenotypic Characterisation 

Animals originate from breeding stock at Vrije Universiteit in Amsterdam, which 

consists of a basic stock of snails supplemented by the regular introduction of genes 

from wild snails.  Since their installation at the University of Brighton, stocks have 

been supplemented with young animals from the Dutch facility every 2-3 years.  

Therefore, while all animals are genetically very similar their rate of ageing is 

variable, and while chronological boundaries exist from previous studies that define 

young, middle aged and old animals, it was important that the Brighton population 

was characterised.  Animals were measured against the standards laid out by 

Arundell et al., who previously characterised the University of Brighton population 

and who considered both their chronological age and typical behaviour at each time 

point [251].  This method of characterisation has been used successfully in other 

work with Lymnaea [260].   
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In this study, as in Arundell’s, animals from the three different age groups were 

further divided according the results of a feeding paradigm designed to measure the 

age-related changes in feeding behaviour that were described in section 1.8.2.3.  

Young (3-4 months), middle aged (6-7 months) and old (11-12 months) animals 

were isolated from the main stock and placed in tanks containing aerated copper-

free tap water in the behavioural testing room.  They were given free access to food 

for 7 days and then 24 hours prior to behavioural testing, all animals were starved.  

Individual animals were placed in a plastic Petri dish (Fisher) containing 90 ml of 

copper-free tap water and allowed up to two minutes to emerge from the shell (i.e. 

both tentacles visible).  Animals that did not emerge within the allotted two minutes 

were termed ‘non-emergers’ and were discounted from further testing.  Animals 

that did emerge were then presented with a control stimulus of 5 ml copper-free tap 

water pipetted gently around the lips/mouth and the number of bites made in 

response to this stimulus was measured for two minutes.  5 ml of 0.2 M sucrose 

(final dish concentration of 0.01 M) was then applied to the lips/mouth of the 

animal and the number of bites counted over a further two minute period.  Animals 

that emerged but did not bite in response to sucrose (‘non-responders’) were also 

excluded from further analysis. 

Animals were then categorised as young, middle-aged, or aged phenotype 

depending upon their bite responses.  Animals were considered to have a young 

phenotype if they responded to sucrose with >35 bites per two minutes.  Middle 

aged animals responded with a bite rate that was around 50 % of the young and old 
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animals responded with ≤ 25 % of the bite rate evoked in young animals (Figure 

3.2) [251].   

 

Figure 3.2: Graph comparing bite rates following a 0.01 M sucrose stimulus in young (3-4 months 

old, n = 32), middle aged (6-7 months old, n = 33) and old (11-12 months old, n = 35) animals.  

There was a significant difference between age groups following ANOVA ( p < 0.0001) with post hoc 

analysis using Tukey’s multiple comparison test (p < 0.001 for each).  Error bars show SEM. 

 

Only animals displaying a phenotype characteristic of their chronological age were 

included for further testing.   

3.3.3 Dissection 

Animals were dissected in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES)-buffered saline (NaCl 50 mM; HEPES 10 mM; KCl 1.7 mM, MgCl2.6H20 2 

mM; CaCl2.2H2O 4 mM, adjusted to pH 7.9 with 1 M NaOH), prechilled to 4 °C.  After 

de-shelling, animals were pinned on a Petri dish lined with Sylgard (Corning UK), 

bisected through the oral cavity and the skin flaps reflected back to expose the CNS, 
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sexual organs and the upper gastrointestinal tract (Figure 3.33A).  Obstructive 

tissues were removed (preputium, sperm sac, most of the oesophagus) followed by 

the systematic severance of all CNS connectives proximal to the body cavity to 

remove the CNS.  The CNS was orientated dorsal surface upwards to allow the 

cerebral-cerebral commissure to be severed (Figure 3.3B).  Once cut, the cerebral 

ganglia were reflected back and the whole CNS was pinned to a small Sylgard square 

as a flat, kite-shaped sample (Figure 3.3C).  This allowed easy identification and 

separation of the cerebral and buccal ganglia and their associated nerves and 

connective tissue from the rest of the brain. 

 

Figure 3.3: The identification and removal of the Lymnaea CNS.  A: After shell removal, the head 

bisected and the skin flaps reflected back, dorsal view.  The main ganglia of the CNS circumvent the 

oesophagus and the buccal ganglia project anteriorly, making connections to the buccal mass.   B:  

Isolated CNS.  The pedal ganglia are directly underneath the small pleural ganglia (PlG).  C:  CNS 

after the cerebral commissure was severed to allow the cerebral ganglia to be reflected back.  L- 

Left, R – Right, G – ganglia, Bu – buccal, Ce – cerebral, Pe – pedal, Pl – pleural, Pa – parietal, V – 

visceral, A – anterior, P – posterior. 
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3.3.4 Western Blotting 

The Western blot method uses specific antibodies to detect proteins of interest that 

are immobilised on a membrane, following their separation in an electrophoretic 

step.  No specific antibodies exist to the Lymnaea 14-3-3 isoforms and so pairwise 

sequence alignment was used to compare the epitopes of commercially-available 

antibodies to the Lymnaea 14-3-3-like sequences to give estimates of cross-

reactivity.  Pairwise alignments were performed using EMBOSS [287]. The 

comparison was performed according to the Smith-Waterman algorithm (modified 

for speed enhancements) [288] to ensure the programme identified and then 

compared the antibody target sequence (epitope) with the entire sequence of each 

of the 14-3-3Lym isoforms (Table 3.1).  Where the epitope regions were proprietary 

information, the alignment was performed by the company holding the information 

using unspecified software and algorithms. 

 

 

 

 

 

 

 



 

104 

Table 3.1 

 

Table 3.1:  Sequence alignments of anti-14-3-3ε antibody (SC-1020) epitope region compared with 

Lymnaea 14-3-3-like protein sequences.  The alignment denotes high similarity and identity to the 

14-3-3Lym1 isoform and comparatively lower similarity and identity to the other three.  This 

suggests binding will be specific to 14-3-3Lym1 and cross-reactivity with the other proteins shown 

is unlikely. () denotes an identical match, (:) denotes a similar amino acid, (.) denotes a non-

similar amino acid, (-) denotes a gap. 

 

Only the 14-3-3Lym1 isoform showed significant homology to the epitope of a 

commercially available antibody, with 98% similarity and 95.9% identity (Table 

3.1).  When this antibody was aligned against 14-3-3Lym2 and 14-3-3Lym3 

(including the possible splice variant, 14-3-3Lym3var), the level of similarity was 

considerably lower.  Cross-reactivity of an antibody is not expected if homology 

following alignment is below 80% (personal communication – Santa Cruz 03/08), 
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and so the anti-human 14-3-3ε antibody is likely to be specific to the 14-3-3Lym1 

protein.  Industry representatives from a number of organisations used the BLAST 

to compare the 14-3-3Lym sequences to proprietary sequences for their other 14-3-

3 antibodies and didn’t consider there to be a good specific antibody to any of the 

other isoforms.  It was considered likely, however, that a polyclonal anti-human 14-

3-3β antibody would indiscriminately recognise all isoforms of 14-3-3-like proteins 

in Lymnaea.  All antibodies had been previously validated for Western blot in 

vertebrates. Therefore, CNSs from different aged animals were probed using the 

anti-14-3-3β antibody (SC-629, Santa Cruz Biotechnology) and the selective anti-14-

3-3ε antibody (SC-1020, Santa Cruz Biotechnology) to examine the contribution that 

individual isoforms made to overall patterns of 14-3-3-like protein expression, to 

determine if there was a difference in the level of expression with increasing age.   

Both antibodies were polyclonal and raised in rabbit. 

Animals were phenotypically characterised as described in section 3.3.2 and the 

CNS was removed according to section 3.3.3.  The feeding circuitry is located in the 

buccal and cerebral ganglia [289], therefore these ganglia were processed 

separately from the rest of the CNS in order to allow potential correlations of 14-3-3 

levels with age-related changes in feeding behaviour to be identified.  This gave two 

distinct samples; the cerebro-buccal complex (CB complex) and the remaining 

ganglia – the pedal, pleural, parietal and visceral complex (VP complex). 
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3.3.4.1 Protein extraction 

Individual CB and VP complexes were blotted dry before being placed in individual 

Eppendorfs, snap-frozen in liquid N2 and then stored at -80°C until use. 

50 µl of homogenization buffer (urea 7 M; thiourea 2 M; 3-[(3-Cholamidopropyl)-

dimethylammonio]-1-propanesulfonate (CHAPS) 4 % w/v; Tris 50 mM; 

dithiothrietol (DTT) 100 mM) was added to each Eppendorf and the tissue was 

allowed to thaw for 1 minute.  Samples were then homogenised by hand and the 

pestle washed down with 150 µl of homogenization buffer to capture as much of the 

sample as possible.  Samples were placed in a pre-chilled centrifuge (Hettich 

Zentrifugen EBR I2R) and spun at 4 °C, for 15 minutes at 12,000 x g.  100 µl of 

supernatant was then removed and placed in a separate Eppendorf containing 4 

volumes of ice-cold acetone.  The sample was vortexed and then left overnight at -20 

°C to allow the proteins to precipitate. 

Samples were then centrifuged at 4 °C for 30 minutes at 12,000 x g.  The 

supernatant was removed and discarded and the pellet was washed twice with 400 

µl of methanol followed by centrifugation at 4 °C for 15 minutes at 12,000 g before 

being left to air-dry to allow any remaining solvent to evaporate completely.  25 µl 

of homogenization buffer was then added to each pellet, vortexed and left to stand 

at room temperature for 30 minutes to ensure the sample was completely 

resolubilised and then maintained on ice.  Samples were vortexted again before 

further use. 
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3.3.4.2 Protein quantification 

The protein content of each sample was assayed spectrophotometrically using the 

Bradford method [290].  Standard concentrations of bovine gamma-globulin (Bio-

Rad) in deionised H2O were made up as well as Lymnaea CNS protein extracts at 

dilutions of 1 in 500, 1 in 1000, 1 in 2000 and 1 in 4000.  They were combined with 

an equal volume of Quick Start Bradford Dye Reagent (Bio-Rad) and allowed to 

stand for 1 minute before the absorbance of each well was measured using the ASYS 

UVM 340 plate reader at a wavelength of 595 nm.  Absorbance reading vs. protein 

concentration was plotted to give a standard curve of protein concentration from 0 

to 25 µg/ml.  Sample protein concentrations were determined by comparison with 

the standard curve (Figure 3.4).  The homogenisation buffer was also diluted in 

deionised H2O to the same concentration as the sample, and the value of absorbance 

subtracted from the sample absorbance (the ‘blank’) to ensure that the effect of 

detergents and other solubilising and stabilising agents on absorbance was negated.  

Standard curves were recalculated for each assay.       
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Figure 3.4:  Standard curve of protein concentration vs. absorbance at 595 nm after subtraction of 

experimental blank.  Linear regression analysis showed a highly significant relationship between 

the two variables (p < 0.0001). R2 value = 0.986.  N = 3, error bars show SEM.   

 

3.3.4.3 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

Sample volumes containing 10 µg of protein were made up to 5 µl with 

homogenization buffer.  5 µl of 2x loading buffer (BioRad) was added to each sample 

to give a total volume of 10 µl and the samples were heated at 95 °C for 5 minutes 

using a heating block to linearise the proteins and then placed on ice.  10 µg/10 µl 

was considered an acceptable protein load following optimization, see below. 

10 µl (containing 10 µg of protein) of each sample was loaded into an 

electrophoresis system consisting of a 4.5 % polyacrylamide stacking gel and 10 % 

resolving gel (see appendix 1) and resolved using the Mini-protean II Cell 

electrophoresis apparatus (Bio-Rad) according to the method of Laemmli [291].  A 

marker lane containing 5 µl of Kaleidoscope prestained standard molecular weight 

marker (Bio-Rad) was run, marking bands from around 7 to 200 kDa. 
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Electrophoresis tanks were filled with glycine buffer (Tris 0.025 M; glycine 0.192 M; 

SDS 0.1 % w/v) and run at 120 V for 1.5-2 hours until the blue dye front produced 

by the loading buffer reached the bottom edge of the gel.   

3.3.4.4 Gel transfer 

Proteins were then transferred onto a polyvinylidene fluoride (PVDF) membrane 

(Immobilon®-P, Millipore) using the Trans-blot SD Transfer Cell (Bio-Rad), a semi-

dry transfer system.  The stacking gel was removed and the remaining resolving gel 

soaked in transfer buffer (Tris 0.025 M; glycine 0.192 M; methanol 20 % v/v) for 15 

minutes.  Blotting paper (BioRad) was cut to the same dimensions as the resolving 

gel (4 pieces per gel) and soaked in transfer buffer for 15 minutes prior to use.  

PVDF membrane, also cut to size, was dipped briefly in methanol before being 

placed in transfer buffer.  The blotting paper, gel and membrane were assembled on 

the transfer apparatus according to Figure 3.5, pressed to exclude air bubbles and 

both electrodes were moistened with transfer buffer prior to assembly.  

 

Figure 3.5:  Stacking arrangement for semi-dry transfer 

 

Transfer was performed at 20 V for 1 hour.  Membranes were then removed and 

placed in phosphate-buffered saline (PBS) (Fisher). Gels were stained for 20 
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minutes in Coomassie brilliant blue staining solution (Bio-Rad), followed by 2 

washes on an orbital shaker in destaining solution (methanol:acetic acid:dH2O at 

ratios of 4:1:5) of 30 minutes each and a final wash in PBS. Gels were then placed in 

the Fluorchem™ Imager set to transillumination to provide back light and imaged to 

record the running pattern for each membrane and to ensure that the lanes had run 

at equal speeds, that the gel had set homogenously and that transfer was successful 

and equal across the gel.  The semi-dry transfer process is most efficient for proteins 

of mass <60 kDa and was therefore used in this study for 14-3-3 proteins, which 

have a mass of around 30 kDa. 

Protein concentrations of 5, 10, 20 and 30 µg were loaded into adjacent gel lanes.  

Gels were loaded in ascending order of concentration, and the central lane was 

selected for the molecular weight ladder (Figure 3.6). 

 

Figure 3.6:  Gel post-semi-dry transfer stained with Coomassie brilliant blue (Bio-Rad). MWL – 

Molecular weight ladder.  Pattern of staining shows no detectable protein remaining in the gel 

below approximately 80 kDa following transfer, demonstrating that proteins of mass < 80 kDa are 

efficiently transferred to the PVDF membrane.  
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The lack of protein bands of molecular mass below approximately 80 kDa, 

confirmed the efficient transfer of all 14-3-3-like isoforms (approximately 30 kDa) 

and the common housekeeping protein glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) (approximately 37 kDa), using this method.   

Following transfer, membranes were rinsed twice in PBS for 15 minutes each and 

then incubated with blocking reagent (10 % w/v skimmed milk powder (Marvel) in 

PBS) on an orbital shaker for 1 hour at room temperature.  Membranes were then 

exposed to primary antibody in blocking reagent for 1 hour at room temperature 

and then rinsed twice briefly in PBS-T (normal PBS plus 0.1 % v/v tween-20) 

followed by longer washes in PBS-T on an orbital shaker for 15, then 10 and then 5 

minutes. 

In order to control for non-specific labelling from both the primary and secondary 

antibodies, two controls were performed: 

1) Normal treatment, but the primary antibody was omitted and replaced with an 

equal volume of blocking reagent, thus determining if non-specific binding of the 

secondary antibody was occurring. 

2) Normal treatment, but the primary antibody was combined with a 10x excess of 

its complementary blocking peptide for 1 hour prior to incubation with the 

membrane.  This should prevent 14-3-3 protein-specific binding thereby 

determining if the primary was binding non-specifically to antigens on the 

membrane.  Previous work with mammalian CNS tissue, using the same primary 

antibodies for Western blots, demonstrated blocking peptide efficacy for the anti-



 

112 

14-3-3β antibody at a 10x excess concentration of blocking peptide and for the anti-

14-3-3ε antibody at a 5x excess concentration [292].  Both were used at 10x here to 

simplify the protocol. 

Once thoroughly washed, membranes were labelled with an HRP-conjugated 

mouse-anti-rabbit secondary antibody diluted to 1 in 4000 (Dako), in blocking 

reagent, for 1 hour at room temperature on an orbital shaker.  Membranes were 

then rinsed twice briefly with PBS-T followed by a longer wash of 15 minutes, then 

two washes of 10 minutes and three washes of 5 minutes, also in PBS-T. 

Membranes were then blotted dry at the corners, placed protein side up on Saran 

wrap and 2 ml of detection reagent (ECL™ Plus Western Blotting detection system, 

GE Healthcare) was applied to each one.  After 5 minutes, membranes were blotted 

at the corners to remove excess detection reagent, sealed in Saran wrap, and 

transferred to a light-proof photographic cassette (Kodak) where they were secured 

protein side up.  Amersham ECL™ hyperfilm was laid down over the membranes and 

left for varying exposure times until a satisfactory film was obtained.  Films were 

developed and fixed using the Xograph Compact 4 automatic x-ray film processor, 

and densitometric signal was quantified using the Fluorchem™ Imager and its 

associated densitometric analysis software. 

3.3.4.5 Signal normalisation 

GAPDH was probed as the housekeeping protein to establish loading control using a 

rabbit anti-human full length GAPDH antibody (SC-25778; Santa Cruz 

Biotechnology).  A proteomic study comparing a protein screen of young and old 
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Lymnaea identified GAPDH as a protein whose levels did not change significantly 

with age [260], and therefore provided a suitable loading control.  After probing for 

GAPDH, membranes were stripped in Restore™ Western Blot Stripping buffer 

(Thermoscientific) for 15 minutes at 37 °C on an orbital shaker to remove both the 

secondary and primary antibodies and then re-probed using either the anti-14-3-3ε 

(SC-1020) or anti-14-3-3β (SC-629) antibody.  Initially, membranes were labelled 

with anti-14-3-3 antibodies first, but the conditions required to remove the 14-3-3 

primary antibodies before relabeling for GAPDH (40 minutes at 37 °C) were found 

to be highly destructive to the GAPDH signal, whereas the brief strip required to 

remove GAPDH did not cause obvious deterioration in the 14-3-3 signal.   

3.3.4.6 Western blot optimisation 

In order to ensure that changes in the concentrations of 14-3-3 proteins and GAPDH 

were linearly related to changes in the signal strength of the labelled bands, protein 

dilution series were produced to compare the signals obtained at different protein 

concentrations following exposure to antibodies raised to GAPDH and to 14-3-3ε 

and 14-3-3β.  Protein was extracted from 5 whole young CNSs according to the 

acetone precipitation method described earlier and pooled to give a single sample of 

high protein concentration.  Sample concentration was determined using the 

method of Bradford and then a series of protein concentrations were loaded onto a 

10 % gel for separation using SDS PAGE as previously described.  Four identical gels 

were produced. 



 

114 

Gels were then transferred and labelled first with GAPDH and then stripped and 

relabelled with one of the 14-3-3 primary antibodies to mimic the conditions and 

order of treatment of the actual test procedure.    

3.3.4.6.1 Labelling with anti-14-3-3β antibody  

Figure 3.7 shows two bands labelled with the anti-14-3-3β antibody.  According to 

Table 2.3 in chapter 2, the 14-3-3Lym1, 14-3-3Lym2, 14-3-3Lym3 and 14-3-

3Lym3var proteins should have molecular weights of approximately 29, 31, 29 and 

26 kDa respectively. The 14-3-3Lym4 isoform, if a true translation, should have a 

weight of approximately 38-40 kDa depending on the extent of the UTRs.  The anti-

14-3-3β antibody labelled a dense band slightly above the 31.5 kDa molecular 

weight marker (hereafter referred to as 32 kDa) and a second band just below it 

(referred to as 29 kDa) (Figure 3.7A and B).  The blocking peptide prevented both 

signals suggesting that the antigenic sequence of the anti-14-3-3β antibody 

complements a consensus sequence present in all isoforms represented on the blot, 

and confirms that true 14-3-3 proteins are being detected (Figure 3.7C).  No signal 

was apparent when the primary antibody was omitted, confirming the absence of 

non-specific binding from the secondary antibody (Figure 3.7D) 

Analysis of the band densities at an antibody concentration of 1 in 2000 showed the 

relationship between protein concentration and densitometric signal for both bands 

to be linear across the protein loading concentrations studied. (Figure 3.7E and F). 



 

115 

 

Figure 3.7:  Comparison of densitometric signal strength produced by varying concentrations of 

anti-14-3-3β primary antibody against an increasing protein load (5-30 µg).  A – image showing 

entire lane following labelling with anti-14-3-3β antibody, indicating the excellent specificity of 

this antibody.  B – 14-3-3β 1 in 1000, C - 14-3-3β 1 in 2000, D - 14-3-3β 1 in 1000 plus 10x excess 

concentration of blocking peptide, E – omission of the primary antibody.  Two bands can be seen 

for each protein dilution at each of the antibody concentrations tested (B and C).  In the presence of 

the blocking peptide, the signal is virtually eliminated (D).  The lack of signal in E confirms that 

there is no signal from the membrane or any of the proteins arising from direct binding on the 

secondary antibody. Films were exposed for 20 seconds prior to developing. F - Scatter plot 

showing the linear relationship between band density and protein concentration for the anti-14-3-

3β antibody after application to a Lymnaea CNS extract at a concentration of 1 in 2000.  R2 = 0.943, 

linear regression analysis gives p < 0.0001.  G – as F, 29 kDa band, R2 = 0.959, p < 0.0001.  n = 3.  

Error bars show SEM. 

 

Based on these preliminary experiments, 1 in 2000 was chosen as an appropriate 

concentration of primary antibody, with a protein load of 10 µg.   
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3.3.4.6.2 Labelling with anti-14-3-3ε antibody  

In Figure 3.8 the anti-14-3-3ε antibody labelled one dense band above 31.5 kDa 

which was blocked by the complementary blocking peptide.  This suggested that the 

anti-14-3-3ε antibody does not detect one of the bands recognised by the anti-14-3-

3β antibody, adding further support to its proposed specificity to a 14-3-3ε-like 

protein.  The excellent sequence homology between the antigenic mapping region of 

the antibody compared with the 14-3-3Lym1 protein (Table 3.1), with the Western 

blot validation, strongly suggests that the anti-14-3-3ε antibody reacts only with the 

unique sequence found on the 14-3-3Lym1 protein, and that a concentration of 1 in 

2000 and a loading mass of 10 µg is also appropriate to give a strong, well-defined 

signal (Figure 3.8B).  The signal was completely abolished at a loading concentration 

of 10 µg of protein when the primary antibody was pre-incubated with a 10x excess 

concentration of blocking peptide.  A weak band was seen at higher loading 

concentrations, suggesting that the concentration of blocking peptide was not 

sufficient to block all of the primary antibody present (Figure 3.8C).  No signal was 

apparent when the primary antibody was omitted, confirming the absence of non-

specific binding from the secondary antibody (Figure 3.8D).  Analysis of the band 

densities showed the relationship between protein concentration and densitometric 

signal to be linear across the concentrations studied at a primary antibody 

concentration of 1 in 2000. (Figure 3.8E). 
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Figure 3.8:  Comparison of densitometric signal strength produced by varying concentrations of 

anti-14-3-3ε primary antibody against an increasing protein load (5-30 µg).  A - image showing 

entire lane following labelling with anti-14-3-3ε antibody, indicating the excellent specificity of 

this antibody (the mark at the bottom of the lane is from pen used to title film post-exposure).  B – 

anti-14-3-3ε 1 in 1000, C - anti-14-3-3ε 1 in 2000, D - anti-14-3-3ε 1 in 1000 plus 10x excess 

concentration of  blocking peptide, E – omission of the primary antibody.  A single protein band can 

be seen for each protein dilution at each of the antibody concentrations tested (B and C).  In the 

presence of the blocking peptide, the signal is virtually eliminated (D).  The lack of signal in E 

confirms that there is no signal from the membrane or any of the proteins arising from direct 

binding on the secondary antibody. Films were exposed for 20 seconds prior to developing.  F - 

Scatter plot showing the linear relationship between band density and protein concentration for 

the anti-14-3-3ε antibody after application to a Lymnaea CNS extract at a concentration of 1 in 

2000.  R2 = 0.945, linear regression analysis gives p < 0.0001 (n = 3).  Error bars show SEM. 

 

The band detected by the anti-14-3-3ε antibody should, if also detected by the anti-

14-3-3β antibody, account for a proportion of the anti-14-3-3β signal at 29 kDa.  To 

confirm that this was the case, a whole CNS lysate was split into two identical 

samples and 10 µg of each was separated by SDS-PAGE with a molecular ladder run 

between them.  Once transferred, the membrane was cut and the two halves 

processed through either the anti-14-3-3β or anti-14-3-3ε antibody (both at 1 in 
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2000 dilution).  The membranes were reassembled prior to developing.  Figure 3.9 

confirms that the band detected by the anti-14-3-3ε antibody does have the same 

molecular weight as the 32 kDa band detected by the anti-14-3-3β antibody, despite 

its predicted molecular mass being 29 kDa. 

 

Figure 3.9:  Film showing whole CNS lysate labelled with anti-14-3-3ε and anti-14-3-3β antibodies, 

both at a concentration of 1 in 2000.  The anti-14-3-3ε signal falls at the same molecular weight as 

that of the 32 kDa band detected by the anti-14-3-3β antibody.  Exposure time = 20 seconds.   

 

3.3.4.6.3 Labelling with anti-GAPDH antibody  

Figure 3.10 shows a single band above the nearest marker of 31.5 kDa, consistent 

with GAPDH in its monomeric form (37 kDa).  In order to determine the appropriate 

antibody concentration, three dilutions were assessed – 1 in 250 (Figure 3.10A), 1 in 

500 (figure 3.10B) and 1 in 1000 (Figure 3.10C).  A dilution of 1 in 250 led to signal 

saturation at loading concentrations ≥ 10 µg.  Decreasing the antibody 

concentration to 1 in 1000 lead to failure to detect any bands at loading 

concentrations below 20 µg (Figure 3.10C).  No signal was obtained when the 

primary antibody was omitted (Figure 3.10D). Analysis of the band densities at a 

primary antibody concentration of 1 in 500 showed the relationship between 
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protein concentration and densitometric signal to be linear across the 

concentrations studied (Figure 3.10E). 

 

Figure 3.10: Comparison of densitometric signal strength produced by varying the concentrations 

of anti-GAPDH primary antibody against an increasing protein load (5-30 µg).  Exposure time = 5 

minutes.  A - image showing entire lane following labelling with anti-GAPDH antibody, indicating 

the excellent specificity of this antibody.  B – anti-GAPDH 1 in 250, C – anti-GAPDH 1 in 500, D - anti-

GAPDH 1 in 1000.  E – primary antibody omitted, showing no signal arising from non-specific 

binding of the secondary antibody.  F - Scatter plot showing the linear relationship between band 

density and protein concentration for the anti-GAPDH antibody after application to a Lymnaea CNS 

extract at a concentration of 1 in 500.  R2 = 0.933, linear regression analysis gives p < 0.0001 (n = 

3).  Error bars show SEM.  

 

Because the band was so close in apparent weight to the to the Lymnaea 14-3-3-like 

bands and they could easily be mistaken, a concentration of 1 in 500 was selected 

for the anti-GAPDH, to be used with a protein loading concentration of 10 µg.  At this 

concentration, the residual signal left over from stripping off the GAPDH before re-

probing for 14-3-3-like proteins wasn’t be visible at the very brief exposure of 20 

seconds required for the anti-14-3-3β antibody.  When re-probing with the anti-14-
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3-3ε antibody, which gives a single crisp band, it was simple to distinguish a residual 

GAPDH signal, if one was present, from the strong, newly-labelled 14-3-3 signal.  

 

 

3.3.4.6.4 Data analysis 

For each antibody and each CNS area, four individual samples from each age group 

were run on a single 14-lane gel (12 sample lanes, one marker lane and one blank), 

with each gel run and transferred in duplicate under identical conditions, using the 

same stock materials, at the same time.  This gave n =8, over four gels, including two 

technical replicates for each sample.  All membranes were then processed in 

parallel, again using identical stock solutions and finally all were exposed to a single 

film for an identical period.  Mean band density (of the two replicates) as 

determined by densitometric analysis was measured for both 14-3-3Lym bands and 

GAPDH, and then converted to a ratio of 14-3-3:GAPDH, thereby normalising the 14-

3-3 signal to protein load.  Normalised values cannot be assumed to be distributed 

normally and so unless otherwise stated, data were analysed using non-parametric 

statistical tests.  Due to convention however, the data was presented graphically 

showing the mean +/- standard error of the mean (SEM).  The Kruskall Wallace test 

followed by Dunns multiple comparison post-test was used when comparing three 

groups, and comparison of two, unpaired groups was performed using a Mann 

Whitney test.  The regression analysis above was performed using standard linear 

regression.  All data found to show statistically significant differences between 
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groups were tested for normality using the D’agostino and Pearson normality test, 

and failed.  Data was managed and analysed using GraphPad Prism V5.03. 

3.4 RESULTS 

3.4.1 Anti-14-3-3 Labelling 

Labelling with the anti-14-3-3β antibody detected two distinct bands in the cerebro-

buccal (CB) and the viscero-parietal (VP) complexes in all three age groups (Figure 

3.11).  The upper band had a molecular weight of approximately 32 kDa and the 

lower band a weight of approximately 29 kDa, which correspond to the predicted 

molecular weights of the 14-3-3Lym2 peptide (32 kDa) and the 14-3-3Lym1 and 14-

3-3Lym3 peptides (29 kDa).  However, Figure 3.11 shows that the anti-14-3-3ε 

antibody thought to be specific to the 14-3-3Lym1 isoform actually detects a band 

close to 32 kDa rather than the predicted 29 kDa. 

 

Figure 3.11:  Films recording chemiluminescent signal emanating from anti-14-3-3ε and anti-14-3-

3β-labelled PVDF membrane, comparing signal obtained from young (Y), middle aged (MA) and old 

(O) animals.  Tissue was divided into the cerebro-buccal (CB) and visceral, pleural, parietal and 

pedal (VP) complex.  Films were exposed for 30 seconds before developing.  Bands were taken 

from separate films, to illustrate band position only. 
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3.4.1.1 Total 14-3-3-like expression  

By combining the data obtained using the anti-14-3-3β antibody, the total level of 

expression of 14-3-3-like proteins with age could be assessed.  The densitometric 

signals from both the 32 and 29 kDa bands were summed and then normalised to 

GAPDH (Figure 3.12).  Analysis of the normalised data demonstrated a significant 

decrease in the 14-3-3 signal in the CB complex with increasing age (p < 0.01), at 

both middle age and old age compared to young (p = 0.005, Figure 3.12A).  No 

significant difference in expression with age was apparent in the VP tissue (Fig. 

3.12B) 

 

Figure 3.12: Graphs showing mean densitometric signal after the summation of both bands 

detected following labelling with anti-14-3-3β antibody and normalisation to anti-GAPDH signal 

for loading control, in young, middle aged and old animals.  A – CB complex.  B – VP complex.  Data 

shows a significant decrease in signal intensity with increasing age in the CB complex following a 

Kruskall Wallis test followed by Dunn’s Multiple Comparison test (p = 0.005), but no significant 

differences with age in the VP complex.  Error bars show SEM.  N= 8. 
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3.4.1.2 Densitometry associated with anti-14-3-3β antibody 

3.4.1.2.1 32 kDa band 

Figure 3.13 shows a plot of the normalised densitometric signal for the 32 kDa band 

for the three age groups studied.  There was no significant change in the density of 

the 32 kDa band across the three age groups, although mean values suggested a 50 

% reduction in expression with advancing age in the CB complex (Figure 3.13A).  In 

the young CB complex, the mean ratio was approximately four times the GAPDH 

signal and this decreased in the old group to twice the GAPDH signal.  No such 

reduction was seen in the VP complex (Figure 3.13B).   

 

Figure 3.13: Graphs showing mean densitometric signal of the 32 kDa band following labelling with 

anti-14-3-3β antibody and normalisation to anti-GAPDH signal for loading control in young, middle 

aged and old animals.  A – CB complex.  B – VP complex.  No significant differences were apparent 

between groups following a Kruskall Wallis test.  Error bars show SEM. N = 8  
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3.4.1.2.2 29 kDa band  

A band at approximately 29 kDa was visible for both CNS complexes, in all three age 

groups (Figure 3.14).   There was a significant decrease in the signal in the CB 

complex with increasing age (p = 0.034; Figure 3.14A).  No significant difference in 

expression with age was apparent in the VP tissue (Figure 3.14B).   

 

Figure 3.14: Graphs showing mean densitometric signal of the 29 kDa band in the CB complex 

following labelling with anti-14-3-3β antibody and normalisation to anti-GAPDH signal for loading 

control, in young, middle aged and old animals.  A – CB complex.  B – VP complex.  Data shows a 

significant decrease in signal intensity with increasing age in the CB complex following a Kruskall 

Wallis test followed by Dunn’s Multiple Comparison test (p = 0.034), but no significant differences 

with age in the VP complex.  Error bars show SEM. N = 8  

 

3.4.1.3 Densitometry associated with anti-14-3-3ε antibody 

After labelling with the anti-14-3-3ε antibody, no significant difference in 

expression with age was detected in either tissue complex (Figure 3.15). 
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Figure 3.15: Graphs showing mean densitometric signal in the CB complex following labelling with 

anti-14-3-3ε antibody and normalisation to GAPDH signal for loading control in young, middle 

aged and old animals.  A – CB complex.  B – VP complex.  No significant differences were detected 

between groups using the Kruskall-Wallis test.  Error bars show SEM. N= 8 for each age group 

except young VP complex, where n = 7 

 

3.4.2 Correlation Between 14-3-3-isoform Expression and Feeding Behaviour 

As all animals were tested to determine their phenotypic age, it was possible to 

compare the number of sucrose-evoked bites recorded per two minutes to the level 

of 14-3-3 expression for each individual snail, to determine the strength of any 

relationship that existed.  There was a significant positive correlation between bite 

rate and total 14-3-3-like protein expression in the CB complex (Figure 3.16A, p = 

0.015), but not in the VP complex (Figure 3.16B). 
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Figure 3.16: Scatter plots showing total anti-14-3-3β densitometric signal vs. number of bites 

evoked by a sucrose feeding stimulus, for total 14-3-3-like protein expression.   Red = old animals, 

blue = middle aged, green = young.  Using linear regression analysis, bite rate was found to be 

significantly positively correlated with total 14-3-3-like protein expression in the CB complex, at 

all ages (Figure 3.24A, p = 0.015) but not in the VP complex. N= 8. 

 

There was no relationship between bite rate and signal strength following labelling 

with anti-14-3-3ε, in either of the tissue complexes (Figure 3.17A and B).   

Similarly, there was no significant relationship between bite rate and the signal 

strength of the 32 kDa band using the anti-14-3-3β antibody (Figure 3.17C and D).  

However, using the anti-14-3-3β antibody, bite rate was positively correlated with 

the signal strength of the 29 kDa band (p = 0.037) in the CB complex (Figure 3.17E) 

but not in the VP complex (Figure 3.17F).   
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Figure 3.17:  Scatter plots showing 14-3-3 densitometric signal vs. number of bites evoked by a 

sucrose feeding stimulus.  Red = old animals, blue = middle aged, green = young.  A and B – anti-14-

3-3ε antibody, CB complex and VP complex respectively.  C and D – anti-14-3-3β antibody, 32 kDa 

band, CB and VP complex respectively.  E and F – as C and D but for 29 kDa band.  Using linear 

regression analysis, bite rate was found to be significantly positively correlated with 14-3-3-like 

protein expression with respect to the 29 kDa band, in the CB complex (E, p = 0.037).  N= 8. 
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Interestingly, although the density of the 32 kDa band labelled with anti-14-3-3β did 

not correlate with bite rate across all age groups, the density of the 32 kDa band was 

proportional to feeding rates in the old CB complex and this relationship was found 

to be significant (Figure 3.18, n=8, p = 0.047).   

 

Figure 3.18: Scatter plot showing anti-14-3-3β densitometric signal vs. number of bites evoked for 

the 32 kDa band in the old age group (n = 8).  Using linear regression analysis, bite rate was found 

to be significantly positively correlated with 14-3-3-like protein expression (p = 0.047).  

 

3.5 DISCUSSION 

3.5.1 Detection of 14-3-3-like Proteins 

The 14-3-3-like proteins of the Lymnaea CNS can be resolved to give two bands 

using 10% SDS-PAGE, as predicted by their theoretical molecular weights.  Both of 

the antibodies used produced very clear signals, with low background and required 

short exposure times due to the relative abundance of the 14-3-3-like proteins (up 

to 1% of total brain protein [293]). 
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Using the two different antibodies it was possible to determine that at least two 14-

3-3-like proteins are expressed in the Lymnaea CNS, one at 32 kDa likely to be 14-3-

3Lym1 and one at 29 kDa. 

The anti-14-3-3β antibody, considered to bind to all 14-3-3 isoforms, produced one 

band at around 29 kDa and one at around 32 kDa (Figure 3.7).  This was originally 

thought to reflect 14-3-3Lym2, with a predicted weight of around 31 kDa and the 

sum of the signal from both 14-3-3Lym1 (similar to the 14-3-3ε isoform) and 14-3-

3Lym3, both with predicted weights of 29 kDa.  However the anti-14-3-3ε antibody, 

considered to be specific to the 14-3-3Lym1 protein, produced a single band at 

around 32 kDa, inconsistent with the theoretical molecular weight of the 14-3-

3Lym1 peptide (Figure 3.8 and Figure 3.9).  This shift of 14-3-3Lym1 relative to its 

predicted molecular weight is observed in all species and may indicate a small post-

translational modification [294].  While post-translational modifications related to 

phosphorylation have never been shown to affect apparent molecular mass on 

Western blot, post-translational modifications that can increase apparent molecular 

mass such as polyglycylation have been identified in the 14-3-3 proteins of Giardia 

and barley respectively, and are thought to lead to control of subcellular location in 

this species, specifically the localisation of 14-3-3 proteins to the cytoplasm [295, 

296].   

No band was detected below 29 kDa that would indicate the presence of 14-3-

3Lym3var, with a predicted weight of 26 kDa.  It was possible that the gel could not 

resolve between the 26 and 29 kDa bands.  This could not be specifically determined 
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from the molecular ladder as the nearest lower marker is at 17.8 kDa.  However the 

29 kDa band is sharp, without smearing, suggesting that it is detecting a single 

molecular weight protein.  In addition, as lower molecular weight proteins run 

faster than higher molecular weights, resolution of similar molecular mass proteins 

towards the bottom of the gel should be better.  Similarly, no band was detected 

above 32 kDa that would indicate the presence of the dubious 14-3-3Lym4 isoform.  

The molecular ladder does have a marker at 42.5 kDa, close to the predicted mass of 

14-3-3Lym4 (38 to 40 kDa).  Longer exposures of 2 minutes, 3 minutes and 5 

minutes did not demonstrate any additional 14-3-3-related bands (data not shown).  

This data, along with that collected in chapter 2, gives adequate justification to 

discard the 14-3-3Lym4 protein from further investigations as, not only is its 

similarity to the 14-3-3 protein family weak and so its identity in question, if it is a 

true 14-3-3 it is not expressed at the protein level.   

The number of 14-3-3-like proteins in Lymnaea compares well to the number of 14-

3-3 isoforms expressed in other invertebrates, for example, Caenorhabtidis is known 

to express two isoforms [146, 147] and Drosophila, four [144, 145].  Aplysia has at 

least 3 distinct ESTs corresponding to 14-3-3-like proteins (see chapter 2).  The 

number of 14-3-3 proteins expressed does not always match the number of gene 

transcripts identified, although in reality, the number of proteins usually 

outnumbers the genes due to splice variance [145, 278, 297].  The Lymnaea 14-3-3-

like putative protein that appeared to be a possible splice variant, 14-3-3Lym3var, 

was not detected by Western blotting.  It may be that the variant C-terminus of this 

translated EST is simply a sequencing error and the EST does not, in fact, exist as a 
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peptide.  Or it may be that, if a true protein, this variant is not expressed in our 

population, is present in just a few cells or is present in very low amounts.  The 

population from which the ESTs were constructed were a Canadian stock derived 

from a population maintained in The Netherlands (described in section 3.3.1) which 

is largely inbred with occasional wild introductions.  Splicing is a highly-regulated if 

only moderately well-understood process [298].  If 14-3-3Lym3var is the result of a 

splice variant and not a sequencing error, the Lymnaea stock at the University of 

Brighton may either not be housed under the conditions required to induce its 

expression or, due to prolonged isolation and extensive in-breeding, may no longer 

express it.    

Additionally, the Canadian stock were harvested at 2 months of age compared to the 

young animals used in this study, which were a minimum of 3 months old.  At 2 

months old, a large number of the Lymnaea population are still pre-pubescent, 

reaching reproductive maturity between 2 and 3 months.  The 14-3-3Lym3var 

protein detected in the clone library may be a developmentally important protein in 

the immature animal, hence its expression in the Canadian EST library of young 

animals, but not in the Brighton young, but sexually mature population. 

3.5.2 Expression Levels of 14-3-3-like Proteins 

This study found 14-3-3-like proteins to be abundant in the Lymnaea CNS.  Total 14-

3-3-like protein expression was significantly lower in the middle aged and old 

animals compared to the young in the CB complex (figure 3.12).  This is consistent 

with earlier findings, where a significant reduction in 14-3-3 levels between young 
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and old CB complexes was demonstrated using a proteomics approach [260].  The 

reduction noted in the present study was not due to a reduction in the expression of 

14-3-3Lym1 protein (figure 3.15A), but to a reduction in the expression of the 14-3-

3 protein(s) in the CB complex represented by the 29 kDa band, using the anti-14-3-

3β antibody (figure 3.14). No changes 14-3-3 expression were noted in the VP 

complex.   

A decrease in the expression of 14-3-3 proteins has also been observed in the brains 

of other animals of advanced age.  A study into the rat brain synaptoproteome using 

2D-DIGE found that 14-3-3γ and 14-3-3θ expression was significantly lower in the 

hippocampus of adult and aged animals compared to the young, and the reduction 

was approximately 30 % [208].  The authors concluded that this may contribute to 

impairment of vesicle formation and cycling with associated effects on long term 

potentiation, leading to functional deficits such as cognitive decline.  In mice, the 

introduction of calorie restriction, known to reduce oxidative stress, leads to a 

reduction in the expression of 14-3-3ζ in the hippocampus [299], suggesting that 

14-3-3ζ may have a  protective effect in the presence of oxidative stress that is not 

required in the case of calorie restriction.  A more recent study looked at the activity 

of P38 MAPK (where increased activity accelerates physiological ageing) to 

determine whether the ageing-suppressor gene klotho conferred resistance to 

oxidative stress and promoted longevity through mediation of P38 MAPK activity.  

They concluded that klotho exerts its effects through the ROS-sensitive apoptosis 

signal-regulating kinase (ASK1)-signalosome, which forms a complex with 14-3-3ζ.  

While complexed, the (ASK1)-signalosome cannot activate P38 MAPK.  Klotho(-/-) 
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mice have a significantly lower level of (ASK1)-signalosome:14-3-3ζ complex, and 

hence a greater susceptibility to senescence and ageing caused by ROS [300].  It is 

not clear whether the reduction in the level of this complex is due to reductions in 

the amount or availability of 14-3-3.  In keeping with our findings, no evidence is 

presented in the literature that 14-3-3ε levels are reduced in the CNS of aged 

organisms.  

From the above, it is clear that reduced 14-3-3 levels in old age may render an 

animal susceptible to ROS-related stress and associated cellular damage, as well as 

cause defects in signalling through effects on pre-synaptic vesicles.  Such 

susceptibilities may help to explain the phenotypic changes we see in age that were 

discussed in chapter 1, in Lymnaea and across phyla.    

In fact Watson et al., in studying the RPeD1 neurone of the Lymnaea CNS, found that 

lipid peroxidation using 2,2-azobis (2-methylpropion-amidine) dihydrochloride 

(AAPH) mimicked the observed age-related reductions in spontaneous and evoked 

activity of this neurone [301].  They also found that the anti-oxidant α-tocopherol 

could restore the original rate of spontaneous and evoked activity in AAPH-treated 

preparations of young animals.  Moreover, α-tocopherol could also increase the rate 

of spontaneous activity in the RPeD1 of old animals to comparable levels of the 

young.       

It follows then, that increased levels of 14-3-3 would protect against ROS-mediated 

stress, cellular damage and signalling defects and confer neuroprotection and 

neuropreservation.  In support, there is evidence from the neurodegenerative 
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diseases.  In cellular and worm models of Parkinson’s disease [210], upregulation of 

14-3-3θ, ε and γ  has a neuroprotective effect against α-synuclein toxicity [302].  14-

3-3 proteins are also upregulated in acute cerebral injury [133], all of which may 

indicate a reactionary, neuroprotective role. 

3.5.3 14-3-3-like Protein Expression and Sucrose-evoked Bite Rate 

Using the anti-14-3-3β antibody, a significant positive correlation was present 

between expression of total Lymnaea 14-3-3-like proteins in the CB complex and 

bite rate (Figure 3.16A).  Isoform-specific analysis found a significant positive 

correlation between the level of the 29 kDa band in the CB complex and bite rate 

across age groups (figure 3.17E).  There was also a significant correlation between 

levels of the 32 kDa band and bite rate in the old age group (Figure 3.18).  As there 

was no correlation between 14-3-3 expression and bite rate after labelling with the 

anti-14-3-3ε antibody (14-3-3Lym1), the relationship is not with this isoform, 

suggesting that it is the 32 kDa band which consists of two different isoforms, not 

the 29 kDa, and that 14-3-3Lym2 expression correlates with feeding rate in the old 

animals. 

3.5.4 How Alterations in 14-3-3 Expression Could Regulate Feeding 

Lymnaea feeding behaviour is critically regulated by both 5-HT and DA [224, 225, 

229, 303, 304].   

3.5.4.1 Possible dopaminergic effects 

Unpublished work from this lab has shown that in older Lymnaea, DA levels in the 

cerebral and buccal ganglia are decreased.  DA production is regulated in part by the 
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rate limiting enzyme tyrosine hydroxylase (TH), which regulates the conversion of 

tyrosine to L-DOPA (the precursor to DA).  14-3-3 proteins were initially 

characterised as activators of TH and tryptophan hydroxylase (TPH), which 

performs a parallel role in the regulation of 5-HT production, and so a reduction in 

14-3-3 protein with age as noted in the current study may help to explain the 

apparent reduction in DA production.  

Previous studies in higher organisms have identified aberrant 14-3-3 expression in 

patients with Parkinson’s disease, a condition associated with neuronal DA-

deficiency resulting in motor dysfunction [131, 302].  Not only has 14-3-3 protein 

been found to be co-localised with Lewy bodies in the post-mortem brains of 

Parkinson’s disease sufferers [131] but some 14-3-3 isoforms have been found to be 

neuroprotective in animal models of Parkinson’s.  14-3-3θ has been shown to be 

protective against rotenone-induced neurotoxicity in both dopaminergic cell culture 

and in Caenorhabtidis elegans, partly by inhibiting the activity of Bax, a pro-

apoptotic signalling molecule [302, 305].  If 14-3-3 proteins have a similar 

protective role in Lymnaea, their reduced expression may leave dopaminergic 

neurons vulnerable to neurotoxicity.   

3.5.4.2 Possible serotonergic effects 

5-HT released from the CGCs regulates the frequency of feeding movements and 

also performs a gating function, determining if the feeding system will respond to 

food [224, 225].  It has been shown that the 5-HT transporter protein responsible 

for serotonin reuptake into the pre-synaptic cell is impaired in Lymnaea [229, 304], 
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which reduces the amount of 5-HT reuptake and recycling yet intracellular levels of 

5-HT do not change, suggesting that the rate of de novo 5-HT production increases.  

As 14-3-3 is also an activator of TPH, which catalyses the conversion of tryptophan 

to 5-HTP, the correlation of bite rate to 14-3-3 level in age may indicate efforts to 

increase de novo 5-HT production by increasing TPH activity.  These hypotheses will 

be tested in chapter 5. 

In summary this chapter demonstrates that multiple isoforms of 14-3-3-like protein 

are expressed in the CNS of Lymnaea, that their characteristics as assessed by 

Western blot are in line with those indicated by the transcriptomic data analysed in 

chapter two, and that their physicochemical properties complement the accepted 

characteristics of the protein superfamily.  Moreover, it shows that expression is not 

uniform but dependent upon brain area and animal age.  Overall, there is a 

reduction in 14-3-3 protein expression in the CB complex of the Lymnaea CNS with 

age and a correlation between 14-3-3 expression and the feeding rate of the animal. 

This appears to be the result of reduced expression of 14-3-3Lym3. 

I believe this is the first study to show a relationship between 14-3-3 expression, 

age and motor function, and more importantly to identify the precise 14-3-3 isoform 

involved.   

Whether the changes I have observed are causal or merely correlative is currently 

unclear.  In order to reveal more about the putative link between 14-3-3 and feeding 

rate, the following two chapters aim to characterise 14-3-3-like protein expression 
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at a cellular level and determine if/how the reduced expression of 14-3-3 protein 

demonstrated here may translate into functional changes in the Lymnaea CNS.  
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Chapter Four: Intracellular localisation of 14-3-3 
isoforms 

 

4.1 INTRODUCTION 

The previous two chapters showed at least three Lymnaea 14-3-3-like proteins were 

expressed in the CNS, appearing as two distinct bands using Western blot.  Two 

different antibodies were used, an anti-14-3-3β antibody to detect all isoforms and 

an antibody specific to 14-3-3ε that was a close primary sequence match to the 14-

3-3Lym1 protein.  The anti-14-3-3β antibody detected two bands, one at around 29 

kDa and one at just below 32 kDa.  The anti-14-3-3ε antibody detected a single band 

at just below 32 kDa.  Closer examination of the cerebro-buccal complex, a region of 

the CNS important in regulating feeding in Lymnaea also demonstrated the presence 

of at least two 14-3-3 isoforms.  In chapter three I showed that total 14-3-3 levels in 

the CB complex were reduced with age and this reduction was the result of a 

decrease in the expression of the 29 kDa isoform, thought to correspond to 14-3-

3Lym3 which mirrored the described age-related decrease in feeding rate. 

More interestingly, I examined the relationship between 14-3-3 levels and feeding 

rates of animals within their individual age groups (young, middle aged and old).  I 

found a significant correlation between 14-3-3Lym3 expression and feeding rate 

across age groups, and a significant correlation between 14-3-3Lym2 expression 

and feeding rate in old animals only.  
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Immunohistochemistry (IHC) has been used successfully in a number of species to 

identify qualitatively specific neurones or discrete CNS areas that express the 

different 14-3-3 isoforms [286, 306].  Using Western blotting in conjunction with 

IHC offers a semi-quantitative method for assessing the protein levels and 

expression patterns of the different isoforms and in this instance would allow me to 

examine how 14-3-3 expression varies in discrete identifiable neurones whose role 

in regulating feeding behaviour is well understood. 

In the mammalian CNS, 14-3-3s have been shown to exist in discrete subcellular 

locations which are isoform-specific.  For example, differences in the rate of nucleo-

cytoplasmic shuttling lead to distinct subcellular locations of 14-3-3σ and η in a 

variety of mammalian cell types [307].  Developmental observations have shown 

that subcellular expression of 14-3-3 proteins in the developing rat cerebellum 

varies depending on the post-natal stage [308].  In this study 14-3-3σ was present in 

the nuclei of Purkinje cells at days 14 and 21, but had disappeared by day 100. 

Subcellular localisation of 14-3-3 proteins also changes in the presence of 

neurodegenerative pathology such as spinocerebellar ataxia [133] and brain injury 

[309], where there is a tendency towards nuclear localisation.  The subcellular 

localisation of 14-3-3 proteins and their ability to shuttle between compartments 

allows them to exert control of the localisation of their binding partners and their 

subsequent effects on cellular function. One of the main advantages of using 

molluscan preparations for studying the CNS is the large size of their neuronal cell 

bodies which facilitate the ability to determine with confidence whether labelling 

using IHC is nuclear, cytoplasmic, or membrane-associated.   
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To help validate my observations from IHC of the subcellular localisation of the 

different 14-3-3 isoforms, SDS-PAGE and Western blot was performed on 

homogenised CB complexes which were separated into four subcellular fractions: 

membranous, cytoplasmic, cytoskeletal and nuclear.  This separation can be 

performed using a combination of variable speed centrifugation and a range of 

intracellular disruptors, exploiting the variation in the density, 

compartmentalisation and solubility of the various cell components [310]. 

4.2 AIMS 

1)  To examine how the expression patterns of the 14-3-3 isoforms detected using 

the anti-14-3-3β and anti-14-3-3ε antibodies change with increasing age 

particularly in the major, well-characterised neurons which are important in 

regulating feeding in Lymnaea  

 2) To determine using a combination of IHC and SDS-PAGE/Western blot whether 

the subcellular localisation of the individual 14-3-3 isoforms changes with 

increasing age. 

4.3 METHODS  

4.3.1 Immunohistochemistry (IHC) 

4.3.1.1 Fixation, dehydration and wax-embedding 

CNSs were dissected from live animals according to the method described in 3.3.3, 

pinned in Sylgard-lined dishes (Corning UK) and fixed overnight at 4 °C, in 1 % 

paraformaldehyde/1 % acetic acid solution made up in PBS.  Once fixed, the samples 
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were dehydrated at room temperature with increasing concentrations of ethanol 

(75%, 95% and 100%, 20 minutes in each).   

The fixed, rigid tissue was carefully removed from the Sylgard-lined dish and placed 

in 100 % ethanol/amyl acetate mixture (Sigma Aldrich, in the relative proportions 

of 1:1) for 30 minutes, followed by pure amyl acetate for 30 minutes before being 

transferred to a pre-warmed mixture of amyl acetate/molten paraffin wax (1:1) 

(wax - Thermo Scientific Shandon Histoplast). 

Samples were then transferred to a 60 °C oven to allow the molten wax to penetrate 

the tissue.  After 30 minutes the amyl acetate/wax mixture was removed and 

replaced with two changes of pure wax, each for 60 minutes.   Samples were then 

placed in pre-warmed, wax-filled embedding troughs and left at room temperature 

to set overnight.  Once set, samples were wrapped in aluminium foil to protect 

against abrasion and stored in moisture/air-tight containers until ready for 

sectioning.  Samples prepared in this way can be stored for years. 

4.3.1.2 Sectioning 

Wax blocks were pre-chilled on a cooling slab (Tissue-Tek® III) and 7 µm sections 

were cut using a Leica® Rotary Microtome (RM2135).  Sections were floated onto 

warmed, HistoBond®-coated slides (Raymond Lamb, UK) that were flooded with 

fresh glycerine-albumin solution (30 drops of Mayer’s glycerine-albumin (Raymond 

Lamb) in 100 ml of deionised H20) to warm and de-wrinkle.  The glycerine-albumin 

solution was then poured away and any remaining protein was absorbed from the 

slide surface using medium grade fibre-free blotting paper (Hollingsworth and 
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Vose).  Slides were racked and dried overnight at 37 °C, and then stored in a closed 

container with a silica-based desiccant. 

4.3.1.3 Antibody labelling of slides 

Racked slides were placed in a 60 °C heating chamber (Tissue-Tek® III) for 30 

minutes to allow the wax around the tissue sections to melt. Once the wax was 

molten, the slides were de-waxed by placing them in Xylene (Sigma Aldrich) for 20 

minutes, followed by fresh Xylene for a further 20 minutes.  Slides were then re-

hydrated through decreasing concentrations of ethanol (100 %, then 95 %, then 70 

%) for 20 minutes each, before being soaked in PBS for 10 minutes, followed by a 

further 20 minute soak in fresh PBS.  Slides were then placed on racks in a 

humidified staining chamber and blocked with 500 µl of 4 % goat serum (Sigma 

Aldrich) in PBS (hereafter known as the blocking reagent) for one hour.  The 

blocking reagent was removed and replaced with 100 µl of primary antibody 

(concentration 1 in 1000, see optimisation steps below) in blocking reagent and 

then cover-slipped and left overnight at 4 °C.  Coverslips were removed and slides 

were washed three times with PBS, leaving 15 minutes between washes.  200 µl of 

the secondary antibody (goat anti-rabbit alkaline phosphatase (ALP) conjugate 1 in 

50 in PBS; Sigma Aldrich A3687) was then added to the slide which was cover-

slipped and left to incubate for one hour at room temperature.  Coverslips were 

removed and slides were washed three times with HEPES-buffered saline, leaving 

15 minutes between washes (the presence of phosphate prevents the dye-producing 

reaction between ALP and its substrate from occurring, hence the change from PBS 

to HEPES-buffered saline for washing at this stage).  A single representative slide 
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was then placed under a low-powered light microscope and treated with 200 µl of 

pre-mixed 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium 

(BCIP/NBT) reagent (Sigma Aldrich).   

BCIP/NBT is a substrate for ALP.  ALP hydrolyses BCIP to an intermediary which 

then dimerises in the presence of NBT, resulting in an intense permanent indigo dye. 

The time taken for the reaction to proceed to an acceptable contrast was recorded 

and then the reaction was terminated by flushing the slide with deionised H2O 

according to the manufacturers instructions.  The time elapsed between treatment 

and flush was then the treatment time for all remaining slides.  Once developed, 

slides were cleared in Xylene before being mounted in DPX mounting medium 

(Fisher) and sealed with a coverslip.  The edges of the coverslip were sealed with 

clear nail-varnish to prevent the entrance of moisture. 

In order to control for non-specific binding, two controls were carried out.  The first 

omitted the primary antibody and replaced it with an equal volume of blocking 

reagent to examine if the secondary antibody was binding non-specifically to the 

tissue.  The second control involved pre-treating the primary antibody with a 5 or 

10x excess concentration of its complementary blocking peptide for 1 hour at room 

temperature before applying it to the slide, to determine if the primary antibody 

showed any non-specific binding. 
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4.3.1.4 Viewing slides 

Slides were viewed using a Zeiss Axiovert microscope, at 100x magnification unless 

otherwise stated.  Images were recorded using a Sony DSC-575 digital camera set to 

one second exposure.  Serial photographs were taken of each ganglion which were 

converted to 8-bit greyscale images and then viewed using the open-source image 

analysis program, ImageJ [311].  Each greyscale image was opened in ImageJ and 

thresholding was applied as a simple, objective method of image segmentation to 

determine immunoreactive dark areas from the grey background.  ImageJ 

automatically creates a histogram of the pixel intensities that is unique to each 

image and the valley point of this histogram was chosen as the threshold of 

detection for each image.  ImageJ places a red marker over any pixel that it 

calculates to be of intensity greater than the background and hence identifies areas 

positive for immunoreactivity (IR) (Figure 4.1).  This technique is known as 

adaptive or dynamic thresholding. 
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Figure 4.1:  7 µm section of fixed tissue, ventral aspect of the parietal (Pa), pleural (Pl), pedal (Pe) 

and visceral (V) ganglia sectioned close to the midline, showing the application of adaptive 

thresholding using ImageJ.  Sections were labelled with anti-14-3-3ε primary antibody (1 in 1000) 

and ALP-conjugated secondary antibody (1 in 50).  A – The 8 bit greyscale image before the 

application of adaptive thresholding.  While larger neuronal cell bodies are clearly black and 

therefore positive (▲), it is difficult to determine if smaller cells are of equivalent darkness (О).  * 

shows a cell body with its axon tract projecting to the centre of the ganglion to form part of the 

neuropil.  ** shows heavy labelling in the neuropil.  B – Image after the application of adaptive 

thresholding using ImageJ.  All areas with pixel intensity ≥ ▲were highlighted in red and were 

therefore confirmed as immunoreactivity (IR) for analysis. 

 

Figure 4.1 shows discrete IR in the cell bodies (excluding the nuclei) indicated by ▲, 

and axon tracts (*), and this signal extends all the way to the neuropil (**).  With the 

anti-14-3-3ε antibody, a positive cell initially appears small and black as the section 

bisects the cytoplasm located around the cell body (shown by ▲ in Figure 4.1A, VG).  

With serial sections the neuronal cell body increases in diameter with each 
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subsequent section until the nucleus is bisected.  The labelling in the cell then takes 

on a doughnut-like appearance, with a pale unlabelled nucleus surrounded by a halo 

of dark cytoplasm (shown by ▲ in Figure 4.1, A, RPeG).  No nuclear labelling was 

seen using the anti-14-3-3ε antibody.  However, using the anti-14-3-3β antibody, 

labelling was sometimes observed in the nucleus (see Figure 4.16B).  Using thin 

sections means that a single large neuronal cell body may appear in up to 15-20 

serial sections.  The use of adaptive thresholding is also helpful in simplifying the 

pattern of labelling to ensure the same cell is not counted twice.   

4.3.1.5 Quantification of slides 

Figure 4.2 shows a diagrammatic representation of the 11 ganglia that make up the 

Lymnaea CNS.  Using ImageJ, a complete set of images for each ganglion were 

obtained and analysed as detailed above.  Cells containing red marker pixels were 

recorded as positive on a diagram of the Lymnaea CNS and then the total numbers of 

cells recorded were counted.  Previously well-characterised cells in the cerebral and 

buccal ganglia that are relevant to the animal’s feeding behaviour were given 

particular attention, as were a number of other well-known cell clusters across the 

CNS so that age-related changes in 14-3-3 expression could later be related to key 

behaviours that have previously been described in Lymnaea [232]. 
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Figure 4.2:  Diagrammatic representation of the dorsal surface of the Lymnaea CNS, where 

immunoreactive cells were recorded. L – Left; R – Right; BG – buccal ganglion;  CeG – cerebral 

ganglion; PeG – pedal ganglion; PlG – pleural ganglion; PaG – parietal ganglion; VG – visceral 

ganglion 

 

4.3.2 Optimisation of Antibody Labelling 

4.3.2.1 The effect of varying primary antibody concentration. 

For each of the two primary antibodies (anti-14-3-3ε and anti-14-3-3β), three 

different antibody concentrations were assessed to optimise labelling of the 

Lymnaea CNS.  Neither antibody had been tested in immunohistochemistry (IHC) 

applications prior to this experiment, nor had they been tested in Lymnaea.  
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Therefore, antibody concentrations of 1 in 500, 1 in 1000 and 1 in 2000 in 4 % goat 

serum were tested.  The ALP-conjugated, anti-rabbit secondary antibody was used 

at a concentration of 1 in 50 according to the manufacturers instructions. 

Blocking peptide concentrations of 5x and 10x excess were used to test the 

specificity of each primary antibody in IHC and were mixed with the primary 

antibody one hour prior to use and the mixture stored at room temperature. 

4.3.2.1.1 Anti-14-3-3ε antibody  

At a primary antibody concentration of 1 in 500, a number of positive cells can be 

observed in the pedal ganglion but the contrast is poor in the visceral ganglion due 

to a high level of non-specific background labelling (Figure 4.3A).  Contrast is 

improved in Figure 4.3B, where the primary antibody concentration was reduced to 

1 in 1000.  The large cells of the visceral and right parietal ganglia are clearly 

immunoreactive compared to their surroundings.  A smaller cell of the left parietal 

ganglion is also immunoreactive with good contrast.  Reducing the primary antibody 

concentration to 1 in 2000 lead to diminished specific labelling compared to 

background (Figure 4.3C).  Pre-incubation of the primary antibody at a dilution of 1 

in 1000, with 5x (Figure 4.3D) and 10x (Figure 4.3E) excess concentration of 

blocking peptide also abolished specific labelling, and no specific labelling was 

detected upon omission of the primary antibody (Figure 4.3F). 
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Figure 4.3:  7 µm sections of Lymnaea CNS exposed to varying concentrations of anti-14-3-3ε  

antibody.  Dorsal view: A – Primary antibody concentration 1 in 500.  High background prevents 

specific immunolabelling from being determined.  B – 1 in 1000.  Positively-labelled neurones in 

this image can confidently be identified.  C – 1 in 2000.  D – 1 in 1000 plus 5x blocking peptide; E – 1 

in 1000 plus 10 x blocking peptide; F - primary antibody omitted showing an effective blocking 

step.  ▲ indicates a positive cell.  R – right, L – left, VG – visceral ganglion, PaG – parietal ganglion, 

PeG – pedal ganglion; PlG – pleural ganglion, CeG –cerebral ganglion.  
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4.3.2.1.2 Anti-14-3-3β antibody  

Figure 4.4A shows a section from the Lymnaea CNS labelled with a primary antibody 

concentration of 1 in 500.  A large immunoreactive cell close to the ventral surface 

of the right parietal ganglion and a small positive cell in the centre of the visceral 

ganglion are discernible but surrounding cells in the right parietal and visceral 

ganglia are relatively dark suggesting a high level of background at this primary 

antibody concentration.  Diluting the primary antibody to 1 in 1000 markedly 

reduced the background non-specific labelling (Figure 4.4B).  A further dilution of 

the primary antibody to 1 in 2000 abolished immunoreactivity (IR) completely 

(Figure 4.4C).  Based on these observations, 1 in 1000 was considered to be an 

effective concentration for the anti-14-3-3β primary antibody and so the blocking 

peptide was tested against this dilution at 5x and 10x concentrations to prove 

primary antibody specificity (Figure 4.4D and E respectively).  No labelling was seen 

in the presence of either concentration of blocking peptide, nor was any seen in the 

absence of the primary antibody (Figure 4.4F).   

Compared to that achieved with the anti-14-3-3ε antibody, the labelling by the anti-

14-3-3β was sparse and inconsistent.  As no further antibodies were available at the 

time of testing that would improve upon the specificity of this antibody, the tissue 

was treated to correct epitope masking (section 4.3.2.2) to ensure that all epitopes 

were available for binding.   
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Figure 4.4:  7 µm sections of Lymnaea CNS exposed to varying concentrations of anti-14-3-3β 

antibody.  A – Primary antibody concentration 1 in 500, showing a large immunoreactive cell close 

to the ventral surface of the right parietal ganglion and a small immunoreactive cell in the centre of 

the visceral ganglion.; B – 1 in 1000, showing IR in the right parietal ganglion, but with reduced 

background labelling compared to A. C – 1 in 2000, no labelling is seen at this antibody dilution ;  D 

– 1 in 1000 plus 5x blocking peptide showing no labelling; E – 1 in 1000 plus 10x excess 

concentration of blocking peptide again showing no labelling; F – In the absence of the primary 

antibody no labelling is seen.  ▲ indicates an immunoreactive cell.  R – right, L – left, VG – visceral 

ganglion, PaG –parietal ganglion, PeG –pedal ganglion, PeG – pedal ganglion, PlG –pleural ganglion, 

CeG – cerebral ganglion 
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4.3.2.2 Epitope masking 

An examination of the CNS labelling observed following the optimisation 

experiments for both antibodies demonstrated that the anti-14-3-3ε labelling 

appeared much more widespread than that of anti-14-3-3β, despite the anti-14-3-3ε 

antibody being expected to only detect a single isoform.  It was possible that the 

anti-14-3-3β antibody’s epitope was being masked as a consequence of the fixation 

process.  The aldehyde fixing process used causes the formation of methylene 

bridges between proteins that may mask the antigenic sites of the protein of interest 

thereby reducing or preventing primary antibody binding, a phenomenon known as 

epitope masking [312].  Epitope masking can be reversed using a process known as 

epitope retrieval, where the sample is subjected to intense heat or enzyme 

treatment to break the methylene bridges.  To determine if epitope masking was 

interfering with the binding of the anti-14-3-3β antibody, sections were subjected to 

an antigen retrieval process to unmask any potentially hidden antigenic sites using a 

modification of the Heat-Induced Epitope Retrieval (HIER) method of Shi et al. 

[313].  Briefly, sections were de-waxed and rehydrated according to the process 

detailed in section 4.3.1 but before the blocking step, slides were rinsed in distilled 

water before being placed in sodium citrate buffer (10 mM sodium citrate (pH 6), 

0.05% tween-20; both Sigma Aldrich), that had been pre-heated to 95°C.  Using a 

domestic steamer, the slides were heated to 100°C in the sodium citrate buffer for 

30 minutes followed by a 20 minute cooling period.  Slides were then washed with 

PBS twice, for 20 minutes each, before being processed as normal.  Figure 4.5A-C 

shows the right buccal ganglion of a young animal with anti-14-3-3β IR in the nuclei 
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of the large motor neurons B1-B4, following the HIER process.  The pattern of IR is 

identical in the same ganglion without HIER (figure 4.5D-F).  Figure 4.5G-I shows 

anti-14-3-3ε IR in the right parietal ganglia after HIER was applied and Figure 4.5J-L 

shows the same CNS area processed normally. The epitope retrieval step made no 

difference to the level of labelling achieved by either the anti-14-3-3β or anti-14-3-

3ε antibodies upon visual inspection or when adaptive thresholding was applied 

using ImageJ. 
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Figure 4.5: 7 µm sections of paraffin wax-embedded Lymnaea CNS exposed to anti-14-3-3β 

antibody (1 in 1000).  A-   following the HIER process.  B - converted to greyscale.  C - after adaptive 

thresholding was applied via ImageJ.  D, E, F – as A, B, C but without HIER.  G, H, I – as A, B, C but 

using anti-14-3-3ε antibody (1 in 1000).  J, K, L – as D, E, F, anti-14-3-3ε antibody.  The process of 

HIER does not improve or increase the extent of labelling with either antibody. 
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As HIER did not improve the IR obtained using the anti-14-3-3β antibody, it was not 

used in subsequent experiments.  From these studies, a 1 in 1000 dilution of both 

primary antibodies was chosen as the optimal concentration.  

4.3.3 Investigation of the Sub-cellular Localisation of Lymnaea 14-3-3-like 
Proteins 

4.3.3.1 Cell fractionation 

The method used was modified from that of Brunet [173] using a Qproteome Cell 

Compartment Kit (Qiagen®) that had previously been used to examine the 

subcellular location of retinoid X receptors (RXRs) in the CNS of Lymnaea [310].  All 

reagents and consumables described were proprietary items from this kit and were 

added to the sample ice cold.  Young CNS samples were dissected out according to 

the method described in 3.3, and the CB complex was isolated and blotted dry.  

Between 15 and 22 young CNSs were required to give a CB complex tissue mass of 

around 20 mg (recommended by Qiagen®).  The CB complexes were used as this 

was the region in which differences in 14-3-3-like protein expression had been 

detected using Western blot (Chapter three).   

The pooled CB complexes were homogenised for 5 seconds at low speed using an 

IKA Ultra-Turrax (T10 basic) disperser, in 500 µl of ice-cold buffer CE1 with 

supplemental protease inhibitor solution.  The resulting suspension was then 

transferred to a QIAshredder tube and centrifuged at 510 x g for 2 minutes at 4 °C to 

disrupt the plasma membrane and pellet solids.  The pellet was re-suspended by 

gentle agitation and to it was added a further 1.5 ml of buffer CE1 with protease 

inhibitor solution.  The sample was placed on an end-over-end shaker for 10 
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minutes at 4 °C and then centrifuged at 4000 x g, for 10 minutes at 4 °C.  The 

supernatant from this preparation was removed and constituted fraction one, 

containing primarily cytosolic proteins. 

The remaining pellet was re-suspended in 1 ml of extraction buffer CE2 

supplemented with protease inhibitor solution and incubated on an end-over-end 

shaker for 30 minutes at 4 °C.  This suspension was centrifuged at 6000 x g for 10 

minutes at 4 °C.  The supernatant was removed and constituted fraction two, 

containing primarily membrane-associated proteins.  7 µl of Benzonase® Nuclease 

and 13 µl of distilled water were added to the remaining pellet, which was re-

suspended in this mixture by gentle agitation.  The suspension was incubated at 

room temperature for 15 minutes.  500 µl of ice-cold extraction buffer CE3 

supplemented with protease inhibitor solution was added to the mixture and the 

suspension was mixed by gentle agitation and then incubated on an end-over-end 

shaker for 10 minutes at 4 °C.  

Insoluble material was pelletted by centrifugation at 6800 x g for 10 minutes at 4 °C 

and the supernatant was removed.  This constituted fraction three, consisting 

primarily of nuclear proteins. 

The remaining pellet was re-suspended in 500 µl of ice-cold extraction buffer CE4 

and constituted fraction four, the cytoskeletal proteins.  

4.3.3.2 SDS-PAGE and Western blot 

Samples were acetone-precipitated and desalted with methanol according to the 

method described in section 3.3.4.1 as the constituents of the Qproteome Cell 
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Compartment Kit interfere with spectrophotometric analysis.  The protein level of 

each sample was then quantified using the method of Bradford (section 3.3.4.2), and 

then samples were subject to SDS-PAGE and then transferred to PVDF membrane as 

described in sections 3.3.4.3 and 3.3.4.4. 

GAPDH was used as a cytoplasmic loading control, and lamin B1 was selected as the 

nuclear loading control according to the method of Brunet [173] and the kit 

manufacturers recommendation.  No standard nuclear loading control for Lymnaea 

is currently known, but due to the ubiquity of lamin B1 as a nuclear envelope 

protein and the widespread use of anti-lamin B1 antibody as a nuclear loading 

control, it was considered a reasonable selection (abcam; 16048).  Anti-Lamin B 

antibody was used at a concentration of 1 in 2000 according to optimisation 

experiments (data not shown). 

4.4 RESULTS 

6 animals in each of the three age groups were studied.  The Lymnaea CNS consists 

primarily of a mixture of neurones and glial cells.  Lymnaea glial cells are long thin 

cells situated between the neuronal cell bodies at the periphery of each ganglia and 

project into the neuropil [314].  This study demonstrated that 14-3-3 IR was 

confined to the neuronal population as there were no immunoreactive cells with the 

morphology or localisation that would be consistent with glial cell labelling.   As 

many cells were labelled, the results and discussion will focus on the large, 

previously defined cells and/or cells that have previously been shown to regulate 

defined behaviours. 
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4.4.1 Mapping of Anti-14-3-3ε Immunoreactivity in the Lymnaea CNS 

4.4.1.1 Buccal ganglia 

Figure 4.6 shows a series of sections through the buccal ganglia taken from three 

different young animals.  Anti-14-3-3ε IR can be seen in the four major buccal motor 

neurones B1-B4 (Figure 4.6A, B and C).  Anti-14-3-3ε IR was also present in the 

neuropil (Figure 4.6C) and in an axon from the B1 motor neurone which can clearly 

be seen entering the neuropil in Figure 4.6B.  Examination of serial sections taken 

through the buccal ganglia showed that labelling in B1-B4 was limited to the 

cytoplasm and cell membrane, with no obvious labelling in the nucleus.  As well as 

the major motor neurons, many smaller cells located at the ganglion’s periphery 

were labelled in all preparations, on both the ventral and dorsal surfaces.   The 

nature of these small peripheral cells is not well characterised and so they could not 

be identified with confidence.  The identity of each major neuron was determined 

using characteristic size and position and was agreed by two assessors.  
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Figure 4.6:  7 µm fixed sections of Lymnaea CNS showing IR in the buccal ganglia from three young 

animals.  A-C - Buccal labelling was present in all 6 animals studied.  All show evidence of IR in the 

large motor neurons B1-4.  D-= map of motor and interneurons on the dorsal surface of the buccal 

ganglia (B1-4 - motor neurons, 4CL - B4 cluster, SO - slow oscillator cell, N - interneuron). tissue. 

 

Figure 4.7 shows sections through the buccal ganglia from three middle aged 

animals.  Similar to the young animals labelling was observed in the four largest 

buccal motor neurons (Figure 4.7A, B and C).  Anti-14-3-3ε IR was also present in 

the neuropil and buccal-buccal connective (BBC; Figure 4.7A).  As with young 

animals, IR is restricted to the cytoplasm.  As well as the major motor neurons, many 
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smaller cells were labelled at the ganglion periphery in all preparations, but these 

were not identified. 

 

 

Figure 4.7:  7 µm fixed sections of Lymnaea CNS showing IR in the buccal ganglia of three middle 

aged animals.  IR was present in all 6 animals.  All show evidence of IR in the large motor neurons 

B1-4 (A, B and C) although in B and C their identity is allocated on the basis of size and position 

relative to adjacent cells in the preceding and following sections.  D - map of motor and 

interneurons on the dorsal surface of the buccal ganglia (1-4 – motor neurons, 4CL - B4 cluster, SO - 

slow oscillator cell, N - interneuron).   
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Figure 4.8 shows sections through the buccal ganglia from three old animals.  

Labelling can be seen in the four main buccal motor neurones (Figure 4.8A, B and C).    

Anti-14-3-3ε IR was present in the neuropil and as with the young and middle aged 

preparations. IR appears to be restricted to the cytoplasm.  As well as the major 

motor neurons, many smaller peripheral cells were labelled in all preparations, 

particularly in the region of the smaller motor neurons B5, 6, 7 and 10.  

 

Figure 4.8:  7 µm fixed sections of Lymnaea CNS showing IR in the buccal ganglia of three old 

animals.  Buccal labelling was present in all animals.  All show evidence of IR in the large motor 

neurons B1-4. (A, B and C) although in B and C their identity is allocated on the basis of size and 

position relative to adjacent cells in the preceding and following sections. D = map of motor and 

inter-neurons on the dorsal surface of the buccal ganglia.   
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4.4.1.2 Cerebral ganglia  

The Cerebral Giant Cell (CGC) is a large reproducibly identifiable neurone that 

occupies the ventral surface of the anterior lobe of the paired cerebral ganglia.  

There is one CGC per ganglion and these cells have important roles in regulating 

both the ability of the snail to respond to a food stimulus (gating function) and the 

frequency at which the snail can carry out biting movements (see section 1.8.2.3.1).  

The CGCs were easily identified in all preparations and are highlighted in each 

image.  Figure 4.9A and B show the left and right cerebral ganglia respectively of a 

young animal.  In young animals the CGCs did not appear to be labelled relative to 

neighbouring cells in any of the animals studied.  Of the 6 middle aged animals 

examined some weak labelling was indicated by ImageJ in the left cerebral ganglion 

of one animal (Figure 4.9C) but absent in the right cerebral ganglion and was 

detected bilaterally in one other animal (Figure 4.9D).   In 4 out of 6 old animals, 

both CGCs were labelled intensely (Figure 4.9E and F).  In the remaining two 

animals, labelling of the CGCs was not distinct from the background.  Additionally, in 

animals of all ages, there was some labelling of smaller cells on the dorsal surface 

where serotonergic cells of unspecified function have previously been located, as 

well as in the region of the bilateral CV 5-8 cells on the ventral lobe of the cerebral 

ganglia.  Neuropils were labelled in all preparations (circled in Figure 4.9A, B and C, 

other data not shown). 
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Figure 4.9: 7 µm fixed sections of Lymnaea cerebral ganglia in young (A and B, left and right), 

middle aged (C and D) and old animals (E and F).  Ventral surface.  CGCs were not labelled in any 

young animals studied.  In middle aged animals, only one showed labelling and this was unilateral, 

in the left cerebral ganglion (C).  In old animals, 4 out of 6 showed bilateral CGC labelling.  A typical 

example of the bilateral labelling is shown here.   The neuropil was labelled in all preparations, 

circled here in A, B and C.  N = 6.    BCIP/NBT reaction was allowed to progress for 6 minutes prior 

to washing, time determined from old tissue. 
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4.4.1.3 Right pedal ganglion 

The right pedal dorsal 1 neurone (RPeD1) is a key neurone involved in regulating 

rhythmic respiratory behaviour [315].  It also acts as an integrator of sensory input 

from the peripheral respiratory structures such as the pneumostome [316] and 

osphradium (the primary chemosensory organ) [317].  Anti-14-3-3ε IR was 

apparent in the dopaminergic RPeD1 cell in young, middle aged and old animals 

(Figure 4.10A, B and C respectively).  The IR was limited to the cytoplasm and 

potentially the cell membrane.  The nucleus did not appear to be immunoreactive in 

any of the sections examined.  The neuropil was labelled in all preparations 

(circled), and this labelling was seen in all age groups.  The LPeD1 cell, a 

serotonergic giant cell, was faintly labelled in one of the old animals but could not be 

detected in the young and middle aged animals (data not shown).  Other 

immunoreactive cells were detected close to the pedal connective, in the region of 

the A and E clusters, and on the anterio-dorsal aspect of the ganglion in the region of 

the B and C clusters, all of which are serotonergic.  A and E cluster labelling occurred 

sporadically and inconsistently between age groups, whereas neurones in the region 

of the B and C clusters were labelled in all age groups.  The A cluster of cells 

innervates the locomotor epithelium via the pedal nerves and facilitates movement 

[318] and receives both inhibitory and excitatory input from the respiratory central 

pattern-generating neurone of the visceral ganglion, VD4 [319].  The E cluster has 

axonal projections to the foot and receives cyclical inhibitory input in phase with the 

N2 inhibitory input to the buccal motor-neurones [320].  The B and C clusters are 

not well characterised. 
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Figure 4.10: 7 µm fixed sections of Lymnaea CNS showing IR in the cytoplasm of the giant RPeD1 

cell of the right pedal ganglion in young (A), middle aged (B) and old (C).   The neuropil was 

labelled in all preparations, circled here.  IR was also detected in the B and C cluster, and the A and 

E clusters in all age groups.   

 

4.4.1.4 Visceral and parietal ganglia 

Strong labelling was evident in all animals across age groups in the giant RPD2 

situated on the dorsal aspect of the right parietal ganglion (Figure 4.11A, B and C 

corresponding to young, middle aged and old respectively).  This neuron is 
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peptidergic and is electrically-coupled to the peptidergic VD1 cell present on the 

dorsal surface of the visceral ganglion and was also strongly labelled in all age 

groups (Figure 4.11D, E and F corresponding to young, middle aged and old 

preparations respectively).  In addition all animals showed IR in the region of the B 

group of neurons on the anterior dorsal surface of the visceral ganglion (visible in 

Figure 4.11B).  There was distinct labelling of the neuropil and interganglion 

connectives in all preparations (circled in Figure 4.11B, E and F).  IR was also 

detected in the region of the F group of neurons on the dorsal surface of the visceral 

ganglion in all age groups (Figure 4.11E).  Cells in these ganglia are not well 

characterised functionally. 

 

Figure 4.11: 7 µm fixed sections of Lymnaea CNS showing IR in the right parietal and visceral 

ganglia in a sample of animals. A - RPD2 cell, right parietal ganglion, young.  B- as A, middle aged, c – 

as A, old.  D – VD1 cell, visceral ganglion, young, E – As D, middle aged, F – as E, old.  Circle in B, E 

and F shows labelled neuropil. 
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4.4.1.5 Intracellular distribution of anti-14-3-3ε IR  

Labelling of larger cells such as the giant, peptidergic, cardiorespiratory VD1 neuron 

of the dorsal visceral ganglion (Figure 4.11, Figure 4.12) revealed sub-cellular detail 

in the labelling and showed that anti-14-3-3ε IR is not always uniform across the 

cell, but is often concentrated at the cell membranes.   

 

Figure 4.12: 7 µm fixed section of Lymnaea CNS showing immunoreactivity in the giant VD1 cell of 

the dorsal visceral ganglion.  Arrows show the labelling close to the cell membrane appearing more 

intense than that of the cytoplasm.  The nucleus does not show any anti-14-3-3ε IR.   

 

4.4.1.6 Comparison of the number of anti-14-3-3ε IR cells across age groups 

Once recorded, the total number cells that showed anti-14-3-3ε IR in each ganglion 

were compared across age groups to determine if there was any age-related change.  

There was no significant difference in the number of cells demonstrating anti-14-3-

3ε IR in any of the ganglia across the three age groups (Figure 4.13).   
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Figure 4.13:  Comparison of mean number of anti-14-3-3ε IR cells in each ganglia, across age 

groups (n=6).  Green – young, blue – middle aged, red – old.  There was no significant difference in 

the number of cells that demonstrated anti-14-3-3ε IR with age.  Analysed using two-way analysis 

of variance (ANOVA), with GraphPad Prism V5.03.  Error bars show SEM. 

 

4.4.2 Mapping of Anti-14-3-3β Immunoreactivity in the Lymnaea CNS 

4.4.2.1 Buccal ganglia 

Very little IR was seen in the buccal ganglia apart from in one young animal, where 

the major motor neurones showed heavy nuclear labelling (Figure 4.14A).  Possible 

reasons for this are discussed later.  The major motor neurones were not labelled in 

any other age group, nor was there labelling in the buccal connective, the neuropil 

or associated nerves.   A few small, unidentified cells were labelled but this was 

highly inconsistent between preparations.  
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Figure 4.14: 7 µm fixed sections of Lymnaea CNS showing anti-14-3-3β IR in the nucleus of motor 

neurons in the buccal ganglia of a young animal. A - Labelling in the nucleus of the B1 and B4 

motor-neurones in the left buccal ganglion. The cytoplasm is seen as a feint ring around the darker 

nucleus, especially in the case of B4.  This was distinguished from cytoplasmic labelling by 

observing serial sections before and after.    BBC – buccal connective.  B and C – labelling is also 

nuclear in the buccal motor neurones but takes on a more granular appearance.  Dorsal view. 

 

4.4.2.2 Cerebral ganglia 

Only one animal of each age group showed labelling of the CGCs.  The young animal 

showed predominantly nuclear labelling with some labelling at the cell membrane 

(figure 4.15A) compared to the old animal where labelling was mainly cytoplasmic 
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with some granular material in the nucleus (Figure 4.15C).  The labelling of the CGCs 

in the middle aged animal was nuclear (Figure 4.15B).  The cytoplasmic labelling of 

the aged animal looked evenly distributed and dense in the CGC, while the nuclear 

labelling of the young and middle aged appeared grainy.  In the old cells where 

labelling was cytoplasmic, labelling extended beyond the soma and into the axon 

tract (figure 4.15C).  A cluster of small, unmapped cells located posteriorly on the 

ventral aspect was routinely labelled in all three samples, indicated by a circle in 

Figure 4.15A and C. 
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Figure 4.15: 7 µm fixed sections of Lymnaea CNS showing anti-14-3-3β IR in the left cerebral 

ganglion.  A – young, ventral, showing nuclear and membrane-associated IR in the CGC but not 

cytoplasmic labelling. B – middle aged, ventral, showing nuclear IR in the CGC and a nearby cell. C – 

old, dorsal, showing cerebral giant cell (CGC) with extensive cytoplasmic labelling and diffuse 

labelling of the nucleus.  Labelling of an unmapped cluster of cells posteriorly on the ventral lobe of 

the cerebral ganglia were labelled in all three animals, circled on A and C.   
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4.4.2.3 Pedal ganglion  

In two old animals, labelling was apparent in the giant dopaminergic cell of the right 

pedal ganglion, RPeD1 (Figure 4.16).  In one animal, labelling in this cell was 

predominantly cytoplasmic (Figure 4.16A), and in the other a high concentration 

was evident in the nucleus with some cytoplasmic labelling (Figure 4.16B).  RPeD1 

was not labelled with the anti-14-3-3β antibody in any of the young or middle aged 

animals (data not shown).  

 

Figure 4.16: 7 µm fixed sections of Lymnaea CNS showing anti-14-3-3β IR in the RPeD1 cell of the 

right pedal ganglion.  A (and inset) - RPeD1 cell showing non-uniform cytoplasmic labelling, old, 

dorsal.  B – As A, showing selective cytoplasmic labelling in the RPeD1 cell and one of the large cells 

of the E cluster.  Also showing heavily labelled cell body and axon tract en route to the neuropil.   
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Some serotonergic cells of the pedal ganglia were also labelled intensely by this 

antibody in young and old animals.  No evidence of labelling was found in middle 

aged animals.  In one young animal there was discrete labelling of serotonergic cells 

in the area of the A cluster (Figure 4.17A and B).  In the same animal the LPeD4 cell 

was labelled (B) and such labelling was not seen in the old.  Figure 4.17C shows 

labelling in an old animal of the serotonergic A and E clusters of the right pedal 

ganglion (circled) that appears to be mostly limited to the cytoplasm and membrane 

(C and inset).  The heavily labelled cell in the left pedal ganglion of the old animal 

could not be identified due to the rotation of the tissue, but may be the LPeD1 cell, 

also serotonergic.  There was evidence of IR in the left and right pedal neuropils as 

well as the superior pedal nerve and inter-ganglion connectives (data not shown). 

Labelling appeared granular in both age groups (see insets) and looked to be chiefly 

associated with the membrane. 
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Figure 4.17: 7 µm fixed sections of Lymnaea CNS showing anti-14-3-3β IR in the pedal ganglia.  A – 

pedal ganglia, young, dorsal view showing discrete IR within the serotonergic A cluster cells of the 

right pedal ganglion, B – young, dorsal view showing labelling of the LPeD1 cell.  C - old, dorsal 

view, showing cells of the A and E cluster.  The heavily labelled cell in the left pedal ganglion could 

not be identified. 
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4.4.2.4 Left pleural and parietal ganglia 

In the left pleural ganglion of an old animal, there was labelling of a large cell on the 

dorsal surface that appeared to be predominantly nuclear and membrane-located 

with some lighter labelling in the cytoplasm (Figure 4.18A and inset).  The location 

and size of this cell is consistent with the LPD1 cell, important in modulating the 

whole body withdrawal reflex.  The cells of these ganglion are not well characterised 

but are non-serotonergic in the main.  No such labelling was evident in young or 

middle aged animals.  One middle aged animal showed intense labelling of a cell on 

the ventral surface in the left parietal ganglion (Figure 4.18B and inset).  This 

labelling was strictly cytoplasmic and extended into the axon and there was some 

evidence of labelling in the left parietal nerve.  The same cell was labelled in an old 

animal, where IR was present in both the cytoplasm and the nucleus (Figure 4.18C 

and inset).  The cells of the left parietal ganglion are a mixed population of 

serotonergic and non-serotonergic cells. 
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Figure 4.18: 7 µm fixed sections of Lymnaea CNS showing anti-14-3-3β IR in the left pleural and left 

parietal ganglia.  A and inset - Left pleural ganglia, old animal, dorsal view.  Labelling is mainly 

cytoplasmic and nuclear.  B and inset – Left parietal ganglion, middle aged animal.  The nucleus is 

almost spared of labelling, yet the cytoplasm labelled intensely, ventral view  C and inset – Left 

parietal ganglion, old animal.  Same cell as B, labelling is more diffuse and clearly present in the 

nucleus., ventral view. 
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4.4.2.5 Visceral ganglion 

In one young animal there was clear labelling of the two giant, serotonergic VV1 and 

VV2 cells, located anteriorly on the ventral visceral ganglion (Figure 4.19A and 

inset).  These cells were not labelled in middle aged animals.  The young animal also 

showed labelling in a giant cell on the ventral surface of the visceral ganglion that is 

in the region of an uncharacterised, non-serotonergic cluster in a position posterior 

to the F group of cells (Figure 4.19A, circled). One middle-aged animal showed 

labelling in the same area posterior to the F group but in contrast to the young, 

labelling of these cells in the middle aged animal was highly localised to a discrete 

area of the cytoplasm (Figure 4.19B, circled, and inset).   In the middle aged animal, 

labelling was apparent in two, non-serotonergic giant cells on the ventral surface of 

the visceral ganglion.  These cells are as yet uncharacterised.  In one old animal, 

there was also labelling in the visceral ganglion, in the region of the VV1 cell (as in 

the young animal) and also in the large cells posterior to the F group on the ventral 

surface as in the middle aged animal (Figure 4.19C and inset 1 and 2).  In the large, 

posterior cells, labelling was clearly nuclear in the main (Figure 4.19C, circled, and 

inset 1), compared with the highly localised cytoplasmic labelling of the middle aged 

animal and the predominantly membrane-associated labelling in the young.  In VV1, 

labelling was largely membrane-associated in the old animal as in the young, with 

some nuclear labelling (Figure 4.19C inset 2). 
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Figure 4.19: 7 µm fixed sections of Lymnaea CNS showing anti-14-3-3β IR in the visceral ganglion.  

A and inset – labelling of the giant VV1 and VV2 cells in a young animal.  Labelling is mainly 

cytoplasmic and nuclear.  An uncharacterised large cell located posterior to the f group of neurons 

is also labelled (circled).  B and inset –labelling of the same posterior cell(s) in the visceral 

ganglion of a middle aged animal.  Labelling is highly localised within the cell cytoplasm.  C – 

Labelling of the VV1 cell (inset 2) and the unknown posterior cell (inset 1) in an old animal.  

Ventral view. 
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4.4.3 Expression of Lymnaea 14-3-3 Isoforms in Individual Cell Fractions 

The results of this separation are shown in Figure 4.20.  The 29 kDa band detected 

using the anti-14-3-3β antibody, believed to correspond to 14-3-3Lym3, was 

present in all lanes.  The concentration of antibody used was originally 1 in 2000 (as 

used in chapter 3), however this gave saturated bands for the cytoplasmic and 

membranous fractions due to the high concentration of protein in the pooled CNSs.  

This necessitated the use of a further dilution to 1 in 5000 to give a clearly defined 

signal in the cytoplasmic and membranous lanes.  The 32 kDa band detected using 

the same antibody was present in the cytoplasmic, membrane and cytoskeletal lanes 

but absent from the nuclear lane, suggesting that 14-3-3Lym3 is the sole nuclear 

isoform and is responsible for the nuclear IR shown by IHC. 

The 32 kDa band detected using the anti-14-3-3ε antibody, corresponding to 14-3-

3Lym1, was present in the cytoplasmic and membrane lanes only, which is also in 

agreement with the IHC data obtained using the same antibody.   

This means that the cytoskeletal fraction contained 14-3-3Lym2, detected at 32 kDa 

and 14-3-3Lym3, at 29 kDa, which may explain why some cells showed highly 

localised IR within the cytoplasmic space.  

The anti-GAPDH antibody detected strong bands in the cytoplasmic and membrane 

lanes and a faint band in the nuclear lane.  The anti-lamin B1 antibody was expected 

to give a band of between 60 and 70 kDa.  A number of bands were produced across 

all lanes, but a single band in the nuclear lane was apparent at around 60 kDa. 

 



 

180 

 

Figure 4.20: Western blot showing immunoreactivity in four different subcellular fractions 

following labelling with A – anti-lamin B1 (1 in 5000), B – anti-GAPDH (1 in 500), C - anti-14-3-3ε (1 

in 2000), D - anti-14-3-3β (1 in 5000) and E – anti-14-3-3β (1 in 2000).  Cyt’p – cytoplasmic fraction, 

mem – membraneous fraction, nuc – nuclear fraction, cyt’s – cytoskeletal fraction.  Exposures:  anti-

lamin B1 = 1 minute, anti-GAPDH = 30 seconds, anti-14-3-3ε and β = 20 seconds.    

 

4.5 DISCUSSION 

4.5.1  Intracellular Location of Lymnaea 14-3-3-like Proteins 

Western blot data from chapter three demonstrated that the anti-14-3-3β antibody 

detected two 14-3-3 immunopositive bands which corresponded to the three 

isoforms discussed in chapter three.  As the anti-14-3-3β antibody was raised to a 

region of the 14-3-3 protein that was shared by all 3 isoforms it was expected that 

anti-14-3-3β IR in sectioned tissue would be more widespread than that seen with 

the anti-14-3-3ε antibody.  This was not the case, in fact labelling was scarce and 

highly variable.   

4.5.1.1 Anti-14-3-3ε IR corresponding to the expression of 14-3-3Lym1  

Extensive anti-14-3-3ε IR was noted in all ganglia, demonstrating widespread 

expression of 14-3-3Lym1 protein, and was confined to the neurons, with no 

labelling in CNS associated glial cells.  Both dopaminergic and serotonergic neurons 
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exhibited reactivity, as well as some notable peptidergic cells.  The labelled motor 

neurons are all cholinergic, with some peptide co-transmitters.  14-3-3Lym1 protein 

expression was localised solely to the cytoplasm and plasma membrane, no protein 

was apparent in the nucleus (Figures 4.6-4.12).  In larger neurones, labelling was 

concentrated mainly at the plasma membrane with weaker labelling in the 

cytoplasm. (Figure 4.12). Consistent with my data, studies in both adrenal 

chromaffin cells and rat brain have shown 14-3-3ε to be bound to the synaptic 

plasma membranes and the synaptosomal membrane in high concentrations [321, 

322].     

Western blot of individual cell fractions confirmed the presence of 14-3-3Lym1 in 

both the cytoplasmic and membrane fractions.  No 14-3-3Lym1 was evident in the 

nuclear fraction, further supporting the IHC data, nor was 14-3-3Lym1 detected in 

the cytoskeletal fraction.  The purity of the nuclear fraction could not be confirmed 

as anti-lamin B1 labelling in the region of its expected molecular weight occurred in 

all lanes, although a single band of around 60 kDa occurred in the nuclear lane only.  

This may indicate contamination between lanes or incomplete fractionation of the 

sample.  Or it may indicate non-specificity of the polyclonal anti-lamin B1 antibody.  

The antibody used was raised to an antigenic sequence located between amino acid 

400 and 500.  BLASTing the mouse Lamin B1 protein sequence against the Lymnaea 

CNS EST library identified a single clone with an e-value of 8e-39 (highly predictive 

of a sequence match), which when BLASTed against all the non-redundant protein 

and nucleotide sequences of the NCBI databases, gave 101 hits, all of which were 
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vertebrate or invertebrate lamins.  Unfortunately no blocking peptide was available 

to test the specificity of this primary antibody.   

14-3-3ε IR was detected in the axon tracts (illustrated by Figure 4.6B and Figure 

4.9F) and in the neuropil, interganglion connectives and nerves, suggesting that the 

protein is present in significant concentrations throughout the neuron, in general 

support of its role as a trafficking molecule.  14-3-3 is known to have a regulatory 

function in the priming and triggering mechanisms of vesicular content release into 

the synapse and so the proximity of a Lymnaea isoform to the nerve terminal is not 

unexpected [199]. 

There was no significant age-related change in the numbers of neurones expressing 

14-3-3Lym1 in any of the ganglia analysed (figure 4.13).  This supports the Western 

blot data shown in Chapter 3 which showed no age-related change in the levels of 

14-3-3Lym1 in either the CB complex or the VP complex.  While there was no 

change in the number of IR neurons, this does not preclude the possibility that some 

smaller neurones downregulate or cease to express the isoform, while others start 

or increase expression. 

Expression of 14-3-3Lym1 was seen to increase with increasing age in the 

modulatory CGCs.  14-3-3Lym1 expression was absent in young CGCs, present in a 

proportion of middle-aged CGCs examined but particularly abundant in the old 

CGCs.  The CGCs have both gating and frequency control functions.  At low firing 

frequencies the CGCs allow the feeding system to respond to a food stimulus.  

Increasing the firing frequency further allows an increase in the biting frequency 
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that the animal can achieve [224, 225].  Alterations in the ability of the CGCs to 

communicate with their target cells in the buccal ganglia would therefore increase 

the number of animals that fail to respond to a food stimulus or reduce the 

frequency of feeding, both of which are seen as the animals age [251].  

Neurotransmission between the CGCs and B4 swallow phase motor neurons is 

impaired with increasing age [229] as is the excitability of the CGCs [251].  The 

observed ‘switching on’ of 14-3-3Lym1 expression in advancing age may therefore 

be important for maintaining synaptic function in these cells as discussed above.  

Additionally, 14-3-3 proteins are important in the synthesis of 5-HT, the main 

transmitter of the CGCs, as they can regulate the activity of tryptophan hydroxylase 

[323].  With increasing age there is a decrease in the activity of the serotonin 

transporter in Lymnaea [229].  This reduces the re-uptake of 5-HT and could lead to 

depleted intracellular 5-HT levels in the aged CGCs.  However, there is no such age-

related decrease in the 5-HT content of the CGCs [229], suggesting a compensatory 

mechanism to stimulate de novo 5-HT synthesis is in place.  As an activator of TPH, 

the rate limiting enzyme in the production of 5-HT, the observed increase in 14-3-

3Lym1 expression may help to maintain 5-HT levels.  This hypothesis will be 

explored further in chapter 5. 

The CGCs in Lymnaea are also integral to the network that facilitates long term 

memory formation in the animal [324].  Long term memory formation is also 

impaired with increasing age in Lymnaea [233].  Expression of 14-3-3 isoforms are 

important for successful learning and memory in Drosophila, with decreases in 14-

3-3 expression leading to impairment of learning and memory [143, 206], or 
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correlated with age-related impairments in cognition in rats [208, 209].  Increases 

in 14-3-3 in the CGCs may again be a compensatory mechanism to try to maintain 

cognitive function in aged animals. 

4.5.1.2 Anti-14-3-3β IR corresponding to all Lymnaea 14-3-3-like isoforms 

IR was mainly limited to discrete large neurons, mostly located in the visceral and 

parietal ganglia.  There was no clear pattern of labelling within ganglia or within age 

groups in terms of the location of cells that showed IR.  No glial cell labelling was 

noted.  In contrast to the anti-14-3-3ε antibody, the anti-14-3-3β antibody labelled 

sporadically and IR was seen in all cell compartments, although not always in the 

same cell.  This was unexpected as the anti-14-3-3β antibody was predicted to 

detect all forms of Lymnaea 14-3-3, whereas the anti-14-3-3ε antibody should have 

been specific to one.  Possible reasons for this inconsistency were considered.   

 

4.5.1.2.1 Limitations of the anti-14-3-3β antibody 

The tertiary and quaternary structures of the proteins in their native states in IHC 

can negate the binding of an antibody that is highly complementary to the primary 

structure of the peptide of interest (which determines antibody binding in the 

denatured state required by SDS-PAGE) therefore two further issues were felt to be 

noteworthy. 

 Stearic hindrance, where the native protein configuration causes the epitope 

to be obscured 
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 Antigen masking, where the tissue fixation process causes the epitope to 

become obscured 

4.5.1.2.1.1 Stearic hindrance due to native configuration 

The SC-629 anti-14-3-3β antibody, like all available polyclonal pan-14-3-3 

antibodies at the time of testing, was raised to an epitope located at the N-terminus 

of the 14-3-3 molecule.  14-3-3 dimerises at this terminal.  This may explain why the 

antibody readily detects the denatured and therefore monomeric Lymnaea 14-3-3-

like proteins in a Western blot, but fails to consistently detect the native, dimerised 

proteins in the IHC preparation – in the former the N-termini are completely 

exposed whilst in the latter they constitute the point of dimerisation and so are 

mutually obscured (see figure 1.3).  The small amount of labelling detected using the 

anti-14-3-3β antibody may reflect monomeric 14-3-3Lym proteins, but these are 

unlikely to be present in the cell in high amounts due to the thermodynamic stability 

of the dimer configuration.  Other studies have shown 14-3-3 monomers to have 

binding ability but do not measure the relative abundance of the monomer vs. the 

dimer in a functional cell.  But a recent experiment has shown that a naturally-

occurring human 14-3-3ε splice variant that is unable to dimerise can still protect 

cells from UV-induced apoptosis, and so it is possible that stable, functional 

monomers are present in the CNS of Lymnaea [325].    

Alternatively, as homo- and heterodimers are both possible configurations [154], 

some dimer compositions may allow the antibody better access to the N-terminal 

binding site than others and the pattern of labelling could reflect the presence of a 
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specific heterodimer.  In vivo, obligate heterodimers of β and ε have been shown to 

form, and the knockdown of either isoform has a large impact on the ability of 

aldosterone to regulate a renal sodium channel, showing that the precise 

configuration of the β/ε partnership regulates the reaction [326].  Antibody binding 

may be similarly affected, especially where the epitope is inside the amphipathic 

binding groove.  

The epitope detected by the anti-14-3-3ε antibody is located in the region of helices 

4, 5 and 6 which are largely external once the protein has attained its tertiary 

structure (Figure 1.4, Figure 1.6).  Therefore, the antibody could be expected to 

detect 14-3-3Lym1 monomers as well as homo- or heterodimers, which may explain 

why anti-14-3-3ε IR appears to be more widespread. 

4.5.1.2.1.2 Epitope masking 

In the present study HEIR did not improve the labelling achieved and so the 

apparent inconsistency of labelling was not considered to be related to the fixation 

process.  The only other example of this anti-14-3-3β antibody being used in fixed-

paraffin wax embedded sections is in diseased, aged human brain where it strongly 

labelled astrocytes, but magnification was not high enough to determine whether 

labelling was localised to the cytoplasm or nucleus [327].  

4.5.1.2.2 Distribution of IR 

High magnification micrographs of areas positive for anti-14-3-3β IR showed a 

distinctly different pattern of labelling compared to that obtained using the anti-14-
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3-3ε antibody.  Most labelling was granular and diffuse, and IR was evident in cell 

cytoplasm, nuclei or concentrated at the cell membrane as well as in combinations 

of the three.  Western blot showed evidence of the 14-3-3Lym3 protein (at 29 kDa) 

in all four subcellular fractions and 14-3-3Lym3 was the only isoform to be found in 

the nuclear fraction.  That 14-3-3Lym3 is present in the nucleus may indicate a role 

in the regulation of transcription factors.   

Differences in the labelling level or pattern between age groups were difficult to 

determine due to the limited results offered by the antibody but some interesting 

observations could be made for key neurons.   

A number of large cells that showed immunoreactivity in the cytoplasm had a non-

uniform, granular appearance under high magnification, suggesting discrete 

intracellular localization of the various 14-3-3-like isoforms (Figure 4.9A, Figure 

4.17A, B and C and Figure 4.19B).  This granular appearance may indicate 14-3-3 

proteins in the endoplasmic reticulum undergoing synthesis or modification where 

they are likely to be concentrated.  Certainly different 14-3-3 isoforms can be 

preferentially associated with the membranes of rough and smooth endoplasmic 

reticulum or the vesicular structures of the Golgi apparatus in algae [328, 329].  No 

detail regarding such discrete intracellular locations in higher species is known. 

A further possibility is that the discrete granules of 14-3-3 may indicate aggregation, 

as 14-3-3 isoforms have been shown to be associated with protein aggregates in 

Lewy bodies (LB), prion disease, toxic β-amyloid peptide and in neurofibrillary 

tangles (NFTs) associated with Alzheimer’s disease [131, 330-333].  14-3-3 also 
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takes on a granular appearance in the neurons of spinocerebellar ataxia brains that 

is similar to that seen in the present study [133].  LBs and NFTs are age-related 

pathologies, whereas prion disease and spinocerebellar ataxia are pathologies of 

accelerated neurodegeneration.   Thus far there is no evidence that Lymnaea raised 

under laboratory conditions are susceptible to diseases of accelerated 

neurodegeneration, nor was the appearance of 14-3-3 as discrete granules or 

aggregates limited to old animals, which tends to support the theory that the 

granular property of the images reflects high concentrations of 14-3-3 protein 

within or associated with intracellular organelles.  Lymnaea do express amyloid 

precursor protein (APP) and work is currently underway to determine how the 

neurons of Lymnaea respond to β-amyloid (Kemenes, G. – unpublished data, 

personal communication). 

A comparison of the CGCs of young and old animals showed that in the old animal 

labelling was predominantly cytoplasmic, whereas in the young, labelling was 

restricted to the nucleus. Western blotting demonstrated that the only isoform to be 

present in the nucleus was the 29kDa 14-3-3Lym3 isoform, and as the Western blot 

was performed on young animals, these two results are in agreement.  14-3-3Lym3 

expression in the CB complex (where the CGCs lie) was shown to be decreased with 

age in chapter three and was the isoform that showed a significant positive 

correlation with feeding rates across ages.  A loss of nuclear 14-3-3Lym3, or 

movement of 14-3-3Lym3 to the cytoplasm from the nucleus may have effects on 

the regulation of feeding through a variety of mechanisms.  In addition to slower 

feeding rate, increasing age is associated with a decrease in total food intake in 
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Lymnaea [251].  In the cnidarian Hydra, 14-3-3 proteins are present in both the 

cytoplasm and nuclei of epithelial cells and under conditions of starvation, 

expression in the nucleus appears to increase [334].  Compare this to the Lymnaea 

CNS and the case of the CGCs where nuclear labelling due to 14-3-3Lym3 appears to 

be abolished in old age.  The situation of post-mitotic cells such as neurons may be 

different to that of dividing epithelial cells, however.   

While interesting, the limitations of the anti-14-3-3β antibody mean that possible 

hypotheses explaining the decrease in nuclear expression are not easily tested.  

There is evidence that oxidative stress can induce the production of 14-3-3 protein 

in human brain glial cells [335] and experiments in cells, invertebrates and 

transgenic mouse models of Parkinson’s disease show that the upregulation of 14-3-

3 proteins is neuroprotective against α-synuclein toxicity  [302, 336].  IHC in this 

last study showed the upregulation of neuroprotective 14-3-3θ to be both nuclear 

and cytoplasmic. 

14-3-3Lym2 showed structural similarity to the mammalian θ isoform.  In sheep, the 

neurodegenerative disorder, scrapie, leads to upregulation of 14-3-3 in some brain 

areas but losses in others [286] and in humans, the gene YWHAZ (encoding 14-3-3ζ, 

with structural similarities to both 14-3-3Lym2 and 14-3-3Lym3) is decreased in 

both normal ageing and in Alzheimer’s brains [130].  The authors of this study 

concluded from their systems level analysis that YWHAZ is a hub gene likely to be 

vital to proper cellular function, and is of significance in both Alzheimer’s and 

normally-aged brains. 
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Evidence thus far supports isoform-specific subcellular location, thought to arise in 

non-pathological states from differences in the rates of nuclear export between 

isoforms, certainly in the case of mammalian 14-3-3ζ, which is found predominantly 

in the nucleus, and 14-3-3σ which is in greatest abundance in the cytoplasm [307].  

However redistribution of 14-3-3 may be secondary to a stimulus such as a change 

in the need to export or import a specific target protein to the nucleus to affect a 

distinct cellular response, in which case a change in the localisation of 14-3-3 

protein could be correlative, rather than causative.  Developmental studies have 

shown that 14-3-3 expression can change from cytoplasmic to nuclear in the 

developing rat cerebellum and in the presence of neurodegenerative pathology such 

as spinocerebellar ataxia [133, 308]. It is postulated that nuclear localisation of 14-

3-3 may be responsible for the stabilisation of the mutant ataxin 1 protein which 

goes on to cause the neurodegeneration characteristic of spinocerebellar ataxia.  

The apparent change in 14-3-3 protein localisation in developing rats may indicate a 

switching on and/or off of different isoforms as their different roles become 

necessary or obsolete in line with normal developmental milestones.  Although 

changes in subcellular localisation have been seen during embryonic and postnatal 

development, their relevance to ageing is currently unclear.   

In other invertebrates 14-3-3 has been shown to be involved in the stress response 

pathways.  14-3-3 proteins modulate stress responses by influencing the subcellular 

location of various signalling molecules, controlling their outputs by enabling or 

inhibiting their movement between the nucleus and cytoplasm.  In chapter 1, the 

role of 14-3-3 in controlling the nuclear import of FOXO in mammals was discussed.  
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14-3-3-FOXO complexes remain in the cytoplasm, unable to regulate the 

transcription of growth, metabolism and stress response genes whose products 

would be neuroprotective such as antioxidants [173].  14-3-3 downregulation 

would facilitate FOXO translocation to the nucleus and trigger the transcription of 

stress response genes, suggesting that a down-regulation of 14-3-3 may be 

neuroprotective in the event of stress.  In Caenorhabtidis elegans, 14-3-3 proteins 

can bind to and modulate the function of DAF-16 (the homologue to mammalian 

FOXO) [337].  When 14-3-3 is downregulated, DAF-16 is localised to the nucleus, 

suggesting a parallel mechanism by which 14-3-3 downregulation is correlated with 

protective events against stress. However low levels of 14-3-3 lead to lifespan 

shortening in C. elegans [337].  A further protein, SIR-2.1, is important in the 14-3-3-

DAF-16 story.  Heat stress has been shown to induce the interaction between SIR-

2.1 and DAF-16.  14-3-3 is thought to play a role in the formation of this complex 

because reduced levels of 14-3-3 decrease the stress-induced interaction of DAF-16 

and SIR-2.1 [337].  This suggests that 14-3-3 is a co-factor of sorts for the stress-

induced interaction between SIR-2.1 and DAF-16 that leads to activation of DAF-16 

and gene transcription to protect against stress [196].  In this animal, loss of 14-3-3 

leads to diminished resistance to stress and reduced lifespan.  

Work in the author’s laboratory using a proteomic screen has shown a decrease in 

the expression of 14-3-3, which has been replicated in this work and shown to be 

due to a reduction in the expression of 14-3-3Lym3 in the CB complex in old 

animals.  From the evidence above, 14-3-3s are important in modulating the stress 

response and a down regulation in the Lymnaea CNS may have a number of 
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consequences in this regard:  firstly, if 14-3-3 proteins are acting as co-factors for 

FOXO homologues, as in C. elegans, a reduction in 14-3-3 expression may increase 

susceptibility to stress and cellular damage due to the inability to form the correct 

protein complexes to activate protective gene transcription processes.  

Alternatively, if 14-3-3 proteins are acting purely as nucleocytoplasmic shuttlers for 

FOXO homologues, their downregulation may encourage the localisation of 

transcription factors to the nucleus and so be protective, and therefore the 

downregulation of 14-3-3 in the CB complex of Lymnaea may also be an attempt at 

neuroprotection in the wake of a lifetime of accumulated cellular damage.   

Despite these effects it is clear from chapter three that levels of 14-3-3Lym3 protein 

correlate with feeding rates.  As discussed previously, 14-3-3 can regulate the 

synthesis of both DA and 5-HT by interacting with the rate limiting enzymes 

involved in their production.  As DA and 5-HT are both key neurochemicals in the 

regulation of feeding behaviour, chapter five will investigate whether the decrease 

in 14-3-3 expression seen in the Lymnaea CNS could lead to decreased feeding rates 

via an influence on dopaminergic and serotonergic signalling. 
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Chapter Five: The effects of ageing on 14-3-3-like 
protein-dependent synthesis of dopamine (DA) and 
serotonin (5-HT) in the cerebro-buccal complex of 
Lymnaea 

 

5.1 INTRODUCTION 

14-3-3 proteins were originally characterised based on their ability to increase the 

activity of the rate limiting enzymes involved in the synthesis of 5-HT and DA [323, 

338].  Both 5-HT and DA are important regulators of feeding behaviour in Lymnaea.  

During ageing the excitability of a key pair of 5-HT-containing neurons, the cerebral 

giant cells (CGCs) is decreased [224, 225].  This observation is consistent with the 

observed decrease in the feeding frequency seen with age [251].  However these 

changes appear to be partially compensated for by a decrease in the 

activity/expression of the serotonin transporter (SERT), responsible for removing 

5-HT from the synaptic space.  This would reduce reuptake of released 5-HT from 

the synapse, prolonging the effect of released 5-HT to help maintain function [229] 

yet intracellular 5-HT levels remain the same.  DA is present in a large number of 

small unidentified neurones in the cerebral ganglia [339] and application of DA to 

the cerebral ganglia can activate a feeding rhythm in otherwise quiescent 

preparations of Limax (a terrestrial slug) [340].  Experiments using rotenone, an 

organic pesticide that induces symptoms of Parkinson’s disease in vertebrates, have 

shown that it is possible to induce feeding and locomotor deficits in Lymnaea that 

are attributable to dopaminergic neurons [303].  Previous unpublished work from 
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this laboratory has demonstrated a decrease in levels of DA in the cerebral and 

buccal ganglia with age.   

Data from chapter 4 demonstrated that 14-3-3Lym1 expression was increased in 

the CGCs with increasing age and I hypothesised that this increase in expression 

may act to help maintain 5-HT levels in the CGCs when the expression of the SERT 

was impaired. Although I was unable to identify key dopaminergic neurones in the 

cerebral ganglia and therefore determine whether their expression of 14-3-3 was 

altered with age, it was possible that the isoform-specific, age-related decrease in 

14-3-3Lym3 shown in chapter 3 may putatively account for the decrease in cerebral 

DA levels seen in old animals.        

The identification of 14-3-3 proteins as binding partners of tyrosine hydroxylase 

(TH) and tryptophan hydroxylase (TPH) occurred over 30 years ago [323, 338].  

Since then, a number of studies have tried to determine what effect 14-3-3 binding 

has on the activity of these rate-limiting enzymes responsible for converting 

tyrosine and tryptophan to L-3,4-dihydroxyphenylalanine (L-DOPA) and 5-hydroxy-

L-tryptophan (5-HTP) respectively.  It is thought that binding of 14-3-3 to TH and 

TPH activates them, thereby facilitating or increasing the production of L-DOPA and 

5-HTP [323, 341].  By extrapolation, this may have a downstream regulatory effect 

on the production of DA and 5-HT and subsequent neuronal signalling. 

The pathways for DA and 5-HT production and breakdown are illustrated in Figure 

5.1. 
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Figure 5.1:  Schematic demonstrating the pathways involved in the synthesis and metabolism of 

dopamine and serotonin including intermediate neurochemicals and regulatory enzymes.  14-3-3 

is an activator of TH and TPH, increasing their activity.  

 

Production of DA and 5-HT occurs in the cell cytoplasm (Figure 5.2.).  Upon creation, 

the two neurotransmitters are packaged into vesicles by the vesicular monoamine 

transporter (VMAT) [342, 343] ready to be released into the synaptic space upon 

depolarisation of the cell.  The neurotransmitters are later cleared from the synapse 

via transporter proteins located on the presynaptic membrane.  These transporters 

are known as the DA transporter (DATr) and 5-HT transporter (SERT).  Once 

returned to the presynaptic cell, DA and 5-HT are either re-packaged into vesicles to 

be released again, or broken down by monoamine oxidase and aldehyde 
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dehydrogenase enzymes to 3,4-dihydroxyphenylacetic acid (DOPAC) and 5-

hydroxyindoleacetic acid (5-HIAA) respectively, which are then excreted. 

 

Figure 5.2:  The production, release and re-uptake of DA and 5-HT.  L-tyrosine and L-tryptophan 

are converted enzymatically to L-DOPA and 5-HTP (1), which are then decarboxylated to form DA 

and 5-HT (2).  DA and 5-HT are packaged into vesicles for storage (3).  When the cell is depolarised, 

the vesicle fuses with the pre-synaptic membrane (4), releasing DA and 5-HT into the synaptic 

space where they bind to their respective post-synaptic receptors, triggering a downstream 

response in the adjacent cell (5).  DA and 5-HT are cleared from the synapse via the transporter 

proteins DATr and SERT (6) and once returned to the pre-synaptic cell they are repackaged ready 

for further release or metabolised to DOPAC and 5-HIAA respectively, and then excreted. 

 



 

197 

In all aspects studied thus far, biochemical pathways for the synthesis and 

metabolism of dopamine and serotonin are similar in vertebrates and invertebrates, 

and therefore increased understanding of the Lymnaea pathway is likely to inform 

upon mammalian biochemistry. 

5.1.1 Serotonin (5-HT) and Tryptophan Hydroxylase (TPH) 

In vertebrates two different forms of TPH exist, coded for by two distinct genes, 

tph1 and tph2.  TPH1 is found in peripheral, non-neuronal serotonergic tissues such 

as the skin and enterochromaffin cells of the gut [344] as well as in the foetal brain 

[345], and TPH2 is the neuronal form, expressed primarily in the serotonergic 

neurons of the brain stem and myenteric plexus [346].  In invertebrate biology, 

many organisms have demonstrated at least one form of TPH [347-350], although in 

the case of Drosophila, the TPH enzyme has evolved to function jointly as a 

modulator of both 5-HT and DA production, as the DTPH enzyme can also 

hydroxylate phenylalanine to L-tyrosine [348].  TPH has not thus far been studied in 

Lymnaea, however a search of the Lymnaea CNS EST library using a similar search 

strategy to that described in chapter two revealed three clones with similarities to 

known TPH sequences: FPS012.CR_N04, FPS012.C7_N04 and FPS017.CR_K09. 

All three clones were compared to known sequences in a BLASTx search of non-

redundant protein sequences (see Chapter two for full method).  Clones 

FPS012C7_N04 and FPS012C7_N04 are the forward and reverse reads of the same 

sequence and therefore represent the same mRNA.  Together these two clones most 

closely resemble the TPH sequence of Aplysia californica, with e values of 3e-71 and 



 

198 

2e-120.  The closest vertebrate matches were the TPH1 of Takifugu rubripes (1e-10) 

and a hypothetic protein of Macaca fascicularis similar to human TPH2 (6e-34).  The 

third clone FPSCR17_K09 also had the Aplysia TPH sequence as its best match (9e-

12) but showed no significant similarities to vertebrate proteins.   

Age-related changes in TPH have been identified in the rat brain, where region-

specific changes in enzyme affinity and activity were found in different aged rats 

[351].  In this study the authors found that while the enzyme’s affinity declined in 

the midbrain and pons of old rats, Vmax in the midbrain was significantly elevated.  

Vmax in the medulla declined with age.  No other studies of TPH activity in ageing 

systems were identified.  The apparent up-regulation of 14-3-3Lym1 in the CGCs of 

older animals that was demonstrated in chapter 4 may help to explain how 

intracellular 5-HT levels are maintained in the presence of less active SERT proteins.  

The relationship between 14-3-3 and TPH activity will be investigated in this 

chapter.  

5.1.2 Dopamine (DA) and Tyrosine Hydroxylase (TH) 

Little is known about the activity of TH in Lymnaea.  A search of the Lymnaea CNS 

EST library did not reveal a clone that corresponded to homolog of TH, however, a 

protein similar to the mammalian TH exists in the Lymnaea CNS and has been 

successfully targeted using IHC [303, 352].  Later work demonstrated that the 

number of anti-TH immunoreactive cells remains constant as animals age, although 

levels of DA decreased in all CNS regions (Yeoman, M – personal communication). 
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Several lines of evidence suggest DA is an important regulator of feeding rate in 

Lymnaea.  First, treatment of young Lymnaea with rotenone decreases DA levels in 

the Lymnaea CNS and this decrease was accompanied by a reduction in feeding rate 

[303].   Second, in other related molluscs (Helisoma, Limax) exogenous DA has been 

shown to modulate feeding in semi-intact preparations.  In Limax, DA perfusion over 

the buccal and cerebral ganglia increased the bursting rate of the fast salivary 

burster neuron and was able to trigger the feeding motor program [340].  In a 

similar preparation, DA perfusion over the CNS of Helisoma triggered the production 

of the characteristic triphasic fictive feeding motor pattern [353].  The work by 

Yeoman et al. has demonstrated that ageing is associated with a decrease in the 

levels of DA in both the cerebral and buccal ganglia and that the decreases in the 

cerebral ganglia correlate well with feeding rate.  Although I have been unable to 

directly examine how age affects the expression of 14-3-3 in key cerebral 

dopaminergic neurons, the overall decrease in 14-3-3 in the Lymnaea CB complex 

provides a putative mechanism for the age-related decrease in DA levels that will be 

examined in this chapter.   

5.1.3 Regulation of TH and TPH Activity 

TH activity is subject to multiple regulatory influences including direct inhibition via 

negative feedback by catecholamines, post-translational phosphorylation and 

dephosphorylation involving a variety of kinases, and changes in enzyme stability, 

reviewed by Kumer and Vrana [354].   TPH activity has been reportedly modified 

following phosphorylation by protein kinase A (PKA) [355] and Ca2+/calmodulin-

dependent protein kinase (CaMKII) [185, 356, 357].  One specific regulator of both 
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TH and TPH activity is 14-3-3 protein, indeed the 14-3-3 protein family were first 

identified as activators of TH and TPH [323, 338].   

The effect of bound 14-3-3 on TH activity is poorly characterised.  Toska et al. found 

that bound 14-3-3 increased the activity of pSer19 TH, leading to a 3-fold increase in 

Vmax [358].  These authors suggest that the binding of 14-3-3 to TH protects the 

enzyme in some way that prevents its degradation or inactivation, thereby 

increasing its apparent activity.  In support of this, more recent work has indicated 

that 14-3-3 binding can structurally stabilise phosphorylated TH by protecting 

specific areas of the protein from degradation [359].  However, RNA interference 

(RNAi) of 14-3-3η in the PC12D cell line (rat phaeochromocytoma cells, 

differentiated into nerve-like cells using forskolin or nerve growth factor) has also 

been shown to increase the amount of TH protein, suggesting that down-regulation 

of 14-3-3η increases the stability of TH against proteolysis, and so the mechanism 

by which 14-3-3-associated activation occurs is not clear [360].  The interaction 

between 14-3-3 and TPH1 has been shown to be phosphorylation dependent, with 

14-3-3 proteins increasing the activity of pTPH1 by around 45 % [361].  14-3-3 has 

been shown to have an activating and stabilizing influence on human Ser19 

phosphorylated TPH2, binding with high affinity and leading to immediate increases 

in activity as well as prolonged, sustained activity compared to unbound TPH2  

[362].  Addition of fluoxetine to block serotonin reuptake into the pre-synaptic cell 

caused an increase in the expression of 14-3-3 protein in the dorsal raphe nucleus 

and hippocampus of the rat brain, with little effect on levels of TPH [363].  This 

suggests that 14-3-3 is upregulated to increase 5-HT production and maintain levels 
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of 5-HT in the raphe neurons.  However, earlier studies in rats showed that SSRIs 

including fluoxetine could both reduce TPH expression in the raphe nuclei [364] and 

increase it [365].  Despite the Sprague-Dawley strain being used consistently, these 

studies did not report on the ages of the animals used which may have impacted the 

findings.   

5.1.4 14-3-3 Antagonism 

A large number of experiments have sought to decrease 14-3-3 protein activity 

using antagonists.   R18 is a peptide first isolated for its ability to bind to 14-3-3τ but 

was later found to bind with high specificity to the 14-3-3 proteins with no 

selectivity between isoforms [182].  It is a synthetic 14-3-3 antagonist consisting of 

a 20mer peptide (Tocris) that binds to 14-3-3 dimers in a non-phosphorylation-

dependent manner.  R18 has been shown to bind to the amphipathic groove of the 

14-3-3 dimer in a manner comparable to phosphorylated ligands, despite lacking 

phosphoserine itself [174, 366].  R18 and its derivatives have been found to 

modulate 14-3-3 activity and, as a consequence, apoptosis [367].   

I hypothesise that the role of 14-3-3 protein as a regulator of TH and TPH activity is 

conserved in Lymnaea and therefore the changes in 14-3-3 expression noted in 

chapters 3 and 4 could affect the synthesis of DA and 5-HT.   

In this chapter, I plan to examine the ability of R18 to disrupt 14-3-3-dependent DA 

and 5-HT synthesis in young and old Lymnaea. 
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5.2 AIMS 

1) To determine if 14-3-3 proteins can regulator TH and TPH activity in  

Lymnaea 

2) To determine whether this regulation is affected by age 

5.3 METHOD 

In order to evaluate TH and TPH activity, an analytical approach using High 

Performance Liquid Chromatography (HPLC) with Electrochemical Detection (ED) 

was used to detect and quantify the neurochemicals of interest in the synthesis 

pathways for both dopamine and serotonin.   

5.3.1 HPLC Equipment 

The HPLC system consisted of a Shimadzu pump and Rheodyne manual injector 

equipped with a 20 µl loop. The KINETIC® ODS 2.6µm 100 mm x 2.1 mm i.d. 

analytical column with a KrudKatcher™ Ultra in-line filter (both Phenomenex®, 

Macclesfield, UK) was used, all maintained at ambient temperature.  A CHI 1001A 

potentiostat (CH Instruments, Austin, TX, USA) was used to control the detector 

voltage and record the current. A 3 mm glassy carbon electrode (Radial flow cell, 

Bioanalytical Systems Inc.) served as the working electrode and was used with an 

Ag|AgCl reference electrode and a stainless steel auxiliary block as the counter 

electrode. The working electrode was set at a potential of +850 mV versus Ag|AgCl 

reference electrode according to previous work that looked at the neurochemicals of 

interest [368-370].  Control and data collection/processing were handled through 

CHI 1001A software. 
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5.3.2 Standards and Calibration 

To determine retention times and the limits of detection, standards of each analyte 

were run.  Standard solutions were prepared from a 500 µM stock of each analyte in 

0.1 M perchloric acid. Each of the standard solutions were prepared on the day of 

analysis and stored at 4 oC between injections. A calibration range was obtained by 

running, individually, a range of concentrations of 5-HIAA, tryptophan, tyrosine, 5-

HT, dopamine, DOPAC, L-DOPA and 5-HT through the developed chromatographic 

method. Concentrations investigated ranged from 0.01 to 5 µM for L-DOPA, 5-HTP, 

DOPAC, 5-HT and dopamine and 5-HIAA. For tryptophan and tyrosine, calibrations 

were carried out between 1 – 100 µM.  At the start and end of each day, a standard 

mixture of all analytes was run to record their retention times and check for drift 

associated with electrode fouling and/or product build-up on the detector or 

changes in physical parameters such as temperature.  The retention times and limits 

of detection for each neurochemical are summarised in Table 5.1.   
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Table 5.1 

Neurochemical of 
interest 

Retention Time 
(minutes) 

Limit of 
Detection 

L-DOPA 2.1 24 nM 

Tyrosine 2.6 1.12 µM 

DA 2.8 67 nM 

5-HTP 4.3 20 nM 

5-HT 6.3 98 nM 

DOPAC 8.1 35 nM 

Tryptophan 10.9 1.24 µM 

5-HIAA 16.6 29 nM 

Table 5.1:  Retention times and limits of detection of the neurochemicals of interest in the 

production and metabolism of DA and 5-HT.  L-DOPA (L-3,4-dihydroxyphenylalanine), 5-HTP (5-

hydroxytryptophan), 5-HT (5-hydroxytryptamine, serotonin), DOPAC (3,4-dihydroxyphenylacetic 

acid), 5-HIAA (5-hydroxyindoleacetic acid). Obtained under isocratic conditions at ambient 

temperature, with a flow rate of 150 µl min-1, using a mobile phase containing 95 % 0.1 M 

acetonitrile buffer and 5 % methanol 

 

5.3.3 Chromatography 

The stock buffer for the mobile phase comprised the following: 0.1 M sodium 

acetate, 0.1 M citric acid and 27 µM disodium ethylene-diamine-tetra-acetate 

(EDTA) dissolved in 1 l of deionized, distilled water, buffered to pH 3.5 using 

concentrated NaOH.  To prepare the mobile phase, the acetate buffer was mixed 

with acetonitrile (HiperSOLV® for HPLC, BDH) in the ratio 95:5 (v/v) and degassed 

by sonication.  The stock buffer was combined with methanol at various ratios to 

determine the effect of methanol concentration on retention time (Figure 5.3A). 

Chromatographic responses are shown in Figure 5.3C, where all the analytes were 

separated using an isocratic mode. Based on responses in Figure 5.3A, the percent of 
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methanol utilised in the final mobile phase was 5 %, as this allowed for resolution of 

tyrosine and DA (peaks 2 and 3 respectively). As flow rate correlated linearly with 

retention time (Figure 5.3), a flow rate of 150 μl min-1 was utilised. The flow rate in 

the case of this assay is fit for purpose but could be increased to reduce the overall 

run time; however we were limited due to the capabilities of our pump.   

 

Figure 5.3:  The effect of mobile phase methanol concentration and flow rate on  retention times.  A 

– retention times are reduced by increasing the methanol content of the mobile phase but 

resolution was poorer at high methanol %’s.  B – retention times for all analytes decreased linearly 

with flow rate and loss of resolution was minimal.  C – chromatogram showing the elution of the 

eight neurochemicals of interest in the production and metabolism of DA and 5-HT.  1- L-DOPA (10 

µM), 2 – tyrosine (100 µM), 3 –DA (10 µM), 4- 5-HTP (10 µM), 5 – 5-HT (10 µM) , 6 – DOPAC (10 µM), 

7- tryptophan (100 µM), 8 – 5-HIAA (10 µM).  Obtained under isocratic conditions at ambient 

temperature, with a flow rate of 150 µl min-1, using a mobile phase containing 95 % 0.1 M 

acetonitrile buffer and 5 % methanol. 
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Good baseline resolution was observed for the separation (Rs < 3.0) for all 

components except that of DA and tyrosine, where Rs was 0.45. Although this value 

is much lower, peak responses were easily identified and measurable for both DA 

and tyrosine.  Using a mobile phase consisting of 0.095 M acetate buffer, 5 % 

methanol, it was possible to separate all major analytes within 17 minutes which 

compares favourably to other methods considering the number of 

neurotransmitters detectable [370-373].   

5.3.4 Data Analysis 

Peak areas were measured and then normalised to the protein content of the 

sample, determined by Bradford assay [290].  Changes in the level of neurochemical 

over time were presented as the ratio of normalised peak area at 30 minutes to that 

at time zero.  As normalised values were compared, data were analysed using non-

parametric statistical tests unless stated otherwise.  Due to convention however, the 

data was presented graphically showing the mean +/- SEM.  All data found to show 

statistically significant differences between groups were tested for normality using 

the D’agostino and Pearson normality test, and failed.  Data was managed and 

analysed using GraphPad Prism V5.03. 

5.3.5 Sampling of a Lymnaea CNS 

To determine whether the concentrations of neurochemicals present within a single 

Lymnaea CNS were high enough to be detected by this system, a single CB complex 

was dissected from a three month old animal according to the protocol in chapter 3, 

homogenised in 160 µl of ice-cold 0.1M perchloric acid and centrifuged at 14,000 x g 
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for 10 minutes to pellet cell debris and proteins.  The supernatant was filtered 

through a 0.2 µm regenerated cellulose (RC) membrane filter (Phenomenex®, 

Macclesfield, UK) to remove any suspended precipitated solids before 20 µl was 

injected onto the column for analysis.  All 8 neurochemicals were detected in 

measurable amounts.  A number of additional peaks were also detected and the 

identity of these was considered.  One large early peak corresponds to the elution 

time of the anti-oxidant ascorbic acid, which is known to be present in abundance in 

the Lymnaea brain (Figure 5.4; [374]).  

 

Figure 5.4:  Chromatograph showing a Lymnaea CB complex homogenate, 50 µM ascorbic acid and 

a standard mixture of the neurochemicals of interest.  The endogenous ascorbic acid peak for 

Lymnaea occurs at around 120 seconds, and does not interfere with the nearest peak of interest, 1 - 

L-DOPA (10 µM), 2 – tyrosine (100 µM), 3 –DA (10 µM), 4- 5-HTP (10 µM), 5 – 5-HT (10 µM) , 6 – 

DOPAC (10 µM), 7- tryptophan (100 µM), 8 – 5-HIAA (10 µM).L-DOPA (1). 2 – tyrosine, 3 – 

dopamine (DA), 4- 5-HTP, 5 – 5-HT, 6 – DOPAC, 7- tryptophan, 8 – 5-HIAA. 
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5.3.6 Testing the Feasibility of Sample Splitting 

The feasibility of splitting a single CNS sample into multiple groups to allow 

different conditions to be tested in the same animal was considered.  Due to the 

large and unavoidable variability between animals it was decided that each sample 

should be split into a control and up to two treatment groups, and that treatment 

groups should then be compared to control.  CNSs were dissected and the CB 

complex detached.  The complex was homogenised as in 5.3.2 and while still in 

suspension, three 50 µL aliquots were removed, centrifuged and filtered as above 

before being injected onto the column.  Samples were placed on dry ice while 

awaiting analysis.  The remaining supernatant (10 µl) and pellet were snap frozen 

and stored at -80 °C before being analysed for protein content .  Figure 5.5 compares 

the mean total protein content of the three separate samples from six individual CB 

complex homogenates (young animals).  Analysis using ANOVA demonstrated no 

significant difference in the sample protein content, denoting equal sample division.  
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Figure 5.5:  Graph of mean protein content for each of the 3 samples taken from a single CB 

complex homogenate.  Using ANOVA, no significant difference was detected between protein 

content when CNS homogenates were split into 3 samples. N = 6. Error bars show SEM. 

 

5.3.7 Selection of Reaction Matrix Constituents 

Previous experiments designed to measure the activity of TH and TPH have used a 

variety of additives to stabilise and optimise the reaction matrix.  A number of 

possible additives were chosen based on earlier work and analysed for their 

retention times and peak characteristics to determine if their presence masked the 

key neurochemical signals of interest.  The non-selective aromatic amino acid 

decarboxylase inhibitor 3-hydroxybenzylhydrazine (NSD-1015) has been shown in 

previous studies to prevent the breakdown of both L-DOPA and 5-HTP to DA and 5-

HT respectively, thereby preserving newly formed L-DOPA and 5-HTP for analysis.  

A number of inhibitors exist but NSD-1015 was selected as it had previously been 

used successfully in a mollusc [375] and in Lymnaea [376, 377].   
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Tetrahydrobiopterin (BH4) acts as an electron carrier for the oxidation reaction that 

converts tyrosine and tryptophan to L-DOPA and 5-HTP respectively.  The 

manufacturer’s protocol for assaying tyrosine hydroxylase activity used a 

concentration of 167 µM yet the literature suggested using concentrations of 0.1 

mM (to measure TH activity) and 0.3 mM (to measure TPH activity) and so BH4 was 

tested at a range of concentrations from 1 nM to 1 mM [378, 379].  Catalase 

performs as an antioxidant, protecting the reaction products from oxidation and 

maintains the reduced state of the BH4 required for its activity in the reaction [378].  

It was tested at concentrations of 0.05mg and 0.1 mg/ml, equivalent to 500 and 

1000 units/ml.  These concentrations were informed by the manufacturer’s protocol 

for assaying TH activity [379] and an earlier study [378].   Ascorbic acid has been 

shown to be present in the Lymnaea CNS in high concentrations [374], has been 

used previously as an antioxidant and to increase tyrosine hydroxylase activity in 

homogenised rat striata [380, 381] and may also increase the activity of tryptophan 

hydroxylase, although this is less well-studied [382].  Addition of exogenous 

ascorbic acid was analysed at concentrations of between 1 µM and 1 mM.  R18, the 

antagonist of 14-3-3, was tested at a concentration of 1 nM and 1 uM according to 

estimates of 14-3-3 protein concentration in the Lymnaea CNS.     

In addition, as binding of 14-3-3 to TH and TPH and the activities of the enzymes 

themselves are phosphorylation-dependent, a phosphatase inhibitor was added to 

the final reaction mixture, to prevent dephosphorylation by endogenous 

phosphatases that could affect reaction rate. Roche PhosSTOP phosphatase inhibitor 

cocktail was tested at the manufacturer’s specified concentration.  Inherent 
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problems exist in maintaining enzymes in their functional state when incubating cell 

lysates.  At room temperature, endogenous proteases released when cells are lysed 

quickly degrade proteins and so a protease inhibitor cocktail (Sigma) was tested at a 

concentration of 1 % v/v.  

A representative chromatograph comparing the elution times and peak heights of 

these reaction additions to the standard mixture of eight neurochemicals is shown 

in Figure 5.6.  

Both catalase and BH4 elute at around 150 seconds and produce relatively high area 

peaks with extensive tails that mask the signals produced from the L-DOPA, DA and 

tyrosine standards, even at low concentrations.  NSD-1015 at a concentration of 10 

and 30 µM produces a small peak at around 3 minutes that does not interfere with 

the nearest peak, DA.  At 50 µM however, L-DOPA and DA are masked by an 

extensive tail.  Neither the phosphatase or protease inhibitors produced peaks 

under these conditions.   
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Figure 5.6:  Chromatograph comparing retention times of the neurotransmitters of interest with 

common reaction mixture additions.  In the standard mixture the numbered peaks correspond to  

L-DOPA (10 µM), 2 – tyrosine (100 µM), 3 –DA (10 µM), 4- 5-HTP (10 µM), 5 – 5-HT (10 µM) , 6 – 

DOPAC (10 µM), 7- tryptophan (100 µM), 8 – 5-HIAA (10 µM).  The peaks for BH4 and catalase 

obscure early peaks associated with L-DOPA, tyrosine and DA, even at these low concentrations.  

NSD-1015, an L-amino acid decarboxylase inhibitor, gives a small peak between DA (3) and 5-HTP 

(4), presenting no interference at a concentration of 10 µM.  R18, a synthetic antagonist of 14-3-3, 

does not give a signal at this concentration. 

 

5.3.8 Optimisation of Reaction Matrix 

Each of the additions was then tested for its ability to affect the reactions of interest 

- the conversion of tyrosine to L-DOPA and tryptophan to 5-HTP.  As an aromatic 

amino acid decarboxylase inhibitor had proved to be vital in past literature to 

preserve the products of this reaction, the effect of various concentrations of NSD-

1015 was considered first.  Note that all Lymnaea CNS homogenates contain 
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endogenous ascorbic acid and so this component could not be omitted from the 

reaction mixture.   

5.3.8.1 Concentration of NSD-1015 

In a previous study, NSD-1015 was found to inhibit the activity of TH and TPH in 

E90 (90% of embryonic stage complete, pre-hatching) Lymnaea embryos.  50 % 

inhibition was seen for TH and TPH using NSD-1015 at a concentration of 41.6 µM 

and 2.9 µM respectively [377].  In a further study, NSD-1015 applied to an isolated 

CNS preparation by bath perfusion at a concentration of 26 µM was found to be 

sufficient to abolish the excitatory effect of 5-HTP on serotonergic pedal neurons 

arising from conversion to 5-HT [376].  

CB complexes of young animals were removed as described above, and 

homogenised in a reaction mixture consisting of HEPES-buffered saline enriched 

with phosphatase and protease inhibitor and 10 µM each of tyrosine and tryptophan 

before being split into three aliquots. 

Ice-cold 0.1 M perchloric acid was added to one aliquot to precipitate out protein in 

the sample, thereby halting the reaction.  This sample constituted time T0.  The 

second sample was left at room temperature for 30 minutes before the addition of 

perchloric acid to give the second time point, T30.  The third and fourth samples 

were treated with either 10 or 50 µM of NSD-1015 and then left at room 

temperature for 30 minutes  before the addition of perchloric acid, giving T30(NSD-

1015).  This allowed each CNS to act as its own control.  Immediately after the 

addition of perchloric acid, samples were centrifuged, filtered, analysed as above, 
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and the remaining pellet assayed for protein content.  Samples were injected onto 

the column as soon as possible and were stored on dry ice in the interim, as levels of 

DA and 5-HT in the samples degrade quickly even at -20 °C [371] (Figure 5.7). 

Normalised peak areas were analysed by expressing the T30 peak area as a ratio of 

the T0 peak area for both treatment and control to indicate extent of de novo 

production of L-DOPA and 5-HTP.   

 

Figure 5.7: Chromatograph showing the eight neurochemicals of interest from a single Lymnaea 

CNS homogenate at T0, T30 and T30 in the presence of 10 µM NSD-1015.   Numbered peaks 

correspond to: 1 - L-DOPA, 2 – Tyrosine, 3 – DA, 4 – NSD-1015, 5 – 5-HTP, 6 – 5-HT, 7 – DOPAC, 8 – 

Tryptophan, 9 – 5-HIAA.  

 

There was a significant increase in the amount of L-DOPA present in NSD-1015-

treated samples treated with both 10 and 50 µM at 30 minutes compared to control 
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(Figure 5.8A).  Similarly there was a significant decrease in the amount of DA 

present after 30 minutes at both concentrations (Figure 5.8B).  A significant 

increase was also observed in the amount of 5-HTP present in the sample treated 

with 10 µM NDS-1015 at 30 minutes compared to control (Figure 5.8C).  Although a 

decrease in the amount of 5-HT present was observed, the difference did not reach 

significance.  Unfortunately the large peak and extensive tail produced by the higher 

concentration of NSD-1015 obscured the 5-HTP and 5-HT peak and so the effect of 

the higher concentration on 5-HTP and 5-HT production could not be assessed.  

From this data, the effects of NDS-1015 do not appear to be dose-dependent within 

this range.  Data were analysed using the Wilcoxon matched pairs signed rank test.  
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Figure 5.8: Comparison of L-DOPA, 5-HTP, DA and 5-HT production in the presence of varying 

concentrations o f NSD-1015.  A – L-DOPA levels at 30 minutes were significantly increased 

following the addition of both 10 and 50 µM NSD-1015 compared with controls (10 µM p = 0.0156, 

n = 7.  50 µM, p = 0.0313, n = 6).  B – DA levels were significantly decreased at 30 minutes following 

the addition of both 10 and 50 µM NSD-1015 compared to controls (p = 0.0313 both, n = 6).  C – 5-

HTP levels were significantly increased at 30 minutes following the addition of 10 µM NSD-1015 (p 

= 0.0313, n = 7).  D– Levels of 5-HT were reduced at 30 minutes compared with control following 

the addition of NSD-1015 but did not reach significance (p = 0.0585, n = 6).    
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5.3.8.2 Catalase, BH4 and ascorbic acid 

Antioxidants have been shown to be crucial in this reaction, however the use of 

catalase required a specific phosphate buffer for its dissolution and there was 

concern that the addition of this buffer to the reaction matrix would disrupt its 

physiological properties.  BH4 is an endogenous cofactor for both tyrosine and 

tryptophan hydroxylase in mammalian systems and has been added to the reaction 

mixture in similar studies to maximise the output of both enzymes [378, 379].  

However the concentration of catalase and BH4 used in these studies mask the HPLC 

signals for tyrosine and DA (figure 5.6) and are likely to impinge upon the small L-

DOPA peak produced by the physiological concentrations of L-DOPA in the Lymnaea 

CNS.   

Like all CNS tissue, the Lymnaea CNS contains high concentrations of the 

endogenous anti-oxidant ascorbic acid (Figure 5.4) which has also been shown to 

stimulate tyrosine hydroxylase activity [380].  Other catecholaminergic tissue has 

also been found to be abundant in ascorbic acid, suggesting that ascorbic acid is 

physiologically important in catecholamine production [380, 383].  However, 

ascorbic acid in aqueous solution generates peroxides which can form L-DOPA from 

tyrosine at a slow rate, which catalase helps to prevent [384].  Figure 5.8 

demonstrates that the conversion of tyrosine to L-DOPA and tryptophan to 5-HTP 

can occur in Lymnaea to a measurable extent without the addition of catalase and 

BH4 and using the sample splitting technique meant that any L-DOPA formed 

independently of tyrosine hydroxylase would be equal in the control and test 

samples. 
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Henceforth the final reaction mixture for the determination of TH and TPH activity 

was HEPES buffered saline containing 10 µM tyrosine, 10 µM tryptophan, 10 µM 

NSD-1015, 1 % v/v protease inhibitor cocktail and 1 x phosphatase inhibitor 

cocktail.  

5.4 RESULTS 

5.4.1 Effect of 14-3-3 Antagonist R18 on L-DOPA and 5-HTP Production. 

Individual CNSs were dissected out and divided into the CB and VP complexes.  Each 

piece of tissue was homogenised in ice cold reaction mixture and briefly vortexed 

before being split into three aliquots.  The first sample, T0, was immediately mixed 

with an equal volume of ice cold 0.1 M perchloric acid, centrifuged, filtered and 

injected onto the column as described above.  Of the remaining two samples R18 

(Tocris) or an equivalent volume of deionised H2O (in which R18 was made up), was 

added and both were then left at room temperature for 30 minutes before the 

addition of ice cold perchloric acid and analysis by HPLC as described above.  Two 

concentrations of R18 were tested.  The concentration of R18 added was calculated 

to be in the order of 50x and 100x the estimated 14-3-3 molarity (giving R18 

concentrations of 1.1 nM and 2.25 nM respectively), assuming that 14-3-3 

constitutes around 1 % of the brain protein measured by Bradford assay, and that a 

14-3-3 dimer will bind to at least one R18 molecule.  This ensured that, as R18 binds 

competitively to 14-3-3 dimers, that likelihood of endogenous ligand displacement 

and subsequent antagonism was high. 
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The addition of 1.1 nM R18 was found to significantly inhibit the production of L-

DOPA (Figure 5.9A, p = 0.023) and 5-HTP (Figure 5.9B, p = 0.004) in the CB complex 

of young animals after a 30 minute incubation.  No change was seen in the 

production of L-DOPA or 5-HTP in the CB complexes of old animals (Figure 5.10C 

and D).  In addition, no inhibition of L-DOPA or 5-HTP production was seen in the 

VP complex at any age (Figure 5.9C and D, Figure 5.10A and B).  Increasing the 

concentration of R18 to 2.25 nM did not inhibit L-DOPA or 5-HTP production 

further (data not shown). 

 

Figure 5.9: The effect of 1.1 nM R18 on the production of L-DOPA and 5-HT in discreet regions of 

the Lymnaea CNS (young animals).  There was a significant decrease in the production of L-DOPA in 

the CB complex of young animals (p = 0.024, n = 8) (A) and 5-HTP (p = 0.004, n = 9) (B).  Groups 

were compared using the Wilcoxon matched pairs test.  Error bars show SEM 
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Figure 5.10:  The effect of 1.1 nM R18 on the production of L-DOPA and 5-HT in discreet regions of 

the Lymnaea CNS (old animals).  R18 had no effect on L-DOPA or 5-HTP production in old animals  

 

The addition of R18 at a concentration of 1.1 nM caused a significant inhibition of 

the production of 5-HT and 5-HIAA in the young VP complex (Figure 5.11A and B) 

and old CB complex (Figure 5.11C and D), despite having no significant effect on L-

DOPA or 5-HTP production in these tissues.  R18 had no significant effect on the 

production of DA or DOPAC at either concentration.  
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Figure 5.11: The effect of 1.1 nM R18 on the production of 5-HT and 5-HIAA in discreet regions of 

the Lymnaea CNS.  There was a significant inhibition of the production of 5-HT and 5-HIAA in the 

VP complex of young animals (both p = 0.0313, n = 6, A and B). There was also a significant 

inhibition of the production of 5-HT in the CB complex of old animals (p = 0.0313) and an inhibition 

of 5-HIAA production in the old CB complex that was close to significance (p = 0.0569, n = 7, C and 

D).  Groups were compared using the Wilcoxon matched pairs test. 
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5.4.2 Inhibition of L-DOPA Production due to Endogenous Catecholamines 

In vivo, the activity of TH is reduced by high levels of endogenous catecholamines, 

regulating catecholamine production by negative feedback [354].  This phenomenon 

has not been described for TPH.  The data obtained in figure 5.8 was examined using 

regression analysis to determine whether animals with high levels of baseline DA 

had a lower rate of L-DOPA production.  This was ascertained by comparing the 

Bradford-normalised area of the baseline DA peak with T30/T0 for L-DOPA in the 

same animal and performing a linear regression analysis (Figure 5.12).  While a 

trend towards lower levels of L-DOPA production in the presence of high baseline 

DA levels was noted in the CB complex of both age groups (Figure 5.12A and B) 

these did not reach significance and were highly variable. 
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Figure 5.12: Linear regression analysis comparing normalised baseline DA levels to production of 

L-DOPA after 30 minutes.  Reaction took place in the presence of 10 µM NSD-1015 and reaction 

mixtures were spiked with 10 µM tyrosine and tryptophan.  No significant relationship between 

initial DA level and subsequent L-DOPA production was found in either age group or either brain 

region.  
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5.5 DISCUSSION 

5.5.1 Advantages of the Method 

I have demonstrated that HPLC with electrochemical detection is an appropriate 

technique for the study of the neurochemicals associated with the production and 

breakdown of both DA and 5-HT in discrete areas of the Lymnaea central nervous 

system.  I have developed a simple method for estimating the relative activities of 

the rate limiting enzymes, TH and TPH, involved in the synthesis of 5-HT and DA. 

Moreover, this method is able to measure all components of the TH and TPH 

pathways, from tyrosine and tryptophan through to DOPAC and 5-HIAA.  No method 

thus far has measured all 8 neurochemicals in a timely manner on a single 

chromatograph.  The method may be further optimised by the addition of BH4 but 

adjustments would need to be made to the method to ensure that peaks of interest 

could still be visualised.   

Unlike previous studies to determine TH and TPH activity, this method does not rely 

on a complicated multi-component reaction matrix, but utilises the high level of 

endogenous ascorbate present in the Lymnaea CNS to maintain an appropriate 

environment for the enzymes of interest to function.  In other studies, biological 

samples needed to be purified to extract the enzyme, which was then added to a 

pre-mixed matrix to initiate the conversion or have required the use of tritiated 

substrate in order to measure the reaction [385].  Studies required whole animals to 

be treated, sometimes over a prolonged period of time, to affect central monoamine 

concentration [386, 387].  
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5.5.2 The Effectiveness of the LAADC Antagonist NDS-1015 

In accordance with other studies, the addition of 10 µM NSD-1015 reduces the 

conversion of L-DOPA to DA in a Lymnaea CNS homogenate of the CB complex in a 

young animal [376, 377].  However, although 5-HTP levels are increased in the 

presence of NSD-1015, 5-HT levels were not significantly reduced suggesting that 

the block was not complete.  It was not possible to test the effect of a higher 

concentration of NSD-1015 on 5-HT production as the large peak it produced 

masked key peaks on the chromatogram.    

5.5.3 The Effect of the Specific 14-3-3 Antagonist R18 on Dopaminergic 
Neurochemicals  

The addition of a specific synthetic antagonist of 14-3-3 protein (R18, 1.1 nM) 

reduced the production of L-DOPA significantly in the CB complex of young animals.  

No effect was seen in the young VP complex, nor was there an effect in the old 

animals in any CNS area.  

The decrease in L-DOPA production in the young CB complex caused by the addition 

of R18 suggests that TH activity is, to some degree, 14-3-3-dependent.  In old 

animals R18 at this concentration did not inhibit L-DOPA production.  In fact 

baseline production of L-DOPA in the CB complex of old animals was comparable to 

that of the CB complex of young animals that were treated with R18.  These data 

suggest that 14-3-3-dependent TH activity in the old CB complex is diminished 

compared with young animals.  In chapter 3 I showed that there is a decrease in the 

expression of 14-3-3Lym3 in the CB complex of old animals.  If 14-3-3Lym3 is the 

isoform responsible for TH activation in this brain area, these data demonstrate a 
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mechanism by which the observed diminishment of DA production in the CB 

complex may occur (unpublished data, Yeoman et al.) leading to the deficits in 

feeding behaviour that result from impaired dopaminergic signalling [303]. 

In the VP complex of young animals, R18 did not diminish the production of L-DOPA.  

Western blot showed that the level of 14-3-3 (including 14-3-3Lym3) was 

maintained with age in the VP complex and so this data suggests that, in this brain 

area, 14-3-3 is either resistant to R18, present in very high amounts such that the 

dose of R18 was not high enough, or not involved in the regulation of TH.  TH does 

not require 14-3-3 for activity, its activity is enhanced by the interaction [323].  If 

DA production falls in the presence of a normal level of 14-3-3, it may be that the 

interaction between the two is no longer possible and the resulting output of TH is 

not maximised.  The changes that occur to protein structure with age due to a 

variety of processes were discussed in chapter 1 and include oxidation, 

complexation and other modifications – all of which have implications on function.  

ROS have been found to affect TH activity in a dose-dependent manner, deactivating 

the enzyme through sulphydryl oxidation [388].  Such modification in the aged 

animal may affect the interaction of 14-3-3 with TH.  Alternatively modification on 

the 14-3-3 molecule in the aged animal may prevent the 14-3-3:TH interaction.  

There is evidence of oxidative modification in a number of 14-3-3 isoforms in the 

human brain, in Alzheimer’s disease for instance [389] and oxidation of proteins 

generally increases with age.  Such a modification on the 14-3-3 molecule may also 

affect it’s interaction with R18, with effects on R18’s ability to antagonise its action.    
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Earlier work has shown that TPH activity was decreased following incubation with 

ROS and, as with TH, the chemical change was sulphydryl oxidation [390].  It is 

possible that a lifetime of accumulated oxidative damage causes a functional change 

to TPH, TH, 14-3-3 or all in older animals that affects the success of the enzyme:14-

3-3 and/or the 14-3-3:R18 interaction.       

Finally, the production of L-DOPA under these conditions does not appear to be 

affected by the presence of endogenous DA, known to regulate TH activity via 

negative feedback in higher organisms [354]. 

5.5.4 The Effect of the Specific 14-3-3 Antagonist R18 on Serotonergic 
Neurochemicals  

The addition of R18 also reduced the production of 5-HTP significantly in the CB 

complex of young animals.  No effect was seen in the VP complex, nor was there an 

effect in the old animals in any CNS area.  This suggests that TPH activity is also 

subject to regulation by 14-3-3 proteins, however the possible underlying 

mechanisms are less clear.  Baseline production of 5-HTP in the old CB complex was 

comparable to that of young animals, suggesting that 14-3-3-related TPH activity is 

preserved. 

Prior work demonstrates that intracellular 5-HT is preserved in age in key CB 

complex neurones [229].  If an element of TPH activity is 14-3-3-dependent, it may 

be regulated by an isoform other than 14-3-3Lym3, which falls with age in the CB 

complex.  That is unless the activation of TPH is not isoform-specific, and a deficit in 

one isoform can easily be managed by substitution with another with no net effect 

of function.  In Drosophila, 14-3-3 mutants can be rescued at the embryo stage or 
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phenotypically-repaired by the up-regulation of an alternative 14-3-3 isoform [206, 

261].  IHC in chapter 4 showed that the expression of 14-3-3Lym1 only occurs in the 

CGCs of middle aged and older animals.  If this were the isoform that is associated 

with TPH activity, the increase in expression may indicate a mechanism by which 

the cell tries to maintain or up-regulate 5-HT production due the reduced 

excitability of the CGCs and in addition to down-regulation of the SERT protein on 

the pre-synaptic membrane [224, 225, 229].  Alternatively the cell may be 

attempting to up-regulate this isoform to compensate for lost 14-3-3Lym3, shown to 

fall in expression in the ageing CB complex. 

The additions of R18 also lead to a significant decrease in 5-HT and 5-HIAA in the 

young VP ganglia and the old CB ganglia, despite having no effect on 5-HTP 

production in these tissues.  If blockade of LAADC with NSD-1015 was complete, the 

level of 5-HT should not have been affected by R18.  However Figure 5.8 shows that 

while NDS-1015 significantly increased the amount of 5-HTP present after 30 

minutes, the reduction it caused in 5-HT did not reach significance, suggesting that 

some 5-HTP was being converted to 5-HT and therefore blockade by NSD-1015 was 

not complete.   

That R18 can lead to a significant decrease in 5-HT in these tissues suggests that 

even though 5-HTP is not significantly reduced by the application of R18, TPH is still 

somewhat sensitive to 14-3-3.  If the rate of conversion of 5-HT to 5-HIAA is faster 

than the rate of conversion of tryptophan to 5-HTP, and blockade of LAADC by NSD-

1015 is not complete, the net amount of 5-HT will be lower over a given period.  Put 
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simply, the inhibition of 5-HTP production by R18’s interaction with 14-3-3, in the 

absence of a full LAADC block, may manifest as a reduction in 5-HT and 5-HIAA.  

Alternatively, the LAADC enzyme or it’s interaction with NDS-1015 could be affected 

by the addition of R18, although no literature to date suggests that LAADC is 

regulated in any way by 14-3-3.  

NSD-1015 did appear to block LAADC fully in terms of the DA system however, as 

both DA and DOPAC production was comparable between R18-treated samples and 

control.  In all animals thus far studied, the conversion of both L-DOPA and 5-HTP to 

DA and 5-HT respectively occurs under the control of a common LAADC enzyme.  In 

humans the enzyme is coded for by a single gene on chromosome 7 [391] and a 

mutation in this gene leads to pathologies associated with DA and 5-HT insufficiency 

[392].  However little is known about the relative affinities of the enzymes to their 

substrates.  In Lymnaea, binding affinity of LAADC to 5-HTP may be higher than with 

L-DOPA, hence the L-DOPA to DA conversion is more successfully blocked as L-

DOPA is displaced from the enzyme more easily.   No studies have investigated the 

relative affinities of L-DOPA and 5-HT to LAADC, however it is known that there is a 

single catalytic site but with separate substrate binding sites [393].  The conditions 

in the present study may not have been optimal for the binding of both substrates.   

As discussed earlier, in rats the activity and affinity of TPH has been shown to be 

different depending on the brain area and age [351] and so this assay may need to 

be optimised for individual brain areas.   
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Chapter Six: General discussion and further work 

 

6.1 GENERAL DISCUSSION 

6.1.1 Lymnaea 14-3-3 Isoforms 

This work identified 17 EST sequences from a cDNA library constructed from the 

Lymnaea CNS that, based upon their predicted amino acid sequences, represented a 

14-3-3ε-like isoform (14-3-3lym1) and a number of non-ε-like isoforms (14-3-

3Lym2, 14-3-3Lym3, 14-3-3Lym3var, a possible splice variant of 14-3-3Lym3, and 

14-3-3Lym4, a sequence of questionable quality).  With the exception of 14-3-

3Lym4, the relative molecular masses and theoretical physicochemical properties of 

the putative proteins were concordant with the accepted limits for the protein 

family. 

The number of putative isoforms in Lymnaea is comparable to that of other well 

studied species, notably Caenorhabditis and Drosophila in which splice variation has 

also been identified [394].  The number of isoforms is also comparable to that of 

Aplysia, where three distinct ESTs appear to represent distinct 14-3-3 proteins.  

Other molluscs studied, such as Biomphalaria and Cassostrea, have only yielded one 

putative isoform, but data on their transcriptome is limited [272, 274]. 

When compared to their closest BLAST matches in a phylogenetic comparison, the 

14-3-3Lym proteins indicate the distinct evolutionary divergence of the ε-like 

isoform relative to the others that has been demonstrated in both the plant and 

animal kingdoms [281]. 
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6.1.2 14-3-3 Expression in the Lymnaea CNS 

Western blot was used to inform on the expression of 14-3-3 in different brain areas 

in animals of increasing age.  Using a pan-14-3-3 antibody (anti-14-3-3β) two 

distinct bands were resolved, one at 29 kDa and one close to 32 kDa.  No 14-3-3 

proteins were detected at 26 kDa, which is the predicted mass of the putative 14-3-

3Lym3Var suggesting that this protein, if true, is not expressed in the CNS of this 

population, or is expressed in such low amounts as to be undetectable.  The long, 

more divergent sequence of 14-3-3Lym4 was also absent from the Western blot, 

suggesting that this too is either not expressed in this population, or is not a true 14-

3-3 at the expression level.  Using a specific anti-14-3-3ε antibody, a single band was 

detected at around 32 kDa, despite the predicted molecular mass of 14-3-3Lym1 

being 29 kDa.  This shift of 14-3-3ε to a greater than predicted molecular mass on a 

Western blot is an established phenomenon, the cause of which has not yet been 

established [294].  This led me to believe that the band visible at 32 kDa, using the 

anti-14-3-3β antibody, was a mixture of 14-3-3Lym1 and 14-3-3Lym2, and the band 

at 29 kDa was 14-3-3Lym3.  

Densitometric analysis and normalisation to GAPDH following labelling with the 

anti-14-3-3β antibody indicated a statistically significant decrease in the expression 

of 14-3-3Lym3 (indicated by the 29 kDa band) in the CB complex of the CNS, and the 

expression of 14-3-3Lym3 in the CB complex was correlated with the rate of feeding 

in the animals from which the protein sample was derived.  There was no difference 

in expression of 14-3-3Lym3 in the VP complex with age. 
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There was also no age related change in the density of the 32 kDa band obtained 

using either the anti-14-3-3β or anti-14-3-3ε antibodies once normalised to GAPDH, 

in any brain area, although the density of the normalised CB complex 32 kDa band 

obtained using the anti-14-3-3β antibody correlated with feeding rate but only in 

aged animals.  I concluded therefore that the 29 kDa band on the gel represented 

14-3-3Lym3 and the 32 kDa band was a mixture of 14-3-3Lym1 and 14-3-3Lym2. 

6.1.3 14-3-3Lym3 and Feeding Rates 

That the expression of 14-3-3Lym3 in the CB complex is decreased in the aged 

animal and that 13-4-4Lym3 levels correlate with feeding rate suggests that 14-3-

3Lym3 in some way supports feeding in this animal, through actions on cerebral and 

or buccal neurons.  Serotonergic and dopaminergic modulation of feeding behaviour 

in Lymnaea is well established [224, 225, 229, 303], as is dopaminergic modulation 

of feeding in other molluscs [340, 353].  As 14-3-3 is an activator of both tryptophan 

and tyrosine hydroxylase [323], the rate limiting enzymes that control the 

production of 5-HT and DA respectively, it was felt that the link between 14-3-3 and 

the production of 5-HTP and L-DOPA was worthy of further study (chapter 5). 

6.1.4 Distribution of 14-3-3Lym Throughout the CNS 

To see if 14-3-3Lym expression was linked with key cerebral and buccal neurons 

that regulate feeding and if it too was expressed in serotonergic and dopaminergic 

cells, I used IHC techniques to study the cellular localisation of the different 14-3-3 

isoforms in the Lymnaea CNS and determined how their expression patterns 

changed with age.  Using the anti-14-3-3ε antibody we demonstrated widespread 
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labelling across all ganglia in the CNS, which was limited to the neurons.  Labelling 

was located exclusively in the cell cytoplasm and at the cell membrane, in 

accordance with previous IHC studies in rodents [395].  A wide range of identified 

neuronal types were labelled with this antibody including cells known for their 

ability to regulate feeding behaviour.  Specifically, labelling was seen in all the main 

buccal motor neurons although expression was not shown to change with age.  Key 

dopaminergic neurons (RPeD1 cell for instance) and peptidergic neurons such as 

RPD2 and VD1 were also shown to be labelled although again expression patterns 

were not shown to change with age.  These data supported our observations from 

chapter three. 

14-3-3Lym1 is also present in a number of 5-HT-containing cells, notably the CGCs.  

This pair of cells has previously been shown to regulate both ability of animals to 

respond to food and the frequency of their subsequent biting movements.  IHC 

showed that expression of 14-3-3Lym1 in these cells increased with increasing age, 

showing that regulation of 14-3-3Lym expression is cell specific. 

Labelling with the anti-14-3-3β antibody was less widely distributed and reasons 

for this inconsistency (this antibody was raised to common sequence in all isoforms 

of 14-3-3) were considered.  Labelling was not seen consistently in any of the buccal 

motor neurones of any age group.  In the serotonergic CGCs, labelling was evident in 

the nucleus in young and middle aged CGCs, but was solely cytoplasmic in the aged 

animals.  In key identified dopaminergic neurones labelling was observed in both 

the nucleus and the cytoplasm.  As the native configuration of the proteins was 

identified as a potential barrier to the effective binding of the anti-14-3-3β antibody 
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and in order to gain some insight into which isoforms were likely to be expressed in 

the nucleus and which associated with the cytoplasm and cellular membrane, a 

Western blot was performed on denatured cell fractions.  This demonstrated that 

14-3-3Lym1, as indicated by anti-14-3-3ε labelling was associated with the 

cytoplasm and membrane fractions, consistent with our IHC observations.  The anti-

14-3-3β antibody indicated a 32 kDa band that was associated with the cytoplasmic, 

membrane and cytoskeletal fractions.  The 29 kDa band was also identified with 

these three fractions but it was also the only band visualised in the nuclear fraction.  

This analysis was performed on young animals and could not be repeated on the 

middle aged and old due to local disruptions that disturbed the stability of the 

colony.   

6.1.5 14-3-3Lym as a Regulator of L-DOPA and 5-HTP Production 

Interestingly, levels of dopamine have previously been shown to decrease with age 

in Lymnaea (Yeoman, M. - unpublished data).  However 5-HT levels appear constant 

with age despite clear observations that both release and re-uptake (via SERT) 

appear impaired in aged animals, suggesting that upregulation of de novo 5-HT 

synthesis may maintain intracellular levels [229].  Antagonism of 14-3-3 using R18 

was shown to inhibit the activity of tyrosine hydroxylase, the rate-limiting enzyme 

in the synthesis of DA, responsible for the conversion of tyrosine to L-DOPA.  This 

inhibition resulted in a significant decrease in the production of L-DOPA but only in 

the young CB complex, suggesting that 14-3-3-associated regulation of tyrosine 

hydroxylase activity was impaired in the aged CNS.  Interestingly, inhibition of 14-3-

3 activity was without effect in the VP ganglia of both age groups, indicating that 14-
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3-3-associated regulation of DA synthesis appears to be region specific.  This 

demonstrates a plausible mechanism by which the downregulation of 14-3-3Lym3 

could contribute to reductions in DA in key feeding neuronsof the CB complex, with 

associated effects on feeding rate. 

The effects of antagonising 14-3-3 on the synthesis of 5-HT were not as clear, 

possibly due to a failure of NSD-1015 to fully block the conversion of 5-HTP to 5-HT.  

In the young CB complex antagonism of 14-3-3 reduced the activity of tryptophan 

hydroxylase the main rate limiting enzyme in the synthesis of 5-HT, but did not 

significantly alter 5-HT synthesis.  Antagonising 14-3-3 activity in the old CB 

complex did not affect TPH activity, nor was there any effect on the TPH activity in 

the young or old VP ganglia.  However, 5-HT levels in both the young VP complex 

and the old CB complex were reduced by antagonising 14-3-3 function.  The precise 

cause of these discrepancies is currently unclear. 

6.1.6 Summary 

In summary this thesis has identified at least 4 putative 14-3-3 isoforms in the CNS 

of the pond snail Lymnaea.  Of these at least three appear to be regularly expressed 

in the CNS.  Expression of one of these isoforms, 14-3-3Lym3, was seen to decrease 

with increasing age in the CB complex and this decrease was significantly correlated 

with the decrease in feeding rate seen with age.  14-3-3 expression was located in a 

range of neurones in the CNS including both dopaminergic and serotonergic 

neurones.  Both these transmitter systems are intimately involved in the regulation 

of feeding.  Antagonism of 14-3-3 expression reduced the synthesis of DA in the 

young CB complex but was without effect in the old CB complex and it is tempting to 



 

236 

conclude that decreases in 14-3-3 expression are linked with the decrease in DA 

levels seen in this region with age and go some way to explaining the age-related 

decrease in feeding behaviour.  Expression of 14-3-3 was seen to increase in aged 

CGCs, key serotonergic regulators of 14-3-3 synthesis.  Interestingly, expression of 

14-3-3 was seen to increase in aged CGCs and antagonism of 14-3-3 only reduced 5-

HT levels in aged CB complexes.  This suggested that the observed up-regulation of 

14-3-3 in the CGCs may well have been acting as a compensatory mechanism to 

maintain levels of 5-HT in the CB complex in the presence of reduced re-uptake 

which would tend to decrease intracellular concentrations of this transmitter. 

6.1.7 Impact 

Due to the clear expression of 14-3-3 proteins in easily-identified dopaminergic 

neurons, the ability of the 14-3-3 antagonist R18 to the inhibit the activity of 

tyrosine hydroxylase and impact upon L-DOPA production in the CNS, the 

observation that neuronal DA levels in Lymnaea decrease with age (Yeoman – 

unpublished data) and the ubiquity of 14-3-3 proteins throughout eukaryotic 

organisms,  it is believed that this work makes an important contribution to the 

understanding of one of the underlying mechanisms of DA production and so 

provides an insight into the type and cause of dopaminergic dysregulation that may 

occur in higher animals, leading to the aged (locomotive/feeding down-regulation) 

and/or neurodegenerative phenotype (such as Parkinson’s disease).    
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6.2 Further work 

6.2.1 Optimisation of the HPLC Assay for Specific Neurochemicals 

Although the conditions described in chapter 5 were adequate to determine that 14-

3-3 could regulate the activity of tyrosine and tryptophan hydroxylase in Lymnaea, 

further optimisation to specific neurochemicals may give more decisive insights.  

For instance, adjusting HPLC conditions to allow a higher concentration of NSD-

1015 to be used to try to fully block 5-HT production without the electrochemical 

signal from this peak masking the peak for 5-HTP  

6.2.2 Investigate the Subcellular Location of 14-3-3Lym in All Age Groups 

It was not possible to repeat the Western blot performed on the separate cell 

fractions described in chapter 4 on middle aged and old animals due to a 

disturbance in the stability of the colony.  This experiment should be repeated on all 

age groups and analysed semi-quantitatively using densitometry and normalisation 

to determine if there is a change in the sub-cellular location of 14-3-3Lym as 

suggested by the IHC data obtained using the anti-14-3-3β antibody. 

6.2.3 Specific Targeting of 14-3-3Lym Proteins 

The lack of commercially available antibodies with specificity to native 14-3-3Lym 

in ICH, or to the denatured 14-3-3Lym2 and 14-3-3Lym3 isoforms in Western blot 

limited the conclusions that could be drawn from the data above regarding potential 

changes in expression level and sub-cellular location that were specific to each 

isoform.  This could be addressed in two ways: 
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Firstly it is possible, although costly, to develop an antibody specific to each of the 

14-3-3Lym proteins using their primary sequences as a template, and selecting an 

epitope that is unique to each protein.  That the putative sequences are derived from  

ESTs somewhat limits confidence in the sequence due to the limitations of the 

process itself (discussed in chapter two), however the relatively short length of the 

14-3-3Lym proteins and their abundance leading to multiple clones of the same 

sequence being produced are to our advantage in this instance. 

Alternatively, the proteins could be separated using SDS-PAGE, transferred to 

nitrocellulose rather than PVDF membrane, and then excised and sequenced using 

mass spectrometry.  This would produce protein fragments that could then be 

reassembled with respect to the putative sequences, confirming the make-up of 

each band.   

6.2.4 Investigation of the Expression of 14-3-3Lym mRNA 

To determine how changes in protein expression are regulated (through increased 

expression or reduced turnover) it can be informative to investigate the number of 

mRNA copies.  This can be achieved through the use of the real time polymerase 

chain reaction (RT-PCR) to amplify mRNA present in the CNS and indicate 

quantitatively the original number of copies present.  We designed primers specific 

to each of the putative 14-3-3Lym sequences but were unable to isolate mature 

mRNA.  Work to optimise this is ongoing with a view to advancing to RNAi studies to 

knock down 14-3-3 production in isolated and semi-intact biological preparations. 
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6.2.5 Determining the Effect of 14-3-3 Antagonism on Whole Cell Properties 

At time of testing, no membrane-permeable antagonist of 14-3-3 was available, 

which meant that investigation of the effects of antagonising 14-3-3 activity on the 

endogenous properties of key neurons within the CNS was not possible unless R18 

was delivered via micro-injection or temporary cell permeabilisation.  I would have 

been interested to investigate the effects of R18 on the properties of the key 

circuitry involved in the regulation of feeding behaviour to see if the aged 

phenotype could be induced using it.  However a recent advance has been to 

develop a small molecule prodrug capable of inhibiting 14-3-3 activity after 

application to cells in culture [396] which may make electrophysiological 

investigation of 14-3-3Lym effects more accessible.  

6.2.6 Testing the Toronto and Wild Population for 14-3-3Lym3var Protein 

Finally, the transcriptomic data suggested that, as well as the three Lymnaea 

isoforms, a possible splice variant existed (14-3-3Lym3var), but this variant was not 

expressed in detectable amounts in the author’s population.  In the absence of 

genomic data to determine the number of genes encoding the 14-3-3 proteins, it 

would be useful to test a range of samples from the Toronto population as well as 

from the wild, using the techniques described in chapter three, to determine 

whether this variant is expressed and if so, in what parts of the CNS.  This will 

determine whether this is a true variant, and if so what environmental pressures 

lead to its suppression in the Brighton population. 
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Appendix 1: Full phylogenetic tree showing 14-3-
3Lym isoforms 
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