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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCE 

Centre for Biological Science 

Thesis for the degree of Doctor of Philosophy 

AGE-RELATED CHANGES AT THE CAENORHABDITIS ELEGANS 
NEUROMUSCULAR JUNCTION 

Ben Mulcahy 

The ageing population is an important problem for society as it predisposes 
individuals towards disease. Cognitive decline, dementia and frailty are 
associated with ageing, and much evidence supports a central role of 
synapses. However, the mechanisms by which aged synapses are compromised 
remain unclear. This thesis describes a functional analysis of the C. elegans 
neuromuscular system across ageing to model the effects of ageing on 
synaptic physiology. Motility assays were used to give an insight into the 
integrity of the neuromuscular system. Aldicarb and levamisole-induced whole 
worm contraction assays were used to give a more detailed insight into the 
integrity of presynaptic and postsynaptic loci. Patch clamp analysis of 
miniature postsynaptic currents (mPSCs) was used to characterise 
neurotransmission across ageing. Lastly, different genetic backgrounds were 
used to investigate the contribution of longevity and synaptic pathways to NMJ 
function across age. C. elegans has a median lifespan of 14-17 days and 
becomes progressively immotile with age, with swimming frequency 
decreasing from 110±3 to 71±12 beats per minute from day 1 to day 5 of 
adulthood. Counter-intuitively, this was coincident with an increase in NMJ 
efficacy identified using aldicarb and levamisole contraction assays. Patch 
clamp analysis of neuromuscular transmission also revealed increased mPSC 
frequency and amplitude from 9±3 to 33±7 Hz and 15±1 to 27±4 pA between 
day 1 and 5 of adulthood. As animals progress from early ageing to later ages 
on day 10 and 16 of adulthood, NMJ efficacy decreases, but not to levels lower 
than that seen on day 1 of adulthood. Patch clamp analysis revealed increased 
in mPSC frequency and amplitude from 9±3 to 22±9 Hz and 15±1 to 19±4 pA 
between day 1 and 10 of adulthood, indicating more neurotransmitter release 
and preserved sensitivity in aged, immotile worms. The contraction assays 
indicate that even very aged, immotile worms on day 16 of adulthood had 
functional muscle cells. daf-2(e1370) worms have reduced insulin signalling 
and show extended lifespan and motility across ageing. Aldicarb assays in daf-
2 worms indicate insulin signalling is required for increased neurotransmitter 
release during early ageing. dnj-14(tm3223) worms lack the homologue of a 
synaptic co-chaperone, CSP. Lifespan, swimming, contraction and patch clamp 
analysis of neuromuscular function in dnj-14 worms revealed no defects 
compared to wild type across lifespan. In summary, there is an increase in NMJ 
efficacy during early ageing that is dependent on insulin signalling, a 
conserved longevity and synaptic physiology regulator. During later ageing, C. 
elegans NMJs remain functional. In contrast to conclusions from previous 
morphological studies, muscle function is largely preserved across the C. 
elegans lifespan, indicating additional determinates including the motor circuit 
may play a role in age-related immotility. This study resonates with emerging 
evidence in mammalian systems that defective signalling in neuronal circuits is 
a key mechanism for age-related impairment of the nervous system, in which 
changes in synaptic function may play a role. 



 

 ii 

  



   

 iii  

Contents 

ABSTRACT ....................................................................................................................... i	  

Contents ........................................................................................................................ iii	  

List of tables ............................................................................................................... ix	  

List of figures ............................................................................................................. xi	  

List of accompanying materials ..................................................................... xvii	  

DECLARATION OF AUTHORSHIP ....................................................................... xix	  

Acknowledgements ................................................................................................ xxi	  

Abbreviations ........................................................................................................ xxiii	  

1.	   Chapter 1: General Introduction ................................................................ 1	  

1.1	   Ageing ........................................................................................ 1	  

1.1.1	   The evolutionary basis of ageing ................................................. 1	  

1.1.2	   Evolutionary theories for why we age ........................................... 3	  

1.1.2.1	   Antagonistic pleiotropy .......................................................... 3	  

1.1.2.2	   Mutation accumulation ........................................................... 3	  

1.1.3	   Mechanistic theories of ageing .................................................... 4	  

1.1.3.1	   Oxidative stress ..................................................................... 4	  

1.1.3.2	   Mitochondria .......................................................................... 5	  

1.1.3.3	   Somatic mutation theory ........................................................ 5	  

1.1.3.4	   Developmental drift ................................................................ 6	  

1.1.3.5	   Epigenetic drift ....................................................................... 6	  

1.1.3.6	   Telomere erosion ................................................................... 6	  

1.1.3.7	   Altered proteins theory ........................................................... 8	  

1.1.3.8	   The network theory of ageing ................................................. 8	  

1.1.4	   Perspectives ................................................................................ 8	  

1.1.5	   Ageing of organs and systems .................................................... 9	  

1.1.6	   The genetics of ageing .............................................................. 10	  

1.1.6.1	   Human genetics and ageing ................................................. 10	  

1.1.6.2	   Insulin signalling .................................................................. 10	  

1.1.6.3	   Other signalling pathways that influence ageing ................... 13	  

1.1.7	   Environmental conditions and ageing ........................................ 13	  

1.2	   The nervous system .................................................................. 14	  

1.2.1	   Neurons .................................................................................... 14	  

1.2.2	   Synaptic transmission ................................................................ 16	  



 

 iv 

1.2.2.1	   The presynaptic terminal ..................................................... 16	  

1.2.2.2	   The synaptic cleft ................................................................ 22	  

1.2.2.3	   The postsynaptic terminal .................................................... 22	  

1.2.2.4	   Synaptic plasticity ................................................................ 22	  

1.2.2.5	   Conservation of synaptic transmission machinery ................ 23	  

1.3	   The ageing nervous system ...................................................... 23	  

1.3.1	   ‘Normal ageing’ and the nervous system .................................. 24	  

1.3.1.1	   The ageing human nervous system ...................................... 24	  

1.3.1.2	   Ageing in non-human primates ............................................ 25	  

1.3.1.3	   Ageing in rodents ................................................................ 26	  

1.3.1.4	   Ageing in invertebrates ........................................................ 29	  

1.3.1.5	   Summary of ageing in different organisms ........................... 29	  

1.3.2	   Age-related disease and the nervous system ............................. 30	  

1.3.2.1	   Neurodegenerative diseases ................................................ 30	  

1.3.2.2	   Frailty .................................................................................. 31	  

1.3.3	   Perspectives ............................................................................. 32	  

1.4	   Caenorhabditis elegans as a model for ageing .......................... 32	  

1.4.1	   What is Caenorhabditis elegans? ............................................... 32	  

1.4.2	   C. elegans and ageing .............................................................. 35	  

1.4.3	   The C. elegans nervous system ................................................. 35	  

1.4.3.1	   Anatomy .............................................................................. 35	  

1.4.3.2	   C. elegans nervous system function ..................................... 38	  

1.4.3.3	   The C. elegans motor circuit ................................................ 38	  

1.4.3.4	   The neuromuscular junction ................................................ 42	  

1.4.4	   The ageing C. elegans nervous system ..................................... 44	  

1.4.4.1	   Morphological studies ......................................................... 44	  

1.4.4.2	   Sensory function and ageing ................................................ 44	  

1.4.4.3	   C. elegans learning and memory during ageing ................... 45	  

1.4.4.4	   The C. elegans neuromuscular system and ageing ............... 45	  

1.4.4.5	   C. elegans neurons regulate ageing ..................................... 46	  

1.5	   Outlook .................................................................................... 47	  

Hypotheses ................................................................................................................. 49	  

Aims ............................................................................................................................... 49	  

2.	   Materials & Methods ..................................................................................... 51	  

2.1	   C. elegans culture ..................................................................... 51	  

2.1.1	   NGM plates ............................................................................... 51	  

2.1.2	   OP50 ........................................................................................ 51	  



   

 v  

2.1.3	   Other recipes ............................................................................ 51	  

2.1.3.1	   M9 buffer ............................................................................. 51	  

2.1.3.2	   Freezing buffer ..................................................................... 52	  

2.1.3.3	   Lysis buffer .......................................................................... 52	  

2.1.3.4	   LB agar ................................................................................. 52	  

2.1.3.5	   LB broth ............................................................................... 52	  

2.2	   Strains used .............................................................................. 53	  

2.3	   Strain freezing ........................................................................... 53	  

2.4	   Backcrossing ............................................................................. 54	  

2.5	   Crossing .................................................................................... 54	  

2.6	   Genotyping ............................................................................... 55	  

2.6.1	   Worm lysis ................................................................................ 55	  

2.6.2	   Polymerase chain reaction (PCR) ................................................ 55	  

2.6.3	   PCR primers .............................................................................. 56	  

2.7	   Agarose gel electrophoresis ...................................................... 56	  

2.8	   Lifespan analyses ...................................................................... 57	  

2.9	   Behavioural assays .................................................................... 57	  

2.9.1	   Food races ................................................................................ 57	  

2.9.2	   Swimming assays ...................................................................... 58	  

2.9.3	   Pharyngeal pumping assays ....................................................... 58	  

2.9.4	   Egg-laying assays ...................................................................... 58	  

2.10	   Pharmacological contraction assays ........................................... 59	  

2.11	   Confocal Imaging ...................................................................... 61	  

2.12	   Electrophysiology ...................................................................... 61	  

2.13	   Statistics ................................................................................... 69	  

3.	   Chapter 3: Delineation of morphological and functional 

properties of the Caenorhabditis elegans neuromuscular 

junction across life span ............................................................................. 71	  

3.1	   Introduction .............................................................................. 71	  

3.2	   Results ...................................................................................... 74	  

3.2.1	   C. elegans neuromuscular-dependent behaviours decline with age
 74	  

3.2.2	   Development of the pharmacological assays ............................. 76	  

3.2.3	   Morphological correlates of the pharmacological assays ............ 85	  

3.2.4	   Using the optimised pharmacological assays to dissect 
neuromuscular transmission in ageing worms ......................................... 87	  

3.2.4.1	   Aldicarb ............................................................................... 87	  

3.2.4.2	   Levamisole ........................................................................... 89	  



 

 vi 

3.2.4.3	   Nicotine ............................................................................... 92	  

3.2.5	   Muscle arms do not degenerate with age .................................. 94	  

3.2.6	   Reduction of insulin signalling selectively affects the presynaptic 
component of early ageing ...................................................................... 96	  

3.3	   Discussion ................................................................................ 98	  

3.3.1	   Behavioural decline ................................................................... 98	  

3.3.2	   Contraction in response to levamisole and aldicarb allows 
quantification of neuromuscular function independent of worm motility . 99	  

3.3.3	   Limitations of the contraction-based pharmacological assays .. 100	  

3.3.4	   Muscle arm formation may be activity-dependent ................... 102	  

3.3.5	   Wild type worms release more acetylcholine from neuromuscular 
synapses during early ageing ................................................................ 103	  

3.3.6	   Very aged, immobile worms still have intact neuromuscular 
synapses 104	  

3.3.7	   Reduced insulin signalling causes a prolongation of lifespan and 
healthspan ............................................................................................ 105	  

3.3.8	   Insulin signalling is required for the increase in acetylcholine 
release during early ageing ................................................................... 105	  

3.3.9	   Conclusion ............................................................................. 107	  

4.	   Chapter 4: An electrophysiological analysis of C. elegans 

neuromuscular function with age ........................................................ 109	  

4.1	   Introduction ........................................................................... 109	  

4.1.1	   C. elegans electrophysiology .................................................. 109	  

4.1.2	   Electrophysiology at the C. elegans neuromuscular junction ... 111	  

4.1.2.1	   Cholinergic neurotransmission .......................................... 112	  

4.1.2.2	   GABAergic neurotransmission ............................................ 113	  

4.1.3	   The patch clamp technique ..................................................... 113	  

4.2	   Results ................................................................................... 115	  

4.2.1	   Optimising the technique ....................................................... 115	  

4.2.1.1	   Dissecting ......................................................................... 115	  

4.2.1.2	   Recording from the neuromuscular junction ...................... 117	  

4.2.1.3	   Recording with an appropriate sampling frequency ............ 122	  

4.2.2	   Ageing affects neuromuscular transmission in C. elegans ....... 125	  

4.3	   Discussion .............................................................................. 129	  

4.3.1	   Comparison to the literature ................................................... 129	  

4.3.2	   Ageing affects neuromuscular transmission ............................ 130	  

4.3.3	   Separating cholinergic and GABAergic events ......................... 131	  

4.3.4	   Limitations ............................................................................. 131	  

4.3.5	   Future work ............................................................................ 133	  



   

 vii  

5.	   Chapter 5: The ageing C. elegans neuromuscular junction as a 

paradigm to investigate cysteine-string protein ........................... 135	  

5.1	   Introduction ............................................................................ 135	  

5.1.1	   CSP structure ........................................................................... 136	  

5.1.2	   CSP and Hsc70 ........................................................................ 138	  

5.1.3	   CSP and Ca2+ channel regulation .............................................. 139	  

5.1.4	   The CSP-Hsc70-SGT complex and synaptic vesicle exocytosis .. 141	  

5.1.4.1	   α-synuclein overexpression rescues defects in CSP knockout 
mice 143	  

5.1.4.2	   SNARE complex requirement at the synapse ....................... 143	  

5.1.4.3	   SNAP-25 and voltage-gated Ca2+ channels ........................... 143	  

5.1.5	   Activity-dependent effects ....................................................... 144	  

5.1.6	   Selective vulnerability: a contribution from different Ca2+ channel 
repertoires? ........................................................................................... 145	  

5.1.7	   Summary of the CSP literature ................................................. 146	  

5.1.8	   C. elegans CSP ......................................................................... 147	  

5.1.9	   Aims ....................................................................................... 147	  

5.2	   Results .................................................................................... 149	  

5.2.1	   Molecular homology ................................................................ 149	  

5.2.2	   Initial studies .......................................................................... 152	  

5.2.3	   Backcrossing strains ................................................................ 153	  

5.2.4	   Lifespan .................................................................................. 154	  

5.2.5	   Behavioural assays .................................................................. 155	  

5.2.6	   Do CSP mutant worms exhibit defects at high activity levels? ... 157	  

5.2.7	   Pharmacological analysis of neuromuscular function ............... 158	  

5.2.8	   Analysis of miniature postsynaptic currents in CSP mutant worms
 164	  

5.2.9	   Chemosensory function in CSP mutant worms ......................... 169	  

5.3	   Discussion ............................................................................... 170	  

5.3.1	   Results with backcrossed FX03223 .......................................... 171	  

5.3.2	   Worm CSP mutants don’t show defective neuromuscular 
behaviours ............................................................................................. 171	  

5.3.3	   Pharmacology analysis of the neuromuscular junction across age 
argues against synaptic degeneration in CSP mutant worms .................. 172	  

5.3.4	   Electrophysiological analysis of neuromuscular transmission 
supports the pharmacological data ........................................................ 173	  

5.3.5	   Do worms need CSP? ............................................................... 173	  

6.	   Chapter 6: General Discussion .............................................................. 175	  

6.1	   Ageing wild type neuromuscular junctions .............................. 175	  



 

 viii 

6.1.1	   An increase in the efficacy of neuromuscular transmission during 
early ageing .......................................................................................... 175	  

6.1.2	   Neuromuscular transmission is maintained into old age, despite 
impaired motility ................................................................................... 175	  

6.1.3	   The motor circuit may contribute to age-related immotility ..... 177	  

6.1.4	   C. elegans body mechanics may contribute to motility changes
 178	  

6.2	   The regulation of synaptic maintenance/ageing by insulin 
signalling ............................................................................... 178	  

6.3	   Cysteine-string protein is not required for C. elegans 
neuromuscular transmission across the lifespan ..................... 179	  

6.4	   Technical aspects of the whole worm contraction assays ........ 179	  

6.5	   Significance to healthy human ageing ..................................... 180	  

6.6	   Conclusions ............................................................................ 181	  

7.	   Appendix ......................................................................................................... 183	  

7.1	   Separating cholinergic and GABAergic signalling .................... 183	  

7.2	   Cysteine string protein: initial studies ..................................... 187	  

7.3	   eEF2K, lifespan and stress resistance in C. elegans ................. 195	  

7.3.1	   Introduction ........................................................................... 195	  

7.3.2	   Methods ................................................................................. 196	  

7.3.2.1	   Worm strains ..................................................................... 196	  

7.3.2.2	   Lifespan ............................................................................. 197	  

7.3.2.3	   Thermotolerance ............................................................... 197	  

7.3.2.4	   Pretreating worms ............................................................. 197	  

7.3.2.5	   Western blots .................................................................... 197	  

7.3.2.5.1	   Worm homogenisation .................................................. 197	  

7.3.2.5.2	   SDS polyacrylamide gel electrophoresis (SDS-PAGE) ....... 198	  

7.3.2.5.3	   Protein transfer ............................................................ 198	  

7.3.2.5.4	   Western blotting ............................................................ 198	  

7.3.3	   Results ................................................................................... 199	  

7.3.3.1	   Protein activity in mutants: ................................................ 199	  

7.3.3.2	   Lifespan: ............................................................................ 201	  

7.3.3.3	   Thermotolerance: .............................................................. 204	  

7.3.3.4	   Pretreating worms ............................................................. 206	  

8.	   List of References ........................................................................................ 209	  

 

 



   

 ix  

List of tables 

 

Table 1: A list of strains used in this study. ................................................ 53	  

Table 2: A list of PCR primers used in this study. ....................................... 56	  

Table 3: A comparison of the lifespan data from the CSP mutants. ......... 153	  

 

 





   

 xi  

 
List of figures 

 

Figure 1: A simplified cartoon of the C. elegans insulin/IGF signalling 

pathway. ................................................................................ 12	  

Figure 2: Neurons and synapses. ................................................................. 15	  

Figure 3: The protein content of an average synaptic vesicle from the rat 

brain. ...................................................................................... 17	  

Figure 4: An overview of the synaptic vesicle cycle. ................................... 19	  

Figure 5: Sydney Brenner brought C. elegans into the lab. ......................... 33	  

Figure 6: The Caenorhabditis elegans life cycle. ......................................... 34	  

Figure 7: The nervous system of C. elegans. ............................................... 36	  

Figure 8: The ventral nerve cord (VNC) of C. elegans. ................................. 37	  

Figure 9: Contralateral inhibition results in coordination of locomotion. .. 39	  

Figure 10: The motor circuit of C. elegans. ................................................. 41	  

Figure 11: Muscle arms are the site of neuromuscular synapses in C. 

elegans. .................................................................................. 42	  

Figure 12: The ultrastructure of the C. elegans neuromuscular junction. .. 43	  

Figure 13: The fraction of the initial length of levamisole-treated and 

control worms. ....................................................................... 60	  

Figure 14: The electrophysiology setup. ..................................................... 62	  

Figure 15: The recording chamber. .............................................................. 64	  

Figure 16: Healthy muscle cells and the ventral nerve in a dissected C. 

elegans. .................................................................................. 65	  

Figure 17: An example voltage clamp recording from a worm on day 5 of 

adulthood. .............................................................................. 67	  



 

 xii 

Figure 18: A screenshot of the Mini Analysis software used for quantifying 

the miniature postsynaptic currents. .................................... 68	  

Figure 19: The mechanisms of action of aldicarb and levamisole. ............. 73	  

Figure 20: Behavioural decline in C. elegans with age. ............................... 75	  

Figure 21: Contraction-based levamisole assays. ........................................ 77	  

Figure 22: Contraction-based aldicarb assays. ............................................ 78	  

Figure 23: Ageing alters the level of drug-induced contraction seen in 

worms over a period of 10h. ................................................. 80	  

Figure 24: Pharmacologically-induced stimulation of the excitatory 

neuromuscular junction in C. elegans. .................................. 82	  

Figure 25: The analysis of mutants deficient in cholinergic and GABAergic 

signalling using the levamisole contraction assays. ............ 84	  

Figure 26: Drug-induced contractile assays identify functional changes that 

have an anatomical basis. ...................................................... 86	  

Figure 27: The response of wild type C. elegans to aldicarb is altered with 

age. ......................................................................................... 88	  

Figure 28: The response of wild type C. elegans to levamisole is altered 

with age. ................................................................................. 90	  

Figure 29: Dose-dependency of levamisole-induced contraction of different 

ages of wild type C. elegans. ................................................. 91	  

Figure 30: High concentrations of nicotine are required to make worms 

contract. ................................................................................. 92	  

Figure 31: The response of wild type C. elegans to nicotine across age. ... 93	  

Figure 32: Muscle arms do not degenerate with age. .................................. 95	  

Figure 33: Perturbation of insulin/IGF-1 signalling modifies the effects of 

age on C. elegans neuromuscular function. .......................... 97	  

Figure 34: The ageing C. elegans neuromuscular system. ........................ 108	  



   

 xiii  

Figure 35: Recordings using different electrophysiological techniques in C. 

elegans. ................................................................................ 111	  

Figure 36: The different types of patch clamp. ......................................... 115	  

Figure 37: Healthy muscle cells and the ventral nerve cord in a dissected C. 

elegans. ................................................................................ 116	  

Figure 38: Characterisation of recording from the neuromuscular junction.119	  

Figure 39: mPSC frequency and amplitude decline over prolonged 

recording. ............................................................................. 121	  

Figure 40: Voltage clamp recordings from muscle cells using different 

sampling frequency. ............................................................ 122	  

Figure 41: The frequency and amplitude of events during recording decline 

with time. ............................................................................. 123	  

Figure 42: Cumulative frequency plots of mPSC amplitude over time. ..... 124	  

Figure 43: mPSCs change with age. ........................................................... 126	  

Figure 44: Cumulative frequency plots of mPSC amplitude across age. ... 128	  

Figure 45: A cartoon of CSP. ...................................................................... 137	  

Figure 46: A cartoon of Hsc70. ................................................................... 138	  

Figure 47: CSP forms a complex with Hsc70 and SGT on the synaptic 

vesicle. ................................................................................. 139	  

Figure 48: The protein sequence of worm, fly, mouse and human CSP. ... 150	  

Figure 49: The protein sequences of wild-type and FX03223 dnj-14. ....... 152	  

Figure 50: No difference in the lifespan of wild type and a backcrossed 

FX03223 strain. .................................................................... 155	  

Figure 51: Behavioural analysis of wild type and FX03223 worms across 

age. ...................................................................................... 156	  

Figure 52:  Extended swimming assays in FX03223 worms. ..................... 158	  



 

 xiv 

Figure 53: Aldicarb-induced contraction of FX03223 worms across age. . 160	  

Figure 54: Levamisole-induced contraction of FX03223 worms across age.162	  

Figure 55: Aldicarb assays using paralysis as an endpoint support earlier 

observations using the contraction-based assays. ............. 164	  

Figure 56: Comparison of miniature postsynaptic currents from 

neuromuscular junctions of wild-type and FX03223 worms at 

different ages. ...................................................................... 166	  

Figure 57: The distribution of mPSC amplitudes across ageing in FX03223 

worms. ................................................................................. 167	  

Figure 58: A comparison between the distribution of mPSC amplitudes in 

wild type and FX03223 worms at different ages. ................ 168	  

Figure 59: Food race assays between wild type and FX03223 worms on day 

5 of adulthood. ..................................................................... 170	  

Figure 60: Using modified solutions to separate cholinergic and GABAergic 

events. .................................................................................. 184	  

Figure 61: Separating GABAergic and cholinergic events. ......................... 186	  

Figure 62: Levamisole application depolarises the muscle cell. ................ 187	  

Figure 63: RM2754 animals do not exhibit behavioural signs of premature 

synapse deterioration. ......................................................... 188	  

Figure 64: RM2754 worms have altered pharmacological readouts of 

neuromuscular function. ..................................................... 189	  

Figure 65: Dose-response curves of RM2754 worms treated with 

levamisole on the first and fifth days of adulthood. .......... 190	  

Figure 66: A comparison of the lifespan of wild type and dnj-14 strains 

used in this study and the same strains from Alan Morgan’s 

lab (AM). ............................................................................... 193	  

Figure 67: FX03223 animals from Professor Morgan’s lab do not exhibit 

behavioural signs of premature synapse deterioration in our 

hands. ................................................................................... 194	  



   

 xv  

Figure 68: FX04036 strain contains a deletion in efk-1. ............................ 195	  

Figure 69: A virtual translation of the efk-1 gene in wild type (top) and 

FX04036 (bottom). ............................................................... 196	  

Figure 70: EFK-1 does not phosphorylate eEF2 in either efk-1 mutant. .... 200	  

Figure 71: Lifespan of the efk-1 mutants. .................................................. 201	  

Figure 72: Lifespan of efk-1 mutant worms at different temperatures. ... 203	  

Figure 73: Resistance to heat stress. ......................................................... 205	  

Figure 74: Resistance to heat stress. ......................................................... 206	  

Figure 75: Preconditioning with a mild heat stress is protective. ............ 207	  

 

 

 





   

 xvii  

List of accompanying materials 

Two publications accompany this Thesis: 

Ben Mulcahy, Lindy Holden-Dye and Vincent O’Connor (2013). Pharmacological 

assays reveal age-related changes in synaptic transmission at the 

Caenorhabditis elegans neuromuscular junction that are modified by reduced 

insulin signalling. J Exp Biol 216: 492-501 

Ben Mulcahy and Ben Ient (2010). Meeting report: Caenorhabditis elegans 

Neurobiology Meeting, University of Wisconsin, USA. Invertebrate Neuroscience 

10(2): 53-61 

 

 

 





   

 xix  

DECLARATION OF AUTHORSHIP 

I, Ben Mulcahy declare that the thesis entitled ‘Age-related changes at the 

Caenorhabditis elegans neuromuscular junction’ and the work presented in the 

thesis are both my own, and have been generated by me as the result of my 

own original research. I confirm that: 

• this work was done wholly or mainly while in candidature for a research 

degree at this University; 

• where any part of this thesis has previously been submitted for a degree or 

any other qualification at this University or any other institution, this has 

been clearly stated; 

• where I have consulted the published work of others, this is always clearly 

attributed; 

• where I have quoted from the work of others, the source is always given. 

With the exception of such quotations, this thesis is entirely my own work; 

• I have acknowledged all main sources of help; 

• where the thesis is based on work done by myself jointly with others, I have 

made clear exactly what was done by others and what I have contributed 

myself; 

• parts of this work have been published as: Mulcahy, B., Holden-Dye, L. and 

O'Connor, V. (2013). Pharmacological assays reveal age-related changes in 

synaptic transmission at the Caenorhabditis elegans neuromuscular 

junction that are modified by reduced insulin signalling. J Exp Biol 216, 

492-501. 

 

Siged: ……………………………………………………………………….. 

Date:……………………………………………………………………………. 





   

 xxi  

Acknowledgements 

First of all I’d like to thank Lindy Holden-Dye and Vincent O’Connor for 

excellent supervision and mentorship throughout the PhD, and for constantly 

pulling me up to higher levels. It can’t have been easy. Thanks also to Ayodeji 

Asuni for mentorship during my undergraduate project before the PhD.  

Thanks to all VOC and LHD lab members, past and present, who have all 

helped at some point whether it be blinding an experiment or having a laugh 

in between. The rest of the PhD/postdoc/PI cohort have provided a supportive 

working environment. The mighty cheese circle has provided me with a layer of 

insulation to get me through this winter (and possibly the next one too). 

Thanks to Alan Morgan for discussing unpublished research and sharing his 

wild type and cysteine-string protein mutant worm strains. Thanks to Paul 

Ibbett for performing some assays in Chapter 5 with the cysteine-string protein 

worms, and to Amani Al-Manoubi for hard work whilst a project student. 

Thanks to David Ogden, Alexandra Street and all the participants of the 

Microelectrode Techniques for Cell Physiology Workshop, an excellent 

introduction into electrophysiology. Thanks also to Alexander Gottschalk and 

Jana Liewald for help with the C. elegans patch clamp technique, and thanks to 

Mariana Vargas-Caballero for help tweaking the recording settings and mPSC 

analysis. Thanks also to Hans Schuppe for help with imaging. 

Thanks to Lorraine Prout, Maureen Smith and the rest of the administrative 

staff who work hard to facilitate our research efforts. 

I’d like to acknowledge the BBSRC for funding the project, and various funders 

who assisted my attendance at scientific conferences, including the British 

Neuroscience Association, Biochemical Society, Genetics Society, Physiological 

Society, and the Genetics Society of America. 

Thanks to the Caenorhabditis elegans Genetics Centre and the National 

Bioresource Project of Japan for providing worm strains. 

Thanks to my family and friends for supporting me throughout. 

And lastly, thank you to the Beatles, to the inventors and manufacturers of 

coffee, and to the French for their red wine and excellent cheese.  



 

 xxii 

  



   

 xxiii  

Abbreviations 

ACh: acetylcholine 

AChE: ACh esterase 

AChR: ACh receptor  

AD: Alzheimer’s disease 

AMP: adenine monophosphate 

AMPA: α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

AP2: adaptor protein 

Arc: activity-regulated cytoskeleton-associated protein 

ATP: adenine triphosphate 

cAMP: cyclic AMP 

BSA: bovine serum albumin 

C. elegans: Caenorhabditis elegans 

CGC: Caenorhabditis elegans genetics centre 

CREB: cAMP response element-binding protein 

CSP: cysteine-string protein 

Da: Daltons 

DC: dorsal nerve cord 

DIC: differential interference contrast 

DNA: deoxyribonucleic acid 

E. coli: Escherichia coli 

EM: electron microscopy 

EPG: electropharengeogram 

FUDR: 5-fluoro-2’-deoxyuridine 



 

 xxiv 

GABA:	  γ-aminobutyric acid 

GFP: green fluorescent protein 

Hsc: heat shock cognate 

Hsp: heat shock protein 

IGF: insulin-like growth factor 

LTD: long term depression 

LTP: long term potentiation 

mPSC: miniature postsynaptic current 

mtDNA: mitochondrial DNA 

Munc13: mammalian homologue of unc-13 

Munc18: mammalian homologue of unc-18 

NGM: nematode growth medium 

NMDA: N-methyl-D-aspartate 

NMJ: neuromuscular junction 

NSF: N-ethylmaleimide-sensitive factor 

PCR: polymerase chain reaction 

PDMS: polydimethylsiloxane 

PKA: protein kinase A 

PKC: protein kinase C 

PSD: postsynaptic density 

PTZ: Pentylenetetrazole 

RNA: ribonucleic acid 

SEM: standard error of the mean 

SGT: small glutamine-rich tetratricopeptide repeat protein 



   

 xxv  

SNAP: soluble NSF attachment protein 

SNAP-25: synaptosomal associated protein 25 

SNARE: SNAP receptor 

SOD: superoxide dismutase 

SV: synaptic vesicle 

TOR: target of rapamycin 

UV: ultra violet 

VNC: ventral nerve cord 

YFP: yellow fluorescent protein 

 

 

 

 





 

 1   

1. Chapter 1: General Introduction 

1.1 Ageing 

Ageing is described as physiological decline that occurs in a chronological 

fashion (Kirkwood, 2005). Greying hair and wrinkly skin are part of human 

ageing but don’t incur any major disadvantages to human health. However, 

bones become weaker and cognitive function begins to decline. There is also 

an increased vulnerability to disease. Many diseases have an age related 

component. Before attempting to understand how we age, it is useful to have 

an understanding of why we age. This is best understood from an evolutionary 

perspective. 

1.1.1 The evolutionary basis of ageing 

At a superficial level, the process of ageing may seem like a paradox of 

evolutionary biology. Evolution works to increase the fitness of species. Why 

then do we age? Ageing is a phenotype that is disadvantageous for the 

individual. However, in terms of evolution the needs of the individual are 

insignificant. As is outlined below, ageing is a consequence of optimisation of 

the replicative potential of a species (Kirkwood, 2005). 

In the wild, food and energy are limited, and the organism is forced to divide 

its resources unequally in an attempt to attain optimal progeny production and 

persistence (essentially the definition of Darwinian fitness (Kirkwood, 2005)). 

This phenomenon is known as a ‘trade-off’. The optimal distribution differs 

across the organism’s life-course. For example, in a time when food is sparse, 

it would not be ideal to bring up progeny as there would be a high chance of 

them starving. During this period, it would be more beneficial for the organism 

to concentrate its energy on maintaining its soma (body) so that when food 

becomes abundant again it has a higher chance of being alive to create 

progeny in an environment that will give them a better chance of persisting 

and perpetuating the germline. This is one of the evolutionary explanations for 

the lifespan-extending effects of dietary restriction. The concept of trade-offs 

is important to the field of ageing because it is thought to be a potential 

answer to the paradox stated above – why do we age if it apparently results in 

a loss of reproductive fitness? The answer is that whilst ageing decreases the 
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individual fitness of an organism, it is a consequence of optimisation of the 

Darwinian fitness for the germline (aka the entire species). The propagation of 

the germline is the driving force for evolution, and the soma is purely there to 

assist in every way it can. In fact, after the reproductive stage (and nurturing 

phase in some animals), the soma is disposable (Kirkwood, 2005). 

One might ask whether it would be better for the species if both the germline 

and soma were maintained indefinitely, or immortal. One evolutionary reason 

for this is that extrinsic mortality defines the timing of developmental, 

reproductive and ageing phases in the life-course of a species, and thus the 

threshold for intrinsic mortality (Bonsall, 2006). Extrinsic mortality is when an 

organism dies due to external causes, for example predation or disease. 

Intrinsic mortality is when an organism dies for internal reasons, for example 

malfunction of the heart or joints. The pathway towards intrinsic mortality is 

associated with increased vulnerability to age-related disease. The conceptual 

foundation is the inference that optimal progeny production and persistence 

would be reached if the maximal number of members of the species in 

question (aka germline as a single entity) were able to reproduce. Intrinsic 

mortality is tuned by extrinsic mortality because, for example, if 90% of mice 

die within their first year (due to predation and disease – i.e. extrinsic causes), 

then the allocation of resources for germline persistence would be optimal if 

this huge majority of mice were able to reproduce prior to their death. Thus, 

because of the minority factor experienced by mice that make it into their 

second, third year or beyond, the evolutionary power to enhance their 

persistence past this threshold is severely diminished. This is the basis of the 

‘disposable soma’ theory for ageing: when the organism has passed its 

reproductive stage, which in turn is regulated by the threshold of extrinsic 

mortality, it is essentially useless and hence ‘disposable’. In essence, the 

meaning of life (a question addressed by many great philosophers (Adams, 

1979; Python, 1983)) is to propagate the germline by making more life, which 

has a chance of making even more life, and so on.  

The disposable soma theory provides a reason for why ageing has been 

allowed to occur – and based on this, two overlapping evolutionary theories 

have evolved to give a vague mechanistic explanation of how ageing occurs. 

These are the ‘antagonistic pleiotropy’, and the ‘mutation accumulation’ 

theories of ageing.  
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1.1.2 Evolutionary theories for why we age 

1.1.2.1 Antagonistic pleiotropy 

Antagonistic pleiotropy is a theory that was proposed by Williams in 1957 

(Dowling et al., 2009). It suggests that ageing is a consequence of selection for 

mutations that confer advantageous phenotypes at early stages of life (during 

the developmental and reproductive periods), even when they may result in 

disadvantageous phenotypes in later life. The ApoE4 allele is a good example 

to illustrate this concept (Finch, 2010). Here, ApoE4 carriers have increased 

vulnerability to a number of age-related diseases including Alzheimer’s disease 

(Corder et al., 1993; Strittmatter et al., 1993) and coronary heart disease (van 

Bockxmeer and Mamotte, 1992). However, it is thought that ApoE4 evolved to 

provide improved immune responses, therefore increasing the likelihood of 

carriers reaching reproductive age and producing progeny (Finch, 2010). 

Consistent with this ApoE4 carriers were more resistant to damage during 

hepatitis C infections (Wozniak et al., 2002) and during childhood in a Brazilian 

slum had less diarrhoea and increased resistance to the associated 

impairments in cognitive development (Oria et al., 2010; Oria et al., 2005). 

Therefore whilst conferring disadvantages later in life past the reproductive 

age, ApoE4 has been selected for in a subset of the population and has 

persisted because it confers advantages during early life and is thus a 

pleiotropic gene (Finch, 2010). 

1.1.2.2 Mutation accumulation 

Mutation accumulation theory suggests that ageing is a direct consequence of 

random genetic mutations that have built up across the evolutionary history of 

a species, and exert detrimental effects late in the lifespan of the species, past 

the threshold of extrinsic mortality (Partridge and Barton, 1993). These 

mutations have not been selected against by evolution, as once the organism 

has passed its reproductive stage it essentially doesn’t matter whether it lives 

or dies. 

In terms of humans, we have a life expectancy that is far beyond our normal 

reproductive period. This was not always the case – in fact, for 99.9% of human 

existence we have been a species with a life expectation of 25 years or less. 

Hayflick puts this into dramatic perspective in his provocatively titled 
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“Biological Ageing Is No Longer an Unsolved Problem” by saying that “If the 

time in which the human species has existed could be imagined on a 24-h time 

scale, the revelation of aging as a process that most of the population 

experiences would occur only a few seconds before midnight” (Hayflick, 2007). 

We have not had enough time to evolve to accommodate this sharp increase in 

life expectancy.  Therefore we have an unnaturally high incidence of age-

related disease in developed countries, and developing countries are catching 

up fast (Kalache and Gatti, 2003). With this in mind, age-related diseases are a 

growing problem in this ageing society. 

1.1.3 Mechanistic theories of ageing 

There are many mechanistic theories of ageing outlined in the literature, most 

of them overlapping. In fact, in 1990 Medvedev tried to classify over 300 

theories of ageing, in an attempt to make some sense of the field (Kirkwood, 

2005). Below are discussed some of the major causative theories of ageing. 

1.1.3.1 Oxidative stress 

The oxidative stress theory of ageing is one of the more popular theories, and 

has been the subject of much study and recent debate (Cabreiro et al., 2011; 

Doonan et al., 2008; Gems and Doonan, 2009; Gems and Partridge, 2013; 

Lapointe and Hekimi, 2010). This theory suggests that ageing is caused by the 

build-up of oxidative damage to cellular components, including proteins, lipids 

and DNA. Indeed there is correlative evidence that may support this theory – 

levels of oxidative damage to proteins and DNA have been shown to be 

increased with age, and lifespan extension via dietary restriction and several 

longevity mutations correlates with a reduction of oxidative stress. Additionally 

several long-lived species of animal have been shown to have reduced 

oxidative damage and increased resistance to oxidative stress when compared 

to shorter-lived species (Salmon et al., 2010). However, despite being 

correlated with ageing, there is not any strong evidence that oxidative stress 

plays a causative role (Salmon et al., 2010).  

Many animal models incorporating altered oxidative profiles with ageing have 

been generated to test the oxidative damage theory of ageing, including both 

vertebrates and invertebrates, with conflicting and often confusing results. In 

general, there is not much evidence for oxidative damage having an effect on 
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normal ageing, and a growing body of evidence that argues against it 

(Cabreiro et al., 2011; Doonan et al., 2008; Gems and Doonan, 2009; Gems 

and Partridge, 2013). However, when organisms are exposed to environmental 

stress or co-modelling various age-related diseases, oxidative stress does 

seem to have an effect on the resulting pathology and its progression, with 

reduced oxidative stress generally retarding pathology, and elevated oxidative 

stress accelerating pathology (Salmon et al., 2010). In addition there are some 

age-related physiological impairments that occur in animals exposed to 

oxidative stress at a greater frequency and severity than in controls, including 

hearing loss, macular degeneration, cataract formation, vascular hypertrophy, 

skeletal muscle atrophy and motor neuron deficiencies (Salmon et al., 2010). 

There have also been lifespan correlates in some of these models, including a 

murine model of Alzheimer’s disease overexpressing the amyloid precursor 

protein (APP) and an antioxidant gene, superoxide dismutase 1 (Sod1) which 

lived for longer than non-Sod1-overexpressing controls (Borg and Chereul, 

2008).  

However, in general the evidence to date seems to suggest that effects of 

oxidative stress on ageing and age-related diseases are independent, and that 

oxidative stress only plays a limited role in regulation of ageing (Gems and 

Partridge, 2013).  

1.1.3.2 Mitochondria 

The mitochondrial theory of ageing argues that ageing is the result of an 

accumulation of mitochondrial DNA (mtDNA) mutations across the lifespan of 

an organism, resulting in impaired energy production and hence insufficient 

energy for the cell to function properly (Kirkwood, 2005). The mtDNA 

mutations are thought to be random. The presence of multiple mitochondria in 

the cell acts as a buffer for energetic homeostasis, until a critical threshold has 

been exceeded. When this happens, the cells are unable to function optimally. 

One of the major mechanisms of damage highlighted in the mitochondrial 

theory of ageing is oxidative stress.  

1.1.3.3 Somatic mutation theory 

The somatic mutation theory of ageing postulates that as an organism ages, 

the number of random mutations in the host DNA builds up and causes 
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physiological dysfunction through altered gene expression and protein 

sequence (Kirkwood, 2005). 

1.1.3.4 Developmental drift 

This theory of ageing is closely related to the antagonistic pleiotropy theory. It 

suggests that genes and processes involved in development, functioning to 

deliver the organism into its prime, ‘drift’ to cause ageing. After they have 

been used to attain their purpose, the genes are supposed to be ‘switched off’. 

However, as described earlier there is only weak selection for maintaining 

health past the reproductive span. There is evidence that during ageing some 

of the pathways important for the development of the organism may ‘drift’, 

and have an adverse impact on the already established target area 

(Blagosklonny, 2006; Gems and de la Guardia, 2013; Gems and Partridge, 

2013). An example of this is the elt-3, elt-5 and elt-6 GATA transcription 

factors in the nematode Caenorhabditis elegans (Budovskaya et al., 2008). 

Here a developmental transcriptional program that regulates the expression of 

an array of genes drifts with age. Many of these genes are implicated in the 

biology of ageing (Budovskaya et al., 2008). Consistent with this, additional 

developmental timing genes have been shown to regulate ageing in C. elegans 

(Boehm and Slack, 2005). 

1.1.3.5 Epigenetic drift 

After genetically identical twins are born, their ‘epigenome’ is the same. 

However, as they age differences in the epigenetic status of their genomes 

begin to appear, resulting in large changes in gene expression (Fraga et al., 

2005). If not exquisitely regulated (e.g. if there is a chance component/ 

stochasticity), such epigenetic drift could contribute to changes in gene 

expression over time that may impact biological processes per se and those 

which impact on ageing (Bennett-Baker et al., 2003; Cooney, 1993; Martin, 

2009). 

1.1.3.6 Telomere erosion 

As cells divide, chromosomes are replicated so that both mother and daughter 

cells have diploid copies of the genome. One problem the genome encounters 

is the inability of the DNA replication machinery to copy right up to the end of 

the chromosome, meaning that with each cell division, the ends of the 
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chromosomes are eroded away, and become progressively shorter. To prevent 

this from resulting in the loss of genes, chromosomes have evolved telomeres 

– DNA sequences that are located on the ends of the chromosomes, and are 

dispensable for genomic integrity. Thus, telomeres act as a buffer between the 

end of the chromosome and the genome, protecting the capacity of cells to 

divide and replicate (Verdun and Karlseder, 2007). However, as the cells get 

older and participate in more and more divisions, the telomeres become 

progressively shorter and the divisional capacity of the cells is exceeded. This 

has been postulated to be a cause of somatic ageing (Kirkwood, 2005). 

There is correlative evidence supporting this view – aged humans have shorter 

telomeres (Hastie et al., 1990), telomeres have been observed to shorten more 

slowly in long lived mammals and birds than in shorter lived counterparts 

(Haussmann et al., 2003), and telomere length in young birds has been shown 

to be a predictor of lifespan (Heidinger et al., 2012). 

Evidence supporting the telomeric theory of ageing is apparent in the germline 

and in many forms of cancer (Hanahan and Weinberg, 2011). This line of 

evidence is centred on telomerase – an enzyme that adds random nucleotides 

onto the end of telomeres, reversing the shortening due to inappropriate DNA 

replication during cell division. Overexpression of telomerase increases the 

lifespan of mice and delays age-associated pathology (Tomás-Loba et al., 

2008). 

The contribution of telomere shortening to ageing is (like most) linked with 

other theories as well. Oxidative stress has been shown to increase the rate of 

telomere erosion (Von Zglinicki, 1998; von Zglinicki et al., 1995). Also, the 

telomere theory of ageing has links to one of the major evolutionary theories 

of ageing, antagonistic pleiotropy. It has been suggested that the limited 

buffering capacity of telomeres exerts protective effects by limiting the 

outbreak of cancer (Hanahan and Weinberg, 2011). In order to become 

cancerous, cells have to circumvent the problem of telomere shortening (often 

achieved by activating telomerase), meaning that the threshold a cell has to 

mutate past to become a viable cancerous line is pushed even higher. This 

protects the organism in its earlier life, increasing the proportion of the 

species that reach the reproductive stage and successfully create progeny. 

However, if telomere loss is the age-limiting factor in the longevity of the 
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organism, this developmental adaptation is clearly disadvantageous later in 

life. 

1.1.3.7 Altered proteins theory 

This theory of ageing centres on the theme of protein turnover. Signalling 

networks rely on the dynamic properties of multiple proteins, with set half-

lives and undamaged structure, in order to achieve the correct response. If 

protein turnover is impaired in an age-related fashion, then this would lead to 

age-related physiological dysfunction (Kirkwood, 2005). 

There is evidence that during ageing and Alzheimer’s disease, protein 

hydrophobicity increases (Chao et al., 1997; Dasuri et al., 2010). Oxidative 

stress can also trigger the exposure of hydrophobic protein domains (Chao et 

al., 1997; Gosslau et al., 2001). The age-related increase in protein insolubility 

has been shown very elegantly in the nematode worm Caenorhabditis elegans 

(David et al., 2010), consistent with a more hydrophobic cellular environment. 

Recent data shows that this also occurs in the ageing human brain (Ottis et al., 

2013). 

1.1.3.8 The network theory of ageing 

As is evident from above, many of the theories of ageing have overlapping 

mechanisms and common themes, and all have some evidence supporting 

them, direct or indirect. The network theory of ageing takes this into account 

by appreciating that multiple kinds of damage and pathways of dysregulation 

may occur in parallel with one another (Kirkwood, 2005). The effects of the 

different pathways may summate, and under certain conditions one may be 

more dominant than the next. Some may initiate the process of ageing, and 

others may be secondary effectors of damage.  

1.1.4 Perspectives 

In the last century we have made considerable advances in our understanding 

of the complexities of ageing, with the disposable soma theory at the centre of 

the evolutionary branch of the topic (Kirkwood et al., 2005). The identification 

of mechanisms responsible for ageing however is still at an early stage, and 

there are many theories competing against each other. The oxidative stress 

theory of ageing was the favoured for a number of recent years. However, the 
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general opinion of the ageing field now seems to favour much more of a 

network view, with the acceptance that biological ageing is a result of a 

complex combination of a range of stresses and pathways, each contributing 

to the ageing process in different proportions under different conditions, and 

due to different chance events. Evidence is accumulating supporting the 

contribution of developmental drift to the ageing process (Gems and Partridge, 

2013).  

1.1.5 Ageing of organs and systems 

Ageing affects organisms at multiple levels. There are changes to molecules, 

such as an increased insolubility of proteins (Dasuri et al., 2010; David et al., 

2010; Ottis et al., 2013) and damage to DNA (Freitas and de Magalhães, 2011). 

Changes occur at the cellular level, for example neurons in the mammalian 

brain show a reduction in their complexity (Page et al., 2002) and repertoire of 

connections (Dickstein et al., 2013). When looking at organs in human ageing, 

it is clear that the cardiovascular system functionally declines (Oxenham and 

Sharpe, 2003), bones become weaker (Boskey and Coleman, 2010), and the 

brain begins to change (Yankner et al., 2008). At a whole organism level, 

humans become frail with age (Fried et al., 2001) and vulnerable to infections 

(Gavazzi and Krause, 2002).  

Ageing of one system can affect ageing in other systems, for example in mice 

a region of the brain called the hypothalamus releases hormones into the 

blood to regulate ageing in other areas of the animal, including muscle cell 

health, skin health and bone mass (Zhang et al., 2013). Similarly, endocrine 

signalling in the simple nematode worm Caenorhabditis elegans has been 

shown to regulate ageing, including signalling from the gonad, the intestine 

and the nervous system (Boulias and Horvitz, 2012; Panowski and Dillin, 

2009). Insulin signalling, a conserved ageing regulator (Section 1.1.6.2), plays 

a major role in these endocrine pathways (Baumeister et al., 2006; Boulias and 

Horvitz, 2012; Ch'ng et al., 2008; Iser et al., 2007; Panowski and Dillin, 2009; 

Wolkow et al., 2000) and the role of insulin signalling in endocrine regulation 

of ageing is conserved from worms to mammals (Tatar et al., 2003) (Section 

1.1.6.2). 
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Ageing is complex and affects a multitude of processes that operate at 

different levels of biology. Therefore to understand the effects of ageing we 

need a molecular and physiological understanding that spans from genes, to 

systems, to the whole organism. 

1.1.6 The genetics of ageing 

Whilst there is not a ‘gene for ageing’ (i.e. there is not genetic program that 

directly programmes ageing (Kirkwood et al., 2005)), ageing has a large 

genetic component. An obvious example of the impact of genes on ageing is 

the difference in the lifespan of different species (i.e. species are different 

because of genetic differences). For example the 1mm long nematode worm, 

Caenorhabditis elegans (C. elegans) lives for only 2-3 weeks, whereas humans 

can live to over 100 years (Kenyon, 2010).  

1.1.6.1 Human genetics and ageing 

Because of the complexity of ageing it is difficult to identify genetic loci that 

contribute to its regulation in the human population. However, by comparing 

the genomes of long-lived humans and humans with average lifespan a 

number of genes have been identified that may contribute to the regulation of 

ageing, with roles in insulin signalling, lipoprotein metabolism and telomerase 

function (Wheeler and Kim, 2011). There are also genetic conditions that cause 

premature ageing, discussed by Coppede (2013). 

Model organisms are contributing much to our understanding of the genetic 

regulation of ageing. The next subsection will focus mainly on advances in the 

understanding of the genetic regulation of ageing that have been obtained 

from studies using C. elegans, a significant model system for ageing research 

(Antebi, 2007; Kenyon, 2010). 

1.1.6.2 Insulin signalling 

The first genetic pathway identified to regulate ageing was insulin signalling in 

the nematode worm Caenorhabditis elegans (Kenyon et al., 1993). Previously, 

daf-2 (the sole C. elegans insulin/IGF receptor) had been identified as a gene 

involved in the formation of dauer worms (a hibernation-like stage larval 

worms can go into when under stress; see Figure 6) (Riddle et al., 1981). 

Subsequently it was found that a genetic reduction of DAF-2 signalling resulted 
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in a doubling of lifespan compared to wild type worms, and this was 

dependent on the presence of DAF-16 (Figure 1) (Kenyon et al., 1993). DAF-16 

was later identified as the FOXO transcription factor, the nuclear accumulation 

of which is repressed by activation of the insulin/IGF receptor (Lin et al., 1997; 

Lin et al., 2001; Ogg et al., 1997). Once DAF-2 signalling is reduced, DAF-16 

can enter the nucleus and change the expression of a wide range of genes, 

including genes involved in stress responses, developmental pathways and 

metabolism (Lee et al., 2003; McElwee et al., 2003; Murphy et al., 2003). 

Genetic reduction in DAF-2 activity delayed age-related behavioural decline in 

C. elegans, indicating an extended healthspan of the worms as well as an 

extended lifespan (Kenyon et al., 1993). More recently the important role of 

insulin in the regulation of ageing has been shown to be conserved between 

worms (Kenyon et al., 1993), mice (Coschigano et al., 2000; Holzenberger et 

al., 2003) and humans (Anselmi et al., 2009; Flachsbart et al., 2009; Kojima et 

al., 2004; Li et al., 2009b; Lunetta et al., 2007; Pawlikowska et al., 2009; Suh 

et al., 2008; Willcox et al., 2008). 

How does reduction of insulin signalling enhance longevity? Reduced insulin 

signalling improves protein homeostasis. Reduction of insulin signalling using 

reduction of function mutations in daf-2 reduce the age-associated increase in 

cellular protein insolubility that has been observed during C. elegans ageing 

(David et al., 2010). This age-related increase in protein insolubility has 

recently been observed in the mammalian brain (Ottis et al., 2013), and 

increased protein hydrophobicity has been observed during normal ageing 

(Dasuri et al., 2010), supporting the idea that the insoluble proteome is a 

conserved aspect of ageing. The effects of insulin signalling on protein 

homeostasis are not limited to normal ageing, but also extend to age-related 

protein misfolding diseases. In C. elegans, genetic reduction of insulin 

signalling protects against proteotoxicity from the expression of a toxic polyQ 

repeat implicated in Huntingdon’s disease (Hsu et al., 2003; Morley et al., 

2002), and a toxic peptide implicated in Alzheimer’s disease, Aβ1-42 (Cohen et 

al., 2006). Concurrent with this, reducing insulin signalling by using mice 

heterozygous for the insulin/IGF receptor also protected against Aβ 

proteotoxicity (Cohen et al., 2009). Consistent with a major role in protein 

homeostasis, autophagy (a process that degrades cellular components, 
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including proteins) is required for lifespan extension in daf-2 loss of function 

mutants (Meléndez et al., 2003).   

Reduction of insulin signalling also results in increased stress resistance in C. 

elegans. These stresses include heat stress (Lithgow et al., 1994; Lithgow et 

al., 1995), oxidative stress (Larsen, 1993; Vanfleteren, 1993), ultraviolet 

radiation stress (Murakami and Johnson, 1996) and hypoxia (Scott et al., 

2002). The increased stress resistance conferred by reduced insulin signalling 

is conserved in mammalian systems (Holzenberger et al., 2003). 

Taken together, the insulin signalling pathway is a potent regulator of 

development, lifespan, healthspan and stress resistance, and these roles are 

conserved from worms to humans. 

 

Figure 1: A simplified cartoon of the C. elegans insulin/IGF signalling 

pathway. DAF-2 (the insulin/IGF receptor) is activated by insulin/insulin-like 

peptides and activates AGE-1, the C. elegans orthologue of the p110 catalytic 

subunit of phosphoinositide 3-kinase (PI3K). AGE-1 then converts PIP2 to PIP3 

which activates PDK-1, the 3-PI-dependent kinase 1 orthologue. PDK-1 activates 

AKT-1 and AKT-2 (orthologues of the serine/threonine kinase Akt/PKB), and 
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SGK-1 (a serine/threonine kinase orthologous to mammalian serum and 

glucocorticoid inducible kinases (SGKs)). These three kinases phosphorylate 

DAF-16 (the orthologue of the forkhead box O (FOXO) transcription factor) to 

inhibit its translocation into the nucleus. When DAF-2 signalling is inhibited, 

DAF-16 can enter the nucleus and effect changes in the expression of a wide 

range of target genes. The activity of HSF-1 (an orthologue of heat-shock 

transcription factor 1, Hsf-1) is also repressed by DAF-2 activation. HSF-1 and 

DAF-16 regulate both distinct and overlapping sets of genes implicated in 

process including lifespan regulation and stress resistance (Hsu et al., 2003).  

1.1.6.3 Other signalling pathways that influence ageing 

There are a wide array of signalling pathways that influence ageing in addition 

to insulin signalling, and extensive discussion is provided elsewhere (Kenyon, 

2010). These pathways often play roles in cell growth and metabolism (Artal-

Sanz and Tavernarakis, 2008). One key signalling pathway is TOR signalling. 

TOR is a protein kinase that forms a complex with a number of other proteins 

to sense the nutrient availability of a cell and control cell growth and 

metabolism (Wullschleger et al., 2006). Genetic knockdown of C. elegans TOR 

(let-363) extends worm lifespan (Vellai et al., 2003). Consistent with a 

conserved role in mammalian systems, treatment of mice with the TOR 

inhibitor, rapamycin, also extends lifespan (Harrison et al., 2009).  

1.1.7 Environmental conditions and ageing 

The environment and experiences an organism is exposed to can affect how it 

ages. Dietary restriction involves limiting the food intake of an organism and 

extends lifespan from yeast, to worms, to non-human primates (Mair and 

Dillin, 2008). The lifespan-extending effects of dietary restriction are regulated 

by many of the signalling pathways involved in the regulation of ageing, 

including TOR signalling (Hansen et al., 2007; Kaeberlein et al., 2005; Kapahi 

et al., 2004), and insulin signalling (Arum et al., 2009; Greer and Brunet, 2009; 

Honjoh et al., 2009). Exercise has also been shown to have beneficial effects 

on ageing and preventative effects for age-related disease (Holloszy et al., 

1985; Lee et al., 2012; Moore et al., 2012; van Praag, 2009). Hormesis, a form 

of preconditioning, involves the exposure of an organism to mildly stressful 

(but sublethal) environments to extend lifespan, probably due to the 
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upregulation of cellular stress protective mechanisms (Gems and Partridge, 

2008). Genetic and environmental factors, as well as chance, work together to 

regulate ageing (Kenyon, 2010). 

1.2 The nervous system 

The human nervous system is a complex network of cells called neurons and 

glia. The human brain contains 86 billion neurons (Azevedo et al., 2009), 

which communicate with eachother at 100 trillion points (Eroglu and Barres, 

2010). This complex network works together to sense the external (and 

internal) environment, integrate multiple signals and effect appropriate, 

coordinated responses. The nervous system is also able to store data in the 

form of memory and tune circuits involved in different physiological functions 

(Squire and Kandel, 2009). It is not entirely clear how the nervous system 

evolved, but it is clear that many key proteins involved in nervous system 

function were present before the nervous system arrived (Miljkovic-Licina et al., 

2004; Ryan and Grant, 2009; Sakarya et al., 2007; Sudhof, 2012).  

1.2.1 Neurons 

There are a wide variety of different neuron types, and they can have diverse 

morphological and functional features. However, there are common features 

that are conserved across neurons, outlined in Figure 2A below. The features 

of this neuron are also widely conserved between species. The cell body is 

where the nucleus resides, and is the site of the majority of protein translation. 

Dendrites receive input from other neurons and integrate their signals to send 

to the cell body. The cell body also receives input from other neurons. The 

axon transmits signals from the cell body to other neurons, and the points 

where neurons communicate to other cells (including communication between 

neurons and muscle cells) are called synapses (Figure 2B). 
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Figure 2: Neurons and synapses. (A) Neurons have three main subcellular 

compartments. The cell body is where the nucleus resides and most protein 

translation occurs here. The dendrites receive information from other neurons. 

The axon sends signals to other neurons. (B) Chemical synapses release 

neurotransmitter from vesicles in the presynapse. This diffuses across a space 

called the synaptic cleft and activates its corresponding receptors on the 

postsynaptic membrane (Eccles, 1982). 
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1.2.2 Synaptic transmission 

The term ‘synapse’ was coined when Sir Charles Sherrington joined the Greek 

words ‘syn’ and ‘haptein’ (which translate as ‘together’ and ‘to clasp’, 

respectively) to describe the junction between two neurons (Cowan and Kandel, 

2001). Synapses are specialised cell-cell junctions between two neurons (or a 

neuron and a muscle cell) that signal to either promote or inhibit excitatory 

firing in the next neuron/ muscle cell. Synapses are functionally diverse, but 

like the function of neurons, the fundamental mechanisms of synaptic 

transmission are the same. There are two forms of synapses in the nervous 

system: chemical synapses and electrical synapses. This thesis is concerned 

with the chemical synapse, and unless specified in the text the term ‘synapse’ 

henceforth refers to the chemical sort. 

1.2.2.1 The presynaptic terminal 

The presynaptic terminal contains synaptic vesicles, 40nm diameter lipid 

vesicles with abundant proteins (Qu et al., 2009; Takamori et al., 2006). The 

lumen of synaptic vesicles is filled with neurotransmitter, and when they fuse 

with the presynaptic membrane in response to Ca2+ influx induced by 

presynaptic depolarisation they release their contents into the synaptic cleft via 

a highly regulated process (Sudhof, 1995; Sudhof, 2004).  

The first proposal that neurotransmitter was released from packages inside the 

synapse was by del Castillo and Katz in the 1950s, later supported by the 

discovery of synaptic vesicles in nerve terminals by electron microscopy 

(reviewed by Cowan and Kandel, 2001). Synaptic vesicles are amenable to 

separation from the rest of the cell by fractionation, a property that has 

facilitated extensive investigations into their molecular composition 

(Shupliakov and Brodin, 2010; Takamori et al., 2006). Over 400 proteins have 

been identified from purified synaptic vesicle fractions (Grønborg et al., 2010; 

Takamori et al., 2006), and an example of the average protein composition of 

a synaptic vesicle from a rat brain is shown in Figure 3. This includes diverse 

proteins involved in the transport of neurotransmitters into the vesicle, and 

other proteins involved in the trafficking of the synaptic vesicle itself 

(Shupliakov and Brodin, 2010; Takamori et al., 2006). The abundance of the 

proteins on the synaptic vesicle also differs, synaptobrevin is the most 

populous with an average of 69.8 copies per vesicle (Takamori et al., 2006) 
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(Figure 3). The protein composition of synaptic vesicles may be relatively 

uniform between synapse types, with a comparison of glutamatergic and 

GABAergic synaptic vesicles (separated by immunoisolation) yielding few 

differences (Grønborg et al., 2010). 

 

Figure 3: The protein content of an average synaptic vesicle from the rat 

brain.The synaptic vesicle is densely packed with synaptic vesicle proteins, the 

most abundant of which is synaptobrevin (average 69.8 copies per vesicle), 

whilst other proteins are less abundant, such as synaptotagmin (15.2 copies), 

cysteine-string protein (2.8 copies) and the vacuolar H+ ATPase (1.4 copies). 

Figure obtained from (Takamori et al., 2006). 

In the presynaptic terminal, synaptic vesicles are organised into three pools: 

the ready releasable pool (immediately available for neurotransmitter 

exocytosis upon stimulation), the recycling pool (not immediately available, but 

there to replace vesicles used up in the ready releasable pool), and the reserve 
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pool (only used during intense stimulation) (Denker and Rizzoli, 2010; Rizzoli 

and Betz, 2005).  

The synaptic vesicle cycle 

As alluded to before, synaptic vesicles undergo a highly regulated synaptic 

vesicle cycle where they become docked and primed at the presynaptic 

membrane (Figure 4, steps 1-2). When the presynaptic terminal becomes 

depolarised Ca2+ enters through voltage-gated Ca2+ channels, triggering fusion 

of the synaptic vesicle with the plasma membrane and release of 

neurotransmitter into the synaptic cleft (Figure 4, step 3). After fusion the 

synaptic vesicle membrane along with its associated proteins are endocytosed, 

primarily by a clathrin-mediated mechanism (Figure 4, step 4). Finally, the 

vesicle is re-acidified and refilled with neurotransmitter (Figure 4, step 5), then 

reintegrated into the recycling pool of synaptic vesicles ready for subsequent 

rounds of fusion. The ready releasable pool is comprised of docked and/or 

primed synaptic vesicles (Figure 4). Excellent reviews on the synaptic vesicle 

cycle have been written by the Nobel prize-winning neurobiologist, Thomas 

Sudhof (1995), (2004) and (2013). 

 

  



 

 19   

 

 

Figure 4: An overview of the synaptic vesicle cycle. 1. A neurotransmitter-

containing synaptic vesicle first docks at the presynaptic membrane at the 

active zone. 2. After docking, the vesicle becomes primed, ready for fast 

release. 3. Upon influx of Ca2+ (through voltage-gated Ca2+ channels, triggered 

by depolarisation of the presynaptic terminal), the primed vesicle fuses with 

the presynaptic membrane and releases its contents into the synaptic cleft. 4. 

The vesicle is endocytosed, primarily by clathrin-mediated endocytosis. 5. The 

vesicle is re-acidified, refilled with neurotransmitter then re-integrated into the 

recycling synaptic vesicle pool ready for subsequent rounds of exocytosis. 
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Much work has been done on the molecular mechanisms that regulate the 

synaptic vesicle cycle, and many proteins have been identified that play key 

roles at different steps of the cycle (Sudhof, 1995; Sudhof, 2004). The roles of 

some of the key proteins are described below. 

Docking 

Docking is when the synaptic vesicles come into close proximity to the 

presynaptic membrane.  

Rab3A targets synaptic vesicles to the active zone (Geppert et al., 1994; 

Leenders et al., 2001; Nonet et al., 1997). Bassoon and piccolo also function to 

cluster docked synaptic vesicles at the active zone (Mukherjee et al., 2010). 

Munc18 also plays a role in docking (reviewed by Weimer and Richmond, 2004; 

Weimer et al., 2003). For further discussion of proteins that may be involved  

in synaptic vesicle docking see Siksou et al. (2011). 

SNARE complex formation is not required for synaptic vesicle docking but 

instead function later at the priming and fusion stages (O’Connor et al., 1997). 

Priming 

Syntaxin is normally present on the plasma membrane in a closed 

conformation that will not participate in SNARE complex formation (Dulubova 

et al., 1999). Whilst in this closed conformation it is bound to Munc18 

(Dulubova et al., 1999; Hata et al., 1993), and cannot form SNARE complexes 

(Gerber et al., 2008). NSF (N-ethylmaleimide-sensitive factor) is a chaperone-

like ATPase that is recruited to the SNARE complex by the soluble NSF 

attachment proteins (SNAPs) (Rothman, 1994) and functions in vesicle priming 

by disassembling cis-SNARE complexes (Schweizer et al., 1998; Weber et al., 

2000). There are also syntaxin-SNAP-25 heterodimers on the presynaptic 

membrane that are disassembled by NSF (Ma et al., 2013). Munc13 converts 

syntaxin into an open conformation that facilitates the formation of SNARE 

complexes (Ma et al., 2011; Richmond et al., 2001). These complexes consist 

of the core SNARE proteins syntaxin, SNAP-25, and synaptobrevin, along with 

Munc18 and Munc13, and are resistant to disassembly by NSF (Ma et al., 

2013).  
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In the primed state, fusion is inhibited by complexin, a small protein which 

binds the SNARE complex and sterically hinders fusion, whilst maintaining 

SNARE complexes in orientations close to what is required for fusion (Kümmel 

et al., 2011; Wragg et al., 2013). Synaptotagmin also interacts with the SNARE 

complex and in the absence of Ca2+ acts as an inhibiter of fusion (Chapman, 

2008). 

Fusion 

Depolarisation of the presynaptic terminal results in Ca2+ influx, some of which 

binds to synaptotagmin to trigger fusion (Fernandez-Chacon et al., 2001). A 

conformational change in complexin is required for fusion to take place, and 

this occurs downstream of Ca2+ binding to synaptotagmin (Krishnakumar et al., 

2011). The Ca2+ binding to synaptotagmin results in a series of conformational 

changes which exerts force between the synaptic vesicle membrane and the 

presynaptic membrane, resulting in membrane fusion and the release of the 

synaptic vesicle contents in the synaptic cleft (Chapman, 2008). The SNARE 

proteins function primarily as force generators during fusion, forcing the 

membranes together to induce fusion (Zhou et al., 2013). Munc18 binds the 

SNARE complex via the syntaxin N-terminal and may control the spatial 

distribution of SNARE complexes during fusion (Dulubova et al., 2007; 

Khvotchev et al., 2007) and is essential for exocytosis (Johnson et al., 2009). 

Endocytosis 

After fusion there is local endocytosis of the synaptic vesicle proteins and 

lipids (Heuser and Reese, 1973). Some of the synaptic vesicle proteins and 

lipids remain clustered together, whilst others (e.g. synaptobrevin) diffuse 

across the plasma membrane and are likely endocytosed and incorporated 

back into synaptic vesicles by another mechanism (reviewed by Shupliakov and 

Brodin, 2010). The major pathway for synaptic vesicle endocytosis is clathrin-

mediated endocytosis (Dittman and Ryan, 2009). After fusion at the active 

zone, synaptotagmin interacts with AP2, which mediates the formation of a 

clathrin coat at the membrane. Clathrin initiates invagination and dynamin is 

recruited to pinch the synaptic vesicle off the plasma membrane and back into 

the presynaptic terminal. The clathrin is then removed from the vesicle which 

is refilled with neurotransmitter and integrated back into the synaptic vesicle 

pool (reviewed by Dittman and Ryan, 2009).  
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After fusion, SNARE complexes are on the presynaptic membrane in the cis-

SNARE conformation. NSF dissociates these cis-SNARE complexes in an ATP-

dependent fashion (Littleton et al., 2001). 

1.2.2.2 The synaptic cleft 

Upon synaptic vesicle fusion, neurotransmitter diffuses across the synaptic 

cleft. The synaptic cleft is packed full of electron dense material (Lucic et al., 

2005; Zuber et al., 2005), including cell adhesion molecules that support the 

juxtaposition of presynaptic and postsynaptic loci (Thalhammer and Cingolani, 

2013).  

1.2.2.3 The postsynaptic terminal 

The postsynaptic membrane contains a region of high density of receptors 

directly apposed to the active zone. The type of receptors depends on the type 

of synapse, for example a glutamatergic synapse will contain a high density of 

glutamatergic receptors. Further into the postsynaptic terminal, beneath the 

active zone is a network of scaffolding and signalling molecules that contribute 

to integrated signalling (Sheng and Hoogenraad, 2007; Sheng and Kim, 2011) 

(Section 1.2.2.4). The excitatory glutamatergic synapses in the mammalian 

brain have postsynaptic densities (PSDs) that are visible as electron-dense 

regions in the postsynaptic terminal (Sheng and Hoogenraad, 2007; Sheng and 

Kim, 2011).  

1.2.2.4 Synaptic plasticity 

In addition to transmitting signals between two neurons (or a neuron and a 

muscle cell), the synapse plays a key role in the modulation of neuronal 

signals. The synapse is capable of up-regulating or down-regulating its 

strength (or efficiency) of transmission. This may occur spatially at the 

presynapse, postsynapse or across both the presynapse and postsynapse, and 

may be initiated and maintained over different temporal scales (Squire and 

Kandel, 2009). The mechanisms involved in such plasticity are discussed 

elsewhere (Squire and Kandel, 2009). Briefly, short term plasticity involves 

synaptic depression or facilitation that occurs over timescales ranging from 

milliseconds to minutes (reviewed by Hennig, 2013). Long term potentiation 

(LTP) and long term depression (LTD) are changes in synaptic strength that can 

persist from hours to months, and are thought to represent components of the 
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cellular correlates for learning and memory (reviewed by Cooke and Bliss, 

2006). Finally, synaptic scaling is a homeostatic mechanism used to stabilise 

network activity (reviewed by Turrigiano, 2012). 

1.2.2.5 Conservation of synaptic transmission machinery 

The machinery involved in synaptic transmission is conserved between 

different organisms. Even yeast, which does not have a nervous system, still 

contains many of the proteins involved in the synaptic vesicle cycle (Bennett 

and Scheller, 1993). Even the most primitive nervous systems, neural nets in 

sea anemones and hydra, have synapses that are structured and function 

similar to human synapses (Koizumi et al., 2004; Miljkovic-Licina et al., 2004; 

Putnam et al., 2007; Westfall, 1996). The high levels of conservation of the 

machinery and signalling pathways involved in synaptic transmission means 

that information obtained from diverse model organisms can be readily 

applied to mammalian systems.  

1.3 The ageing nervous system 

As described earlier, ageing results in a decline in physiological function and 

an increased vulnerability to disease. This is true in many tissues including the 

nervous system. As humans age cognitive function declines, as does the 

control of motor activity (see below). Ageing is also associated with an increase 

in the incidence of many diseases of the nervous system including Alzheimer’s 

disease, Parkinson’s disease and cognitive impairment. There is also a growing 

body of evidence that frailty, once thought to be primarily muscular in origin, 

has a significant contribution from the nervous system (Campbell et al., 1973; 

Delbono, 2003; Deschenes et al., 2010). It is important to understand what 

happens in the ageing nervous system to result in physiological decline and 

increased vulnerability to disease. The literature on the ageing nervous system 

is extensive, and often distinctions between the effects of healthy ageing and 

age-related diseases are blurred.  
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1.3.1 ‘Normal ageing’ and the nervous system 

1.3.1.1 The ageing human nervous system 

Cognitive ageing 

Normal ageing in humans is associated with cognitive decline. This includes a 

decline in the episodic memory, spatial memory, navigation and contextual 

source memory (Leal and Yassa, 2013). However, some cognitive processes 

such as semantic memory tend to be well preserved across ageing (Park et al., 

2002). The impact of ageing on cognitive function is also very variable 

between individuals (Wilson et al., 2002). There have been many studies 

attempting to address how the physiology of the ageing brain results in 

cognitive deficits, which are a result of a decline in the function of the cellular 

and molecular mechanisms of intact brain function with age. 

Morphological changes 

During ageing there is a decrease in brain volume (Uylings and de Brabander, 

2002). There is also evidence for decreased white matter integrity with age 

(Leal and Yassa, 2013). However, neuronal loss is not a predominant feature in 

the ageing brain (Freeman et al., 2008; Morrison and Hof, 1997). Rather there 

are changes in synapse density  and connectivity (Anderson and Rutledge, 

1996; de et al., 1998; Nakamura et al., 1985), including decreased dendritic 

length and spine density (Jacobs et al., 1997), that occur in some brain regions 

but not others. The regional differences in synaptic ageing are thought to 

contribute to the widespread confusion of what actually happens in the ageing 

brain (Burke and Barnes, 2006). In addition the synapses that are present are 

likely to be functionally impaired, with extensive downregulation of genes 

involved in synaptic physiology (Berchtold et al., 2013).  

Molecular changes 

Gene expression studies have shown that some genes become down-regulated 

in the ageing brain, including genes with roles in synaptic plasticity, vesicle 

transport, mitochondrial function, and up-regulation of stress response genes . 

DNA damage was found selectively in the promoter regions of the down-

regulated genes, indicating that they may be selectively vulnerable to the 

effects of ageing (Lu et al., 2004).  
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In summary, different regions of the brain age differently. Neuronal loss is not 

thought to be widespread in the ageing brain, but a recurring theme is the 

observation of changes in synaptic density and decreased 

complexity/connectivity of neurons (see above). The molecular basis for this is 

not yet characterised, but there may be damage to genes involved in synaptic 

function in aged humans. Animal models have provided valuable information 

for understanding what may be happening at the ageing human brain, 

including non-human primates, rodents and invertebrates (Yeoman et al., 

2012). 

1.3.1.2 Ageing in non-human primates 

Non-human primates are a useful model to study ageing of the nervous 

system, because their brain is much more similar to a human brain than rats or 

mice. They also age much slower which is both a disadvantage and an 

advantage. Primate studies may be low throughput, but the timescale may be 

more relevant to human ageing. Major disadvantages include the lack of 

genetic approaches, huge costs and ethical considerations. Despite such 

disadvantages, studies on primate brains have contributed to our 

understanding of the ageing nervous system (Morrison and Baxter, 2012).  

In the primate dorsolateral prefrontal cortex the best morphological correlate 

of cognitive decline is a decline in synapse density (Page et al., 2002; Peters et 

al., 2008; Peters et al., 1998). Changes at a subset of dendritic spines may be 

due to excessive cAMP signalling (Dumitriu et al., 2010; Wang et al., 2011). 

cAMP signalling is regulated by a wide range of signalling pathways, including 

protein kinase C (PKC) (Cooper et al., 1995). Treatment of aged rhesus 

monkeys with a PKC inhibitor enhanced working memory (Brennan et al., 

2009). Further pharmacological treatments that can impact cognitive function 

in aged animals included long term estrogen treatment, which reversed age-

related cognitive dysfunction in rhesus monkeys by increasing spine density, in 

particular an increase in small, highly plastic spines (Hao et al., 2007; Hao et 

al., 2006; Rapp et al., 2003).  

There are alterations in neuronal excitability with age (Chang et al., 2005) and 

evidence for dysregulation of excitatory-inhibitory balance (Luebke et al., 

2004). Other properties of neurons in the ageing primate brain may also 

change such as the levels of different receptor subtypes (Hof et al., 2002), 
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including changes in the abundance of glutamate receptor subtypes (Hara et 

al., 2012). Dendritic spine density is decreased in aged macaque monkeys in 

absence of neuronal loss (Duan et al., 2003). However, some studies have 

shown that there is some neuronal loss in the prefrontal cortex of aged 

primates (Peters and Sethares, 2004; Smith et al., 2004).  

1.3.1.3 Ageing in rodents 

Rodents, including rats and mice, are a useful tool to dissect the ageing brain. 

Experimental advantages including genetic approaches, shorter lifespans, and 

looser regulation compared to non-human primates.  

Morphological changes 

Reduced spine density has been observed in aging rodents (Feldman and 

Dowd, 1975; Leuba, 1983; Rogers et al., 1984; Wallace et al., 2007). Aged rats 

have deficient learning and this is correlated with reduction in the area of the 

postsynaptic density in the hippocampus (Nicholson et al., 2004). Reduced 

synaptophysin positive staining in the aged rat hippocampus was also 

correlated with age-related spatial learning deficits, but not with chronological 

age itself (Smith et al., 2000). 

There was no loss of neurons in hippocampus of aged, cognitively impaired 

rats (Rapp et al., 2002; Rapp and Gallagher, 1996; Rasmussen et al., 1996), 

but loss of neurons in rodent prefrontal cortex has been observed (Stranahan 

et al., 2012). Synaptic loss was observed in the cerebellum of ageing rats in 

parallel with an increase in size of remaining synapses potentially reflecting a 

compensatory phenomenon (Chen and Hillman, 1999). The graded, cochlear 

ribbon synapses in the mouse ear also degenerate across ageing (Sergeyenko 

et al., 2013). However, synaptic loss was not observed in hippocampal sub-

regions in the ageing mouse brain (Calhoun et al., 1998). Interestingly, the 

dynamics of synapses in aged mice is altered, with a loss of transient, unstable 

synapses that are thought to be important for learning and memory (Mostany 

et al., 2013). Resonating with this Grill et al. observed elevated turnover of 

synapses in the aged mouse cortex in the absence of changes in bouton 

number or size, implicating reduced synaptic tenacity as a cellular mechanism 

that may contribute to age-related cognitive decline (Grillo et al., 2013).  
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Functional changes 

Changes in long term potentiation and depression have been observed at 

ageing synapses (Burke and Barnes, 2010), including defective long term 

potentiation in aged mice that may be due to defective cAMP signalling (Bach 

et al., 1999), resonating with some data from primate studies (Wang et al., 

2011). Experience-dependent dendritic spine plasticity was also defective in 

aged rats (Bloss et al., 2011). Strikingly, dietary restriction, an evolutionary 

conserved mechanism for lifespan extension (see Section 1.1.7) attenuated the 

age-related decline in long term potentiation (Eckles-Smith et al., 2000), 

indicating that conditions that extend lifespan can also extend the span of 

healthy brain function. Dietary restriction also delays age-related deficits in 

hippocampus-dependent memory tasks in some rodents (Idrobo et al., 1987; 

Ingram et al., 1987; Markowska and Savonenko, 2002; Pitsikas et al., 1990). 

Calcium dynamics have been observed to change in the neurons of aged rats 

(Campbell et al., 1996; Pitler and Landfield, 1990; Thibault and Landfield, 

1996). In addition another study looked at successful versus unsuccessful 

brain ageing in rats as defined by cognitive behaviours. They found that 

increased excitatory transmission with age (despite dendritic spine loss) was 

correlated with preserved cognition. This suggests that compensatory 

mechanisms may contribute to preserved cognition in the ageing brain (Bories 

et al., 2013). In contrast, unsuccessful brain ageing was associated with 

altered inhibitory transmission (Bories et al., 2013). 

Molecular changes 

Neurotransmitter receptor dynamics are also changed in aged mice 

(Magnusson and Cotman, 1993; Zhao et al., 2009). Ageing resulted in the 

decline in the levels of a range of neurotransmitter receptors in the rat brain, 

and also the synaptic vesicle protein synaptophysin (Adams et al., 2008). This 

was coincident with reduced performance in a spatial learning task (Adams et 

al., 2008). Dietary restriction attenuated the age-related decline in both the 

levels of the synaptic proteins and performance in the spatial learning task 

(Adams et al., 2008; Eckles-Smith et al., 2000). In the hypothalamus of aged 

mice there are alterations in the expression of a wide array of genes, including 

genes with key roles in neuronal structure and neurotransmission, metabolism 

and apoptosis, likely playing a role in age-related reduction in brain function 
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(Jiang et al., 2001). Interestingly, these genes are oppositely affected by 

environmental enrichment, indicating that environmental stimuli may modify 

the neurochemistry of brain ageing (Jiang et al., 2001). Pharmacologically 

increasing the concentration of Mg2+ in the brain improved memory in aged 

rats, correlating with increased synaptic density in the hippocampus, a higher 

number of presynaptic release sites, a lower release probability and enhanced 

synaptic plasticity (Slutsky et al., 2010). This was coincident with an 

upregulation of the NMDA receptor subunit NR2B (Slutsky et al., 2010). PKC 

activation in the aged rat prefontal cortex was correlated with working memory 

impairment and a reduction in basal dendritic length in pyramidal cells, and 

similar to the results obtained in primates, pharmacological inhibition of PKC 

rescued working memory impairment (Brennan et al., 2009). 

The cellular environment also changes during ageing. A recent study has 

followed up observations from C. elegans that a selection of the proteome 

becomes insoluble during ageing (David et al., 2010) by investigating this in 

the rat hippocampus (Ottis et al., 2013). They identified a number of proteins 

that increased or decreased their insolubility with age, including proteins 

involved in cytoskeletal functions, myelination, axonal transport, synaptic 

vesicle clustering, scaffolding proteins, and other diverse cellular functions 

(Ottis et al., 2013). They looked at the insoluble proteins in aged rats that 

performed either well or poorly in learning and memory tests, and identified 

differences in proteins involved in actin remodelling, synaptogenesis and long 

term depression (Ottis et al., 2013).  

Together these data suggest that overall neuron number is preserved during 

rodent ageing, although there is some regional variation. Changes at synapses 

are recurring observations, and there is evidence that the dynamics of 

synapses are changed with age, including synaptic plasticity and the loss of 

select subsets of transient dendritic spines. At the molecular level there are 

differences in the solubility of proteins in aged brains, some of which are 

correlated with cognitive performance. Compensatory mechanisms may be 

important to promote the robustness of cognitive behaviours despite changes 

in the ageing brain, and longevity pathways and pharmacological intervention 

can delay age-related cognitive decline. 
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1.3.1.4 Ageing in invertebrates 

Invertebrate systems display remarkable conservation of signalling processes 

involved in nervous system function and ageing. This combined with the 

experimental advantages that such invertebrate systems provide makes them a 

useful tool with which to investigate the ageing nervous system. 

Similar to in mammalian systems, ageing reduces the number of synapses 

formed by sensory neurons in Drosophila (Corfas and Dudai, 1991). Studies 

using Drosophila to study the impact of ageing on learning and memory have 

been fruitful. Learning and memory in aged flies is impaired relative to young 

controls (Iliadi et al., 2012), and has been associated with alterations in amn 

(homologous to vertebrate pituitary adenylyl cyclase-activating peptide and 

growth hormone-releasing hormone) (Tamura et al., 2003), and the cAMP-

dependent protein kinase, PKA (Yamazaki et al., 2007). 

In the pond snail Lymnaea stagnalis there are a number of modifications to the 

nervous system that occur with age, including an increase in the sensitivity of 

neurons to cholinergic input (Folkis et al., 1984), hyperpolarisation of some 

neurons (Patel et al., 2006), impairment of long term memory (Hermann et al., 

2007) and altered serotonergic signalling (Yeoman et al., 2008).  

Despite the experimental advantages of Caenorhabditis elegans, very little is 

known about how its nervous system changes with age (Section 1.4.4).  

1.3.1.5 Summary of ageing in different organisms 

The key message from the above information on nervous system ageing is that 

there are cognitive deficits that arise with age, that result from system changes 

that encompass altered connectivity and signalling in the brain. These are due 

to cellular changes such as synaptic loss and dendrite shrinkage. Functional 

changes including reduced synaptic plasticity contribute to the cognitive 

defects. Underpinning all these changes are the molecular changes that remain 

poorly characterised but include DNA damage, alterations in synaptic receptor 

subtypes and changes to other signalling proteins. In order to understand how 

cognitive deficits arise during ageing there needs to be an understanding from 

the level of molecular brain ageing, to cellular ageing, to cognitive/behavioural 

ageing. 
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1.3.2 Age-related disease and the nervous system 

As described above, the process of ageing results in morphological, 

physiological and molecular changes in the brain which are coincident with 

impaired cognition. The process of ageing also leads to an increased 

vulnerability to diseases, such as neurodegenerative diseases and frailty. 

1.3.2.1 Neurodegenerative diseases 

A number of neurodegenerative diseases are associated with ageing and often 

have a protein-misfolding component.  

The most common neurodegenerative disorder and the leading cause of 

dementia is Alzheimer’s disease (AD). AD is defined as dementia that is 

correlated with specific pathology – the presence of amyloid plaques and 

neurofibrillary tangles in the brain. Intriguingly, many ageing individuals have 

amyloid plaques and neurofibrillary tangles in their brain, yet they remain 

cognitively normal (Price and Morris, 1999). The amyloid plaques are 

comprised mainly of a peptide called Aβ, whilst the neurofibrillary tangles are 

comprised mainly of a hyperphosphorylated form of the microtubule 

associated protein tau. The presence of these histological hallmarks of AD 

initially resulted in the view that they are the primary cause of the disease, but 

as described elsewhere the disease may be more complex (Herrup, 2010; 

Herrup et al., 2013). What is clear is that changes in the brain occur many 

years before clinical symptoms begin to occur. Very early changes are seen at 

the synapses (Koffie et al., 2011; Lin and Koleske, 2010; Selkoe, 2002; Small, 

2008; Wishart et al., 2006). Indeed, some of the genetic risk factors for AD are 

involved in synaptic function (Harold et al., 2009; Hollingworth et al., 2011; 

Lambert et al., 2013). The genes identified in genome wide association studies 

include PICALM which is a clathrin assembly protein with roles in clathrin 

mediated endocytosis and synaptobrevin trafficking (Harold et al., 2009). 

EPHA1was also identified and encodes an ephrin receptor that may have roles 

in axon guidance, synaptic development and synaptic plasticity (Hollingworth 

et al., 2011). A recent study also identified changes in PTK2B and MEF2C as 

risk factors for AD (Lambert et al., 2013). PTK2B is a protein tyrosine kinase 

that plays a role in long term potentiation, and MEF2C is a transcription factor 

that regulates synapse formation during activity-dependent remodelling and 

contributes to learning and memory (Lambert et al., 2013). 
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In AD, synaptic density is best correlate of cognitive impairment (DeKosky and 

Scheff, 1990; Terry et al., 1991) – better that is than the presence of plaques 

or neuronal loss. Improving synaptic health in mouse AD models leads to 

corresponding improvement in cognitive ability (Cisse et al., 2011; McLaurin et 

al., 2006). In addition the exogenous application of Aβ blocks long term 

potentiation (Shankar et al., 2008) and leads to synapse loss (Shankar et al., 

2007). Long term depression is facilitated due to a disruption of neuronal 

glutamate uptake and removal of synaptic AMPA type glutamate receptors 

(Hsieh et al., 2006; Li et al., 2009a). Homeostatic synaptic plasticity may also 

be affected by Aβ reducing synaptic AMPA receptors through its effects on the 

early-expression activity-regulated cytoskeletal gene, Arc, which plays a key 

role in synaptic scaling, possibly through regulating AMPA receptor recycling 

(Kerrigan and Randall, 2013). Aβ application to neurons results in higher 

presynaptic activity but lower postsynaptic activity, leading to abnormal activity 

in neuronal circuits (Mucke and Selkoe, 2012).  

The central role of ageing and synapses in neurodegenerative diseases 

including AD means that advancement of the understanding of how synapses 

age will have widespread implications not just for normal ageing but also for 

the prevention/treatment of neurodegenerative disease.  

1.3.2.2 Frailty 

Frailty is an ill-defined condition where very aged patients become ‘frail’. This 

can include weight loss, exhaustion, weakness, sarcopenia (loss of muscle 

mass and strength (Morley et al., 2001)) and slow movement (Fried et al., 

2001). Evidence suggests that changes occur at neuromuscular junctions prior 

to sarcopenia, and this is preceded even earlier by changes in motor neurons 

(Campbell et al., 1973; Delbono, 2003; Deschenes et al., 2010; Larsson and 

Ansved, 1995). Interestingly there have been recent reports of motor neuron 

excitability playing a major role in the neurodegenerative disease, amyotrophic 

lateral sclerosis (Saxena et al., 2013). Therefore the general view is that 

neuronal and synaptic changes play a causative role in sarcopenia (Jang and 

Van Remmen, 2011). Endocrine signalling, including insulin signalling has 

been implicated in the aetiology of sarcopenia (Jang and Van Remmen, 2011; 

Payne et al., 2006), and age-related changes to mouse neuromuscular 

synapses can be attenuated by dietary restriction and exercise (Valdez et al., 
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2010). Together this indicates that age-related decline in function of the 

neuromuscular nervous system is modulated by genetic and environmental 

factors. 

1.3.3 Perspectives 

Despite much research it is still not clear what happens to the ageing brain 

and how this results in cognitive deficits. Much evidence points towards 

synapses playing a central role in age-related cognitive changes. In addition, 

much evidence supports an important role for synapses in neurodegenerative 

disease. Age is the biggest risk factor for neurodegenerative disease. 

Something happens to the ageing brain to leave it vulnerable to 

neurodegenerative disease. In order to fully understand the pathogenesis of 

neurodegenerative disease we first have to understand what happens to the 

ageing brain to leave it vulnerable. Many groups are taking advantage of 

different approaches with different model organisms to address parts of this 

question. One such model organism is Caenorhabditis elegans (the subject of 

this study). 

 

1.4 Caenorhabditis elegans as a model for ageing 

1.4.1 What is Caenorhabditis elegans? 

In the 1960’s, Sydney Brenner decided to look for a simple model organism 

that would be amenable to address problems in fields including developmental 

biology and neurobiology using a molecular biology approach. He isolated a 

number of nematodes from the compost heap in his back garden, and it was 

the second nematode (N2) that became the model organism of choice, 

Caenorhabditis elegans (C. elegans). In labs across the world, including our 

own, this N2 strain is the predominant ‘wild type’ strain of choice. In the wild, 

C. elegans lives in rotting vegetation and feeds on bacteria (Felix and Duveau, 

2012). In the lab, C. elegans are kept on agar plates, with a spot of bacteria in 

the middle (Figure 5). 
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Figure 5: Sydney Brenner brought C. elegans into the lab. In the wild C. 

elegans lives in rotting vegetation, such as apples. In the lab they are cultured 

on nematode growth medium, a mixture composed primarily of agar (bottom 

right). The spot in the middle of the plate is OP50, a laboratory strain of E. coli 

that acts as their food source. 

C. elegans has a range of phenotypes that make it tractable to experimental 

investigation. It is small and easy to culture, with a short life cycle of just three 

days (Figure 6). The primary makeup of the population is hermaphrodite, so it 

is easy to obtain genetically homogenous cultures and maintain mutant 

strains. The worm is relatively easy to genetically manipulate and can be 
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cryofrozen and stored at -80°C for many years and still remain viable. The 

worm is also transparent, facilitating imaging approaches to biological 

questions. There is a high level of molecular conservation between the worm 

and humans, with at least 42% of all human disease related genes having a C. 

elegans orthologue (Culetto and Sattelle, 2000).  

 

 

Figure 6: The Caenorhabditis elegans life cycle. The embryo is laid at the 

gastrula stage and proceeds through development until hatching into first 

larval stage (L1) worms. If there is no food, the L1 worms will go into arrest 

until they either die of starvation or come into contact with food. L1 worms 

progress through L2, L3 and L4 stages until they reach the adult stage, which 

is capable of laying fertilised embryos. Between the L1 and L2 stages, if the 

worms are exposed to an environment where there is no food, they are 

crowded or otherwise stressed, the worm can go into a dauer stage that is 

stress resistant and can last for months without food. When conditions become 

favourable again the dauer worms can re-enter the life cycle at the L4 stage. 
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The timing of development given here is based on worms kept at 22°C. Figure 

obtained from www.wormatlas.org.  

1.4.2 C. elegans and ageing 

C. elegans has been fundamental to the investigation of the biology of ageing, 

reviewed by (Collins et al., 2007; Gems and Partridge, 2013; Kenyon, 2010). 

The short lifespan and genetic amenability was recognised by early researchers 

as beneficial characteristics for studies on the biology of ageing, and several 

mutant worms were generated with extended lifespan (Friedman and Johnson, 

1988a; Friedman and Johnson, 1988b; Johnson, 1986; Johnson, 1990; Klass, 

1983), culminating in the first identification of a defined signalling pathway 

that regulates ageing (Kenyon et al., 1993). This pathway was insulin 

signalling, the major role of which in ageing was later shown to be conserved 

from worms to humans (Section 1.1.6.2). Importantly, as well as insulin 

signalling the other major signalling pathways that regulate ageing are 

conserved with human biology (Kenyon, 2010) (Sections 1.1.6 and 1.1.7), 

reinforcing the validity of exploiting the experimental advantages of C. elegans 

to contribute to the understanding of the fundamental mechanisms that 

regulate ageing of the whole organism, systems within the organism (e.g. the 

nervous system), cells and subcellular compartments (e.g. neurons, muscle 

cells and synapses) and molecules (e.g. synaptic proteins).  

Until recently there was no explanation for how aged C. elegans actually die. 

However, a recent study has found that a wave of necrosis begins reproducibly 

2 hours before worm death and propagates in an anterior to posterior fashion 

down the intestine (Coburn et al., 2013). 

1.4.3 The C. elegans nervous system 

1.4.3.1 Anatomy 

After the worm was adopted by the Brenner group, serial EM reconstruction 

was used to characterise the anatomy and connectivity of the C. elegans 

nervous system (White et al., 1986). The nervous system of hermaphrodite C. 

elegans contains 302 neurons, 56 glia, and around 7000 chemical synapses, 

almost a third of which are neuromuscular junctions. The functions of glia in C. 

elegans have not been extensively investigated, but there is evidence that, as 
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in the mammalian nervous system, they are capable of regulating 

neurotransmission (Oikonomou and Shaham, 2011) and the formation and 

localisation of synapses (Shao et al., 2013). The muscle cells send projections 

called muscle arms that make contact with the motor neurons and become the 

site of neuromuscular junctions (White et al., 1986). 

In terms of spatial organisation, the worm has a region in the head with a high 

density of neurons and synapses, called the nerve ring (Figure 7). It also has 

two tracts running along the ventral and dorsal side of the worm, called the 

ventral and dorsal nerve cords, respectively (Figure 8). The ventral and dorsal 

nerve cords contain mainly motor neurons that receive inputs from command 

interneurons and send outputs to the muscle cells. The cell bodies of the 

motor neurons are located on the ventral side of the worm, and some of the 

motor neurons send projections called commissures across to the dorsal side 

of the worm that then integrate with the dorsal nerve cord (Figure 7).  

 

Figure 7: The nervous system of C. elegans. GFP is being driven by the pan-

neuronal promoter region of rab-3. The high density of neurons in the head 

(top left) of the worm is the nerve ring (NR). On the bottom side of the worm 

the ventral nerve core (VNC) is visible, and the dorsal cord (DC) is on the 
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opposite side. Commissures are visible where neuronal processes project from 

the ventral side of the worm to the dorsal. Figure taken from (Barclay et al., 

2012). 

 

 

Figure 8: The ventral nerve cord (VNC) of C. elegans. A transmission electron 

micrograph of the VNC and nearby structures from an adult, wild type (N2) 

worm. The motor neurons are held together in a bundle (depicted by the 

dotted line). Muscle arms from the muscle cells project into the nerve cord to 

form synapses with motor neurons (not shown). This image was originally 

taken by John Sulston and deposited at www.wormimage.org under the 

reference number JSC_107784. 

VNC cuticle
sarcomere
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1.4.3.2 C. elegans nervous system function 

Most major neurotransmitter systems used in humans are present in C. 

elegans (Dimitriadi and Hart, 2010), and much of the fundamental biology 

involved in neuronal and synaptic function is conserved. Most of the proteins 

used in mammalian systems also function at C. elegans synapses in similar/the 

same roles, including the synaptic vesicle cycle (Richmond, 2007). However 

there are some important subtleties to take into account. First the available 

evidence suggests that the C. elegans nervous system does not use action 

potentials. The C. elegans genome does not contain the voltage gated Na+ 

channel used for action potentials in the mammalian nervous system (Yu et al., 

2005). Voltage gated Ca2+ channels are expressed and these are capable of 

generating action potentials in C. elegans muscle cells (Gao and Zhen, 2011). 

However, the C. elegans nervous system has not been shown to exhibit action 

potentials but rather graded regenerative potentials and plateau potentials. 

The biophysical properties of C. elegans neurons suggest it is unlikely that 

action potentials are used to transfer information in the nervous system 

(Lockery and Goodman, 2009; Lockery et al., 2009; Mellem et al., 2008; 

Mellem et al., 2009). The advent of fast, sensitive genetically encoded 

fluorescence-based voltage sensors (Cao et al., 2013; Jin et al., 2012) will 

enable researchers to address in a higher throughput manner whether action 

potentials play a role in nervous system biology in C. elegans. 

In addition to the probable absence of action potentials in their nervous 

system, C. elegans synapses exhibit graded release of neurotransmitter rather 

than all or nothing release (Liu et al., 2009). This means that the amount of 

neurotransmitter release is dependent on the level of depolarisation of the 

presynaptic terminal. Some mammalian synapses also use graded 

neurotransmitter release, including the ribbon synapses in the retina and 

auditory hair cells (Fuchs et al., 2003; Sterling and Matthews, 2005; von 

Gersdorff, 2001).  

1.4.3.3 The C. elegans motor circuit 

On solid medium (e.g. agar plates) C. elegans has a characteristic sinusoidal 

locomotory pattern. When one side of the worm contracts, the other side 

relaxes, generating a bend in the worm. This bending is propagated down the 

worm body and the resulting friction with the agar results in movement of the 
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worm (Sauvage et al., 2011). This behaviour is coordinated by the nervous 

system (Bono and Villu Maricq, 2005). 

The motor neurons in adult C. elegans are split into different classes (reviewed 

by (Bono and Villu Maricq, 2005)). The major classes are A, B and D, and these 

are further split up depending on their location – i.e. on the ventral side of the 

worm the VA, VB and VD motor neurons synapse with muscle cells, but on the 

dorsal side DA, DB and DD motor neurons synapse with the muscle cells. It is 

interesting that although motor neurons of different classes synapse onto the 

same muscle cell, motor neurons of the same class do not synapse on the 

same muscle cell indicating remarkable specificity (White et al., 1976) , the 

mechanisms of which are becoming elucidated (Klassen and Shen, 2007; Li et 

al., 2013; Mizumoto and Shen, 2013). 

A and B type motor neurons are excitatory and use acetylcholine as a 

neurotransmitter. The acetylcholine released at neuromuscular junctions 

activates acetylcholine receptors on the muscle cell resulting in contraction. 

The D type motor neurons are inhibitory and use γ-aminobutyric acid (GABA) as 

a neurotransmitter. D type motor neurons receive inputs from the A and B type 

motor neurons, such that when the VA or VB motor neurons release 

acetylcholine to induce contraction of a region of ventral body wall muscles the 

DD motor neurons are also activated and signal across to the other side of the 

worm to effect a relaxation of the corresponding dorsal body wall muscles, 

resulting in coordinated movement (Bono and Villu Maricq, 2005) (Figure 9). 

 

Figure 9: Contralateral inhibition results in coordination of locomotion. 

When cholinergic neurotransmission takes place on one side of the worm (+), 

D-type motor neurons become activated via their own nicotinic acetylcholine 
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receptors. These neurons cross over to the opposite nerve cord (commissures) 

and release GABA onto the opposite muscles, causing a relaxation of these 

muscles and enabling coordinated sinusoidal movement of the worm. Figure 

taken from wormatlas.org. 

 

When the worm is moving around it has to make the decision to go either 

forwards or backwards. It makes this decision based on sensory information 

obtained from sensory neurons, which is then integrated into a set of 

command interneurons, which signals to the motor neurons, which then signal 

to the muscle cells to effect locomotion. The wiring diagram for this is 

depicted in Figure 10. The A type motor neurons are responsible for 

backwards locomotion, and the B type motor neurons are responsible for 

forwards locomotion. The relative activity of these motor neurons is 

responsible for the worms going either forwards or backwards (Kawano et al., 

2011), and this in turn is controlled by the relative activity of the forward and 

backward command interneurons. AVB and PVC control forwards locomotion 

by acting on the B type motor neurons, and AVA, AVD and AVE control 

backwards locomotion by acting on the A type motor neurons (Bono and Villu 

Maricq, 2005)(Figure 10). The activity of the command interneurons is biased 

towards forward locomotion (Kawano et al., 2011).  
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Figure 10: The motor circuit of C. elegans. Three tiers of neurons regulate 

locomotion in C. elegans. In the middle are the command interneurons PVC, 

AVB, AVA, AVD and AVE. These command interneurons integrate sensory 

information from the sensory neurons and activate or inhibit the activity of A 

or B type motor neurons to define whether the worm moves backwards or 

forwards. Figure taken from (Bono and Villu Maricq, 2005). 

The motor system controls a range of stereotypic behaviours that can be 

quantified as a measure for neuromuscular function, including locomotion and 

swimming behaviours (Pierce-Shimomura et al., 2008).  
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1.4.3.4 The neuromuscular junction 

This thesis involves experiments centred on the C. elegans neuromuscular 

junction (NMJ). NMJs in C. elegans are either excitatory (cholinergic) or 

inhibitory (GABAergic) in nature. In C. elegans the muscle cells send plasma 

membrane extensions called muscle arms towards the neuron, where synapses 

are made to the neuron en passante (Dixon and Roy, 2005). This en passant 

motif is reminiscent of the major cortical neurons of higher organisms (such as 

humans) that harbour transmitter release sites or active zones in such 

presynaptic varicosities. Muscle membrane extensions similar to the muscle 

arms in C. elegans have been documented in other organisms, for example in 

mice, rats and Drosophila, but these membrane extensions are only transiently 

present during the development of the NMJ, and have been implicated in 

directing and stabilising presynaptic motor neuron axonal connections with the 

muscle cells during this developmental phase (Dixon and Roy, 2005). Muscle 

arm morphology is very stereotypical, with around 3-6 muscle arms per muscle 

cell (most of which originate from near the centre of the cell; Figure 11).  

 

Figure 11: Muscle arms are the site of neuromuscular synapses in C. 

elegans. This image is part of a series used in Figure 32 in Chapter 3. It is of a 

C. elegans strain that expresses membrane-tagged yellow fluorescent protein 

(YFP) in a subset of muscle cells. The muscle arms are visible projecting from 

the muscle cells and spreading out across the nerve cord (inset). 
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At the ultrastructural level, C. elegans neuromuscular synapses are very similar 

to mammalian synapses. The presynapse contains synaptic vesicles and an 

active zone apposed to a region of high neurotransmitter density on the 

postsynaptic membrane (Figure 12). The postsynapse in C. elegans doesn’t 

have an obvious postsynaptic density like the ones seen in glutamatergic 

synapses in the mammalian central nervous system (White et al., 1986). 

 

 

Figure 12: The ultrastructure of the C. elegans neuromuscular junction. (A) 

A virtual 1nm slice of a cholinergic neuromuscular junction obtained using EM 

tomography. (B) A 250nm thick 3D reconstruction of the cholinergic 

neuromuscular junction. The presynaptic compartment contains a high density 

of synaptic vesicles (gold), connected to each other in a web by electron dense 

filaments. Dense core vesicles (light blue) are bigger than synaptic vesicles and 

are thought to contain neuropeptides. The active zone contains a dense 

projection (dark blue) that projects from the membrane into the presynaptic 

compartment. On the extracellular side of the plasma membrane adjacent to 

the dense projection is an area of electron-dense material (turquoise). Synaptic 

vesicles are defined as docked (red) when they are in contact with the plasma 

membrane (green). Microtubules (purple) are used to transport cargos up and 

down neurons. The smooth endoplasmic reticulum is depicted in white. The 

mitochondrion (yellow) provides energy for the synapse. Figure taken from 

(Stigloher et al., 2011). 
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1.4.4 The ageing C. elegans nervous system 

Not much is known about how ageing affects the C. elegans nervous system. 

Below is discussed the literature to date. 

1.4.4.1 Morphological studies 

A 2002 study used EM and fluorescence imaging to look at the integrity of 

different tissues across ageing and found that the C. elegans nervous system 

was remarkably well preserved (Herndon et al., 2002). However, the same lab 

and others have recently reported that there are subtle changes that occur in 

C. elegans neurons with age, including branching, beading of neurons, 

blebbing and defasiculation (Pan et al., 2011; Tank et al., 2011; Toth et al., 

2012). Preliminary ultrastructural studies looking at synapses in the nerve ring 

and ventral ganglia noted a reduction in the number of synaptic vesicles in 

aged worms that was also correlated with the motility of the worms (Toth et 

al., 2012). 

1.4.4.2 Sensory function and ageing 

In order to gain an understanding of how the nervous system changes during 

ageing, functional studies that interrogate the cellular and molecular basis of 

neuronal signalling across ageing are required. The genetic amenability of C. 

elegans provides a useful too with which to dissect the signalling pathways 

that may be involved in/ impacted by neuronal ageing. This can be combined 

with measurements of the output of neuronal function, behaviour, to gain an 

understanding of how the function of the nervous system changes with age. 

However, due to the small size of C. elegans it is difficult to perform 

neurophysiological studies with age (see Chapter 4). 

As C. elegans age there is evidence that their ability to sense chemical stimuli 

declines (Cai and Sesti, 2009). A mutation that makes a K+ channel present in 

sensory neurons resistant to oxidation also preserves chemosensation during 

early ageing (Cai and Sesti, 2009), although despite the authors’ conclusions 

the study did not provide direct evidence that oxidation of the channel during 

ageing in C. elegans results in behavioural decline. Ca2+ imaging in the ASH 

chemosensory neuron indicates an increase in response to glycerol application 

during early ageing, followed by a subsequent decline (Chokshi et al., 2010). 

Interestingly, as worms aged the pattern of neuronal activity changed from a 
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40% occurrence of oscillations in worms on day 1 of adulthood, to 8% on day 3 

of adulthood, to a non-oscillatory pattern at subsequent ages (Chokshi et al., 

2010). This suggests that neurons exhibit functional changes with age in wild 

type C. elegans.  

1.4.4.3 C. elegans learning and memory during ageing 

C. elegans displays both associative and non-associative learning (Stein and 

Murphy, 2012). Associative memory that pairs a specific temperature and the 

presence of food declined during ageing (Murakami and Murakami, 2005). A 

reduction of insulin signalling through mutation of daf-2 or age-1 (see Figure 1 

and Section 1.1.6.2) delayed the decline in associative memory, and this was 

rescued by restoring insulin signalling in the AIY interneurons (Murakami et al., 

2005b). The effects of both daf-2 and age-1 on memory with age are 

dependent on daf-16 (Murakami et al., 2005b). Subsequent studies using 

olfactory associative assays have showed that learning is preserved with age in 

daf-2 worms relative to wild type, but long term memory declines at a similar 

rate to wild type (Kauffman et al., 2010). In contrast, dietary restriction results 

in better maintenance of memory with age, due to a preservation of the levels 

of crh-1, the C. elegans homologue of CREB (a transcription factor involved in 

long term memory) (Kauffman et al., 2010). crh-1 levels were not preserved 

with age in daf-2 mutants compared to wild type (Kauffman et al., 2010).  

Conditions that regulate longevity, including insulin signalling and dietary 

restriction, also affect learning and memory in young worms and the ability to 

maintain learning  and memory during ageing (Stein and Murphy, 2012).  

1.4.4.4 The C. elegans neuromuscular system and ageing 

As worms age they exhibit behavioural decline (Bolanowski et al., 1981; Croll 

et al., 1977; Duhon and Johnson, 1995; Glenn et al., 2004; Herndon et al., 

2002; Huang et al., 2004; Johnson, 1987; Kenyon et al., 1993). The worm 

behaviours such as swimming and crawling are coordinated by the 

neuromuscular system, which includes the motor neurons, neuromuscular 

junctions and muscle cells. For many years the behavioural decline was 

thought to be due to deterioration of the muscle cells with age based on 

observed structural changes in muscle cells that appear with age. 

Morphological studies have indicated that sarcomeres in the body wall muscle 
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cells become frayed and disorganised during ageing and have been compared 

to sarcopenia (Glenn et al., 2004; Herndon et al., 2002). However there is 

evidence that despite the structural changes, loss of muscle function may not 

be responsible for driving behavioural decline during ageing. In fact, increased 

excitability of muscle cells may be responsible for behavioural decline in early 

ageing in C. elegans males (Guo et al., 2012). Additional evidence supports the 

idea that muscle function is not a limiting factor for behaviours in old worms. 

Arecoline, an agonist of muscarinic acetylcholine receptors present on the 

motor neurons, results in increased acetylcholine release from the excitatory 

motor neurons and improved locomotion in aged C. elegans  

1.4.4.5 C. elegans neurons regulate ageing 

The C. elegans nervous system is important for the regulation of whole-

organism ageing (see below). This means that if the function of the nervous 

system changes with age it will also affect whole-organism ageing.  

As described in Section 1.1.6.2, a reduction in function mutation in the C. 

elegans insulin/IGF receptor, daf-2, results in a doubling of lifespan (Kenyon et 

al., 1993). Restoration of intact daf-2 under the control of a neuron-specific 

promoter rescues the lifespan of the worms back to wild type (Wolkow et al., 

2000). As well as insulin signalling in the nervous system, the secretion of 

insulin-like peptides from the nervous system also regulates ageing (Ch'ng et 

al., 2008). Lifespan extension through seemingly separate mechanisms may 

also rely on signalling from the nervous system. For example, lifespan 

extension of C. elegans via germline removal (Hsin and Kenyon, 1999) is 

mediated via a microRNA signalling pathway in the nervous system (Boulias 

and Horvitz, 2012). 

Sensory neurons mediate some of the effects of the environment on ageing. 

This was first noted with the observation that mutations resulting in defects of 

sensory neurons extended the lifespan of C. elegans (Apfeld and Kenyon, 

1999). For example, signalling in chemosensory (Alcedo and Kenyon, 2004) 

and nociceptive neurons regulate lifespan (Lans and Jansen, 2007). Lifespan 

extension by dietary restriction is mediated by the ASI sensory neurons 

through both daf-16-dependent and daf-16-independent mechanisms (Bishop 

and Guarente, 2007). In addition to chemosensation and nociception, worm 

lifespan is regulated by O
2
 levels through an antagonistic relationship between 
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the URX and BAG neurons which sense high and low O
2
 levels, respectively (Liu 

and Cai, 2013). Pharmacological disruption of sensory function may also be 

the mechanism by which anticonvulsants increase worm lifespan (Collins et al., 

2008; Evason et al., 2005). 

1.5 Outlook 

Ageing is a complex process that is regulated by a range of genetic and 

environmental factors. Perturbation of discrete signalling pathways or 

environmental conditions can extend or reduce the longevity and health-span 

of diverse organisms. The mechanisms by which age-related cognitive decline 

occurs are not understood, but there is evidence that synaptic changes are a 

central part of the process. The Caenorhabditis elegans neuromuscular 

junction is an experimentally tractable synapse with which to probe the 

molecular mechanisms of synapse changes with age. The molecular 

conservation of the synaptic transmission machinery between C. elegans and 

humans, as well as the conservation of the major signalling pathways that 

regulate ageing mean that observations regarding ageing synapses from C. 

elegans will contribute to our broader understanding of the fundamental 

biology of ageing synapses. 
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Hypotheses	  
 

The hypothesis at the centre of this thesis is that synaptic changes are 

responsible for a large part of cognitive decline during ageing. Following on 

from this, synaptic changes are thought to be an important part of increased 

vulnerability of the aged nervous system to disease.  

This thesis will document experiments using the C. elegans neuromuscular 

system to address the above hypotheses. This generates a further sub-

hypothesis that age-related immotility in C. elegans is due to dysfunction at 

the level of the nervous system, including synaptic dysfunction. These 

hypotheses will be tested as outlined in the Aims section below. 

Aims	  
 

The overarching aim of this thesis was to use of the experimental advantages 

of C. elegans to address how synaptic function is affected by the ageing 

process. This was achieved by: 

1. Developing pharmacological assays to interrogate the integrity of the 

neuromuscular junction across ageing in wild type C. elegans. 

2. Extending and verifying observations gained from the pharmacological 

assays with electrophysiological data. 

3. Taking advantage of the genetic amenability of C. elegans to investigate 

the signalling pathways that may regulate changes in neuromuscular 

signalling across ageing. 

4. Using worm strains with mutations in cysteine-string protein to 

investigate the molecular pathways that may be involved in a form of 

synaptic degeneration. 
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2. Materials & Methods 

2.1 C. elegans culture 

Worms were cultured on nematode growth medium (NGM) plates under 

standard conditions (Brenner, 1974). They were fed on E. coli strain OP50 and 

kept at 20°C unless stated otherwise. Worm picking was done with a platinum 

wire. 

2.1.1 NGM plates 

NGM plates were made once a week in 4L or 8L batches. 11ml of NGM was 

ejected onto a 55mm diameter plate using a peristaltic pump, under sterile 

conditions. The NGM recipe is as follows: 

Prepare 2% agar (w/v), 0.25% peptone (w/v) and 50mM NaCl in 4L dH
2
O. 

Autoclave, let cool to 50°C and then add 1mM CaCl
2
, 1mM MgSO

4
, 1mM K

2
HPO

4
 

and 0.1% cholesterol (from a stock solution of 5mg/ml). 

All chemicals were obtained from Fisher, UK. 

2.1.2 OP50 

E. coli OP50 was obtained from the Caenorhabditis elegans Genetics Centre 

(CGC). OP50 was streaked and passaged on LB agar plates (2.1.3.4), from 

which single colonies were picked to grow in 10ml LB broth (2.1.3.5) for plate 

seeding. The 10ml bacterial cultures were left shaking at 37°C overnight and 

used shortly after taking from the shaker.  

50μl of a saturated OP50 culture was added to the centre of each NGM plate 

and left for at least 24h to dry. Plates are kept on the bench at room 

temperature (~20°C). 

2.1.3 Other recipes 

2.1.3.1 M9 buffer	  

Prepare 22mM KH
2
PO

4
, 42mM Na

2
HPO

4
, 85.6mM NaCl and 1mM MgSO

4
 in dH

2
O. 

Separate into 100ml aliquots and autoclave. Store at room temperature. 
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2.1.3.2 Freezing buffer 

Prepare 10M NaCl, 50mM KH
2
PO

4
, 3.26M

 
glycerol, 5.6mM NaOH and 0.4% agar 

(w/v) in dH
2
O. Autoclave and store at room temperature. 

2.1.3.3 Lysis buffer 

Prepare 10mM Tris HCl  (pH8.3), 50mM KCl, 2.5mM MgCl
2
, 0.45% NP40 (v/v), 

0.45% Tween 20 (v/v) and 1x gelatin in dH
2
O and autoclave. Separate into 1ml 

aliquots and store at -20°C. 

To 100μl of lysis buffer add 1µl Proteinase K 10mg/ml directly before use; final 

concentration 0.1mg/ml. 

2.1.3.4 LB agar 

0.15% agar (w/v), 171mM NaCl, 1% tryptone (w/v), 0.5% yeast extract (w/v) in 

dH
2
O. Autoclave and store at room temperature in 100ml aliquots. Microwave 

to melt before pouring into plates. 

2.1.3.5 LB broth	  

171mM NaCl, 1% tryptone (w/v), 0.5% yeast extract (w/v) in dH
2
O. Autoclave 

and store at room temperature in 100ml aliquots. 
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2.2 Strains used 

Strain name Genotype Comments 

N2 Wild type  

CB113 unc-17(e113) Defective acetylcholine 

release 

CB1370 daf-2(e1370) Reduced insulin signalling 

RP247 trIs30 (him-4p::MB::YFP + 

hmr-1b::DsRed2 + unc-

129nsp::DsRed2) 

Used for imaging muscle 

arms 

RM2754 dnj-14(ok237) 2229bp deletion in 

cysteine-string-protein 

FX03223 dnj-14(tm3223) 231bp deletion and 3bp 

insertion in cysteine-string-

protein 

CB407 unc-49(e407) Null mutation in GABA 

receptor 

ZZ20 unc-38(x20) Null mutation in the 

levamisole-sensitive 

acetylcholine receptor 

subunit 

Table 1: A list of strains used in this study. In addition to the strains 

described above I crossed CB113 with RP247 (protocol described below) to 

generate a strain with the unc-17(e113) mutation in which I could quantify the 

muscle arm numbers (Chapter 3). 

2.3 Strain freezing 

Worms were allowed to run out of food for up to 1 day, and checked for a large 

population of L1-L2 worms. Worms were washed off of 2 plates using 1ml M9 

buffer per plate, and pipetted into a 15ml tube. 2ml freezing buffer was 
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added, the tube was mixed and the worms were separated into 4 cryovials, 1ml 

each and suitably labelled. The cryovials containing the worms frozen by 

placing in a polystyrene box, which was then put in the -80°C freezer. 

Subsequently, the worms were stored at -80°C. A test vial was thawed after 24h 

to check the frozen worms were viable. 

2.4 Backcrossing 

Male wild type (N2) worms were generated by putting late L4 worms at 30°C for 

5-6h. Male populations were propagated by picking 12 males onto a plate with 

4 hermaphrodites.  

1. Add 12 N2 males onto a plate with 4 mutant L4 hermaphrodites (P0) to 

cross 

2. Take 12 male cross-progeny (now backcrossed once) and put onto plate 

with 4 N2 hermaphrodites to cross again. 

3. Put individual hermaphrodite progeny (now backcrossed twice) onto 

individual plates. 

4. Allow the progeny to lay eggs, than remove the adult worm from plate 

and lyse it (protocol below). 

5. PCR for mutation of interest (protocol below). 

6. Select plates with homozygous mutants 

7. Repeat as necessary  

2.5 Crossing 

Male worms were made as described in the Backcrossing section. For the 

CB113 x RP247 cross, 12 RP247 males were picked onto a plate with 4 CB113 

L4-stage hermaphrodites (P0) and allowed to mate. The F1 progeny are 

hypothetically heterozygous for each genotype (although there is a chance the 

hermaphrodite managed to self). A few F1 progeny were picked onto plate, 

and the resulting F2 progeny were picked onto individual plates. The 

homozygous presence of the trIs30 transgene was confirmed by observing 

100% fluorescent worms on a plate. Worms homozygous for unc-17(e113) were 

identified by plates with 100% of worms showing the severe locomotion defect 

associated with the strain. 
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2.6 Genotyping 

2.6.1 Worm lysis 

Pick single worms into 5µl lysis buffer in PCR tubes and run in the PCR machine 

on the following program: 

1. 60°C for 1h 

2. 95°C for 15 min 

3. 4°C for ever 

Once the lysis program is complete, the sample can be immediately used in a 

PCR, or can be stored at 4°C or -20°C. 

2.6.2 Polymerase chain reaction (PCR) 

The PCRs were done using a Taq DNA Polymerase (1 U/µl), dNTPack (Roche 

Diagnostics GmbH, Germany, product no. 04738225001). Recipes were 

designed following the manufacturer’s instructions: 

• 11µl ddH2O 

• 0.5µl nucleotide mix (10mM each) 

• 2.5µl R primer (10µM) 

• 2.5µl F primer(10µM) 

• 2.5µl 10x reaction buffer 

• 1µl taq enzyme 

• 5µl template 

For genotyping dnj-14(ok237) 

1. 95°C for 2min 

2. 95°C for 30s 

3. 54°C for 30s 

4. 72°C for 45s 

5. Go back to step 2 and repeat for 30 cycles 

6. 72°C for 7 min 

7. 4°C for ever 
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For genotyping dnj-14(tm3223) 

1. 95°C for 2min 

2. 95°C for 30s 

3. 57°C for 30s 

4. 72°C for 45s 

5. Go back to step 2 and repeat for 30 cycles 

6. 72°C for 7 min 

7. 4°C for ever 

Samples were mixed with sample buffer and run on 1.5% agarose gels (see 

protocol below). 

2.6.3 PCR primers 

Primer name Sequence Description 

dnj-14ok237f 

wbas 

AGTGTTCGGTAAGCATTGGG Forwards primer for 

genotyping dnj-14(ok237) 

dnj-14ok237b 

wbas 

AAAGTGTGTTCCGTCCTTGG Reverse primer for 

genotyping dnj-14(ok237) 

dnj-14 tm3223 R CAGAGCGTATCGCAAACTAG Reverse primer for 

genotyping dnj-14(tm3223) 

dnj-14 tm3223 F GGAGGCATGGCAATCACAAT Forwards primer for 

genotyping dnj-14(tm3223) 

Table 2: A list of PCR primers used in this study. Primers were ordered from 

Eurofins MWG Operon (Ebersberg, Germany) and stored at -20°C at stock 

concentrations of 100µM. 

2.7 Agarose gel electrophoresis 

10µl DNA samples were mixed with 6x sample buffer (5% bromophenol blue, 

30% glycerol in dH
2
O). 1.5% agarose gels (w/v) were prepared in TBE buffer 

(45mM Tris borate, 1mM EDTA) and heated in the microwave until molten. 5μl 

10,000x Gel Red (Biotium; Cambridge, UK) was added to the molten agarose 
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once it had cooled to ~50°C, and the gel was poured into the gel mount. Once 

set and immersed in TBE buffer, samples were run at 100mV. Bands were 

visualised using an Alpha Imager UV transilluminator, and molecular weight 

was estimated by comparing the positions of the bands with bands of defined 

weight from the 1kb DNA ladder (Thermos Scientific, MBI Fermentas, UK). 

2.8 Lifespan analyses 

Unless otherwise stated, all lifespan experiments were performed at 20°C. 

Worms were synchronised by picking at the L4 stage. Subsequently they were 

passaged onto new plates every 1-2 days to prevent contamination by progeny 

and to ensure they remained well fed throughout the experiment. Later in the 

lifespan as progeny production ceased they were passaged less often. Worms 

were defined as dead if they did not move in response to repeated prodding 

with a platinum wire. Worms were censored if they were bagged (contained 

larval progeny) as this can result in death uncoupled from the ageing process. 

Worms that crawled up the sides of the plates were also censored. 

Many ageing experiments in C. elegans are done in the presence of 5-fluoro-2’-

deoxyuridine (FUDR), which prevents progeny from hatching (Ryuji, 1978). The 

experiments detailed in this thesis do not use this chemical, as it can modify 

lifespan (Aitlhadj and Sturzenbaum, 2010; Van Raamsdonk and Hekimi, 2011), 

metabolism (Davies et al., 2012), morphology and motility (Bolanowski et al., 

1981; Glenn et al., 2004).  

2.9  Behavioural assays 

All behavioural analyses were done at room temperature (20-21°C) with the 

respective groups (e.g. young vs old, or wild type vs mutant) assayed in 

parallel. 

2.9.1 Food races  

Food race plates were made in a similar fashion to normal NGM plates (2.1.1) 

with the exception that 25ml NGM is added to a 90mm diameter plate. The 

plate is allowed to dry for 24h, then seeded with 50µl OP50 at an optical 
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density of 0.8 at 600nm. The food source is allowed to dry for a further 24h 

and the assay is run the following day. 

Worms were picked into a 20µl spot of M9 buffer 5 cm away from the OP50 

spot on the food race plate. The assay was started when the buffer absorbed 

into the plate/evaporated and the worms were free to move about the plate. 

Every 10 minutes for 2 hours the number of worms that had reached the OP50 

spot was counted and these worms were removed from the plate. This was 

plotted as the cumulative percentage of worms reaching the food. Worms that 

crawled up the side of the plates were not included in the analysis.  

2.9.2 Swimming assays  

Swimming assays were performed in 1ml M9 buffer with BSA (0.01% w/v; 

Sigma-Aldrich; Gillingham, UK) using 24-well plates. Staged worms were 

transferred to each well and left for 5 minutes before measuring swimming. 

Swimming is a rhythmic pattern of activity where the worm oscillates side-to-

side around its midpoint. A single swim was defined by a movement through 

the midpoint and back (Mitchell et al., 2007). Measurements were made by 

observing swimming under a dissecting microscope using a handheld tally 

counter over a period of 30s or 1min, as indicated in the Figures. 

2.9.3 Pharyngeal pumping assays  

Pharyngeal pumping assays were undertaken on NGM plates seeded with 50µl 

OP50. Briefly worms were picked from their population plate to the assay 

plates using a platinum wire. After picking they were left for 10mins to recover 

from the mechanical stimulation of the picking. Pumps were observed under a 

dissecting microscope. A pump was defined as a backward movement of the 

pharyngeal grinder (Albertson and Thomson, 1976; Raizen et al., 1995). 

Worms that left the food before or during the experiment were not included in 

the analysis. Measurements were taken for 1min.  

2.9.4 Egg-laying assays 

Egg-laying assays were undertaken on NGM plates seeded with 50µl OP50. 5 

worms were picked onto each assay plate using a platinum wire. Each group 

was done in triplicate. Worms were left on the assay plate for 2h, removed, and 
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the number of embryos and unfertilised oocytes laid during the assay were 

counted under a dissecting microscope. 

2.10 Pharmacological contraction assays 

Levamisole plates were made by adding 200µl levamisole to already poured, 

unseeded NGM plates (2.1.1) to give a final concentration of 100µM (unless 

otherwise stated). For aldicarb plates, 25ml NGM was poured into 90mm petri 

dishes and allowed to dry for 5 days. 454.5µl aldicarb was added to the plate 

to give a final concentration of 250µM. Levamisole and aldicarb plates were 

left overnight for the drug to diffuse throughout the plate and used the 

following day. 

Nicotine plates were made by adding the relevant weight of nicotine hydrogen 

tartrate to molten NGM media at 55°C to give a final concentration of 31mM, 

unless otherwise stated. Plates were left to dry for overnight and stored at 4°C 

for up to a week before use. All drugs were obtained from Sigma-Aldrich 

(Gillingham, UK). Control plates were made by adding the same volume of 

vehicle (dH
2
O). 

To measure drug-induced contraction, worms were picked onto an unseeded 

‘cleaning plate’ plate for 30s. At the 30s time point, a reference image (.jpg) 

was taken of the worm using a CCD camera (model: OS-45D avaliable from 

World Precision Instruments Inc., Florida, US) attached to a dissecting 

microscope. The worm was then transferred to either a drug plate or a control 

plate, and further images were taken over a set time course (5 mins for 

levamisole/nicotine and 5 hrs for aldicarb). Worm lengths were determined 

using ImageJ software. To do this, the image files were opened with ImageJ 

and the worms were binarised and skeletonised using the inbuilt ImageJ 

binarisation and skeletonisation functions. The ‘skeleton’ consists of a line 

going down the centre of the worm from the head to the tail. The length of the 

skeleton was used to define the length of the worm. The lengths of individual 

worms whilst on the drug (or control) plates were compared to the length of 

the same worm prior to treatment (i.e. the reference image taken on the 

cleaning plate) to give a fraction of the initial length of the worm (for example, 

Figure 13). Worms transferred to control plates showed a small contraction in 

response to the picking, and then returned to normal length.  
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Figure 13: The fraction of the initial length of levamisole-treated and 

control worms. Worms were imaged on a cleaning plate, transferred to a drug 

or control plate and imaged over a time course here of 5 minutes. The length 

of the worm at the different times was determined using the skeletonisation 

function provided by ImageJ graphics software. The length of the worm on the 

treatment plates was ratioed against the length of the worm on the cleaning 

plate, before treatment. *** corresponds to p<0.001 using a 2-way ANOVA. All 

error bars indicate mean±SEM. 

In addition to the fraction of the initial length, responses to drug are also 

expressed as ‘fractional response’ or ‘contraction index’. 

Fractional response is a measure of the response of the worms on the drug 

plates compared to the control plates. This is calculated by subtracting the 

(mechanically induced) contraction of worms on the control plates from the 

contraction of worms on the drug plates. The use of fractional response 

graphs provides a simpler, clearer way to represent different ages and 

genotypes compared with the fraction of the initial length graphs, and controls 

for the mechanical effects of worm picking. 
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Contraction index allows multiple experiments to be plotted on the same 

graph. Each experiment is intrinsically variable. This may be due to factors 

such as the batch of drug that is used, the moistness of the plates, etc. 

Therefore, in the ageing experiments I paired each age group with a parallel 

group on the first day of adulthood, using the same drug plates. The response 

of the worms on day 1 of adulthood was used as a benchmark with which to 

compare the different ages. Contraction index takes into account both the 

speed and maximal value of contraction by calculating the area underneath the 

fractional response curve for the different experimental groups. The different 

ages were normalised to the parallel day 1 worms so that they could be 

compared on a single graph.  

2.11 Confocal Imaging 

Imaging of muscle arms was done using the RP247 strain, expressing the 

trIs30 transgene (him-4p::MB::YFP + hmr-1b::DsRed2 + unc-129nsp::DsRed2) 

(Dixon and Roy, 2005). Imaging was performed using a LEICA TCS SP2 confocal 

microscope, using a 60x objective. Worms were immobilised and orientated 

with their ventral side facing upwards (determined by the vulva) using 

Histoacryl glue (Braun; Tuttingen, Germany) on a 2% agarose (w/v) pad (in 

dH
2
O). Muscle arm counts were carried out only on muscle cells that were not 

obscured by excess autofluorescence, and could be seen clearly.  

2.12 Electrophysiology 

Electrophysiological recordings were performed using an upright Carl Zeiss 

Axioskop 2 FS mot microscope with 10x and 40x objectives (Figure 14). The 

40x objective is water dipping and has DIC optics, important for determining 

the health of the muscle cell (described later). The microscope is located on 

top of a TMC air table. Each piece of equipment is thoroughly grounded via the 

amplifier. Scientifica Patchstar micromanipulators were used to hold and move 

the recording pipettes. An Axon Instruments Axopatch200B amplifier was used 

with an Axon Instruments CV 203BU headstage, and data was transmitted to a 

PC via an Axon Instruments Digidata 1322A 16-bit data acquisition system and 

recording using the open access electrophysiology software WIN-WCP 

(http://spider.science.strath.ac.uk/sipbs/software_ses.htm).  
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Figure 14: The electrophysiology setup. The microscope (1) is set on an air 

table (2). The sample is held on a stand-alone metal table (3) so that the 

microscope can be moved with minimal vibration to the sample. The 

micromanipulator for patch recording (4) is also attached to this table, as is an 

extra micromanipulator set up for drug ejection (5). The headstage (6) uses a 

silver-silver chloride pellet as a reference electrode (7). The setup is 

surrounded by a Faraday cage (8) and thoroughly grounded (9) via the 

amplifier. 

Electrodes were pulled using a Narishige PC-10 vertical puller and fire polished 

with a Narishige MF-9 fire polisher to a resistance of 3-7MΩ. The glass used 

was Kwik-Fil filamented borosilicate glass of 1.00mm outer diameter, 0.58mm 

internal diameter available from World Precision Instruments Inc. (product 

code: 1B100F-4). 

Individual C. elegans were dissected under a Nikon SMZ1000 dissecting 

microscope on a coverslip coated with Sylgard (Sylgard 184 kit silicon 

elastomer; also called PDMS). To make the coverslips, 18x18 mm square 

coverslips were coated with a drop of Sylgard and cured in a 60°C oven 
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overnight. A few drops of extracellular solution (recipe below) were put onto 

the coverslip, and the worm was picked into the solution. Cyanoacrylic glue 

(histoacryl blue available from B/ Braun, Germany) was sucked into a broken 

sharp pipette using negative pressure from the mouth via some tubing. It is 

then expelled from the pipette using positive pressure in order to catch the 

head or the tail of the worm and glue it to the Sylgard pad. The cyanoacrylic 

glue polymerises once it comes into contact with the solution so constant 

positive pressure is required. The worm is glued in a “C” shape by applying 

glue along the dorsal side of the worm. It is important to use as little glue as 

possible otherwise it will get in the way of the dissection. Using a sharp pipette 

the cuticle on the top of the worm is severed at the worm-glue interface – i.e. 

as close to the dorsal side of the worm as possible. Worms were dissected to 

preferentially to expose the muscle cells anterior to the vulva. An example of a 

dissection is shown in Figure 16A. Once the cuticle is opened then the guts are 

removed using mouth suction via tubing and a broken pipette. It is important 

not to touch the rest of the worm otherwise the muscle cells (and possible 

nerve cord) will be damaged. If the worm has been glued in a “C” shape then 

the cuticle is likely to be hanging off the worm ready to glue down using a 

small amount of cyanoacrylic glue. If the worm is not glued down in a “C” 

shape the cuticle will need to be ‘caught’ with the glue and pulled down to the 

Sylgard pad before the glue polymerises and the glueing pipette is blocked. 

This also results in a stretching of the worm and likely damages the muscle 

cells and connections to the nerve cord. Once the worm is glued down and the 

ventral nerve cord and muscle cells have been exposed, the basement 

membrane that covers the muscle cells is digested using 4mg/ml collagenase 

IV (Sigma C5138 collagenase from Clostridium histolylicum) dissolved in 

extracellular recording solution. The digestion is done for 10-20 seconds, 

depending on results obtained from the particular batch of collagenase. The 

worms are then washed 3 times using fresh extracellular recording solution, 

and immediately put into the recording chamber and onto the microscope 

ready for recording. This is important because the preparation deteriorates 

with time (see Chapter 4). The recording chamber consists of an acrylic disc 

with a square hole cut in the middle to accommodate the coverslip (Figure 15). 

A large 35x64 mm coverslip is placed underneath the hole and held in place 

with silicone grease (SGM494 silicone grease, manufactured by ACC Silicones 
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Ltd) to form a chamber. The Sylgard-coated coverslip with the dissected worm 

in is placed into the chamber and covered in extracellular recording solution.  

 

Figure 15: The recording chamber. A rectangular coverslip covers a hole in 

the middle of the acrylic disc and is made water-tight with silicone grease. The 

resulting chamber is where the sylgard-coated coverslip containing the 

dissected worm is put, and it is filled with extracellular recording solution. 

After dissection the health of the preparation is checked. The muscle cells 

should be clearly visible and should look ‘healthy’. If the muscle cell is healthy 

you can see the striations (Figure 16B), whilst if it is not healthy it has a 

‘bobbly’ appearance. The cuticle should not be ripped in any way other than 

the incision up the dorsal side of the worm in an anterior-posterior fashion 

required to expose the muscle cells, otherwise the nerve cord may be 

damaged, affecting the recording.  
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Figure 16: Healthy muscle cells and the ventral nerve in a dissected C. 

elegans.  (A) A view of the entire dissected C. elegans. The worm is in a “C” 

shape, has been dissected in the anterior half of the worm and the cuticle has 

been glued down to expose the ventral body wall muscle cells and nerve cord. 

(B) A zoomed in view of two rows of muscle cells either side of the ventral 

nerve cord. The muscle cells are healthy as evidenced by their striated 

appearance and absence of bubbles. A patch electrode with a resistance of 

~5MΩ is in contact with one of the muscle cells in whole cell mode. 
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The recording pipette is backfilled with intracellular recording solution (recipe 

below), inserted into the headstage and brought into close proximity with the 

muscle cell that is to be recording on, all the time with positive pressure being 

applied to the pipette using tubing and a 20ml syringe. This prevents debris 

from lodging in the pipette and ruining the recording (it is also important to 

filter the intracellular and extracellular solutions to minimise the debris; I use a 

0.2µm filter). The pipette is brought into contact with the centre of the muscle 

cell and a giga-Ohm seal is made by reducing the positive pressure and 

applying slight negative pressure if required. The holding voltage of -60mV is 

applied and the preparation is taken whole cell by applying further negative 

pressure and applying a brief zap (less than 0.5ms) to the membrane. The 

voltage is held at -60mV and endogenous currents are recorded (i.e. voltage 

clamp). Data is only taken from preparations with a holding current of 200pA 

or less. The muscle cell capacitance is normally ~30-50pF. Once the 

preparation is stabilised (variable between preparations) 100 seconds of data 

is recorded with a sampling frequency of 10kHz, and filtered using a Bessel 

filter at 2kHz. The beginning of the recording, immediately after the 

preparation becomes stable, is defined as 0 minutes. An example of a 

recording is shown in Figure 17. 
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Figure 17: An example voltage clamp recording from a worm on day 5 of 

adulthood. (A) mPSCs from the entire 100s of recording (scale bar = 20pA by 

10.28s). (B) A higher resolution view of the individual events (scale bar = 20pA 

by 52.7ms). Holding potential -60mV. 

Recordings are quantified using Mini Analysis software from Synaptosoft. This 

software allows semi-automatic extraction of data including amplitude and 

frequency of events (Figure 18). The events are automatically analysed using 

the software’s inbuilt EPSC analysis, which uses both the amplitude of a peak 

and the area underneath it to verify authentic events. 

After running the automatic analysis, each individual peak was checked 

manually to ensure that the apex and baseline of each peak was correctly 

identified. It was also ensured that all peaks were picked up (the software 

misses some) and no ‘false’ peaks (due to noise) were included in the analysis. 

	  

	  

	  

A

B



 

 68 

 

Figure 18: A screenshot of the Mini Analysis software used for quantifying 

the miniature postsynaptic currents. In the top half of the window is a short 

section of a recording from a worm on day 5 of adulthood. The Mini Analysis 

software automatically analyses the peaks (amplitude, rise time, decay time, 

etc), but these need to be manually checked and events are often 

corrected/deleted/added. In the bottom half of the window is the data 

collected from the individual peaks, including amplitude. The software also 

calculates frequency. 

Unless otherwise stated, all the recordings presented in this thesis were made 

using the following recipes: 

Extracellular solution (in mM): 150 NaCl, 5 KCl, 5 CaCl
2
, 4 MgCl

2
, 10 Glucose, 5 

Sucrose, 15 HEPES, pH 7.4, 330mOsm. 

Intracellular solution (in mM): 120 KCl, 20 KOH, 4 MgCl
2
, 5 TES, 0.25 CaCl

2
, 4 

Na
2
ATP, 36 Sucrose, 5 EGTA, pH 7.4, 330mOsm. 

All chemicals were obtained from Sigma-Aldrich (Gillingham, UK). 
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2.13 Statistics 

A variety of statistical tests were used to analyse the results documented in 

this thesis. The statistical test used along with the p values are indicated in 

Figure legends. For lifespan assays, log-rank tests were used to compare the 

longevity of different populations. Student’s t-tests was used to compare the 

difference between two groups, for example a comparison of the number of 

muscle arms per muscle cell in Figure 26A. One way ANOVAs were used to 

analyse trends over time, for example how swimming ability declines with age 

in Figure 20D. In the fractional response graphs, two way ANOVAs were used 

to compare the contraction of different groups of animals over time, and 

Bonferroni post tests were used to compare the different groups at specific 

time points. Lastly, Kolmogorov-Smirnov tests were used to compare 

cumulative frequency distributions in electrophysiological assays. 
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3. Chapter 3: Delineation of morphological 

and functional properties of the 

Caenorhabditis elegans neuromuscular 

junction across life span 

3.1 Introduction 

The General Introduction highlighted Caenorhabditis elegans (C. elegans) as a 

model organism well suited to experiments that probe how components of the 

nervous system, including synaptic function, are changed with age. This 

Chapter is concerned with using behavioural assays and pharmacological 

assays to interrogate the neuromuscular junction of C. elegans across ageing. 

The motor system controls a range of stereotypic behaviours that can be 

readily quantified as a measure for neuromuscular function, including 

locomotion, swimming and feeding behaviours (Albertson and Thomson, 1976; 

Avery and Horvitz, 1989; Pierce-Shimomura et al., 2008). Using behavioural 

assays can be informative, however such behaviours are often 

multicomponent, requiring integration of sensory cues, signalling in 

interneurons and motor neurons, neuromuscular transmission and intact 

muscle function (Bono and Villu Maricq, 2005). For example, as described in 

Section 1.4.3, C. elegans sinusoidal locomotion is mediated by muscle cells 

that are innervated by excitatory and inhibitory motor neurons at 

neuromuscular junctions. The activity of the motor neurons is in turn regulated 

by command interneurons that integrate sensory information and control the 

locomotory pattern (i.e. forwards or backwards, searching strategy, etc.). 

Feeding is also a complex behaviour that is dependent on sensory cues 

(Luedtke et al., 2010). Therefore it is difficult to ascertain how much of any 

behavioural changes we see may be due to changes in synaptic transmission.  

To address this we have optimised classic pharmacological assays, described 

below, that selectively reflect presynaptic and postsynaptic function. As the 

drugs act selectively at the neuromuscular synapse there is minimal 

contribution from other systems, reducing the complexity of interpretation. In 
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addition, using the optimised pharmacological assays allows us to investigate 

neuromuscular function in worms that are immobile.  

The pharmacological assays make use of the drugs aldicarb and levamisole. 

Aldicarb is an acetylcholinesterase inhibitor, and when applied to the worms 

over an extended period of time (1h or longer) results in spastic paralysis of 

the worm due to excess acetylcholine build-up at the neuromuscular junction 

(Mahoney et al., 2006; Nonet et al., 1993). The amount of acetylcholine that 

builds up, and hence the speed of onset of paralysis, is primarily dependent on 

the rate of acetylcholine release from the presynapse. The onset of paralysis 

also depends on the competency of the postsynapse in translating the 

cholinergic signal into a muscle contraction, and the ability of the muscle itself 

to contract. Levamisole is another drug that acts at the neuromuscular junction 

to cause spastic paralysis. Levamisole is a selective agonist of the major 

subtype of ligand-gated acetylcholine receptors (AChRs) located at the 

postsynaptic side of the neuromuscular junction and acts as the major 

determinant of synaptically evoked muscular contraction (Fleming et al., 1997; 

Richmond and Jorgensen, 1999). Hence the action of levamisole is largely 

independent of any acute interaction with presynaptic release of acetylcholine. 

Therefore, whilst the aldicarb assays give an insight into the presynapse and 

postsynapse combined, the levamisole assays informs on the postsynapse. The 

effects of these drugs on the worms is still dependent on muscle function, but 

as they affect different parts of synaptic transmission, a comparison between 

the drugs at different ages helps identify where in neuromuscular transmission 

the ageing processes may have an impact. Figure 19 summarises the 

mechanisms of action of aldicarb and levamisole. Nicotine is a drug that 

selectively activates the other major subtype of receptors at the neuromuscular 

junction, the ACR-16-containing, nicotine-sensitive, levamisole-insensitive 

nAChRs (Touroutine et al., 2005). Therefore nicotine and levamisole can be 

used to address the function of different subtypes of nAChRs at the 

neuromuscular junction. 
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Figure 19: The mechanisms of action of aldicarb and levamisole. Shown is a 

cartoon of a cholinergic neuromuscular synapse, with synaptic vesicle-

containing presynaptic compartments being made by the motor neuron ‘en 

passante’, apposed to a postsynaptic specialisation including a clustering of 

nicotinic acetylcholine reseptors (nAChRs) on the postsynaptic membrane. The 

presynapse releases acethycholine (ACh) at rates dependent on its activity. 

More activity means more acetylcholine release. ACh in the synaptic cleft is 

broken down by acetylcholinesterase (AChE), helping to keep the cholinergic 

signalling transient and swift. Aldicarb inhibits AChE, leading to a build up of 

ACh at the synapse that is dependent on the rate of release form the 

presynapse. This is sensed by the nAChRs on the postsynapse and results in 

worm hypercontraction. Levamisole is a direct agonist of a subset of the 

nAChRs, that despite their name are insensitive to nicotine. Activation of these 

levamisole-sensitive, nicotine-insensitive nAChRs also results in worm 

hypercontraction, independent of presynaptic ACh release.  

Using the behavioural and pharmacological approaches described above in 

concert with classic C. elegans genetics, evidence was obtained highlighting an 

initial increase in presynaptic acetylcholine release during early ageing. This is 

followed by a decline in acetylcholine release as the worms continue to age, 

although even aged worms can still contract in response to drug treatment. 
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Remarkably, aged worms can still exhibit the same maximal contraction as 

young worms. In addition to the behavioural and pharmacological approaches, 

the availability of C. elegans genetic mutants was exploited to investigate 

signalling pathways that may contribute to changes in neuromuscular function 

across age. As described in the General Introduction, modulation of insulin 

signalling can have a large impact on ageing (Section 1.1.6.2). The presynaptic 

strengthening during early ageing is lost in a mutant with reduced insulin 

signalling.  

3.2 Results 

3.2.1 C. elegans neuromuscular-dependent behaviours decline with age 

Worms lived a median lifespan of 14 days (Figure 20A), as described previously 

(Bolanowski et al., 1981; Klass, 1977). As they aged they exhibited 

morphological differences where they grew in size, became fatter and 

pigmented (Figure 20B). It is also evident by their posture in advanced age that 

they become paralysed (Figure 20B). Pharyngeal pumping is the pumping 

motion exhibited in the pharynx responsible for drawing in food. It is a highly 

regulated process that is stimulated by the presence of bacteria and is 

regulated by neuromuscular signalling (Albertson and Thomson, 1976). There 

was a decline in pharyngeal pumping frequency across ageing in C. elegans 

(Figure 20C). In addition, motility declined. When placed in liquid medium C. 

elegans initiates a swimming motion that can be readily quantified. C. elegans 

of different ages were placed in M9 buffer and their swimming behaviour 

quantified, highlighting a decline in swim cycle frequency as the animals aged 

(Figure 20D). When placed on an agar plate with a spot of food (E. coli OP50) 

5cm away, C. elegans sense and locomote towards the food source. As C. 

elegans age they show a rapid decline in their ability to complete the food race 

within the allotted time frame (2h; Figure 20E). Lastly, the number of egg 

laying events in C. elegans shows a peak on day 2 of adulthood and swiftly 

declines (Figure 20F). Egg laying is partially dependent of neuromuscular 

signalling (Brundage et al., 1996), but worms also exhibit reproductive ageing 

(Ward and Carrel, 1979) including a depletion of sperm (Hughes et al., 2007), 

thus it is unlikely that the sharp drop in egg laying events is indicative of 

neuromuscular ageing. 
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Figure 20: Behavioural decline in C. elegans with age. (A) Wild type worms 

live for a median lifespan of 14 days (n=98 worms, 19 deaths). (B) Day 0 (L4) 

worms are small, thin and have a characteristic crescent shaped vulva. Day 1 

worms (1 day after L4) are larger and their vulva is no longer crescent shaped. 

Day 4 worms are larger, fatter and pigmented, and the outline of the intestine 

is often obvious (green arrow heads). Day 16 worms show poor posture, and 

can be quite variable in how they look, i.e. some worms age better/differently 

than others. (C) The frequency of pharyngeal pumping declines with age (n=5 

per group; one way ANOVA ***, p<0.001). (D) Wild type worms swim less 

vigorously as they age (one way ANOVA ***, p<0.001). (E) Aged worms show 

defects in locomotion towards a food source (27-40 worms per assay; n=3; two 

way ANOVA, *p<0.05 **p<0.01; ****, p<0.0001). (F) Egg laying shows a sharp 

peak on day 2 of adulthood followed by a rapid decline (5 worms on a single 

plate per age group, over 2h). All error bars represent mean ± s.e. mean. 
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In order to gain a better insight into how neuromuscular function is changed 

with age in C. elegans alternative approaches were explored that made use of 

whole organism pharmacology. There are a number of different drugs that act 

at the neuromuscular junction in C. elegans to modulate cholinergic and 

GABAergic signalling (Locke et al., 2008). I chose to concentrate on the 

excitatory, cholinergic neuromuscular synapses because they are exceptionally 

well characterised (Rand, 2007). Two such drugs that act at the cholinergic 

synapse are aldicarb and levamisole, the mechanisms of action of which are 

described in the Introduction. Comparing the action of these two drugs across 

age in C. elegans allows us to better resolve age-related differences in 

neuromuscular transmission.  

Traditionally, experiments using aldicarb and levamisole to interrogate 

neuromuscular function use paralysis as a measure of drug action (Mahoney et 

al., 2006), however aged worms are already exhibit severely impaired motility 

such that paralysis is not an informative read-out for drug effects (Figure 20D-

E). Therefore whole worm contraction was used as a measure of drug effect 

(Glenn et al., 2004) to overcome this confound. 

3.2.2 Development of the pharmacological assays 

Figure 21A shows some initial levamisole assay where worms were put onto an 

NGM plate containing levamisole. The worms were imaged before and after 

drug treatment, and this was done at different ages. The lengths of the worms 

before and after drug treatment were determined using the skeletonisation 

function within ImageJ image processing software (Section 2.10). The effects of 

the drug were quantified by how contracted the worms were on the drug 

compared to the original length of the worm – i.e. the fraction of the initial 

length. As worms aged from day 1 to day 4 of adulthood they exhibited 

increased levels of contraction after 5 minutes on the levamisole plates, which 

subsequently receded (Figure 21A). After an extended period of time (155 

minutes) the level of contraction had changed, but not uniformly across age 

(Figure 21A). Therefore it is important to take measures at multiple time points 

in order to get a full idea of the kinetics of worm contraction at different ages. 

Such a contraction time course using day 1 worms is illustrated Figure 21B. In 

addition to the effects of drugs on the worms it was observed that as worms 
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age they change in length, becoming larger up to day 3 of adulthood, 

subsequently reducing in size (Figure 21C). 

 

Figure 21: Contraction-based levamisole assays. (A) The contraction of 

worms picked onto plates containing 500µM levamisole at different ages after 

5 minutes (black line) and 155 minutes (grey line). N=16 for each data point. 0 

days of adulthood represents L4 worms, 1 day of adulthood represents one 

day after L4, and so on. (B) The kinetics of day 1 worm contraction on 500µM 

levamisole across time (n=16 for each data point). (C) The length of wild type 

C. elegans changes with age. The length of untreated worms increases up to 

the third day of adulthood, and subsequently declines with age (n=24 for each 

data point). All error bars represent mean ± s.e. mean. 
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contraction up to day 6 of adulthood, followed by a decline at day 16 to levels 

L e v a m is o le  v s  a g e

A g e  (d a y s  o f a d u lth o o d )

fr
a

c
ti

o
n

 i
n

it
ia

l 
le

n
g

th

0 4 8 1 2 1 6
0 .7

0 .8

0 .9

1 .0

1 .1
5  m in
1 5 5  m in

L e v a m is o le  v s  t im e

T im e  (m in )

fr
a

c
ti

o
n

 i
n

it
ia

l 
le

n
g

th

0 1 0 0 2 0 0 3 0 0
0 .7

0 .8

0 .9

1 .0

1 .1

U n tre a te d  w o rm  le n g th  a c ro s s  a g e

A g e  (d a y s  o f a d u lth o o d )

le
n

g
th

 c
o

m
p

a
re

d
 t

o
 d

a
y

 1

0 2 4 6 8 1 0
0 .6

0 .8

1 .0

1 .2

1 .4

A B

C



 

 78 

similar to that of younger worms (Figure 22B) suggesting increased release of 

acetylcholine from the neuromuscular presynapse during early ageing. 

 

Figure 22: Contraction-based aldicarb assays. (A) An investigation into the 

dose-dependency of aldicarb-induced contraction in worms on the first day of 

adulthood (n=13 for each group). (B) The age-dependent effects on aldicarb-

induced contraction of wild type C. elegans after 120 mins on 750µM aldicarb 

(n=16 per group). All error bars represent mean ± s.e. mean. 
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Next the temporal dynamics of the response of different ages of worm to 

levamisole and aldicarb treatment were examined across a period of 10 hours. 

Surprisingly, after exposure to levamisole worms on day 1 of adulthood worms 

were able to maintain a contracted state for the full 10 hours (Figure 23A). Day 

6 worms contracted more than day 1 worms in the early part of the experiment 

(0.5-1h) but less in the later stage (7-10h) and were also able to maintain a 

contracted state for the full 10 hours (Figure 23A). Day 16 worms contracted at 

the early time point, but were unable to maintain their contraction for the 

duration of the experiment (Figure 23A). In this experiment the contraction at 

5 mins for the day 16 worms is smaller than day 1 and day 6, but this is 

confounded by a picking artefact that affects old worms differently to young 

worms, described below.  

Looking at aldicarb-induced contraction across time, there were similar kinetics 

to that seen in the levamisole assay, although the contraction is slower (Figure 

23B), consistent with the notion of a gradual build-up of acetylcholine at the 

neuromuscular junctions. Day 6 worms contract faster than day 1 worms, 

suggestive of increased acetylcholine release from the neuromuscular junction 

at day 6 (Figure 23B). Both day 1 and day 6 worms maintain their contracted 

state for the duration of the experiment. Day 16 worms appear defective in 

maintaining their response to aldicarb (Figure 23B) although a control 

experiment in Figure 23C where worms were picked onto non-drug treated 

plates showed that after the initial picking aged worms relaxed and became 

larger. This is likely an artefact of picking the worms onto a cleaning plate to 

for 30s before taking their image (it is difficult to make out the edges of the 

worm, especially the tail, when they are on food). It is possible that the worms 

contract in response to mechanical stimulation during picking (as is illustrated 

by the control worms in Figure 24B), and that aged worms remain contracted 

until they are imaged 30s later and transferred to the drug plate upon which 

they have time to relax. 
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Figure 23: Ageing alters the level of drug-induced contraction seen in 

worms over a period of 10h. (A) Contraction of different ages of worms after 

treatment with 500µM levamisole. Day 1 and 6 worms exhibit a rapid 

contraction that persists for the full 10h assayed. Day 16 worms also exhibit a 

rapid contraction that is not maintained (day 1, n=29; day 6, n=32; day 16, 

n=32). (B) Contraction of different ages of worms after treatment with 250µM 

aldicarb. Day 1 and 5 worms show a progressive contraction, reaching 

maximal contraction after ~5h. Day 16 worms appear less capable of sustained 

contraction (day 1, n=15; day 6, n=24; day 16, n=13). (C) Worms were 

subjected to the same protocols used to generate the data in (A) and (B), with 

the exception that instead of being put onto a drug plate they were put on a 

drug-free plate. Here, aged worms showed a relaxation with time, but young 

worms did not (day 1, n=8; day 18, n=15). All error bars represent mean ± s.e. 

mean. 
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After realising the importance of having a non-drug plate control in addition to 

the internal control of worm length before drug treatment (Figure 23C) it is 

important to improve and clarify the experimental procedures. Figure 24A 

shows a cartoon of the sequence of events involved in conducting the 

pharmacological assays. Worms are first picked onto a cleaning plate, imaged 

after 30s and then transferred to either a drug plate or a control plate without 

the drug. Images are then taken at multiple time points after this, depending 

on which drug is being used. As levamisole has a very fast action (Figure 23A) 

the measurements are taken for a duration of 5 minutes (Figure 24B). From 

here onwards, 100µM levamisole was used in levamisole contraction assays 

because it is the lowest concentration that gives a large contraction that can be 

readily quantified and compared between treatment groups. As aldicarb has a 

slow mechanism of action (Figure 23B) the measurements are taken for a 

duration of 5h (Figure 24C), after which all ages exhibit see maximal 

contraction Figure 23B. All age- or genotype- comparisons are done in parallel. 
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Figure 24: Pharmacologically-induced stimulation of the excitatory 

neuromuscular junction in C. elegans. (A) A schematic depicting the 

optimised protocol for performing the whole worm contraction assays. Worms 

are picked from their population plate and onto a cleaning plate. After 30s an 

image is taken of the worm that will be used as a reference for later images. 

The worm is next picked onto the treatment plate which is either a drug plate 

or a control plate, and images are takes over multiple timepoints. The lengths 

of the worms are quantified using the skeletonisation function in ImageJ 

(simply fits a line down the centre of the worm to measure its length; see 

Materials and Methods). The results are ratioed back to the length of the worm 

before drug treatment in order to determine the change in length of the worm. 

(B) A graph showing the change in worm length during treatment with 100µM 

levamisole, compared to worm length before drug treatment. Levamisole 

causes a rapid hypercontraction of wild type C. elegans (two way ANOVA, 

***p<0.001) (C) A graph showing the change in worm length during treatment 

with 250µM aldicarb, compared to worm length before drug treatment. 

Aldicarb results in a slow contraction (two way ANOVA ***p<0.001) that is due 

to the gradual build-up of acetylcholine in the synaptic cleft. In subsequent 

figures the raw contractile response seen here is normalised to control worms 

and expressed as ‘fractional response’. All error bars represent mean ± s.e. 

mean. 
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To test the selectivity of the levamisole assays day 1 wild type and unc-38(x20) 

worms were exposed to levamisole. unc-38 encodes an essential subunit of  

the levamisole-sensitive, nicotine insensitive ionotropic acetylcholine receptor 

present on the postsynapse of the neuromuscular junction (Fleming et al., 

1997). The unc-38(x20) null mutation results in a splicing defect and lack of 

the third exon in the mature mRNA, resulting in a change in receptor protein 

that leads to resistance to levamisole (Fleming et al., 1997). The assay in this 

levamisole resistant strain confirmed that contraction in the presence of the 

levamisole is due to the action of the drug on UNC-38-containing levamisole 

receptors (Figure 25A). I was concerned that the whole worm contraction 

observed in response to levamisole could be modulated by inhibitory, 

GABAergic signalling as GABA neurons do have cholinergic inputs that when 

activated result in contraction on the other side of the body to help regulate 

locomotion (Bono and Villu Maricq, 2005). Therefore the levamisole assay was 

performed on day 1 unc-49(e407) worms that lack GABA receptors due to a 

premature stop codon in the sequence encoding the receptor subunits (Bamber 

et al., 1999) (Figure 25B). In response to levamisole unc-49(e407) worms 

contracted slower than wild type but reached the same maximal contraction 

within 1 minute. If inhibitory GABAergic signalling was reducing the 

contraction of the worms one would expect that the unc-49(e407) mutants 

would either contract faster than wild type or have a higher maximal 

contraction. It is possible that the slower contraction at the early time point in 

the unc-49(e407) background is a secondary consequence of chronic lack of 

GABAergic signalling across development, and I conclude that it is unlikely that 

GABAergic signalling will affect interrogation of cholinergic neuromuscular 

synapses in the contraction-based levamisole assay. 
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Figure 25: The analysis of mutants deficient in cholinergic and GABAergic 

signalling using the levamisole contraction assays. (A) 100µM levamisole 

causes hypercontraction through the UNC-38-dependent levamisole sensitive 

receptor (wild type n=8; unc-38(x20) n=7). (B) Loss of the UNC-49-dependent 

GABA receptor results in a slower contraction in response to levamisole 

treatment, although maximal contraction is not altered (n=10 per group; two 

way ANOVA with Bonferonni post-test, *p<0.05). All error bars represent mean 

± s.e. mean. 
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3.2.3 Morphological correlates of the pharmacological assays  

The neuromuscular junctions between body wall muscles and motor neurons 

are located on the tips of muscle arms, extensions that project from the 

muscle cells (Dixon and Roy, 2005). These muscle arms can be identified by 

imaging strains with fluorescent proteins in the muscle cells. Worms 

containing the trIs30 transgene (him-4p::MB::YFP + hmr-1b::DsRed2 + unc-

129nsp::DsRed2) (Dixon and Roy, 2005) were imaged in the wild type and unc-

17(e113) backgrounds. This permitted identification of muscle arms, as the 

transgene results in a subset of muscle cells showing a strong expression of 

yellow fluorescent protein (YFP). Interestingly, worms with the unc-17(e113) 

mutation resulting in defective acetylcholine packaging into synaptic vesicles 

and hence defective cholinergic neurotransmission (Rand, 1989) have a lower 

number of muscle arms than wild type worms (Figure 26A-B). This means they 

have fewer points at which the muscle cells contact the motor neurons. This is 

not due to delayed development as a similar difference is seen on day 5 of 

adulthood (Figure 26D). The implications of this observation are discussed 

later (Section 3.3.4). Notably, however, the levamisole assays represent a 

functional correlate of this morphological observation. Thus, unc-17(e113) 

worms exhibited a delayed contraction in the levamisole contraction assay 

(Figure 26C). This confirms that contraction-based whole worm assays can 

identify functional changes in neurotransmission that have an anatomical 

basis.  
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Figure 26: Drug-induced contractile assays identify functional changes that 

have an anatomical basis. (A) Day 1 unc-17(e113) worms have fewer muscle 

arms than wild type (wild type: n= 9 worms, 36 cells, 134 arms; unc-17(e113): 

n=3 worms, 15 cells, 41 arms; **p<0.01; unpaired t-test). (B) Representative 

images from day 1 wild type (top) and unc-17(e113) (bottom) worms. White 

arrows indicate muscle arms. (C) Day 1 unc-17(e113) worms are less 

responsive to levamisole than age matched wild type counterparts (n= 7 and 9, 

respectively; two way ANOVA with Bonferroni post-test *p<0.05). (D) Day 5 unc-

17(e113) worms have fewer muscle arms than wild type (wild type: n= 4 
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worms, 29 cells, 104 arms; unc-17(e113): n=8 worms, 34 cells, 89 arms; 

***p=0.001; unpaired t-test). All error bars represent mean ± s.e. mean.  

3.2.4 Using the optimised pharmacological assays to dissect 

neuromuscular transmission in ageing worms 

3.2.4.1 Aldicarb 

The optimised pharmacological assays were used to investigate neuromuscular 

function as the worms aged. The results on days 3, 5, 10 and 16 of adulthood 

were compared with a parallel day 1 group of worms as a benchmark. The 

aldicarb assays showed that day 3 worms contracted faster than day 1 worms, 

with a larger maximal contraction (Figure 27A). Day 5 worms contracted faster 

than wild type (Figure 27B), as did day 10 worms (Figure 27C). This agrees 

with the data in the preliminary assays described in Figure 23B. Surprisingly, 

day 16 worms showed a very similar contraction profile to day 1 worms (Figure 

27D) indicating that at the neuromuscular junction the presynapse still 

releases acetylcholine at this age, the postsynapse is still capable of 

responding to it by signalling to the muscle cells to contract, and lastly that 

the muscle cells are still capable of contraction even at advanced age. In order 

to efficiently summarise the data from different ages on a single graph I 

designed the “contraction index” which is the total area under the curve on the 

fractional response graphs in Figure 27A-D. This takes into account both the 

speed and size of contraction in response to the drug (Figure 27E). 
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Figure 27: The response of wild type C. elegans to aldicarb is altered with 

age. (A – D) The fractional response of wild type worms placed on aldicarb 

across ageing, in parallel with worms on day 1 of adulthood (n=6-21 animals 

per group; two way ANOVA with Bonferroni post-test; *p<0.05; **p<0.01; ***, 

p<0.001; ****p<0.0001). (E) The contraction index of different ages of worm in 

response to aldicarb. The contraction index utilises the area under the curve in 

the fractional response graphs as a measure of the effect of the drug. All ages 

are ratioed to the contraction index of worms on day 1 of adulthood, which is 

given a contraction index of 1. **** indicates p<0.0001 when compared 

against day 16, using a Bonferroni post-test. *** indicates the same with the 

exception that p<0.001. All error bars indicate mean ± s.e. mean. 
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3.2.4.2 Levamisole 

Levamisole assays were next used to interrogate the functionality of the 

postsynaptic compartment of the neuromuscular junction and the muscle cell, 

independent of presynaptic function. This was conducted by measuring the 

response over a 5 minute time course. There was not much change between 

day 1 and 3 of adulthood (Figure 28A), whilst day 5 worms contracted faster 

than day 1 worms (Figure 28B) and day 10 worms showed a similar profile to 

day 1 worms (Figure 28C). Day 16 worms showed a great deal of variation 

compared to day 1 worms, and there was a trend towards a slower contraction 

than day 1 worms (Figure 28D). The summary graph in Figure 28E illustrates 

the trend across the different ages. 
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Figure 28: The response of wild type C. elegans to levamisole is altered 

with age. (A – D) The fractional response of wild type worms placed on 

levamisole on day 3, 5, 10 and 16 of adulthood, respectively, plotted against 

worms on day 1 assayed in parallel (for each group, n=9-10; two way ANOVA 

with Bonferroni post-test; **p<0.01) (E) The contraction index of different ages 

of worm in response to aldicarb. * indicates a significant difference of p<0.05 

between worms day 5 and 16, using a Bonferroni post-test. All error bars 

indicate mean ± s.e. mean. 
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I next looked at the whether the sensitivity of the worms to levamisole dose 

changes as the worms aged, using the whole worm contraction assays. Day 1 

and 5 worms had a similar EC
50

 of around 30-50µM (Figure 29). The day 16 

worms, however, exhibited a bell shaped curve that is difficult to interpret 

given the high variability of contraction at this age (Figure 29). It may be 

possible that aged muscle cells are unable to maintain contraction induced by 

a large stimulus, supported by the earlier observation that over long periods of 

levamisole treatment (1h) day 16 worms are unable to sustain contraction 

(Figure 23A). 

 

Figure 29: Dose-dependency of levamisole-induced contraction of different 

ages of wild type C. elegans. Dose-dependency was determined by calculating 

the contraction index of the worms on each concentration of levamisole (i.e. 

the area under the fractional response graph, representative of both speed of 

contraction and maximal contraction). Worms on day 1 and 5 adulthood have a 

similar EC50 of around 30-50µM. The data for worms on day 16 is variable and 

unclear, but may represent disrupted muscle function under high levels of 

stimulation. N=10 for all time points except for 10µM on day 5, where n=9. All 

error bars indicate mean ± s.e. mean. 
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3.2.4.3 Nicotine 

Because levamisole sensitive receptors only represent one of the two classes of 

ionotropic acetylcholine receptors at the neuromuscular junction, the other 

levamisole-insensitive, nicotine-sensitive class comprised of ACR-16 subunits 

was tested using nicotine in the whole worm contraction assays. Using day 1 

worms, a high dose of nicotine (10-31mM) was required to make worms 

contract to comparable levels seen in levamisole assays (Figure 30A-B).  

 

Figure 30: High concentrations of nicotine are required to make worms 

contract. (A) Nicotine causes contraction of day 1 worms in a dose-dependent 

fashion (n=7-10 for each concentration). (B) A dose-response curve based on 

the 300 second time point in (A). All error bars indicate mean ± s.e. mean. 
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Day 3, 5 and 16 worms had a similar contraction profile to day 1 worms 

(Figure 31A, B and D, respectively), whilst day 10 worms were slightly different 

(Figure 31C). The interesting observation here is that in contrast to levamisole 

(Figure 28B), on nicotine the day 5 worms did not show an increased 

contraction compared to day 1 worms (Figure 31B). This may suggest that 

there is a selective effect on levamisole-sensitive receptors at this age, but not 

nicotine-sensitive. However, due to the extremely high concentration of 

nicotine required for the worm contraction it is difficult to form solid 

conclusions as it is possible there are off target effects. 

 

Figure 31: The response of wild type C. elegans to nicotine across age. (A-

D) The fractional response of wild type worms placed on 31mM nicotine on day 

3, 5, 10 or 16 of adulthood, respectively, plotted against worms on day 1 

assayed in parallel (for each group, n=6-10; two way ANOVA with Bonferroni 

post-test; *p<0.05). All error bars indicate mean ± s.e. mean. 
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3.2.5 Muscle arms do not degenerate with age 

Previously it was observed that a change in response to levamisole in the unc-

17(e113) background was coincident with a reduction in the number of muscle 

arms (Figure 26). Therefore, worms containing the trIs30 transgene were and 

muscle arm numbers were quantified in order to determine if there were any 

differences with age. Worms containing the transgene (strain RP247) had a 

similar lifespan to wild type worms (Figure 32A). There was no significant 

difference in the number of muscle arms on days 1, 5 or 16 of adulthood 

(Figure 32B-C), suggesting an alteration in neuromuscular transmission rather 

than morphological changes may be the cause of the functional changes 

observed using the whole worm contraction assays. 
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Figure 32: Muscle arms do not degenerate with age. (A) The lifespan of the 

RP247 strain, containing the trIs30 transgene (him-4p::MB::YFP + hmr-

1b::DsRed2 + unc-129nsp::DsRed2) is not significantly different to wild type 

worms (wild type n=391 with 69 deaths, median survival 14 days; RP247 

n=180 with 48 deaths, median survival 14 days; log rank test, p=0.0663). (B) 

The number of muscle arms per muscle cell is not significantly altered with age 

(day 1: n = 9 worms, 36 muscle cells, 134 muscle arms; day 5: n = 8 worms, 

35 muscle cells, 89 muscle arms; day 16: n = 7 worms, 50 muscle cells, 167 

muscle arms; one way ANOVA, p=0.32; mean ± s.e. mean). (C) Representative 

images of muscle cells and muscle arms from day 1, 5 and 16 of adulthood 

(top to bottom, respectively). 
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3.2.6 Reduction of insulin signalling selectively affects the presynaptic 

component of early ageing 

Next the effects of ageing on neuromuscular transmission were investigated in 

a classic longevity mutant, daf-2(e1370). As described in the General 

Introduction, daf-2 encodes the worm insulin/IGF-1 receptor (Kimura et al., 

1997). daf-2(e1370) worms have a point mutation in the kinase domain of 

DAF-2, have reduced DAF-2 signalling compared to wild type worms, and when 

grown at 20°C are long lived compared to wild type (Kenyon et al., 1993). The 

median lifespan of daf-2(e1370) worms at 20°C was 38 days compared to 17 

days for wild type worms (Figure 33A). Other labs have shown that this 

lifespan increase also corresponds to an increased healthspan (i.e. preserved 

motility) in the daf-2(e1370) background (Kenyon et al., 1993), an effect that 

was also observed in this study (Figure 33B). daf-2(e1370) worms initially swim 

at a lower frequency than wild type on day 1 and day 5 of adulthood, but 

maintain their swimming ability later in age so that despite swimming ability 

continuing to decline on day 10 and 16 the daf-2(e1370) worms are swimming 

better than wild type (Figure 33B). As described earlier it is difficult to resolve 

using behavioural assays whether changes seen are due to changes in 

neuromuscular transmission or changes in other components. Therefore the 

daf-2(e1370) neuromuscular junctions were interrogated using the aldicarb 

and levamisole whole worm contraction assays. Surprisingly the daf-2(e1370) 

worms had an absence of the increase in response to aldicarb treatment 

previously observed during early ageing in the wild type background (Figure 

33C). There was, however, a similar pattern to wild type worms in the 

levamisole assay, with an increase in response to levamisole during early 

ageing (Figure 33D). This suggests that in the daf-2(e1370) background the 

worms lack the presynaptic changes responsible for increased acetylcholine 

release seen in the wild type background during early ageing. 
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Figure 33: Perturbation of insulin/IGF-1 signalling modifies the effects of 

age on C. elegans neuromuscular function. (A) daf-2(e1370) worms are long-

lived compared to wild type (wild type n=202, 46 deaths, median survival 17 

days; daf-2(e1370) n=200, 60 deaths, median survival 38 days; log rank test; 

*p<0.0001). (B) daf-2(e1370) worms have a slower decline in swim cycle 

frequency than wild type during ageing (n=20 for each group; unpaired t test; 

**p<0.01; ***, p<0.001; ****p<0.0001). (C) The aldicarb-induced contraction 

index of daf-2(e1370) worms was compared to age-matched wild type worms 

and showed a steady decline with age (n=10-20 per group). For comparison, 

the contraction index for wild type worms on aldicarb is included as a dashed 

line. Statistical significance was calculated by comparing each age to the first 

day of adulthood (Bonferroni post-test; *p<0.05; **p<0.01). (D) The levamisole-

induced contraction index of daf-2 worms first increases and then decreases 

with age (n=10 per group). Again, the contraction index for wild-type worms 

on levamisole is included as a dashed line as a reminder. Here, statistical 

significance was calculated by comparing each age to day 5 of adulthood 

(Bonferroni post-test; ****p<0.0001). All error bars indicate mean ± s.e. mean. 
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3.3 Discussion 

C. elegans motility declines from the first day of adulthood (Collins et al., 

2007). This study has modified established pharmacological assays of 

neuromuscular function to better resolve changes in synaptic transmission 

with age. Paralysis is the traditional measurement that is used to quantify the 

effects of pharmacological manipulation (Mahoney et al., 2006). However this 

has limited value in the context of ageing as worms become progressively 

immotile with age.  To better resolve the basis of the age dependent immotility 

this study uses a contraction-based analysis that measures the contraction of 

the worm (Glenn et al., 2004) over a time course of drug treatment.  

3.3.1 Behavioural decline 

This study showed, like others before, that as C. elegans ages its swimming, 

eating, and ability to crawl across a solid medium decline (Figure 20). This has 

previously been attributed to changes in muscle function, as the nervous 

system remains relatively intact across ageing in C. elegans (Herndon et al., 

2002) and muscle cells have been shown to undergo structural changes that 

may represent sarcopenia (Chow et al., 2006; Glenn et al., 2004; Herndon et 

al., 2002). However, this study evidences that even aged muscle cells are 

functionally intact (although they may be unable to sustain levamisole-induced 

hypercontraction for extended periods of time). Supporting this is the 

observation that despite the ultrastructural changes seen in aged muscle cells, 

they do not fully disintegrate (Herndon et al., 2002).  

Despite the lack of neuronal loss during ageing in C. elegans, several recent 

studies have identified subtle morphological alterations that appear with age. 

Mechanosensory and GABAergic motor neurons show branching with age (Tank 

et al., 2011), and beading, blebbing, branching and separation from the nerve 

cord were  observed in touch receptor neurons  and cholinergic motor neurons 

(Pan et al., 2011). Finally, branching and beading were again found in touch 

receptor and sensory neurons, and changes in the trajectories of some axons 

from a straight path to a wavy path were observed (Toth et al., 2012). 

However, in this case GABAergic motor neurons only showed a low frequency 

of morphological changes, and two interneurons in the nerve ring did not show 

any changes at all, supporting the idea that some neurons may be selectively 
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vulnerable to the effects of ageing (Toth et al., 2012). It is possible that the 

changes in neuronal morphology described above result in or are coincident 

with functional changes in the neurons that may contribute to the behavioural 

decline seen in the worm as it ages.  

Lastly, the behavioural decline may be contributed to by defects in synaptic 

transmission. This may be due to defective signalling across the 

neuromuscular junction, defective signalling between neurons in the motor 

circuit or a mixture of both. The only investigation addressing this is by Toth 

et al. (2012), who used electron microscopy of synapses from the nerve ring 

and ventral ganglion of young and aged C. elegans to show a depletion of 

synaptic vesicles in aged worms. The functional consequences of this were not 

investigated, but the observation of morphological changes is consistent with 

the possibility that aged synapses in C. elegans may be functionally 

compromised. This study (Chapters 3-5 and Mulcahy et al. (2013) is concerned 

with how neuromuscular transmission changes with age, using a primarily 

pharmacological approach. The evidence suggests that very aged worms still 

have working neuromuscular junctions, and thus it is unlikely that changes in 

neuromuscular transmission plays a major role in the behavioural decline seen 

in ageing C. elegans. Age-related behavioural decline may therefore be due to 

changes in the upstream neuronal networks that control locomotion. 

3.3.2 Contraction in response to levamisole and aldicarb allows 

quantification of neuromuscular function independent of worm 

motility 

The traditional methodology for pharmacologically probing neuromuscular 

transmission using levamisole and aldicarb is based on paralysis of 

populations of worms (Mahoney et al., 2006). However, as aged worms are 

already paralysed (Figure 20) an alternative methodology was required. An 

early study used contraction after 20 minutes levamisole exposure to quantify 

postsynaptic function in ageing C. elegans (Glenn et al., 2004). However, a 

single time point is a more limited measure of neuromuscular function. For 

example in Figure 21A, worms on day 1 of adulthood showed a similar level of 

levamisole-induced contraction after 5 and 155 minutes. However, worms on 

day 4, 7 and 16, as well as L4 worms showed different levels of contraction 

after 155 minutes compared to 5 minutes. Therefore an approach that involves 
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taking multiple measurements of worm contraction across a time period 

dependent on the drug used was adopted (Figure 24). Levamisole caused a 

rapid contraction of the worms (<10s), therefore contraction was measured 

over a short time period of 5 minutes. Aldicarb results in a slower contraction 

of the worms, so contraction was measured in aldicarb assays for 5 hours, the 

time taken to see maximal contraction in Figure 23B. This information on the 

temporal kinetics of whole worm contraction takes into account 1. how fast the 

worm contracts, and 2. the maximal contraction of the worms. How fast the 

worm contracts is particularly informative in the case of the aldicarb assays, 

where the rate contraction is indicative of the rate of acetylcholine release from 

the presynapse. For example in Figure 27B day 5 worms reach the same 

maximal contraction after 5 hours as day 1 worms. However, they reach this 

maximal contraction much faster than day 1 worms, indicative of more 

acetylcholine release (Figure 27B).  

In addition to measuring a time course of worm contraction, it was important 

to include a further control. The original measurements (Figure 21, Figure 22 

and Figure 23) simply used the length of the worm before movement onto the 

drug plate as an internal control. The length measurements taken from the 

same worm over subsequent time points on the drug plate would then be 

ratioed against the initial length of the worm to measure the drug effect. 

However, Figure 21C indicated that worm length can change across time in the 

absence of drug, indicating the necessity of an external control where worms 

are put onto a drug-free plate and their lengths are determined in the same 

way as on the drug plates. There is a contraction of worms after picking 

(Figure 23B) which is likely due to the mechanical nature of worm picking. 

Therefore the results are represented in the optimised pharmacological assays 

as the response of the worms to the drug minus the non-drug controls, which I 

called ‘fractional response’. This is a simple, clear way to represent the effects 

of aldicarb and levamisole on different worms. 

3.3.3 Limitations of the contraction-based pharmacological assays 

There are of course limitations to the pharmacological approach described 

above. The stimuli used to make the worms contract (aldicarb and levamisole) 

result in very high levels of cholinergic signalling, much in excess of what 

would be experienced during normal behaviour. I cannot rule out the 



 

 101   

possibility that there may subtle defects at the C. elegans neuromuscular 

junction that are only apparent at physiological concentrations of 

acetylcholine, as these may be overcome by the excess stimulation seen in the 

drug assays. This is supported by a previous study that documented 

behavioural changes that occur as C. elegans age (Glenn et al., 2004). They 

performed an interesting experiment with arecoline, an agonist of muscarinic 

acetylcholine receptors that stimulates acetylcholine release from the 

neuromuscular synapse. Elevation of acetylcholine release in aged worms by 

arecoline resulted in an increase in spontaneous locomotion levels (Glenn et 

al., 2004), suggesting that locomotory behaviour in aged worms is not limited 

by defective muscle function (consistent with our observations of aged worms 

upon aldicarb treatment in Figure 27D). It is possible that this observation may 

have been reflective of reduced acetylcholine release, a reduced ability of the 

postsynapse to respond to the same amount of cholinergic input, or a 

combination of both. 

In addition, potential effects of body mechanics as a variable in the contraction 

assays cannot be ruled out. Aged worms exhibit a striking increase in the 

thickness of the cuticle compared to young worms, and disorganisation of 

muscle cells (Herndon et al., 2002). Whether this results in changes to body 

mechanics that may contribute to behavioural decline is not known, however 

there are methods to investigate these possibilities (Park et al., 2007). Given 

the increased thickness of the cuticle (Herndon et al., 2002), and the reduction 

in pharyngeal pumping in aged worms (Figure 20C) it is also possible that 

there are differences in the pharmacokinetics of the drugs. It is not known how 

well the drugs diffuse across the cuticle or how dependent the speed of drug 

action is on ingestion through pharyngeal pumping. However, if the cuticle is 

thicker and the worm pumps less, then it is possible that there are changes in 

how fast the drug reaches the neuromuscular synapses. 

It is also important to consider the localised nature of synaptic transmission. 

Neurotransmitter is released from defined sites at the presynapse directly 

apposed to a high density of neurotransmitter receptors on the postsynapse. It 

is possible for instance that receptors are less tightly localised at the 

neuromuscular synapses in aged worms, and there is precedent for this in the 

observation that acetylcholine receptors become mislocalised in a worm 

expressing the Aβ protein implicated in the age-related human 
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neurodegenerative condition, Alzheimer’s disease (Rebolledo et al., 2011). If 

these mislocalised receptors are still capable of contributing to worm 

contraction then the pharmacological assays may not identify corresponding 

neuromuscular defects. This is because the levamisole is applied exogenously 

to the whole worm, and the aldicarb causes a build-up of acetylcholine that is 

likely to spill over into volume transmission.  

Lastly, an issue with the pharmacological assays as described above is that 

they are relatively low throughput. To compare two groups of worms in the 

aldicarb assay (whether they differ in age or in genotype) it takes around 12 

hours, and the researcher is limited to comparing two groups at once. It then 

takes more time to manually quantify the contraction states of the worms 

using ImageJ graphics software. It is possible that this issue could be overcome 

by using microfluidic application of drugs (Stirman et al., 2010) in combination 

with relatively cheap, commercially available image acquisition hardware so 

one could measure the lengths of many worms at once. The quantification of 

worm length could also be automated. In addition, existing optogenetic 

methods could be integrated into the analysis of neuromuscular function 

(Stirman et al., 2010) to allow the use of more localised signalling to cause 

worm contraction rather than ‘bath application’, and GABAergic drugs, e.g. 

muscimol or pentylenetetrazole (PTZ) (Locke et al., 2008) could be used in 

worm length-based ‘relaxation assays’ to look at GABAergic signalling. 

Therefore with a modest amount of extra work and cost these contraction-

based drug assays could be modified to investigate synaptic function in a 

variety of contexts (e.g. ageing, synaptic mutants, genetic screens) in a high 

throughput manner. The use of microfluidics would also avoid the picking-

induced contraction of the worms seen in the control population in Figure 24B. 

3.3.4 Muscle arm formation may be activity-dependent 

As I was characterising the pharmacological assays I tested them on the unc-

17(e113) mutants. These mutants have defective cholinergic signalling due to 

a reduction in expression of unc-17 (the vesicular acetylcholine transporter) 

and cha-1 (choline acetyltransferase) (Rand, 1989). unc-17(e113) worms had 

fewer muscle arms than wild type worms, raising the question of whether the 

formation of muscle arms is activity dependent. Supporting this, it has been 

shown in a mutant worm with excess exocytosis that there is a higher density 
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of synaptic puncta in the dorsal nerve cord than in a wild type background 

(Guthmueller, 2011). Further studies are required to investigate this further, 

including investigating whether in other mutant worms defective in 

neurotransmitter release also have fewer muscle arms, and whether this 

corresponds to fewer neuromuscular junctions. In addition, muscle arms are 

formed in two phases – a ‘passive’ phase during embryogenesis and an ‘active’ 

phase during larval development (Dixon and Roy, 2005). It would be 

informative to narrow down the temporal requirement of acetylcholine release 

during muscle arm formation to see if it is required for the ‘passive’ phase in 

the embryo or the ‘active’ phase during larval development, and whether it is 

required for the maintenance/ consolidation of muscle arms during later 

development. This could be accomplished using temperature-sensitive alleles 

of genes involved in acetylcholine release, and by using RNAi directed against 

genes involved in neurotransmitter release in an RNAi-sensitive strain of worm. 

3.3.5 Wild type worms release more acetylcholine from neuromuscular 

synapses during early ageing 

As worms went through ‘early ageing’ (from day 1 to day 5 of adulthood), 

there was a strengthening of the synapse both pre- and postsynaptically. This 

may be due to increased acetylcholine release, an increased efficiency of the 

postsynapse in translating presynaptic signals into muscle contraction, or a 

combination of both. The presence of an effect during the aldicarb assays on 

day 3, 5 and 10 of adulthood (before, during and after the effect in the 

levamisole assays, seen only on day 5) points to the presynapse having a 

primary role in this synaptic strengthening. It is possible that the postsynaptic 

effect is secondary to the presynaptic. From here until day 16 of adulthood, 

late in the lifespan of the worm, the response to the drugs decreased back to 

the levels they were on the first day of adulthood. This suggests that the ability 

of the neuromuscular synapse to initiate a muscle contraction in response to 

excess pharmacological stimulation is maintained into the late stages of 

ageing but reduced relative to what it was on day 5 of adulthood. This analysis 

at distinct stages of worm ageing suggests a biphasic modulation of 

neuromuscular function as the worm ages from a young adult to older adult, to 

an organism beyond the median point of its life expectancy. The observation 

of a stronger neuromuscular system during early ageing is supported by a 
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recent study on male C. elegans, suggesting an increased excitability of the 

muscle cells used during mating in early ageing (Guo et al., 2012). This was 

coupled with the observation that the spicule muscles of males on the third 

day of adulthood are hypersensitive to levamisole (Guo et al., 2012).  

There is an interesting discontinuity in the observations derived from the 

pharmacological and behavioural assays. In the latter motility and pharyngeal 

nerve-muscle function appear to be in decline during a period that the 

pharmacological assays of neuromuscular function are suggesting improved 

efficacy that peaks on day 5 of adulthood. In male worms, Guo et al. (2012) 

suggest that the hyperexcitability seen in the muscle cells used for mating 

during early ageing may be the basis for the decline in mating behaviour. 

Indeed, by genetically reducing the excitability of the muscle cells they delayed 

the behavioural decline (Guo et al., 2012). Therefore, an increased strength of 

neuromuscular transmission does not necessarily correlate with the ability to 

execute intact behaviours. More important is the coordination of a network 

activity between different types of neurons to effect the contraction and 

relaxation of muscle cells in the appropriate temporal and spatial patterns to 

support the behaviours. This coordinated network activity may play a role in 

the behavioural decline seen during ageing in C. elegans. Supporting this, the 

pattern of thrashing becomes irregular in aged worms (qualitative observation; 

they make don’t complete full swim cycles, they ‘get stuck’, and often look as 

if they are trying to crawl rather than swim). It would be interesting to see if by 

genetically reducing the excitability of the muscle cells, as done by (Guo et al., 

2012), we could slow the behavioural decline of C. elegans. 

3.3.6 Very aged, immobile worms still have intact neuromuscular 

synapses 

Strikingly, day 16 worms that are very immotile (Figure 20) still contract in 

response to aldicarb treatment to a similar degree as non-paralysed worms on 

day 1 of adulthood (Figure 27D). This indicates that these very aged worms 

still release acetylcholine from the presynapse that can be sensed by the 

postsynapse and converted into the corresponding muscle contraction. This 

suggests that even in very old, paralysed worms the neuromuscular synapses 

(and muscle cells) are functionally intact, rather pointing towards coordination 

of neuronal signalling in the motor circuit as a potential effector of behavioural 
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decline in ageing worms. The pharmacological assays indicate similar 

strengths of neuromuscular transmission in both wild type and long-lived daf-

2(e1370) mutants on day 16 of adulthood, even though at this age daf-

2(e1370) mutants are more mobile than wild type. This further emphasises 

that neuromuscular transmission is not the major substrate for age-related 

immobility in C. elegans, supporting the role for neuronal network 

coordination at a hierarchal level above the neuromuscular junction in age-

related behavioural decline.  

Consistent with preserved neuromuscular synapses in aged worms, I did not 

observe any significant difference in the numbers of muscle arms in C. elegans 

across ageing (Figure 32; day 1: 3.821 ± 0.1988 muscle arms/muscle cell 

(n=9); day 5: 3.558 ± 0.1248 (n=4); day 16: 3.343 ± 0.2835 (n=7)), however it 

would be informative to obtain information on the number of neuromuscular 

junctions in different ages of animal.  

As mentioned earlier, a recent study identified fewer synaptic vesicles and 

smaller presynaptic terminals in the nerve ring and ventral ganglia of aged C. 

elegans (Toth et al., 2012). Whether this is also observed at C. elegans 

neuromuscular junctions is unknown. Further investigation is required to 

assess the morphological and functional changes that occur at synapses in C. 

elegans with age. 

3.3.7 Reduced insulin signalling causes a prolongation of lifespan and 

healthspan 

After characterising the wild type neuromuscular junction across age using the 

optimised pharmacological assays, neuromuscular transmission was 

characterised across age in a daf-2 reduction of function mutant, daf-2(e1370). 

Similar to previous reports (Kenyon et al., 1993), this mutant had extended 

lifespan and preservation of motility with age (Figure 33A-B). 

3.3.8 Insulin signalling is required for the increase in acetylcholine 

release during early ageing  

In the daf-2(e1370) mutants there was a selective loss of the increased 

contraction in response to aldicarb during early ageing seen in wild type 

worms. However, during the same period the response to levamisole follows a 
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similar pattern to wild type. Therefore genetic reduction of insulin signalling 

has a selective impact on presynaptic alterations seen during early ageing. This 

could be due to direct modulation by the insulin signalling pathway or a 

secondary, downstream effect of enhanced cellular maintenance in this genetic 

background. Supporting the possibility of a direct effect is the presence of an 

increased response to levamisole during early ageing in the daf-2(e1370) 

mutant background, similar to wild type. If the effect was a global one, 

downstream of cellular maintenance, one would expect both aldicarb and 

levamisole measurements to be modified similarly. In addition, one would 

expect the aldicarb-induced contraction index of daf-2(e1370) mutants to show 

a similar pattern to wild type, simply shifting the increased response to 

aldicarb to later ages, a pattern we did not see. In order to confirm and expand 

the observations made regarding the role of insulin signalling in modulation of 

neurotransmitter release across early ageing, different reduction of function 

alleles of daf-2 in combination with a daf-2 rescue strain should be assayed. 

This approach is required to ensure that the effects are due to a specific 

reduction in DAF-2 signalling and rule out the possibility of non-target genetic 

alterations contributing to changes in neuromuscular signalling. In addition, 

the use of cell-specific rescues will provide spatial information on where DAF-2 

may act to modulate neurotransmitter release during early ageing. 

Insulin signalling has been shown to play a role in learning and memory in C. 

elegans (Kauffman et al., 2010; Lin et al., 2010; Murakami et al., 2005a; Oda et 

al., 2011; Pereira and van der Kooy, 2012), consistent with a potential role at 

synapses. A recent study identified insulin signalling in the regulation of the 

development of neuromuscular junctions in C. elegans (Hung et al., 2013). A 

DAF-16-dependent retrograde signal from the muscle cells to the motor 

neurons acts to inhibit synaptic growth. When DAF-2-dependent insulin 

signalling in the muscle cell is activated by insulin-like peptides from the 

motor neuron the DAF-16-dependent inhibitory signal is reduced and synapses 

can undergo growth and development. There is a protein called FSN-1 that acts 

to reduce the release of insulin-like peptides from the mature neuromuscular 

junction, required for stopping the developmentally regulated synapse growth 

and allowing the synapses to mature functionally (Hung et al., 2013). It is 

possible that such a developmental program goes awry in ageing C. elegans, 

and this is especially interesting to consider in the context of the 
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developmental drift theory of ageing described in the General Introduction 

(1.1.3.4), for which there is supporting evidence in C. elegans (Boehm and 

Slack, 2005; Budovskaya et al., 2008). Further work is required to identify the 

how insulin signalling regulates the increase in acetylcholine release from the 

C. elegans neuromuscular junction during early ageing. 

In addition, there is evidence of a role for insulin signalling in modulation of 

presynaptic function in other systems. Acute insulin signalling has been shown 

to modify neurotransmitter release processes at presynaptic terminals in the 

mammalian brain (Zhao and Alkon, 2001). IGF-1 has also been shown to 

potentiate quantal secretion at developing motoneurons in Xenopus cell 

culture, with acute application enhancing spontaneous acetylcholine release 

(Liou et al., 2003). In the Xenopus model, it has been postulated that the IGF-1 

is released from the myocytes to support presynaptic development (Liou et al., 

2003). However, further studies are required to distinguish whether the effects 

of daf-2 reduction of function on presynaptic function during early ageing are 

direct or indirect. 

daf-2 mutants do have differences to wild type in the expression of a range of 

genes involved in synaptic function, including genes involved in 

neurotransmitter release (Shen et al., 2007). Such biochemical analysis may be 

of value at different ages in the wild type and daf-2 backgrounds to get a 

clearer picture of the molecular mechanisms involved in the alterations of 

synaptic strength we see during ageing.  

3.3.9 Conclusion 

In summary, the data in this Chapter show that even in very aged worms, 

neuromuscular synapses may be functionally intact. Muscle cells also appear 

functionally intact. The evidence instead points to the possibility that the 

control of locomotion by coordinated signals in the motor circuit may be 

contribute to behavioural decline in ageing C. elegans (Figure 34). This 

observation resonates with emerging studies from human frailty which reveal 

that age related immobility is underpinned by dysfunction in motor neurons 

and upstream neural pathways that control their output (Campbell et al., 1973; 

Delbono, 2003; Deschenes et al., 2010) (see Section 1.3).  
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In addition, using the contraction-based assays I have identified a previously 

unreported increase in the efficacy of neuromuscular transmission during early 

ageing that occurs during a period of behavioural decline Figure 34. This 

increase in neuromuscular transmission is dependent on insulin signalling and 

may represent inappropriate activation of a recently identified developmental 

pathway (Hung et al., 2013). The ability of insulin signalling to regulate 

changes in presynaptic strength is conserved with frogs and mammals (Liou et 

al., 2003; Zhao and Alkon, 2001), although the mechanisms are unknown. 

 

 

Figure 34: The ageing C. elegans neuromuscular system. As worms go 

through the larval stages their motor circuit develops. On day 1 of adulthood 

worms are moving optimally, and subsequently during early ageing their 

locomotion begins to decline. This early decline in locomotion is coincident 

with an increase in synaptic strength at the level of presynaptic release of 

neurotransmitter and postsynaptic sensitivity to neurotransmitter. The increase 

in presynaptic release is mediated by insulin signalling. During later ageing 

locomotion continues to decline and worms become paralysed. This is 

coincident with a decrease in synaptic strength, but not to levels below that 

seen on day 1 of adulthood when locomotion is optimal. This suggests that the 

coordination of locomotion by the motor circuit may be responsible for age-

related motility decline in C. elegans. 
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4. Chapter 4: An electrophysiological 

analysis of C. elegans neuromuscular 

function with age 

4.1 Introduction 

In the previous Chapter pharmacological techniques were used to investigate 

how ageing affects the C. elegans neuromuscular synapse. Evidence was 

provided for an increase in the levels of neurotransmission during early 

ageing, the presynaptic component of which was dependent on insulin 

signalling. Despite marked immotility at advanced age, C. elegans 

neuromuscular transmission was still intact. This Chapter will extend these 

observations using an electrophysiological approach. This will allow a more 

detailed analysis of synaptic transmission and a more selective evaluation of 

presynaptic and postsynaptic signalling. 

Electrophysiology constitutes measuring changes in electrical voltage or 

current to gain an insight into the electrical properties of biological samples. 

Current flow across a cell membrane is mediated by the flow of positively or 

negatively charges ions across the membrane, through ion channels. The ion 

channels may be selective for positively or negatively charged ions, or for 

selective ions. Ion channels may be opened by a variety of stimuli, including 

changes in membrane potential or ligand binding. 

4.1.1 C. elegans electrophysiology 

As described in the General Introduction, C. elegans has a range of attributes 

that make it an attractive model organism with which to investigate the 

fundamental mechanisms of biological phenomena. These advantages include 

genetic amenability, readily quantifiable, stereotypical behaviours and 

transparency to aid imaging studies. However, neurophysiological methods 

such as electrophysiology are challenging, given the small size of the worm. 

Despite the challenges of doing electrophysiology in C. elegans, the 

advantages to be gained by doing it in concert with the established genetic 

and behavioural techniques in C. elegans are great – you can go from genes to 
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behaviours to neurophysiology. In the context of this Chapter we want to 

investigate the neurophysiology of ageing neuromuscular junctions to 

determine the level of presynaptic neurotransmitter release and the 

postsynaptic sensitivity to neurotransmitter across ageing. 

The first electrophysiological recordings from C. elegans were extracellular 

readouts of pharyngeal muscle and neuron activity termed 

electropharyngeograms (EPGs; see Figure 35A). These were obtained by 

putting a glass electrode over the head of a worm and recording the 

extracellular activity (Raizen and Avery, 1994). This method allows 

identification the activity of discrete neurons and muscle cells (Cook et al., 

2006). In principle, it should be possible to use a similar method to analyse the 

defecation motor circuit, although no work has been done on this. The cut-

head preparation (cutting the nose off the worm, the cuticle retracts and 

exposes the pharyngeal muscle cells) also allows intracellular recordings ((Lee 

et al., 1997); Figure 35B). The next advance was in 1998 when Goodman and 

Lockery developed the fillet preparation of C. elegans (Goodman et al., 1998). 

This preparation consists of gluing the worms down with cyanoacrylic glue and 

piercing the worm cuticle with a dissection pipette in the region of the nerve 

ring. Because of the high hydrostatic pressure in the worm body, neuronal cell 

bodies are forced through the incision. In order to record from the neuron of 

interest a cell-specific promoter is used to drive cytosolic GFP expression in 

said neuron which can then be patch clamped (Goodman et al., 1998) (Figure 

35C). Richmond and Jorgenson then modified this technique to allow patch 

clamp recording from the C. elegans body wall muscle cells (Richmond and 

Jorgensen, 1999) (Figure 35D), resulting in the establishment of this technique 

as a method to investigate the molecular basis of neurotransmission (reviewed 

by Richmond, 2006). This is the preparation that will be used in this Chapter to 

investigate the ageing C. elegans neuromuscular junction. 
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Figure 35: Recordings using different electrophysiological techniques in C. 

elegans. (A) An EPG showing the characteristic peaks that correspond to 

muscle contractions and neuron firing in the pharyngeal circuit. Figure taken 

from (Cook et al., 2006). (B) Intracellular recording of action potentials from C. 

elegans pharyngeal muscle. Figure taken from (Cook et al., 2006). (C) A 

regenerative event obtained by patch clamping the RMD neuron and injecting 

current. Figure taken from (Mellem et al., 2008). (D) Whole cell patch clamping 

of body wall muscle cells allows recording of C. elegans neuromuscular 

transmission. The downwards deflections represent current flowing across the 

muscle cell membrane due to the opening of both cholinergic and GABAergic 

receptors. Figure obtained in this study. 

4.1.2 Electrophysiology at the C. elegans neuromuscular junction 

The anatomy and general features of the C. elegans neuromuscular junction 

are described in the General Introduction (Section 1.4.3.4). Multiple 

neuromuscular junctions are made by different classes of motor neurons with 

the same muscle cell at different sites. In addition, individual active zones 

signal to multiple postsynaptic partners that are located at different distances 

A B

DC
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from the release site (Liu et al., 2007; Wang, 2010; White et al., 1986). 

Therefore, different postsynaptic sites may get different doses of 

neurotransmitter from the same presynaptic site at different times (Wang, 

2010).  

C. elegans neuromuscular junctions release either acetylcholine or GABA to 

effect muscle contraction or relaxation, respectively.  

4.1.2.1 Cholinergic neurotransmission 

Once acetylcholine reaches the postsynaptic membrane it binds acetylcholine 

receptors. There is a rich diversity of acetylcholine receptor subunits in C. 

elegans (Rand, 2007). The ionotropic acetylcholine receptors at the 

neuromuscular junction are ligand-gated cation permeable channels (Hobert, 

2013; Rand, 2007). This means that once opened, extracellular Na+ flows down 

the concentration and voltage gradients into the cell, resulting in depolarising 

postsynaptic currents. The cholinergic receptors at the neuromuscular junction 

fall into two major classes depending on their subunit composition: 1. 

Levamisole sensitive, nicotine insensitive acetylcholine receptors (L-AChRs) that 

require the subunits UNC-29, UNC-38 and UNC-63 (Culetto et al., 2004; 

Fleming et al., 1997; Richmond and Jorgensen, 1999); and 2. Nicotine 

sensitive, levamisole insensitive acetylcholine receptors (N-AChRs) that are 

rapidly desensitising and require the subunit ACR-16 (Richmond and 

Jorgensen, 1999; Touroutine et al., 2005). Thus, when acetylcholine is released 

onto the postsynaptic membrane, the postsynaptic currents will be the product 

of activation of both N-AChRs and L-AChRs. L-AChRs are the major 

determinants of locomotion, whilst N-AChRs only contribute minimally to 

motility, exemplified by the lack of an obvious locomotion phenotype in acr-16 

null mutants that do not have functional N-AChRs (Touroutine et al., 2005). 

This is despite ACR-16-dependent currents contributing a major component of 

total electrically- and ACh-evoked postsynaptic currents identified in 

electrophysiological assays (Touroutine et al., 2005). However, these evoked 

assays may be of limited relevance to C. elegans biology. Electrical stimulation 

of the nerve cord evokes a large synchronous release of neurotransmitter that 

may be more relevant to action potentials in the mammalian nervous system 

rather than the plateau potentials and graded synapses of the worm (Section 

1.4.3). Following a similar argument, a sudden application of excess ACh may 
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also be of limited relevance. A recent study has identified that C. elegans body 

wall muscle contractions are controlled by bursting activity from the 

neuromuscular junctions, of much lower amplitude than the postsynaptic 

currents induced by electrical stimulation and ACh application, and of longer 

duration (Liu et al., 2013c). Consistent with a limited role for N-AChRs in C. 

elegans locomotion, acr-16 null mutants did not display a defect in bursting 

activity, whereas unc-29 mutants without functional L-AChRs did (Liu et al., 

2013c). 

In addition to the nicotinic-type AChRs, C. elegans contains muscarinic AChRs 

(Rand, 2007) which play key roles in modulating neurotransmission, including 

modulating presynaptic release of ACh in response to humoral ACh levels 

(Chan et al., 2013). 

4.1.2.2 GABAergic neurotransmission 

The ionotropic GABA receptors are encoded by a single gene, unc-49 (Bamber 

et al., 1999; Richmond and Jorgensen, 1999). In the intact worm GABA binding 

opens the UNC-49 channel and Cl- ions travel into the muscle cell, 

hyperpolarising it, promoting muscle relaxation. However, because of the 

composition of the solutions used during the recording in Figure 35D (the 

patch electrode solution is artificially loaded with Cl-), when the channels are 

opened by GABA during the recording the Cl- will instead travel out of the cell, 

resulting in a depolarisation (Richmond and Jorgensen, 1999). This means that 

both cholinergic and GABAergic events will appear as downwards events 

during the recording (Figure 35D).  

4.1.3 The patch clamp technique 

Patch clamping is a widely used electrophysiological technique that allows the 

investigator to record current changes or changes in membrane potential of a 

whole cell, part of the membrane of a cell, or single ion channels (Figure 36). 

Patch clamping was pioneered by Neher and Sakmann to allow precise 

measurement of the electrical properties and initially used to record single 

channel currents from frog muscle fibres (Neher and Sakmann, 1976). They 

applied a 3-5µm tip of a glass pipette to the muscle cell to electrically isolate a 

very small ‘patch’ of membrane (Figure 36A). They applied a ‘voltage clamp’ 

across the patch (maintaining the membrane potential at a fixed level) and 
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recorded the current that moved across the membrane (i.e. through the ion 

channels) and into the patch electrode. This protocol was subsequently refined 

to include the formation of the ‘giga-seal’, an apposition between the patch 

electrode and cell membrane so tight that the resistance of the patch is over 

1GΩ (Hamill et al., 1981). This allowed the formation of a ‘whole cell’ patch 

clamp, where the patch of membrane between the patch electrode tip and the 

cell is disrupted so that the solution in the patch electrode is continuous with 

the cytoplasm of the cell (Figure 36B). Further modifications to the technique 

allowed isolation of membrane from the cell in the form of ‘inside out’ and 

‘outside out’ patches (Figure 36C and D, respectively) so that investigators 

could analyse the properties of ion channels with known solutions on both 

sides of the membrane (Hamill et al., 1981). In addition the perforated patch 

was developed by including certain pore-forming proteins in the solution 

inside the patch electrode (Horn and Marty, 1988). This allows effective ‘whole 

cell’ recording, as the solution inside the patch electrode is in contact with the 

cytoplasm, but because the pores are only small the effects of dialysis of the 

cell with the patching solution is limited and recordings can be taken over 

extended periods of time (Horn and Marty, 1988). 
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Figure 36: The different types of patch clamp. (A) Cell attached mode is 

when the patch pipette is brought into contact with the cell membrane. Slight 

suction is applied to form a tight seal with the cell membrane. Using cell 

attached mode, one can record currents from single ion channels. (B) Whole 

cell mode is made by first achieving cell attached mode. Then stronger suction 

and sometimes ‘zaps’ of voltage (a pulse of 1.3V) are applied until the 

membrane spanning the lumen of the patch electrode ruptures and the 

contents of the patch electrode are continuous with the cytoplasm. In this 

mode recordings can be made of the current that flows across the cell 

membrane, changes in potential of the cell membrane or changes in the size 

of the cell (capacitance). (C) The inside out mode is achieved by going into cell 

attached mode and pulling the electrode away from the cell. Some of the time 

this will pull the membrane that spans the tip of the patch electrode with it. 

This is called the inside out mode because the side of the membrane that was 

previously inside the cell is now exposed to the external environment. (D) The 

outside out mode is achieved by going whole cell and then pulling the patch 

electrode away from the cell. This breaks the membrane which will often 

reform across the tip of the patch electrode with the side of the membrane 

previously facing the inside of the cell facing instead the inside of the patch 

pipette (Hamill et al., 1981). 

4.2 Results 

4.2.1 Optimising the technique 

4.2.1.1 Dissecting 

In order to record from C. elegans neuromuscular junctions the muscle cells 

first have to be dissected and exposed without damage to the muscle cells or 

the nerve cord. As described in the Materials and Methods (Chapter 2) worms 

are glued onto a Sylgard coated coverslip by applying glue to their dorsal side. 

The cuticle is then cut adjacent to the glue, the guts are removed and then the 

loose flap of cuticle is glued down onto the Sylgard in order to expose the 

ventral body wall muscle cells and the nerve cord (Figure 37A-B). Initially 

worms were glued in a straight orientation and attempts to patch the muscle 

cells were made using an inverted microscope, with no success. However, in 

consultation with Dr. Jana Liewald and Professor Alexander Gottschalk, 
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modifications to the dissection protocol were made. These constituted 1. Using 

a different collagenase (collagenase IV); 2. Glue the worms in a “C”-shape so 

that once dissected and the guts are removed by suction, the cuticle sits down 

and can be glued without stretching and damaging the muscle cells; 3. Using 

an upright microscope with a 40x dipping objective and DIC optics, so the 

muscle cell can be seen more clearly. This allowed a more ready assessment  

of the health of the muscle cell. If the muscle cell is healthy the striations are 

clearly visible (Figure 37C), whilst if it is not healthy it has a bobbly 

appearance.  

 

Figure 37: Healthy muscle cells and the ventral nerve cord in a dissected C. 

elegans. (A) A cartoon of the dissection process. Worms are attached to the 

worm
glue muscle	  cells

VNC

glue

A B

C



 

 117   

Sylgard coated coverslip by applying cyanoacrylic glue to the dorsal side of the 

worm. A slit (dotted line) is made on the dorsal side of the worm adjacent to 

the glue, anterior to the vulva. After this the guts of the worm are removed 

using mouth suction and some plastic tubing. (B) The severed cuticle is glued 

down to expose the ventral nerve cord (VNC) and ventral body wall muscle 

cells. (C) An image of a dissected worm. The ventral body wall muscle cells are 

clearly visible and can be viewed in higher detail in the inset. The muscle cells 

are healthy and have a clean, smooth, striated appearance. A patch electrode 

with a resistance of ~5MΩ is in contact with one of the muscle cells adjacent to 

the VNC.  

4.2.1.2 Recording from the neuromuscular junction 

The first recordings I obtained from the neuromuscular junction were done 

using sampling rates below what was required to accurately measure the 

amplitude and waveform of miniature postsynaptic currents (mPSCs). However, 

it is useful to include some of these experiments because they contain 

important information for optimising the technique.  

After obtaining a whole cell patch clamp and clamping the voltage to -60mV 

the cell can be depolarised stepwise. This opens a variety of channels in the 

cell and gives rise to characteristic currents (Figure 38A). These currents are 

attributed to K+ currents (Richmond and Jorgensen, 1999) and the observation 

of these currents reassures that the muscle cell is being patch clamped 

correctly.  

Three recordings of mPSCs were made whilst holding the membrane at -60mV, 

another three after switching to -40mV and finally another three after 

switching back to -60mV (Figure 38B). The amplitude of the current flowing 

through a given channel is dependent on the conductance of the membrane to 

the ions carrying the current and the difference between the reversal potential, 

and the membrane potential. The reversal potential is the potential at which 

there will be no net flow of a given ion across the membrane, and depends on 

the concentrations of the ion on the different sides of the membrane, the 

temperature, and the charge of the ion. Therefore, with the concentrations of 

ions used in the solutions (recipes in Section 2.12), temperature and the 

charge of the ion remaining constant, switching from -60mV to -40mV was 

predicted to result in smaller amplitude mPSCs because it decreases the 
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difference between the reversal potential and the membrane potential. This 

was the case (Figure 38D). There was a lower mPSC frequency during the 

downshift to -40mV, something that was not predicted (Figure 38C). Because 

the mPSCs are being recorded with a low sampling rate the amplitude is likely 

underestimated. As the mPSC amplitude is decreased further by switching the 

holding potential to -40mV it is possible that some of the events were missed 

from the analysis because they could not be distinguished from noise. What is 

clear is that as expected, reducing the voltage gradient across the cell 

membrane produced a corresponding decrease in the amplitude of mPSCs, 

giving confidence that the events observed are bone fide mPSCs (Figure 38B-

C).  
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Figure 38: Characterisation of recording from the neuromuscular junction. 

(A) Applying voltage steps to the muscle cell in 10mV increments from -60mV 

to +60mV results in currents, previously attributed to K+ channels based on 

pharmacological inhibition of K+ channels (Richmond and Jorgensen, 1999). (B) 

Recordings were performed at holding potentials of -60mV, -40mV and then -

60mV again. Three recordings were taken at each potential and these are 

quantified in terms of mPSC frequency and mPSC amplitude in (C) and (D) 

respectively. 
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Next the stability/quality of the recordings across time was tested. Recordings 

were made from muscle cells and mPSCs were obtained over a period of 20 

minutes. Figure 39A shows a set of example traces from a single muscle cell 

recorded from over a period of 20 minutes. The frequency and amplitude of 

mPSCs from individual worms is shown over the same time course in Figure 

39B-C respectively. mPSC frequency declined with time (Figure 39D), as did 

mPSC amplitude (Figure 39E). There are a variety of factors that may contribute 

to the deterioration of mPSC frequency and amplitude over time. The 

collagenase required to digest the basement membrane covering the muscle 

cells may not be completely washed off and may damage the sample over 

time. Over time the muscle cell will become dialysed with the internal solution 

from the patch pipette, possibly contributing to changes in the muscle cell. 

What is clear is that after dissection, recordings should be taken from C. 

elegans muscle cells as soon as possible to minimise the impact of sample 

deterioration on experimental data. 
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Figure 39: mPSC frequency and amplitude decline over prolonged 

recording. (A) Example traces of mPSCs from the same muscle cell from 0 

minutes (the beginning of recording after the sample stabilised) to 20 minutes. 

(B) The mPSC frequency of individual worms is displayed across time. (C) mPSC 

amplitude of individual worms displayed across time. (D) mPSC frequency is 

normalised to the values obtained at 0 min. Frequency reduced from 0 to 20 

minutes of recording (paired t-test, p=0.0031; n=5). (E) mPSC amplitude is 

normalised to the values obtained at 0 min. mPSC frequency is reduced from 0 

to 20 minutes of recording (paired t-test, p=0.0161; n=5). Traces were 

recorded with a sampling frequency of 836.95Hz. All error bars represent 

mean ±SEM.  
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4.2.1.3 Recording with an appropriate sampling frequency 

As described, the above recordings were performed with sampling frequencies 

that were too slow, likely leading to an underestimation of the amplitude and 

frequency of events. From this point onwards an appropriate sampling 

frequency of 10kHz was used. Using this frequency results in high precision 

recording of mPSCs (compare Figure 40A to Figure 40B). 

 

Figure 40: Voltage clamp recordings from muscle cells using different 

sampling frequency. (A) An example trace from a worm on day 5 of adulthood 

using a sampling frequency of 836.95Hz. Some of the peaks seem to be 

capped. (B) An example trace from a different day 5 worm using a sampling 

frequency of 10kHz. The events are much more detailed and more reliable. 

 

Similar to Figure 39, the frequency and amplitude of mPSCs from individual 

worms were analysed over time (Figure 41A and B respectively). Again, mPSC 

frequency declined over time (Figure 41C), as did amplitude (Figure 41D). 

 

A

B
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Figure 41: The frequency and amplitude of events during recording decline 

with time. (A) The mPSC frequency of the individual recordings from worms on 

day 5 of adulthood. (B) The amplitude of mPSCs from (A) across time. (C) The 

frequency of events over time normalised to the frequency at 0 minutes. (D) 

The amplitude of events over time normalised to the values at 0 minutes. P 

values represent statistical significance of difference to the values at 0 min 

using a paired t-test. All error bars indicate mean ±SEM. 

Cumulative frequency plots give a good representation of the distributions of 

the amplitudes within each recording, rather than just the averages seen in 

Figure 41D. The individual recordings taken immediately (0 min) after the 

initiation of recording are quite variable in the distribution of their amplitudes 

(Figure 42A). A similar variation is seen after 3 and 6 minutes of recording 

(Figure 42B and C, respectively). In order to see if there were any general 

trends, the individual recordings shown in Figure 42A-C were pooled according 

to the time they were taken after beginning the recording (i.e. 0, 3 or 6 

minutes). Recordings at 0 minutes had a higher fraction of medium-large 
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amplitude mPSCs than recordings taken at 3 minutes, and a similar effect is 

seen when comparing 3 and 6 minutes, respectively (Figure 42D).  

 

 

Figure 42: Cumulative frequency plots of mPSC amplitude over time. (A) 

Cumulative frequency of mPSC amplitudes taken immediately (0 min) after the 

recording began (10 worms, 32840 events). (B) Cumulative frequency of mPSC 

amplitudes taken 3 min after recording began (10 worms, 26410 events). (C) 

Cumulative frequency of mPSC amplitudes taken 6 min after recording began 

(10 worms, 19816 events). (D) The mPSC amplitudes is pooled into each time 

group (0, 3 or 6 minutes) and plotted together (10 worms per group, 75340 

events). All time groups were significantly different from each other 

(Kolmogorov-Smirnov test, p<0.0001).  

 

0  m in

A m p litu d e  (p A )

c
u

m
u

la
ti

v
e

 f
ra

c
ti

o
n

0 1 0 0 2 0 0 3 0 0 4 0 0
0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

3  m in

A m p litu d e  (p A )

c
u

m
u

la
ti

v
e

 f
ra

c
ti

o
n

0 1 0 0 2 0 0 3 0 0 4 0 0
0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

6  m in

A m p litu d e  (p A )

c
u

m
u

la
ti

v
e

 f
ra

c
ti

o
n

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0
0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

G ro u p e d

A m p litu d e  (p A )

c
u

m
u

la
ti

v
e

 f
ra

c
ti

o
n

0 1 0 0 2 0 0 3 0 0 4 0 0
0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

6  m in
3  m in
0  m in

A B

C D

E



 

 125   

4.2.2 Ageing affects neuromuscular transmission in C. elegans 

Using pharmacological methods in Chapter 3 we identified a previously 

undescribed increase in neuromuscular transmission during early ageing, and 

a preservation of neuromuscular transmission across ageing even when worms 

are immotile and severely behaviourally impaired (Chapter 3; (Mulcahy et al., 

2013)). In order to extend and address with a distinct approach I analysed 

mPSC frequency and amplitude across ageing (Figure 43A-B). Supporting the 

conclusions from the pharmacological assays, both the frequency and 

amplitude of mPSCs increased from day 1 to day 5 of adulthood (Figure 43C-D, 

respectively). Worms on day 10 of adulthood did not show reduced frequency 

or amplitude of mPSCs compared to day 1 worms, but rather trended towards 

higher values.  
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Figure 43: mPSCs change with age. (A) Example traces from worms on day 1, 

5 and 10 of adulthood (scale bar = 20pA by 500ms). (B) Example traces at a 

higher magnification to show the individual mPSC events (scale bar = 10pA by 

25ms). (C) mPSC frequency increases from day 1 to day 5 of adulthood. (D) 

mPSC amplitude increases from day 1 to day 5 of adulthood. (**p<0.01, 

unpaired t-test; all error bars represent mean ±SEM).  

To analyse the amplitude of mPSCs across ageing in more detail, cumulative 

frequency plots were performed. Worms on day 1 (Figure 44A), day 5 (Figure 

44B) and day 10 (Figure 44C) of adulthood showed variation in the distribution 

of amplitudes between worms of the same age, with some worms having a 
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higher proportion of low amplitude events than others. This is not surprising 

given the variability between recordings in Figure 43D. When events from all 

the recordings are summed into age groups, on average worms on day 1 of 

adulthood have a higher proportion of low amplitude events than day 5 and 10 

worms (Figure 44D). Day 5 worms have a higher proportion of high amplitude 

events than both day 1 and 10 worms (Figure 44D), supporting the observation 

that day 5 worms are more sensitive to levamisole than day 1 worms (Chapter 

3; (Mulcahy et al., 2013).  
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Figure 44: Cumulative frequency plots of mPSC amplitude across age. (A) 

Cumulative frequency of mPSC amplitudes from individual worms on day 1 of 

adulthood (n=10 worms, 9091 events). (B) Cumulative frequency of mPSC 

amplitudes from individual worms on day 5 of adulthood (n=10 worms, 29114 

events). (C) Cumulative frequency of mPSC amplitudes from individual worms 

on day 10 of adulthood (n=5 worms, 11136 events). (D) All events were 

grouped according to age and plotted on a single cumulative frequency graph 

to show the distribution of mPSC amplitude across ageing. All ages are 

significantly different from each other (Kolmogorov-Smirnov test, p<0.0001). 
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4.3 Discussion 

4.3.1 Comparison to the literature 

This study observed mPSC frequency and amplitude of 32.809 ± 6.715 (SEM) 

Hz and 26.878 ± 3.796 (SEM) pA on day 5 of adulthood. This is at the low end, 

but comparable with, the frequency and amplitude of previously published 

recordings from unstaged, adult worms and similar solutions. These studies 

had mean mPSC frequencies and amplitudes ranging from 40-100Hz, and 25-

30pA (Gracheva et al., 2006; Gracheva et al., 2008; Richmond et al., 1999; 

Weimer et al., 2003; Yu et al., 2013). In addition a recent paper performed 

electrophysiological analysis using similar solutions on day 5 of adulthood, 

and reported mPSC values of 45Hz and 25pA (Liu et al., 2013b). 

The variation between different preparations at the same age is striking. Most 

studies represent data in a way that does not allow a comparison of the 

frequency or amplitude of mPSCs between individual worms in the same 

experimental group, however a recent study has represented data in such a 

way and consistent with the results in this Chapter there is considerable 

variation (Hung et al., 2013). This variation may be a result of inherent 

variability between the worms. The worms were all dissected and recorded 

from using the same protocol, the collagenase was applied for the same 

duration, and care was taken to avoid any variation in the experimental setup. 

However it is not possible to rule out a contribution to the observed variability 

by the dissection/ sample preparation process. 

In addition to the variability between worms in the same experimental group, 

this Chapter performed recordings from individual worms over a period of time 

and documented a run-down in mPSC frequency and amplitude, likely due to 

deterioration of the sample. mPSC frequency declines by 37.98 ± 6.874% and 

amplitude by 23.31 ± 7.704% over 6 minutes (±SEM). The reason for the 

rundown is not known, although Chan et al. (2013) recently reported that after 

1 minute 1mM collagenase treatment the localisation of GAR-3, a muscarinic 

acetylcholine receptor that requires its proper localisation to sustain its 

positive modulation of acetylcholine release, is disrupted (Chan et al., 2013). 

Therefor the digestion of the basement membrane by collagenase in the 

dissection process can also alter the physiology of the neuromuscular junction. 
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It is important to keep this in mind when designing and interpreting 

experiments, and it is important to record from dissected worms as soon as 

possible after dissection to minimise the impact of sample deterioration. 

The values observed in this study on day 1 of adulthood (9.093 ± 3.165 Hz 

and 14.907 ± 1.135 pA; ±SEM) are lower than published values for non-staged 

worms.  

Importantly, the data in this Chapter make the case that in electrophysiological 

analysis of neuromuscular function in C. elegans the worms should be carefully 

staged as opposed to simply picking adult worms. The use of non-staged 

worms could result in artificial variation that may be biased towards one of the 

experimental groups. This is especially relevant given the example of daf-

2(e1370) worms described in Chapter 3, where at day 1 of adulthood daf-

2(e1370) worms are more responsive to aldicarb than wild type, whereas at 

day 3 the inverse relationship is true. Therefore it is possible that when 

making use of mutant worms in studies on synaptic function, the effects 

compared to wild type could be different at different ages.  

4.3.2 Ageing affects neuromuscular transmission 

Chapter 3 outlined data based on pharmacologically-induced whole worm 

contraction providing evidence that neuromuscular transmission may increase 

in strength during early ageing both at the level of the presynaptic release of 

neurotransmitter and postsynapstic sensitivity. In addition even very aged, 

immobile worms appeared to have intact neuromuscular transmission and 

muscle function in face of immotility. In this Chapter I extended this line of 

investigation. In particular I developed NMJ dissection to allow recording of 

mPSCs from the C. elegans neuromuscular junction across ageing (Figure 43 

and Figure 44). This data supported the conclusions of the whole worm 

contraction assays. mPSC frequency and amplitude, measures of synaptic 

efficacy, were both increased during early ageing, indicating increased 

neurotransmitter release and increased sensitivity of the postsynapse to 

neurotransmitter. During later stages of ageing analysis of the mPSCs 

indicated that neuromuscular transmission was still intact.  
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The increases in neuromuscular strength during early ageing and preservation 

of neuromuscular function in advanced age have now been shown via two 

different approaches: whole worm contraction and electrophysiology.  

Similar to the interpretation from the pharmacological assays in Chapter 3, the 

cause of behavioural impairment at advanced age is likely to be due to 

changes upstream of the neuromuscular junctions, including coordination of 

signalling in the neuronal networks that control locomotion. 

4.3.3 Separating cholinergic and GABAergic events 

The pharmacological assays in Chapter 3 investigated cholinergic 

neuromuscular transmission, but the electrophysiological assays in this 

chapter do not discriminate between cholinergic and GABAergic events. 

Therefore I began setting up a protocol based on a modified solution and 

different holding potentials to record cholinergic and GABAergic mPSCs in the 

same muscle cell in the same worm (Appendix: Figure 60 and Figure 61). This 

approach is promising and further work needs to be done to fully optimise it 

and to separate cholinergic and GABAergic events across ageing.  

Other groups have used modified protocols in order to separate cholinergic 

and GABAergic transmission at the C. elegans neuromuscular junction. 

(Richmond and Jorgensen, 1999) used unc-49 mutants (lacking the GABA 

receptor, UNC-49) to selectively record cholinergic currents, and (Bamber et al., 

2005) used cholinergic antagonist D-tubocurare to selectively record 

GABAergic currents. (Petrash et al., 2013) recorded cholinergic mPSCs from 

one set of worms using one intracellular solution, then recorded GABAergic 

events from different worms using modified solutions and a different holding 

potential. As the experiments in this Chapter were being undertaken, another 

group reported recording cholinergic and GABAergic events from the same 

worms using modified solutions and different holding potentials (Sun et al., 

2013), similar to what we were developing in this Chapter. 

4.3.4 Limitations 

Whilst recording from the C. elegans neuromuscular junction can be extremely 

useful for gaining insights into how neuromuscular transmission is changed 

under various conditions, for example the effects of ageing shown here, or 
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how various signalling pathways contribute to synaptic function, there are 

limitations with the technique.  

One obvious factor is that the sample deteriorates with time (Figure 39, Figure 

41 and Figure 42). A possible contributing factor is the continued presence of 

collagenase in the sample even after washing. If this is the case then it may be 

possible to engineer photo- or chemically-inactivatable collagenase to address 

this problem. The patch clamp recording solutions used are based on solutions 

used in Ascaris (Richmond and Jorgensen, 1999), and it is not known whether 

this corresponds to the ionic composition of the C. elegans intracellular and 

extracellular mediums. If the solutions have different ionic compositions to the 

native composition it may affect the physiology of worm. During the dissection 

itself the muscle cells may be stretched and the connections between the 

muscle cells and ventral nerve cord may become damaged, affecting the 

recording. The glue used to immobilise the worms is exothermic when it 

polymerises and it is possible that this could damage the preparation. 

Consistent with this possibility the Wang group has recently found that when 

very little glue is applied during dissection they see an increased incidence of 

mPSC bursts (Liu et al., 2013c). A huge problem during dissection is that 

commissures will be severed when the cuticle is dissected to expose the 

muscle cells. This has obvious consequences for recording GABAergic events 

that are secondary to contralateral cholinergic events. In addition the cell 

bodies of the motor neurons are on the ventral side of the worm, and the 

dorsal motor neurons project from these ventral cell bodies to the dorsal side 

through commissures, so recordings from the dorsal side would not be 

reliable. The only way to address this is to make as small an incision as 

possible to limit damage to commissures. 

Recent studies have found that stretch-sensitive feedback is an important 

regulator of neuromuscular transmission in C. elegans (Hu et al., 2011), and it 

is of course impossible to perform electrophysiology on freely moving C. 

elegans. However, the design of partially restrained preparations may go some 

way to addressing this. 

Some of the limitations described above may be overcome by using a 

combination of electrophysiology and calcium or voltage imaging. In this way it 

may be possible to identify fine changes in neuromuscular transmission with 
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electrophysiology in dissected C. elegans and confirm/ support the 

observations in intact worms using the fluorescence-based calcium (Chung et 

al., 2013) or voltage (Cao et al., 2013; Jin et al., 2012) sensors expressed in 

the motor neurons and/or muscle cells. These could be used to identify the 

activity levels of the motor neurons and muscle cells during early and later 

ageing. SynaptopHluorin (Dittman and Kaplan, 2006) could be used to extend 

the observations of increased neurotransmitter release during early ageing and 

maintenance of neurotransmitter release into later ageing. 

 

In conclusion, there is now evidence obtained using two different techniques 

(pharmacologically induced whole worm contraction, and electrophysiological 

recordings from the NMJ) that there is increased synaptic efficacy during early 

ageing. The nature of this supports an increase in release of neurotransmitter 

from the presynapse of the C. elegans neuromuscular junction during early 

ageing and a corresponding increase in sensitivity of the postsynapse to 

neurotransmitter. This occurs during a period of behavioural decline. Further, 

very aged worms that are very immobile still have intact neuromuscular 

junctions (and according to the whole worm contraction assays they also have 

functioning muscle cells). Therefore, what may be the cause of worm 

immobility during ageing? One potential explanation is the coordination of the 

motor circuit that controls normal locomotion. 

4.3.5 Future work 

We previously identified using whole worm contraction assays that the increase 

in acetylcholine release from the presynapse of the C. elegans neuromuscular 

junction was dependent on insulin signalling (Chapter 3; (Mulcahy et al., 

2013)). This needs to be confirmed by analysing mPSC frequency across early 

ageing in the daf-2(e1370) worms that have reduced insulin signalling. 

Defective synaptic plasticity has been implicated in the ageing mammalian 

nervous system (Barnes, 2003). A form of synaptic plasticity has been 

identified at the C. elegans neuromuscular junction, where the abundance of 

the nicotine-sensitive α7-like acetylcholine receptor, comprised of the ACR-16 

subunit, at the synapse is regulated via endocytosis (Jensen et al., 2012). In 

addition to interrogating the frequency and amplitude of neuromuscular 
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transmission across ageing, it would be informative to consider whether the 

plasticity of the neuromuscular junction is also changed with age.  

Drug application to the preparation would allow the testing of selective 

subtypes of neurotransmitter receptors on the postsynaptic membrane across 

ageing. For example, levamisole and nicotine activate selective subsets of 

acetylcholine receptors on the postsynaptic membrane (Richmond and 

Jorgensen, 1999; Touroutine et al., 2005); see Appendix Figure 62 for an 

example of a levamisole-evoked response). 

One of the potential explanations for the observation that worms become 

immotile with age despite having intact neuromuscular junctions and muscle 

cells is that the neuronal network controlling locomotion may be impaired. 

Therefore in order to test this it would be informative to interrogate the motor 

circuit using optogenetic approaches whilst recording from the neuromuscular 

junctions. It is also possible (although challenging) to record from neurons in 

C. elegans (Goodman et al., 1998) and this approach could be taken to 

investigate the properties of the motor circuit across ageing in combination 

with recording from the neuromuscular junction. Fluorescent calcium and 

voltage sensors expressed in the neurons comprising the motor circuit will 

also allow extraction of the circuit properties across age. 

Lastly, it would be very useful to correlate functional (electrophysiological) data 

from the neuromuscular junctions and motor circuit across age with 

morphological measures. These include measuring the distribution of synaptic 

puncta using fluorescently tagged proteins, as well as higher resolution 

electron microscopy (EM) imaging. Preliminary EM has looked at synapses from 

the nerve ring and vental ganglion across ageing in C. elegans (Toth et al., 

2012). The 3D resolution that can be obtained from EM tomography is 

extremely exciting because it allows precise quantification of the number, 

location and status (i.e. docked/undocked) synaptic vesicles in an entire 

presynaptic terminal, as well as detailed morphological analysis of the active 

zone and the matrix that connects synaptic vesicles (Stigloher et al., 2011). 

This technique could be extended to allow precise morphological 

characterisation of the ageing neuromuscular junction.
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5. Chapter 5: The ageing C. elegans 

neuromuscular junction as a paradigm to 

investigate cysteine-string protein 

5.1 Introduction 

Cysteine-string protein (CSP) was first discovered in Drosophila, where 

immunostaining indicated it was enriched at synapses (Zinsmaier et al., 1990) 

and associated with synaptic vesicles and secretory granules (Mastrogiacomo 

et al., 1994). Two isoforms were discovered, of 32 and 34 kDa corresponding 

to mRNAs encoding 229 and 243 amino acid proteins respectively. Both 

proteins were identical with the exception of their C-terminus and a 21 amino 

acid deletion in the central region of the second isoform. Interestingly, both 

proteins contained an unbroken string of 11 cysteine residues, a unique 

feature, hence the name ‘cysteine-string protein’ (Zinsmaier et al., 1990).  

In mammals there are 4 CSP isoforms: CSPα1, CSPα2, CSPβ and CSPγ 

(Fernández-Chacón et al., 2004). CSPα1 and CSPα2 are splice variants from the 

same gene (Chamberlain and Burgoyne, 1996). CSPα is abundantly located at 

the synapse, whereas CSPβ and CSPγ are expressed mostly in the testes 

(Fernández-Chacón et al., 2004). CSPβ is also expressed in the hair cells in the 

ear (Schmitz et al., 2006). 

Deletion of the CSP gene in Drosophila leads to severe phenotypes: Few flies 

make it into adulthood and those that do exhibit a temperature-sensitive block 

of synaptic transmission, progressive paralysis and reduced life expectancy 

(Dawson-Scully et al., 2000; Dawson-Scully et al., 2007; Heckmann et al., 1997; 

Umbach and Gundersen, 1997; Zinsmaier et al., 1994). Neurotransmitter 

release is also defective upon perturbation of CSP in frogs and chicks (Chen et 

al., 2002; Poage et al., 1999). Similarly, CSPα knockout mice display 

progressive synaptic dysfunction, neurodegeneration, paralysis and blindness, 

and die by P40-60 (Chandra et al., 2005; Fernández-Chacón et al., 2004; 

Schmitz et al., 2006). The blindness is due to degeneration of tonically active 

ribbon synapses in the retina (Schmitz et al., 2006). Interestingly these 
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synapses exhibit graded transmission, similar to the C. elegans neuromuscular 

junction as described in earlier Chapters (Liu et al., 2009). 

More recently mutations in CSP have been implicated in human 

neurodegenerative disease. Autosomal dominant adult onset neuronal ceroid 

lipofuscinosis (ANCL) is an age-related neurodegenerative disease 

characterised by accumulation of lipofuscin in neurons (Brodner et al., 1976; 

Nosková et al., 2011). ANCL is caused by mutations in the cysteine-string 

domain of the CSP gene, resulting in reduced CSP levels in neurons and defects 

in CSP processing and localisation (Nosková et al., 2011). This further supports 

the importance of CSP in the human brain. 

CSP performs an important role at the synapse, as indicated by the severity of 

the phenotypes exhibited by Drosophila and mouse CSP knockouts. Firstly, 

what role does CSP play at the intact synapse?  

Secondly, how do CSP mutant synapses degenerate? Synaptic degeneration is 

established as an important component of the early stages of a wide range of 

neurodegenerative diseases (Lin and Koleske, 2010). If one could dissect the 

molecular mechanisms involved in a form of synaptic degeneration it would be 

possible to apply this knowledge to studies on neurodegenerative conditions.  

5.1.1 CSP structure 

Drosophila and mouse CSP proteins contain a J domain, a linker domain and 

the characteristic cysteine-string motif (Figure 45). J domains usually consist of 

around 70 amino acids and are an important feature of the Hsp40 (heat shock 

protein 40kDa) chaperone family (Kelley, 1998). The J domain helps to increase 

the affinity of Hsp70 family members for their substrates and in some cases 

can target them to specific locations in the cell (Kelley, 1998). Many Hsp70 

(heat shock protein 70kDa) family members are induced when the cell is 

stressed, whereas Hsc70 (heat shock cognate 70kDa), one of the members of 

the Hsp70 family, is constitutively expressed (Dwornczak and Mirault, 1987). 

The function of the J domain is to recruit Hsp70 family members and stimulate 

their ATPase activity, resulting in the formation of a stable interaction between 

Hsp70 family members and their substrates (Kampinga and Craig, 2010). 

Another critical role of J domain-containing proteins is to bring about 

interactions between Hsp70 family proteins and their targets in the first place. 
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The J domain-containing protein can either bind the target proteins and bring 

them into contact with Hsp70 family proteins, or they can recruit Hsp70 family 

proteins to specific locations within the cell (Kampinga and Craig, 2010). As 

CSP is selectively found at synaptic vesicles it recruits Hsc70 to the synaptic 

vesicles. 

The linker domain is a region of CSP between the J domain and the cysteine-

string domain. Mutagenesis of CSP indicated that the linker domain is 

important for exocytosis (Zhang et al., 1999). The linker domain has been 

shown to interact with other proteins, for example synaptotagmin, a Ca2+ 

sensor that is essential for Ca2+-mediated synaptic vesicle release (Boal et al., 

2011) (Section 1.2.2.1).    

The cysteine-string domain and C-terminal of CSP interact with SGT (small 

glutamine-rich tetratricopeptide repeat containing protein), a co-chaperone 

that forms a complex with CSP and Hsc70 (Tobaben et al., 2001; Tobaben et 

al., 2003). The cysteine-string domain is palmitoylated (fatty acids covalently 

attached to cysteine residues; facilitates membrane association) and is 

important for the integration of the protein into the synaptic vesicle 

membrane, which in turn is required for CSP synaptic localisation and function 

(Arnold et al., 2004; Chamberlain and Burgoyne, 1998a; Gundersen et al., 

1994). 

 

Figure 45: A cartoon of CSP. CSP contains a J domain, a linker domain and a 

cysteine-string domain. The J domain is important for interaction with Hsc70, 

the linker domain is important for exocytosis and the cysteine-string domain is 

important for the localisation of CSP to the synaptic vesicle membrane and 

interaction with SGT.  
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5.1.2 CSP and Hsc70  

Hsc70 is a member of the Hsp70 family that functions as molecular 

chaperones (Figure 46) (Bukau et al., 2006; Hartl and Hayer-Hartl, 2009). The 

Hsp70 family utilise co-chaperones with J domains to increase their 

endogenous ATPase activity. This results in a more stable interaction with their 

substrates and hence much higher chaperone efficiency (Kampinga and Craig, 

2010; Kelley, 1998; Mayer et al., 2000). HSP70 family members can, in 

addition to their role as a chaperone, modulate the structure and interaction of 

proteins in their native state (Kelley, 1998) 

 

Figure 46: A cartoon of Hsc70. Hsc70 contains an ATPase domain, a substrate 

binding domain and a lid domain. Together these work to bind substrates and 

help them refold. 

CSP selectively associates with Hsc70 over other Hsp70 family members (Stahl 

et al., 1999). The CSP binds Hsc70 via its J domain and stimulates the Hsc70 

ATPase activity 12 fold (Braun et al., 1996; Stahl et al., 1999). As part of a 

complex with another cochaperone, SGT, it stimulates Hsc70 ATPase activity 

19 fold (SGT alone can only stimulate 3 fold) (Chamberlain and Burgoyne, 

1997a; Tobaben et al., 2001; Tobaben et al., 2003). Interestingly, in addition 

to acting as a cochaperone with Hsc70, CSP displays some general chaperone 

activity of its own based on its ability to prevent aggregation of denatured 

firefly luciferase in vitro (Chamberlain and Burgoyne, 1997b).  

It is important that CSP associates with Hsc70 not only to stimulate its ATPase 

activity but also to recruit it to synaptic vesicles where it is currently thought to 

mediate protein refolding (Braun et al., 1996) (Figure 47). The putative 

functions of CSP will be described below. 
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Figure 47: CSP forms a complex with Hsc70 and SGT on the synaptic 

vesicle. CSP binds to the synaptic vesicle membrane via its CSP domain. Hsc70 

is recruited to the synaptic vesicle along with SGT. Together, CSP and SGT 

enhance the activity of Hsc70. 

5.1.3 CSP and Ca2+ channel regulation 

The first evidence that CSP may play a role in regulating Ca2+ channels came 

from the observation that antisense RNA targeting CSP in Xenopus oocytes 

inhibited recombinantly expressed  N-type Ca2+ channel activity (Gundersen 

and Umbach, 1992). The simplest explanation would be a direct interaction 

between CSP and Ca2+ channels and this is supported by evidence that CSP 

directly binds Ca2+ channels in vertebrates and regulates Ca2+ influx (Leveque et 

al., 1998). Interestingly syntaxin, another synaptic vesicle protein, binds to the 

same site on the Ca2+ channels as CSP (Swayne et al., 2006). There is also 

evidence CSP may regulate Ca2+ channels indirectly by binding to G proteins 

leading to tonic inhibition of N-type Ca2+ channel activity (Magga et al., 2000; 

Miller et al., 2003). This G-protein mediated route may signal through syntaxin 

(Stanley and Mirotznik, 1997), which contains binding sites for both the Ca2+ 

channels and the Gβ subunit and is required for G protein inhibition of Ca
V
2.2 

channels (Jarvis et al., 2000). 

Voltage gated Ca2+ influx in Drosophila synapses lacking CSP is impaired 

(Umbach et al., 1998) and defects in synaptic transmission in CSP mutant flies 
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and mice can be overcome be using a high concentration of Ca2+ in the 

extracellular solution (Dawson-Scully et al., 2000; Ruiz et al., 2008). 

Interestingly, mutations in the Drosophila homologue of Hsc70 also result in 

changes in evoked neurotransmitter release and this can be rescued by 

increasing extracellular Ca2+ (Bronk et al., 2001). This adds to the evidence that 

CSP recruits Hsc70 to synaptic vesicles where they assist in regulating Ca2+ 

channels (Bronk et al., 2001). The accumulation of high levels of Ca2+ inside the 

synapse by repetitive high frequency stimulation rescues the defects in evoked 

release in CSP mutants (Dawson-Scully et al., 2000), as does bypassing voltage 

gated Ca2+ channels by using Ca2+ ionophores or black widow spider venom to 

transport Ca2+ across the membrane independent of the channels to trigger 

exocytosis (Ranjan et al., 1998). Drosophila CSP mutants display an increase in 

Ca2+ levels in their nerve terminals, further supporting the idea that CSP is 

involved in Ca2+ regulation (Dawson-Scully et al., 2000). In addition when 

recombinant CSP is introduced to chick nerve terminals an increase in Ca2+ 

channel activity has been observed (Chen et al., 2002).  

The evidence described so far supports the notion that CSP is involved in Ca2+ 

regulation in the presynaptic terminal. However there is also evidence to the 

contrary. The effects of CSP on Ca2+ dynamics may also be selective to different 

types of synapse, possibly accounting for some of the conflicting observations 

from different groups. For example, peptidergic terminals in CSP null 

Drosophila have normal Ca2+ currents (Morales et al., 1999).  

Overexpression of CSP in PC12 cells had no effect on intracellular Ca2+ signals 

arguing against a role for CSP in regulation of Ca2+ channels in PC12 cells. 

However, once the cells were permeablilsed, Ca2+ stimulated exocytosis was 

increased, suggesting a direct role for CSP in Ca2+-dependent exocytosis but 

not in the regulation of intracellular Ca2+ signals (Chamberlain and Burgoyne, 

1998b). Similarly, Ca2+-stimulated insulin exocytosis was reduced after CSP 

knock down in permeabilised pancreatic β-cells (Ca2+ influx will occur 

independent of voltage gated Ca2+ channels when cells are permeabilised), 

arguing for a role of CSP in exocytosis independent of Ca2+ channel modulation 

(Zhang et al., 1999; Zhang et al., 1998). Again, neither overexpression of CSP 

or treatment with antibodies directed against CSP affected voltage dependent 

Ca2+ channel activity CSP in insulinoma cells (Brown et al., 1998). Lastly, there 
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was no observable change in presynaptic Ca2+ channel function at the Calyx of 

Held synapse in CSP mutant mice (Fernández-Chacón et al., 2004).  

Overall, there is some evidence that CSP regulates Ca2+ channel function whilst 

some evidence argues against it. This may be at least partly due to differences 

in the various preparations researchers use to investigate the function of CSP 

(Morales et al., 1999). More conclusive evidence that clarifies whether CSP 

plays a role in Ca2+ channel regulation is still pending. This is complicated by 

the possibility that another putative function of CSP may have secondary 

effects on Ca2+ channels (see below). An intriguing outcome of the experiments 

described above is the suggestion that whether or not CSP plays a role in Ca2+ 

channel regulation there is also evidence that CSP is directly involved in 

synaptic vesicle exocytosis. This evidence is expanded on below. 

5.1.4 The CSP-Hsc70-SGT complex and synaptic vesicle exocytosis  

As described above, observations from some groups suggest that CSP has a 

direct role in synaptic vesicle exocytosis, independent of Ca2+ channel 

regulation (Brown et al., 1998; Chamberlain and Burgoyne, 1998b; Fernández-

Chacón et al., 2004; Graham and Burgoyne, 2000; Zhang et al., 1999; Zhang et 

al., 1998). Synaptic function in CSP knockout mice was normal for first 2 weeks 

after birth, suggesting CSP is not directly required for synaptic transmission 

(Fernández-Chacón et al., 2004). The appearance of functional synaptic defects 

and synaptic degeneration after 2 weeks argued that CSP is required for the 

maintenance of synaptic viability over time (Fernández-Chacón et al., 2004). 

This is supported by the observation that mutations in the cysteine-string 

domain of CSP result in autosomal dominant adult onset neuronal ceroid 

lipofuscinosis which only begins to present symptoms during adulthood 

(Nosková et al., 2011). 

The core proteins involved in synaptic vesicle fusion are synaptobrevin from 

the synaptic vesicle membrane and SNAP-25 and syntaxin from the presynaptic 

plasma membrane (Section 1.2.2.1). Together they form a SNARE complex and 

the force generated between the synaptic vesicle and plasma membrane 

during exocytosis results in membrane fusion and the expulsion of the 

contents of the synaptic vesicle into the synaptic cleft. Once membrane fusion 

has occurred the components of the SNARE complex need to dissociate from 
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one another and refold back to their original conformation, competent for 

another round of fusion. This is an energetically demanding process with a 

well-established role for chaperone activity in the form of NSF and additional 

chaperone activity. The localisation and interaction suggests that CSP may 

provide important additional chaperone machinery by recruiting Hsc70 to 

synaptic vesicles and alongside SGT stimulating the Hsc70 ATPase activity to 

increase its affinity for its substrates. Supporting this is evidence that CSP co-

immunoprecipitates with components of the SNARE complex machinery and 

associated proteins, including syntaxin, synaptobrevin, α-synuclein and 

synaptotagmin (Boal et al., 2011; Chandra et al., 2005; Evans and Morgan, 

2002; Evans et al., 2001; Leveque et al., 1998; Nie et al., 1999; Sharma et al., 

2012; Sharma et al., 2011; Wu et al., 1999). These interactions may be 

modulated by intracellular signalling pathways too, as exemplified by the 

observation that phosphorylation of CSP by cyclic AMP-dependent kinase (PKA) 

reduces the binding affinity of CSP for synatxin 10 fold (Evans et al., 2001). 

In addition to the evidence above, decreased SNARE complex assembly was 

measured in the CSP null background (Chandra et al., 2005; Sharma et al., 

2012; Sharma et al., 2011). There was a selective decrease in SNAP-25 protein 

levels in the CSP knockout mouse brain, whilst the levels of other key SNARE 

proteins were relatively unaffected (Chandra et al., 2005; Sharma et al., 2012; 

Sharma et al., 2011). This suggests that the CSP-Hsc70-SGT complex may 

selectively chaperone SNAP-25. Supporting this, a purified complex of Hsc70, 

CSP and SGT was sufficient to prevent misfolding of SNAP-25 in vitro (Sharma 

et al., 2011). Furthermore, knockdown of SNAP-25 in CSP knockout mice 

exacerbated the phenotype whereas overexpression of SNAP-25 rescued it 

(Sharma et al., 2012). This was accompanied by respective decreases and 

increases in SNARE complex assembly, supporting the idea that decreased 

levels of functional SNAP-25 in the CSP knockout mouse leads to decreased 

SNARE complex assembly, leading to the synaptic deficits and 

neurodegeneration in this background (Sharma et al., 2012). The authors 

suggest that a loss of functional SNAP-25 in the presynapse 

(misfolded/partially folded SNAP-25 is removed through a degradative route) 

leads to a relative excess of other SNARE proteins (syntaxin and synaptobrevin) 

which cannot form SNARE complexes and may react inappropriately with other 

proteins in the presynaptic compartment (Sharma et al., 2012).  
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5.1.4.1 α-synuclein overexpression rescues defects in CSP knockout 

mice 

Supporting the possibility that inappropriate SNARE protein interactions 

contributes to synaptic degeneration in CSP knockout mice, overexpression of 

α-synuclein in CSP knockout mice rescues neurodegeneration by increasing 

SNARE complex formation independent of SNAP-25 levels (Burré et al., 2010). 

However it is unlikely to be this simple as knockdown of SNAP-25 in the wild 

type background, which also results in a relative excess of syntaxin and 

synaptobrevin, does not result in major synaptic changes (Sharma et al., 2012).  

5.1.4.2 SNARE complex requirement at the synapse 

Interestingly, data obtained using different titrations of wild-type and 

exocytosis-deficient SNAP-25 suggest that different numbers of SNARE 

complexes may be required for different modes of release, e.g. fast 

synchronous release requires more SNARE complexes than slow (e.g. minis – 3 

as opposed to 1) (Mohrmann et al., 2010), possibly relating to the observations 

from some groups that fast release synapses may be more vulnerable than 

slower peptidergic synapses (Morales et al., 1999). It has also been suggested 

that that when vesicles are exposed to sustained high Ca2+ levels they may fuse 

with the presynaptic membrane using fewer SNARE complexes (Mohrmann et 

al., 2010). If this is so, the high Ca2+ levels observed inside CSP terminals and 

the observation that increasing intracellular Ca2+ levels by repetitive stimulation 

rescues synaptic defects in CSP mutants (Dawson-Scully et al., 2000) may hint 

at compensatory responses to decrease the dependence on intact SNARE 

complexes in the SNARE complex deficient CSP mutant background. 

5.1.4.3 SNAP-25 and voltage-gated Ca2+ channels 

A further level of complication with regard to the physiological role of CSP was 

introduced with the observation that SNAP-25 regulates voltage gated Ca2+ 

channels in glutamatergic neurons (Condliffe et al., 2010). If CSP is critical for 

SNAP-25 folding then loss of SNAP-25 in the CSP null background could have 

knock on effects on Ca2+ signalling. Such reduction in SNAP-25 levels has 

recently been shown to affect neuroplasticity in the mouse brain, likely 

through effects on Ca2+ signalling. Here, reduced SNAP-25 levels in 

hippocampal neurons resulted in altered short term plasticity in both 
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glutamatergic and GABAergic neurons (Antonucci et al., 2013). Glutamatergic 

SNAP-25 heterozygous neurons show depression after paired pulse stimulation 

instead of facilitation seen in wild-type, and GABAergic neurons show 

enhanced depression compared to wild type (Antonucci et al., 2013). This is 

because SNAP-25 usually inhibits the activity of Ca2+ channels in the nerve 

terminal (Condliffe et al., 2010). Reduced SNAP-25 reduces the inhibition, 

resulting in more Ca2+ entry and higher release probability, leading to depletion 

of the RRP after the first stimulus (Antonucci et al., 2013). This may link the 

refolding activity the CSP-Hsc70-SGT complex has on SNARE proteins including 

SNAP-25 to changes in Ca2+ dynamics observed by some labs upon 

manipulation of CSP (described above). The observation that syntaxin is also 

capable of binding to Ca2+ channels is relevant given that an excess of syntaxin 

and synaptobrevin has been purported to contribute a major component of the 

neurodegenerative process in the CSP background (Sharma et al., 2012). If 

there is excess reactive syntaxin at the presynaptic membrane it may be more 

prone to interact with Ca2+ channels and result in abnormal, potentially 

pathological Ca2+ regulation.  

Syntaxin and SNAP-25 both reduce the availability of Ca
V
2.1 and Ca

V
2.2 

channels to open (Bezprozvanny et al., 1995; Catterall and Few, 2008; Wiser et 

al., 1996; Zhong et al., 1999). Interestingly the inhibitory effects of syntaxin 

can be rescued by SNAP-25 coexpression (Jarvis and Zamponi, 2001; Wiser et 

al., 1996). This could have implications for the suggestion by (Sharma et al., 

2012) that in CSP null mice the synaptic degeneration is due to a relative 

excess of syntaxin and synaptobrevin compared to SNAP-25 that go on to react 

inappropriately with other components at the synapse. Excess, unbound 

syntaxin could react inappropriately with Ca2+ channels on the presynaptic 

membrane and play a role in the degenerative phenotype of these synapses. 

Overall it is clear that SNARE complex formation correlates with synaptic 

viability in the CSP background and a chaperoning effect on SNAP-25 is likely 

to be a key function of the CSP-Hsc70-SGT complex.  

5.1.5 Activity-dependent effects 

An interesting aspect of CSP neurodegeneration is that certain cell types are 

selectively vulnerable to degeneration (García-Junco-Clemente et al., 2010; 
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Schmitz et al., 2006). These seem to be the cells with higher activity levels 

suggesting that the degeneration in CSP knockout mice is use-dependent 

(García-Junco-Clemente et al., 2010). For example, in the hippocampus the 

fast-firing parvalbumin positive interneurons selectively degenerate in CSP 

knockout mice, whereas slower-firing glutamatergic synapses are resistant to 

degeneration (García-Junco-Clemente et al., 2010). Pharmacologically lowering 

network activity has been shown to be protective in this model, further 

supporting that synaptic degeneration in the CSP knockout mice is activity 

dependent (García-Junco-Clemente et al., 2010). 

It is likely that proteostatic stress is higher at synapses that fire at a higher 

frequency. For example, as described earlier after SNARE proteins have 

participated in membrane fusion they detach from one another and are present 

in an intermediate, partially unfolded state. They then need to be either 

refolded into a state competent for another round of synaptic vesicle fusion or 

ubiquitinated and sent off for protein degradation (Sharma et al., 2012). If 

neurotransmitter release is occurring at a higher frequency then the SNARE 

proteins will also need to be refolded at a higher frequency. Therefore fast-

firing synapses may be selectively vulnerable to the removal of components of 

machinery involved in this refolding process, such as CSP (García-Junco-

Clemente et al., 2010). Interestingly, there is evidence in other systems that 

synapses that fire at a higher frequency are selectively vulnerable to 

degenerative changes, for example fast-fatigable neuromuscular synapses are 

selectively vulnerable in a mouse model of motoneuron disease (Frey et al., 

2000). 

5.1.6 Selective vulnerability: a contribution from different Ca2+ channel 

repertoires? 

A recurring theme in trying to tease out the molecular basis of disease is 

whether the molecular components identified in studies are the root cause, 

secondary effects that still impact pathophysiology or merely correlative. An 

alternative explanation for the selective vulnerability of different types of 

synapses to CSP deletion (e.g. fast firing GABAergic vs slow firing 

glutamatergic) may be the reliance of these synapses on different types of 

voltage gated Ca2+ channels. For example hippocampal glutamatergic neurons 

rely mainly on Ca
V
2.1 Ca2+ channels which conduct P/Q type Ca2+ currents, 
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whereas hippocampal GABAergic neurons rely more on Ca
V
2.2 Ca2+ channels 

which conduct L-type currents (Catterall and Few, 2008; Condliffe et al., 2010; 

Poncer et al., 1997)). These channels have different biophysical properties 

(Catterall and Few, 2008) and considering the literature linking CSP and Ca2+ 

channel regulation may contribute to the selective effects on one synapse over 

another. Syntaxin and SNAP-25 interact with the Ca
V
2.2 channel (Catterall and 

Few, 2008; Sheng et al., 1994) in a Ca2+ dependent manner (Sheng et al., 

1996). They also interact with a similar site on the Ca
V
2.1 channel, but 

different isoforms of this channel may exhibit different interactions with 

syntaxin and SNAP-25 (Catterall and Few, 2008; Kim and Catterall, 1997; Rettig 

et al., 1996), further highlighting the complexity and the potential of differing 

Ca2+ channel repertoire to contribute to selective vulnerability of different types 

of neuron to degeneration in a CSP mutant background.  

5.1.7 Summary of the CSP literature 

CSP is a synaptic cochaperone essential for the maintenance of synaptic 

viability. There is evidence that CSP interacts directly and indirectly with Ca2+ 

channels to modulate them and in this way contributes to synaptic physiology. 

There is also evidence that argues against a role for CSP in Ca2+ channel 

regulation. CSP binds Hsc70, stimulates its ATPase activity and helps locate it 

at the synapse. Together with SGT they form a complex that helps to refold 

SNAP-25 after fusion events at the synapse. CSP mutants show a marked 

reduction in SNAP-25 levels and a corresponding decrease in SNARE complex 

formation. It is possible that the other SNARE proteins, syntaxin and 

synaptobrevin, devoid of their usual places in SNARE complexes go about the 

presynapse interacting inappropriately with molecules they either would not 

normally interact with or would have limited interaction with. In the case of 

syntaxin, this may include Ca2+ channels. The synaptic degeneration has been 

observed to occur selectively in synapses with high activity levels, and this may 

correlate with a higher chaperoning load caused by more fusion events and 

hence a higher SNARE protein turnover.  

Overall the precise details and breadth of CSP’s physiological function are not 

yet well defined, and further studies are required to clarify its role at the 

synapse. 
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We previously described the effects of ageing on C. elegans neuromuscular 

transmission using behavioural, pharmacological and electrophysiological 

assays (Chapters 3 and 4) (Mulcahy et al., 2013). Here, we will investigate the 

role of CSP in C. elegans nervous system ageing. If the function of CSP in the 

worm nervous system is conserved with Drosophila and mice, then CSP null 

worms may exhibit premature synapse degeneration with age. If so then an 

approach utilising classic worm genetics could dissect the molecular 

mechanisms of a form of synapse degeneration, that may be relevant to ageing 

and neurodegenerative disease. 

5.1.8 C. elegans CSP 

C. elegans express a CSP homologue, called dnj-14 (Johnson et al., 2010). They 

also have the majority of synaptic proteins present in mammalian systems, 

including SNAP-25 (ric-4), syntaxin (unc-64; (Saifee et al., 1998)) and 

synaptobrevin (snb-1; (Nonet et al., 1998)), which have been predicted to 

interact with dnj-14 in C. elegans (Zhong and Sternberg, 2006). Worms also 

express Hsc70 (hsp-1; (Sun et al., 2012)) and SGT (sgt-1; (Fonte et al., 2002)). 

Intriguingly, sgt-1 and hsp-1 are implicated in important models of proteotasis 

that impact on neuronal ageing. Both identified in a study looking at proteins 

that interact with intracellular human Aβ1-42 when it is expressed in C. 

elegans body wall muscle cells (Fonte et al., 2002), evidence that they may 

interact in C. elegans. C. elegans SGT has been shown to interact with Hsp70 

(Worrall et al., 2008).This information is interesting considering evidence that 

synaptic dysfunction is an early phenotype in Alzheimer’s disease (Selkoe, 

2002) and considering how important the CSP-Hsc70-SGT complex is in 

maintaining synaptic viability in Drosophila and mice (Section 5.1.4).  

Despite the experimental amenability of C. elegans, there is no published data 

investigating CSP function in worms. 

5.1.9 Aims  

This Chapter will characterise the phenotypes of worms with mutations in dnj-

14, the worm CSP gene. We will look at lifespan with the expectation that like 

the Drosophila and mouse mutants, CSP deficient worms will be short lived. We 

will look at neuromuscular-dependent behaviours with the hypothesis that dnj-
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14 mutant worms show a use-dependent, age-dependent loss of performance. 

We will further characterise this using the pharmacological assays described in 

Chapter 3 and the electrophysiological assays described in Chapter 4, with the 

hypothesis that there will be age-dependent synaptic dysfunction driven by 

presynaptic defects and subsequent degeneration of the presynapse. If this is 

the case, we will have a model of premature synaptic degeneration with which 

we can then probe the molecular mechanisms of synaptic degeneration. This 

will be greatly assisted by the ready availability of mutant strains of worms and 

their amenability to genetic screening. 

The aim of this Chapter is to characterise the phenotypes of worms with 

mutations in the CSP homologue, dnj-14. 
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5.2 Results 

5.2.1 Molecular homology 

Figure 48 shows similarities in the amino acid sequences of worm, fly, mouse 

and human CSP proteins, most notably a J domain and the cysteine-string 

domain. However, the worms are missing the “AEQFGEEN” motif that is present 

in the linker domain of fly, mouse and human CSP. Studies in Drosophila 

indicate that after genetic deletion of this motif, CSP was still found in synaptic 

vesicle fractions and compared to wild-type was enriched in the plasma 

membrane fractions (Arnold et al., 2004). Immunohistochemical staining 

indicated reduced staining intensity of the CSP lacking the motif, but no 

observable changes in distribution. Mutant CSP was still palmitoylated (Arnold 

et al., 2004). A CSP construct lacking the “AEQFGEEN” motif was able to rescue 

lifespan in CSP null flies, partially rescue temperature sensitive paralysis, and 

completely rescue evoked excitatory junction potential amplitude (Arnold et 

al., 2004). Therefore deletion of the “AEQFGEEN” motif only results in subtle 

defects in Drosophila (Arnold et al., 2004). 
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Figure 48: The protein sequence of worm, fly, mouse and human CSP. The 

DNA-J domain is highlighted in blue and the cysteine-string domain is 

highlighted in grey. In the sequence of the human CSP, two amino acids are 

highlighted in yellow. These correspond to the site of 2 mutations in the 

human CSP gene, either of which can cause autosomal dominant adult onset 

neuronal ceroid lipofuscinosis. The first mutation is a substitution of the first 

Leucine for Argenine. The second corresponds to a deletion of the second 

Leucine (Nosková et al., 2011).  This alignment was formed using CLUSTALW 

multiple alignment from Network Protein Sequence Analysis.	  
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There are two C. elegans strains with mutations in dnj-14 – RM2754 and 

FX03223. RM2754 is available from the CGC and was made by the OMRF 

knockout group. It contains the mutation dnj-14(ok237) which consists of a 

large deletion of 2229bp. This deletion includes most of the dnj-14 sequence, 

part of the neighbouring gene glit-1 (a homologue of gliotactin), and promoter 

regions between these genes. In addition, glit-1 may be part of an operon with 

additional genes. Therefore the ok237 allele is likely to affect the expression of 

a number of genes. FX03223 is available from the National Bioresource Project 

of Japan. This strain contains dnj-14(tm3223), which consists of a 231bp 

deletion and 3bp insertion. Because of the size of the deletion in the RM2754 

strain, it is not possible to predict an amino acid sequence. Given that the 

majority of the coding sequence is absent (94.4% of the coding sequence is 

deleted), one can assume it is a functional null. The predicted protein 

sequence of CSP in the FX03223 strain is shown in Figure 49 alongside the 

wild type sequence. The mutation results in a premature stop codon within the 

DNAJ domain, and the cysteine-string domain is absent from the mutated 

protein.  
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Figure 49: The protein sequences of wild-type and FX03223 dnj-14. The 

predicted protein sequence of FX03223 worms is truncated and missing the 

cysteine-string domain. 

5.2.2 Initial studies 

I began by using the RM2754 strain. Because of the non-specific nature of the 

mutation I moved on to the FX03223 strain that is predicted to result in a 

premature stop codon (Figure 49). In the initial studies the strains were not 

backcrossed, potentially resulting in phenotypic differences that were not due 

to the mutation of interest. These studies showed no lifespan or 

neuromuscular deficits in the CSP mutant strains, and in fact showed an 

extension in lifespan in the RM2754 and FX03223 strains compared to wild 

type. As is described below, after FX03223 was backcrossed into the wild type 

strain there was no difference between wild type and FX03223 lifespan, 

indicating that the differences seen in the initial studies were due to unwanted 

genetic variation. The data from these early studies are documented in the 

Appendix (Section 7.2), and a comparison of the lifespan differences between 

the strains is shown in Table 3. 

 

 



 

 153   

 

 

 

Table 3: A comparison of the lifespan data from the CSP mutants. This 

includes the wild type worms used in this study, RM2754 and FX03223. In 

addition a colleague, Professor Alan Morgan, sent us the wild type, RM2754 

and FX03223 worms from his lab (designated ‘Morgan lab’) that we also 

tested. Further details, including the lifespan plots, behavioural and 

pharmacological assays are available in the Appendix (Section 7.2). The data 

are given as median lifespan (the time at which half the population is dead). 

The log-rank test provides statistical analysis of the probability that the 

differences between the wild type and mutant strains are due to chance. All 

assays were performed at 20°C. Values prefixed by * were all performed in 

parallel. 

5.2.3 Backcrossing strains 

An important experimental confound in ageing studies is the presence of 

unwanted genetic variation, either caused by spontaneous genetic drift or by 

residual mutations left over from when the worm was mutated from wild type. I 

needed to backcross the FX03223 strain into the wild type strain (N2), in order 

to eliminate potential unwanted genetic variation whilst retaining the mutation 

of interest. Backcrossing is achieved by generating males of either the mutant 
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or wild-type line, and crossing them with the other. The next step is to 

genotype F2 progeny for homozygous for the mutation of interest and take the 

progeny of successful homozygous F2 worms as a new population that has 

been backcrossed 1x. Then the process is repeated. With each successive 

backcross, the genetic variation (excluding the mutation of interest) is diluted. 

Sufficient backcrossing has recently been shown to be a very important 

control, as a recent study showed by systematic backcrossing that the 

longevity effects highlighting the essential role of sirtuins in ageing in both C. 

elegans and Drosophila were exaggerated by an additional mutation that was 

not the mutation of interest (Burnett et al., 2011). The FX03223 strain was 

backcrossed six times, and all subsequent references to FX03223 refer to the 

backcrossed strain.  

5.2.4 Lifespan 

After backcrossing, there was no significant difference between the lifespan of 

wild type and FX03223 worms at 20°C (Figure 50). Given the literature 

highlighting the temperature sensitivity of the CSP null phenotype in 

Drosophila (Zinsmaier et al., 1994) I also performed a parallel lifespan 

experiment at 25°C and again saw no difference between the two genotypes 

(Figure 50). Increased temperature did decrease the survival of both strains, 

consistent with the literature (Klass, 1977). 
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Figure 50: No difference in the lifespan of wild type and a backcrossed 

FX03223 strain. FX03223 worms (from this study) were backcrossed 6x into 

the wild type strain from this study, in order to eliminate potential unwanted 

genetic differences. These were age synchronised and propagated in parallel at 

both 20°C and 25°C. At 20°C the wild type strain had a median survival of 17 

days of adulthood, and this was reduced to 10 days at 25°C. Similarly, FX03223 

had a median survival of 16 days of adulthood at 20°C, reduced to 10 days at 

25°C. There was no significant difference between the strains at either 

temperature, (20°C: p=0.23, n≥78 deaths per group; 25°C: p=0.29, n≥138 

deaths per group) although both strains lived longer at 20°C than 25°C 

(p<0.0001). All statistics were obtained using the log rank test.  

5.2.5 Behavioural assays 

The FX03223 strain was then assayed in neuromuscular-dependent 

behavioural assays across age. No deficits were observed compared to wild 

type in either pharyngeal pumping (Figure 51A) or swimming (Figure 51B) on 

day 1, 3, 5 or 10 of adulthood. In fact, FX03223 worms had a higher of 

pumping and thrashing on day 5 of adulthood (Figure 51A and B, respectively). 
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Worms on the day 16 were not assayed because their increased pigmentation 

makes it hard to distinguish pharyngeal pumping, and the swimming 

behaviour is atypical compared to younger worms, making it difficult to make 

a comparative quantification (data not shown).  

 

 

Figure 51: Behavioural analysis of wild type and FX03223 worms across 

age. On the day 5 of adulthood, FX03223 worms show an increased rate of 

pumping (A) and swimming (B) relative to wild type. There was no significant 

difference on the day 1,3 or 10 of adulthood (n≥17 per group; relevant p 

values are shown in the figures, and were obtained using an unpaired t test). 
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5.2.6 Do CSP mutant worms exhibit defects at high activity levels? 

Previous data suggest that CSP is important for sustained synaptic function. We 

hypothesised that putting CSP worms into an environment in which they 

require such sustained synaptic function may provide evidence for an activity 

dependent phenotype. To do this we chose to use a swimming assay but over 

an extended period of time. In normal swimming assays the worms are put 

into buffer, left for 5 minutes to recover and assayed for 1 minute. In the 

swimming assays in Figure 52 the worms were picked into buffer and 

swimming rates were counted at various time points up to 2 hours. In all cases 

both wild type and CSP mutant worms were able to sustain swimming for the 

duration of the assay (Figure 52A-D). Older worms swam less vigorously than 

younger worms, consistent with results earlier in this Chapter (Figure 51) and 

Chapter 3 (Figure 20). Reassuringly, the initial swimming frequency of the 

different ages of wild-type and CSP mutant worms in shown Figure 52 matches 

the data shown in Figure 51. There was no difference between wild type and 

FX03223 worms on days 1, 3 5 or 10 of adulthood (Figure 52). 
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Figure 52:  Extended swimming assays in FX03223 worms. Swimming 

frequency on days 1 (A), 3 (B), 5 (C) and 10 (D) of adulthood for a duration of 2 

hours. There was no difference between wild type and FX03223 strains at any 

age assayed (2-way ANOVA, p≥0.10, n≥17 per group). Data obtained in 

collaboration with Paul Ibbett.  

5.2.7 Pharmacological analysis of neuromuscular function 

Neuromuscular transmission in the FX03223 worms was investigated using the 

contraction-based pharmacological analyses described in the Materials and 

Methods and Chapter 3 (Sections 2.10 and 3.2.4). Aldicarb and levamisole 

were used to elicit contraction at different ages of worm. Each age group was 

investigated in parallel with worms on day 1 of adulthood. The comparison 

between the test age and worms on day 1 of adulthood is used to produce a 

summary figure for each drug, based on the area under the fractional response 

curves (Section 2.10; Figure 53E and Figure 54E).  

The aldicarb assays showed a similar profile to that seen in wild type worms in 

Chapter 3 – an increase in response to aldicarb during early ageing – here on 
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day 5 of adulthood (Figure 53). There was no significant difference between 

the relative contraction indices of worms on day 3 or 10 relative to day 1 of 

adulthood (Figure 53A and C). Importantly, worms on day 16 were not 

significantly different to worms on day 1 in their response to aldicarb (Figure 

53D), indicating that day 16 FX03223 worms have intact neuromuscular 

junctions that are capable of both releasing acetylcholine and responding with 

the appropriate postsynaptic response, measured as a contraction of the body 

wall muscles. This data is summarised in Figure 53E as the contraction index 

(Materials and Methods, Section 2.10). This clearly shows that 5 day old worms 

exhibit increased contraction in response to aldicarb compared to other ages 

and aged, 16 day old worms still contract in response to aldicarb treatment. 

This enhancement in response to aldicarb during early ageing and the 

preservation of neuromuscular transmission into old age is similar to 

previously obtained data in the wild type background (Chapter 3, Section 

3.2.4.1, Figure 27E). 
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Figure 53: Aldicarb-induced contraction of FX03223 worms across age. 

Each age group was assayed in parallel with FX03223 worms on day 1 of 

adulthood. (A) Worms on day 3 had a higher maximal contraction at 5h than 

day 1 worms (p<0.05). (B) Worms on the day 5 exhibited a larger contraction at 

all time points relative to day 1 worms (p<0.0001). There was no difference on 

day 10 and 16, relative to day 1 worms (C and D, respectively). This is 

summarised as contraction index in (E). Here the graph highlights the 

increased contraction of 5 day old worms relative to other ages tested 

(p<0.0001). N=10-20 per group. All statistics were obtained using a 2-way 

ANOVA with Bonferonni post-tests. 
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Treatment with levamisole was used to selectively probe postsynaptic 

sensitivity in CSP deficient worms across age. Again, FX03223 worms of 

different ages were assayed in parallel with worms on day 1 of adulthood to 

normalise the pharmacological responses across age. This indicated that 

FX03223 worms did not exhibit a significant difference in the speed of 

contraction or maximal contraction on day 3, 5 or 10 of adulthood relative to 1 

day old worms (Figure 54A, B and C, respectively). However, worms on the day 

16 of adulthood contracted slower than 1 day old worms in response to 

levamisole (Figure 54D). Again, the contraction index, based on the area under 

the fraction response graphs shown in Figure 54A-D, is used to summarise the 

data (Figure 54E). This shows that even aged FX03223 worms contract in 

response to levamisole, similar to the previously recorded contraction analysis 

of wild type worms (Figure 21). However, a difference between the two studies 

is that the FX03223 worms do not exhibit an increased contraction in response 

to levamisole on day 5 of adulthood (previously interpreted as a maturation of 

the postsynapse; see Chapter 3 (Mulcahy et al., 2013)). The absence of an 

enhancement in contraction to levamisole on day 5 argues that the increased 

response to aldicarb at the same age is caused by an increase in release of 

acetylcholine from the presynapse, similar to previous interpretations in the 

wild type strain. 
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Figure 54: Levamisole-induced contraction of FX03223 worms across age. 

Each age group was assayed in parallel with FX03223 worms on day 1 of 

adulthood. There was no significant difference on day 3 (A), 5 (B) or 10 (C) of 

adulthood (p=0.7074, 0.0658 and 0.1037 respectively). However, day 16 

worms contracted slower than 1 day old worms (D; p=0.02). (E) The contraction 

index relative to worms on day 1 of adulthood is plotted as a summary of the 

data. One way ANOVA suggests no difference between the day 3 and 16, 

although there is a downwards trend (p=0.13). N=9-10 per group. All statistics 

for panels A-D were obtained using a 2-way ANOVA with Bonferonni post-tests. 
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The contraction-based pharmacological assays described above were designed 

to interrogate neuromuscular function in different ages of worm, where the 

more advanced ages may be paralysed. Therefore whilst the principles remain 

the same as in traditional pharmacological assays which use paralysis as a 

measure of the pharmacological effects, the methodology is different. In 

collaboration with Paul Ibbett, classical aldicarb paralysis assays were 

performed using wild type and FX03223 worms on days 1 and 5 of adulthood 

to see if CSP mutant worms showed defects in synaptic transmission. The 

resulting data supports the conclusions obtained using the contraction-based 

assays in Figure 53: that FX03223 worms do not exhibit obvious 

neuromuscular defects. The mean paralysis time for wild type and FX03223 

worms on day 1 of adulthood was determined across 4 experiments (Figure 

55A). The experiments are shown individually to illustrate the variability 

between experiments. The day 1 FX03223 worms either exhibited no 

difference in paralysis rate compared to wild type, or became paralysed faster 

(Figure 55A). On day 5 of adulthood, FX03223 worms show similar mean 

paralysis times compared to wild type (Figure 55B). It is worthwhile to note 

that the experiments performed on day 5 of adulthood show faster paralysis 

times than on day 1 of adulthood (Figure 55A-B), supporting the observation 

that day 5 worms are hypersensitive to aldicarb in the contraction assays 

(Figure 53). A representative paralysis time course graph is shown for each age 

of worm (Figure 55C-D). 

Again, this argues that FX03223 neuromuscular junctions are functional in 

FX03223 worms on day 1 and day 5 of adulthood. 
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Figure 55: Aldicarb assays using paralysis as an endpoint support earlier 

observations using the contraction-based assays. Assays were performed on 

250µM aldicarb plates identical to those used in Figure 14 for the contraction-

based assays. Paralysis was defined as no movement in response to prodding 

the worm with a platinum wire on the head and tail as described by (Mahoney 

et al., 2006). (A) Median paralysis time for day 1 wild type and FX03223 worms 

is not significantly different (2-way ANOVA, p=0.1583; n=17-62 per group). (B) 

Median paralysis time for day 5 wild type and FX03223 worms was not 

significantly different (2-way ANOVA, p=0.7237; n=19-52 per group). (C) and 

(D) are representative plots from (A) and (B), respectively. Data obtained in 

collaboration with Paul Ibbett. 

5.2.8 Analysis of miniature postsynaptic currents in CSP mutant worms 

To extend the experiments described above, patch clamp analysis of 

endogenous miniature postsynaptic currents (mPSCs) was performed on C. 

elegans body wall muscles in the wild type and FX03223 backgrounds (Figure 

56; the wild type data is the same as presented in Chapter 4). As described in 
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Chapter 4, because the recording solutions artificially load the cell with Cl- 

ions, the mini analysis included both cholinergic and GABAergic events.  

As described in Chapter 4, mPSC frequency is primarily an indicator of the 

frequency of neurotransmitter release and mPSC amplitude is primarily an 

indicator of the sensitivity of the postsynapse to neurotransmitter. Analysis of 

mPSC frequency across ageing shows that neurotransmitter release is not 

reduced in FX03223 worms compared to wild type at any age assayed (Figure 

56A). Again this argues that neuromuscular junctions are intact in the FX03223 

strain, supporting the previous observations from the behavioural and 

pharmacological assays. Similarly, the amplitude of the mPSCs on day 1 and 10 

of adulthood is not different between wild type and FX03223. However, on day 

5 of adulthood FX03223 worms exhibit a strong trend towards decreased 

mPSC amplitude compared to wild type (p=0.0508; Figure 56B). This is 

consistent with the contraction-based levamisole assays in Figure 54 which do 

not show an increase in response to levamisole on day 5 of adulthood, in 

contrast to the data from wild type worms in Chapter 3. 
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Figure 56: Comparison of miniature postsynaptic currents from 

neuromuscular junctions of wild-type and FX03223 worms at different 

ages. Worms were dissected to expose the body wall muscles as described in 

the Materials and Methods (Section 2.12). Body wall muscles cells were 

subjected to whole cell patch clamp and held at -60mV. Postsynaptic currents 

were recorded in the voltage-clamp mode. The wild type data is taken from 

Chapter 4. (A) There was no significant difference between the frequency of 

postsynaptic currents in wild type and FX03223 worms at any age (unpaired t 

test, p≥0.2555; n=3-10 per group, as indicated by the number of data points 

on the graph). (B) There was no significant difference between the amplitude of 

postsynaptic currents in wild type and FX03223 worms on day 1 or 10 of 

adulthood (unpaired t test, p=0.0682 and 0.3789 respectively; n=3-10 per 

group, as indicated by the number of data points on the graph). However, 

there is a trend towards reduced amplitude in the FX03223 worms on day 5 of 

adulthood (unpaired t test, p=0.0508; n=10 per group). (C) Representative 

traces from day 1, 5 and 10 of adulthood (top to bottom). (D) Parts of the 

traces shown in (C) on an expanded scale. 
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The distribution of mPSC amplitudes in the FX03223 strain was investigated. 

Figure 57 shows the cumulative frequency plots from individual FX03223 

worms at different ages. There is some variation between amplitude 

distributions on day 1, 5 and 10 of adulthood (Figure 57A-C). This is similar to 

the variation seen between wild type recordings in Chapter 4 (Figure 44). When 

all the events are grouped together according to age, day 10 worms have a 

higher proportion of small amplitude events, followed by day 5, followed by 

day 1 (Figure 57D). 

 

Figure 57: The distribution of mPSC amplitudes across ageing in FX03223 

worms. (A) The cumulative distribution of mPSC amplitudes of different worms 

on day 1 of adulthood (n=3 worms, 5335 events) (B) The cumulative 

distribution of mPSC amplitudes of different worms on day 5 of adulthood 

(n=10 worms, 25063 events) (C) The cumulative distribution of mPSC 

amplitudes of different worms on day 1 of adulthood (n=4 worms, 5145 

events) (D) The cumulative distribution of mPSC amplitudes across ageing 

(n=35543 events). All ages were significantly different from each other 

(Kolmogorov-Smirnov test, p<0.0001). 
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The distribution of mPSC amplitudes was then compared to wild type (Figure 

58). On day 1 of adulthood, FX03223 worms have a lower proportion of low 

amplitude events than wild type (Figure 58A). On day 5 of adulthood this 

relationship is reversed, with FX03223 having a higher proportion of low 

amplitude events (Figure 58B). A similar pattern is seen on day 10 of 

adulthood, with FX03223 worms having a higher proportion of low amplitude 

events than wild type (Figure 58C). 

 

Figure 58: A comparison between the distribution of mPSC amplitudes in 

wild type and FX03223 worms at different ages. (A) The cumulative 

distribution of mPSC amplitudes of wild type and FX03223 worms on day 1 of 

adulthood. Wild type and FX03223 were significantly different from each other 

(Kolmogorov-Smirnov test, p<0.0001; wild type: n=10 worms, 9091 events; 

FX03223: n=3 worms, 5335 events) (B) The cumulative distribution of mPSC 

amplitudes of wild type and FX03223 worms on day 5 of adulthood Wild type 

and FX03223 were significantly different from each other (Kolmogorov-Smirnov 

test, p<0.0001; wild type: n=10 worms, 29114 events; FX03223: n=10 worms, 

25063 events) (C) The cumulative distribution of mPSC amplitudes of wild type 

and FX03223 worms on day 10 of adulthood Wild type and FX03223 were 

significantly different from each other (Kolmogorov-Smirnov test, p<0.0001; 

wild type: n=5 worms, 11136 events; FX03223: n=4 worms, 5145 events). 
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5.2.9 Chemosensory function in CSP mutant worms 

During the lifespan experiments, the likelihood of worms crawling up the side 

of the plates and desiccating increases during early ageing. Qualitative 

observations made in collaboration with Paul Ibbett suggested that FX03223 

worms may do this at a higher rate than wild type. This potentially suggested 

an integrative or sensory phenotype and led us to perform a more quantitative 

analysis using food race assays. Food race assays rely on sensory and motor 

function for worms to navigate to a food source (see Chapter 3). We previously 

identified age dependent deficits in food race performance in wild type C. 

elegans (Chapter 3, Figure 20). In order to investigate whether FX03223 worms 

have sensory deficits, FX03223 worms on day 5 of adulthood were assessed in 

a food race assay in parallel with age-matched wild type. There was no 

difference between the genotypes (Figure 59). This suggests that 

chemosensory and locomotory function are intact in CSP-deficient worms on 

day 5 of adulthood. 
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Figure 59: Food race assays between wild type and FX03223 worms on day 

5 of adulthood. Worms were placed in a drop of M9 buffer 5cm away from a 

spot of OP50 bacteria. Once the buffer had been absorbed into the plate/ 

evaporated and the worms were free to move about the plate, the number of 

worms found in contact with the bacterial lawn every 10 minutes was 

quantified. Worms found in contact with bacteria were subsequently removed 

from the plate. This was done in triplicate, and plotted as a cumulative 

percentage of worms reaching the food across a 2 hour duration. There was no 

significant difference between wild type and FX03223 worms on day 5 of 

adulthood (2-way ANOVA, p=0.62; n=38-58 per group). 

5.3 Discussion 

Although there is rich literature highlighting that CSP is vital for synaptic 

maintenance in mice and Drosophila, the data here show that this is not the 

case in C. elegans.  

Initial experiments were done with the RM2754 strain. This strain has a large 

deletion encompassing most of the CSP gene and part of the neighbouring 
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gene, gliotactin. These worms developed more slowly than wild type and were 

smaller than wild type at all ages (data not shown). I failed in my attempts to 

backcross this strain. Other groups suggest that the RM2754 worms become 

‘sicker’ upon backcrossing and have suggested the un-backcrossed strain may 

have a suppressor that is lost after backcrossing (Alan Morgan, personal 

communication). Overall because of effects on size and development which do 

not seem to be caused by the loss of the CSP gene this strain may not be 

useful in studying the role of CSP. Therefore, as outlined above, I moved to 

FX03223 which includes a mutation with a stop codon in the CSP gene (Figure 

49). These worms develop at the same rate as wild type controls and are 

qualitatively indistinguishable when observed under a dissecting microscope. 

Results in the early phase of this project reinforced the importance of 

backcrossing mutant worms into the strain being used as wild type. Lifespan 

experiments using a non-backcrossed FX03223 suggested FX03223 lived 

longer than wild type (Appendix, Section 7.2), an effect that was lost after 

backcrossing into the wild type strain (Figure 50). Therefore the differences 

observed when comparing the lifespan of wild type and the non-backcrossed 

FX03223 worms was due to unwanted genetic variation between the strains 

and not due to the deficiency in CSP. 

5.3.1 Results with backcrossed FX03223 

The FX03223 strain harbours a premature stop codon in the CSP gene leading 

to a predicted functional null, and was backcrossed 6 times into the N2 strain 

used as wild type to reduce the possibility of off-target genetic variation 

affecting the results. These mutants have a lifespan indistinguishable from 

wild type, at 20°C and at 25°C (Figure 50). This is in contrast to mouse and 

Drosophila studies which show drastically reduced lifespan in CSP null mutants 

(Fernández-Chacón et al., 2004; Zinsmaier et al., 1994).  

5.3.2 Worm CSP mutants don’t show defective neuromuscular 

behaviours 

In Drosophila, CSP null mutants exhibit paralysis and early death (Zinsmaier et 

al., 1994). In contrast, CSP knockout mice show normal early development, but 

begin to exhibit defective locomotion after an initial lag phase of 2 weeks after 

birth (Fernández-Chacón et al., 2004). Neuromuscular signalling was 
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investigated in the CSP mutant worms using simple behavioural assays that are 

dependent on neuromuscular function. CSP mutant worms showed no 

deficiency in either pharyngeal pumping (feeding of the worm) or swimming in 

liquid buffer compared to wild type on day 1, 3, 5 or 10 of adulthood (Figure 

51). In fact, day 5 CSP worms showed a higher rate of pumping and swimming 

than control (Figure 51). When we put worms into a situation requiring 

sustained activity, making them swim for 2 hours we still did not see a 

deficiency in the CSP null background on day 1, 3, 5 or 10 of adulthood (Figure 

52). These behavioural assays suggest that whilst CSP null mice and 

Drosophila have defects in neuromuscular-dependent behaviours, this was not 

observed in CSP mutant C. elegans at any age assayed. 

5.3.3 Pharmacology analysis of the neuromuscular junction across age 

argues against synaptic degeneration in CSP mutant worms 

In order to look more closely at neuromuscular junction function in CSP mutant 

worms the pharmacological assays described in Chapter 3 were employed 

across ageing. Exposure of the CSP worms to aldicarb at different ages gave a 

similar profile to that seen in wild type in Chapter 3 (Mulcahy et al., 2013), 

where we see an increase in response to aldicarb during early ageing 

suggestive of increased acetylcholine release from the presynapse. 

Importantly, day 16 worms still responded to aldicarb treatment indicating that 

the presynapse of these worms is releasing acetylcholine and the postsynapse 

is capable of sensing the acetylcholine and effecting muscle contraction 

(Figure 53). This argues strongly that CSP is not a significant determinant for 

the maintenance of synaptic viability in C. elegans. This is further supported by 

the electrophysiological data in Figure 56 which show that the frequency of 

miniature postsynaptic potentials is not altered in the CSP mutant worms 

compared to wild-type on day 1, 5 or 10 of adulthood.  

One difference observed compared to wild type was the absence of an increase 

in sensitivity to levamisole from day 1 to day 5 of adulthood in the CSP 

mutants (Figure 54; there was an increase in sensitivity in the wild type 

background at this age in Chapter 3 (Mulcahy et al., 2013), supported by 

electrophysiological data in Chapter 4). This could mean that CSP is required in 

C. elegans for the increase in postsynaptic sensitivity to cholinergic input 

during early ageing, implying it regulates, either directly or indirectly, 
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postsynaptic maturation. This is counterintuitive because in other organisms 

CSP has been shown to have a presynaptic function. Further work is required to 

investigate the postsynaptic effects of CSP, including determining the 

expression pattern of CSP in C. elegans to establish if it is expressed in muscle 

cells. 

5.3.4 Electrophysiological analysis of neuromuscular transmission 

supports the pharmacological data 

The preservation of mPSC frequency and amplitude from day 1 to 10 of 

adulthood support the conclusion from the pharmacological assays that CSP is 

not required for the maintenance of the neuromuscular transmission across 

ageing in C. elegans. Similar to wild type worms, the frequency of mPSCs 

increases from day 1 to day 5 of adulthood indicating higher levels of 

neurotransmitter release. However, there is a strong trend towards a lower 

amplitude of postsynaptic currents in day 5 FX03223 worms compared to age-

matched wild type worms (p=0.0508). This is consistent with the observations 

in the pharmacological assays that FX03223 worms lack the increase in 

sensitivity to levamisole seen in wild type worms during early ageing.  

As described in the introduction, there is evidence that the deficits in CSP null 

animals can be rescued by increased Ca2+ levels in the extracellular solution. 

This is important to keep in mind when doing electrophysiological assays to 

compare wild type and FX03223 worms. As described in the Materials and 

Methods (Section 2.12), the concentration of Ca2+ in the external solution used 

in this study was 5mM. Given the evidence supporting the importance of Ca2+ 

concentration on the synaptic deficits in the CSP knockout background it may 

be a good idea to repeat these experiments using a range of different Ca2+ 

concentrations.  

5.3.5 Do worms need CSP? 

How can C. elegans CSP mutants be relatively healthy when the phenotypes of 

CSP loss of function in Drosophila, frogs, chicks, mice and humans are so 

severe? Although C. elegans has contributed much to the understanding of the 

nervous system across the years (Yan et al., 2011), there are differences in its 

neurobiology compared to mammals. It is interesting to note that C. elegans 
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are remarkably resilient to perturbations of the nervous system that would be 

lethal in many other organisms. For example, glial cells are not required for 

neuronal survival in C. elegans (Bacaj et al., 2008; Yoshimura et al., 2008), and 

they can live without many of the key proteins involved in synaptic 

development and transmission, for example the worm SNAP-25 homologue, 

ric-4 (Miller et al., 1996). 

An interesting point to note is that despite having many of the proteins that 

are involved in synaptic transmission in animals with a nervous system, yeast 

does not have a CSP gene (Chamberlain and Burgoyne, 2000). This suggests 

that it evolved later on. It is possible that evolutionary differences between C. 

elegans and other more complex organisms have caused it to become 

essential in Drosophila and other organisms such as mice and humans, but not 

C. elegans. In this context it is of importance to note that C. elegans does not 

have a homologue of α-synuclein. Increased α-synuclein levels can completely 

rescue neurodegeneration in CSP knockout mice (Chandra et al., 2005). 

Because there is evidence that α-synuclein works in conjunction with CSP to 

refold the synaptic transmission machinery in mice (Chandra et al., 2005), the 

absence of α-synuclein in the C. elegans genome could indicate that a different 

mechanism exists for refolding synaptic transmission proteins. To investigate 

if there is a different protein that may play a similar role to α-synuclein in 

mammalian systems that is able to compensate for CSP loss, it would be 

informative to perform a genetic/RNAi screen for premature motility defects 

across early ageing in the CSP mutant background. Such differences in synaptic 

biology, including the absence of α-synuclein in the worm, may underlie the 

differences in the importance of CSP in C. elegans and other systems including 

Drosophila and mice. 
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6. Chapter 6: General Discussion 

This study was designed to investigate how the nervous system, in particular 

the synapse, is affected by the ageing process. This was done by exploiting the 

experimental advantages of C. elegans. Throughout this General Discussion, I 

will discuss the implications of the data presented in this thesis for C. elegans 

neurobiology and ageing, and put them into the wider context of 

human/mammalian brain ageing.  

6.1 Ageing wild type neuromuscular junctions 

6.1.1 An increase in the efficacy of neuromuscular transmission during 

early ageing 

During early ageing aldicarb and levamisole-induced whole worm contraction 

assays and patch clamp analysis of neuromuscular transmission indicated an 

increase in the efficacy of neuromuscular transmission, both at the level of 

presynaptic neurotransmitter release and postsynaptic neurotransmitter 

sensitivity (Chapters 3 and 4). The presynaptic component of this was lost in 

the daf-2(e1370) mutant worm strain, indicating a requirement for insulin 

signalling (discussed in Section 6.2). A recent study using patch clamp analysis 

of C. elegans NMJs across ageing noted that there was an increase in mPSC 

frequency from day 1 to day 3 of adulthood (Liu et al., 2013b), consistent with 

the results obtained in this study. The increase in NMJ efficacy observed in this 

thesis was coincident with a period of behavioural decline indicating that 

increased efficacy is not necessarily beneficial to worm behaviour. 

Concurrently, a recent study found that increased muscle cell excitability was 

responsible for age-related behavioural decline in the form of C. elegans male 

mating ability (Guo et al., 2012). This behavioural decline was delayed by 

genetically reducing the excitability of the muscle cells (Guo et al., 2012).  

6.1.2 Neuromuscular transmission is maintained into old age, despite 

impaired motility 

Surprisingly, despite marked decline in motility as measured by swimming 

assays, whole worm contraction assays and patch clamp analysis of 
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neuromuscular transmission indicated that NMJs are still functional in aged 

worms. Despite lower efficacy than worms on day 5 of adulthood, worms on 

day 10 and 16 of adulthood had similar NMJ efficacies to day 1 worms yet were 

very immotile. Contraction assays also indicated that muscle cells are still 

functional in aged, immotile worms. Therefore age-related immotility is not 

readily explained by lack of muscle function or reduced transmission at the 

neuromuscular junction (Chapters 3 and 4). 

During the preparation of this thesis, work characterising the neuromuscular 

junction of C. elegans across ageing using electrophysiological techniques was 

published (Liu et al., 2013b). Whereas the results presented in this thesis use 

day 1 of adulthood as a reference from which to compare neuromuscular 

function across ageing, the results by Liu et al. use day 3 of adulthood as a 

starting point. Consistent with the data presented in this thesis, they 

commented that they observed an increase in mPSC frequency from day 1 to 

day 3 of adulthood (Liu et al., 2013b). Using day 3 of adulthood as a reference 

point they observed decline in mPSC frequency by day 7 and mPSC amplitude 

by day 11 (Liu et al., 2013b). They evoked responses by electrically stimulating 

the nerve cord and found that compared to day 3 of adulthood, the amplitude 

of evoked PSCs declined from day 7 (Liu et al., 2013b). The readily releasable 

pool of synaptic vesicles across ageing was investigated using hyperosmotic 

stimulation (application of sucrose; results in the release of the ready 

releasable pool), and a reduction was seen by day 15 (Liu et al., 2013b). 

Interestingly, similar to the data presented in Chapter 3, the sensitivity of the 

postsynapse to exogenously applied neurotransmitter increased during early 

ageing then receded during later ageing to levels similar to that seen on day 3 

of adulthood (Liu et al., 2013b). After comparing the results from this thesis 

and Liu et al., it is apparent that the designation of a starting point for ageing 

studies is important to consider. This thesis uses day 1 of adulthood as the 

starting point, and Liu et al. use day 3 of adulthood. It is possible that the 

neuromuscular junctions of day 1 worms represent mature synapses and the 

increase in neurotransmitter release from day 1 to day 3 and 5 is maladaptive. 

It is also possible that the neuromuscular junctions of day 1 worms are not yet 

fully mature (although motility is optimal on day 1 of adulthood). Further work 

is required to extensively characterise the C. elegans neuromuscular junction 

across a range of ages. 
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6.1.3 The motor circuit may contribute to age-related immotility 

As described above, because the muscle cells and neuromuscular junctions are 

still functional in old age when the worms are immotile, it appears that age-

related immotility may be underpinned by defects elsewhere. This may be due 

to changes in signalling at the level of the motor circuit, a neuronal network 

that integrates sensory input and effects appropriate and coordinated 

locomotion (Bono and Villu Maricq, 2005) (Section 1.4.3.3).  

No work has been done on how the C. elegans motor circuit is maintained with 

age. However, there are morphological changes in neurons (Pan et al., 2011; 

Tank et al., 2011; Toth et al., 2012), and synapses (Toth et al., 2012), 

consistent with the possibility that the aged motor circuit may exhibit 

functional changes. There are a number of experimental approaches by which 

one could test the hypothesis that the motor circuit is responsible for 

behavioural decline during ageing in C. elegans. One approach is to perform 

electrophysiological recordings from neurons in the motor circuit, in 

combination with such tools as optogenetic activation/silencing of neurons. 

These electrophysiological recordings are possible in C. elegans (Goodman et 

al., 1998) but technically challenging and low throughput. Alternatively 

functional imaging of the motor circuit with newly developed genetically 

encoded, fluorescence-based voltage sensors (Cao et al., 2013; Jin et al., 2012) 

would provide a higher throughput, more accessible insight into the ageing 

motor circuit. Excitingly, this would allow the functional dissection of the 

motor circuit in parallel with motor activity (locomotion) in freely moving 

animals, providing an unprecedented insight into the neurophysiology of an 

ageing neuronal circuit. The genetic amenability of C. elegans would serve as 

an excellent route with which to gain a molecular understanding of the 

neurophysiological changes that may occur during ageing. In combination with 

the fluorescent voltage imaging and detailed anatomical mapping of the motor 

circuit (to a synaptic level) this would be a high throughput, tractable approach 

with which to investigate the fundamental mechanisms by which ageing may 

induce neuronal circuit dysfunction.  

In addition to the functional imaging and electrophysiological approaches, 

more simple behavioural approaches could be used to gain an insight into 

motor circuit coordination across ageing. As worms age they begin to exhibit 
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an irregular swimming activity (qualitative observation; they make don’t 

complete full swim cycles, they ‘get stuck’, and often look as if they are trying 

to crawl rather than swim). This is difficult to quantify, but a study that used a 

microfluidic chamber to restrict worm swimming to the x-y plane and used the 

body angle of worms to quantify swimming is a promising start (Hulme et al., 

2010). The coordination of swimming across age could be used as a marker of 

motor circuit function across ageing in distinct genetic backgrounds.  

6.1.4 C. elegans body mechanics may contribute to motility changes 

C. elegans locomotion is dependent on the mechanics of its body (Niebur and 

Erdös, 1991). Aged worms exhibit a striking increase in the thickness of the 

cuticle compared to young worms, and disorganisation of muscle cells 

(Herndon et al., 2002). Aged worms are also more flaccid than young worms 

(qualitative observation). Whether these observations result in changes to body 

mechanics that may contribute to behavioural decline is not known, however 

there are methods to measure the stiffness of worms using a piezoresistive 

displacement clamp (Park et al., 2007), and it would be informative to quantify 

this in aged C. elegans to determine if a change in the mechanics of the body 

could contribute to behavioural decline. 

6.2 The regulation of synaptic maintenance/ageing by 

insulin signalling 

The presynaptic component of increased NMJ efficacy during early ageing was 

lost in daf-2(e1370) mutants with reduced insulin signalling, a conserved 

longevity and neuronal/synaptic physiology regulator (Chapter 3). Insulin 

signalling in C. elegans regulates various behaviours including chemotaxis, 

thermotaxis and learning (Chen et al., 2013; Lin et al., 2010; Murakami et al., 

2005a; Tomioka et al., 2006). It also regulates neuronal and synaptic ageing 

(Liu et al., 2013b; Mulcahy et al., 2013; Pan et al., 2011; Tank et al., 2011; 

Toth et al., 2012). Recent work has identified a program by which insulin 

signalling controls maturation of NMJs during development (Hung et al., 2013), 

highlighting the possibility that developmental processes may underpin the 

increase in neurotransmitter release during early ageing at the C. elegans NMJ 

(discussed in Section 3.3.8). The characterisation of NMJs across ageing in 
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worms with genetic perturbation of the DAF-2-dependent retrograde signalling 

pathway would confirm or refute the possibility that this developmental 

pathway is responsible for the presynaptic changes observed during early 

ageing. If it were involved the location of the DAF-2 signal could be mapped by 

performing muscle and neuron specific rescues, and the ligands that activate 

DAF-2 to effect the increase in neurotransmitter release could be identified 

using loss of function mutations. It would advance our understanding of how 

insulin signalling regulates synaptic transmission in normal brain function and 

across ageing if classic C. elegans genetics were used to map the molecular 

signalling pathway by which the DAF-2 dependent signal modulated 

neurotransmitter release during early ageing. 

6.3 Cysteine-string protein is not required for C. elegans 

neuromuscular transmission across the lifespan 

In order to try and model a form of synaptic degeneration I made use of worm 

strains with mutations in cysteine-string protein (CSP). Drosophila and mice 

CSP knockouts have shortened lifespan and defects in synaptic function 

leading to synaptic degeneration (Section 5.1). Surprisingly, CSP mutant worms 

did not show lifespan, behavioural or synaptic defects despite an extensive 

pharmacological characterisation of the CSP null neuromuscular junction, 

which I extended with electrophysiological recording from the neuromuscular 

junction (Chapter 5). Perhaps this is not surprising given the ability of the 

worm to tolerate null mutations in other essential proteins (including synaptic 

proteins) that would be fatal in other organisms. 

6.4 Technical aspects of the whole worm contraction 

assays 

The worm contraction assays in their current form are low throughput. 

However, the use of microfluidic chambers (Stirman et al., 2010) combined 

with relatively cheap, commercially available image acquisition hardware would 

allow higher throughput interrogation of many worms simultaneously. The 

quantification of worm length could also be automated. The use of optogenetic 

activation/silencing of neurons (Stirman et al., 2010) will allow more discrete 

analysis of neuromuscular transmission rather than ‘bath application’, and the 
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assays could be extended to interrogate and GABAergic transmission using 

muscimol or pentylenetetrazole (PTZ) (Locke et al., 2008) in whole worm 

‘relaxation assays’. These contraction/relaxation-based drug assays could be 

modified to investigate synaptic function in a variety of contexts (e.g. ageing, 

synaptic mutants, genetic screens, drug screens) in a high throughput manner. 

6.5 Significance to healthy human ageing 

Currently one sixth of the UK population is aged 65 years and over, and by 

2050 one quarter will be 65 years and over (Cracknell, 2010). Elderly 

individuals have an increased vulnerability to disease and healthy life 

expectancy has not increase in line with life expectancy itself (Cracknell, 2010).  

Dementia and frailty are key, debilitating conditions that are related to ageing 

and underpinned by changes in the nervous system (Deschenes et al., 2010; 

Yankner et al., 2008). Ageing itself results in cognitive decline and makes the 

nervous system vulnerable to disease (Yankner et al., 2008). However, the 

mechanisms of this age-related decline in nervous system function and 

increased vulnerability to disease are not known. C. elegans has provided 

valuable insight into the fundamental biology of nervous system function 

(Margeta et al., 2008) and ageing (Kenyon, 2010; Lapierre and Hansen, 2012), 

and the high levels of conservation between worm and human make these 

findings relevant to human biology. Experiments are described in this thesis 

that address how the nervous system of the simple nematode, Caenorhabditis 

elegans changes with age. The neuromuscular junctions of the worm are 

functional into old age, despite an interesting increase in NMJ efficacy during 

early ageing that is not correlated with behavioural benefits. Because the 

muscle cells are also largely functional in old worms this implicates the motor 

circuit in age-related motility decline. There is an established literature in 

mammalian systems that highlight the importance of neuronal circuit 

perturbation in age-related cognitive decline and neurodegenerative disease 

(Burke and Barnes, 2010; Gong et al., 2009; Hazra et al., 2013; Kapogiannis 

and Mattson, 2011; Mucke and Selkoe, 2012; O'Sullivan et al., 2001; Seeley et 

al., 2009; Simonian and Hyman, 1995; Small, 2008; Small et al., 2011). There 

are age-related reductions in dendritic arborisation complexity and length that 

contribute to altered connectivity in the ageing brain (Dickstein et al., 2007). 

This is not restricted to the brain – the mouse retina also has age-related 
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alterations in neuronal circuitry (Samuel et al., 2011). The implication of the 

motor circuit in age related loss of C. elegans motility resonates with the above 

evidence that neuronal circuits are important regulators in mammalian 

cognitive ageing and brain disease. The detailed characterisation of the worm 

motor circuit to the synaptic resolution (Von Stetina et al., 2006), 

reproducibility between worms, amenability to genetic and optogenetic 

approaches and single cell ablation means that the C. elegans motor circuit 

represents a tractable circuit with which to probe the fundamental biology of 

an ageing neuronal circuit. Because of the conservation of processes involved 

in neurobiology and ageing between worms and humans this will contribute to 

a body of knowledge that is relevant to the ageing human nervous system. 

Experiments are also described in this thesis that highlight the role of insulin 

signalling in an increase in NMJ efficacy observed during early ageing. The role 

of insulin signalling as a regulator of synaptic physiology is conserved in 

mammalian systems with roles in processes including neurogenesis and 

synaptogenesis (Man et al., 2000), neurotransmitter receptor clustering (Man 

et al., 2000; Mielke and Wang, 2005) and neuronal activity (Klockener et al., 

2011; Plum et al., 2006). Defective insulin signalling has also been implicated 

in various neurodevelopmental disorders and neurodegenerative diseases 

(Bozdagi et al., 2013; De Felice et al., 2009; Gault and Holscher, 2008; Lee et 

al., 2009; Liao and Xu, 2009; Tong et al., 2009; Tropea et al., 2009), in which 

synaptic dysfunction is thought to be a major role (Selkoe, 2002; Won et al., 

2013). The conservation of the role of insulin signalling in synaptic physiology 

from worms to humans and its implication in neurodevelopmental disorders 

and neurodegenerative disease means that studies using the experimental 

advantages of C. elegans to address the fundamental mechanisms by which 

insulin signalling regulates synaptic physiology across lifespan would provide a 

valuable insight into synaptic ageing. 

6.6 Conclusions  

This thesis provides evidence using pharmacological and electrophysiological 

techniques that during early ageing there is an increase in neurotransmitter 

release from the C. elegans neuromuscular junction and a corresponding 

increase in the sensitivity of the postsynapse to neurotransmitter. The increase 

in neurotransmitter release requires insulin signalling, and may represent the 
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reactivation of a developmental pathway that controls the functional 

maturation of the neuromuscular junction presynapse (Hung et al., 2013), in 

line with the developmental drift (or ‘hyperfunction’) theory of ageing 

(Blagosklonny, 2006; Budovskaya et al., 2008; Gems and de la Guardia, 2013; 

Gems and Partridge, 2013) (Section 1.1.3.4). The role of insulin signalling in 

synaptic physiology represents an important area relevant to human health 

and disease in which the experimental advantages of the worm can contribute 

to our understanding of the fundamental mechanisms of synaptic development 

and maintenance across ageing. Neuromuscular junctions and muscle cells in 

aged worms are still functional, implicating the control of coordinated 

locomotion by the motor circuit as a likely candidate for age-related 

behavioural decline in C. elegans. Lastly, the pharmacological and 

electrophysiological data in Chapter 5 suggest strongly that the synaptic co-

chaperone cysteine-string protein is not important for synaptic maintenance in 

C. elegans. 
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7. Appendix 

7.1 Separating cholinergic and GABAergic signalling 

The pharmacological assays described in Chapter 3 interrogated cholinergic 

neuromuscular transmission and found an increase in neuromuscular 

signalling during early ageing, and a surprisingly well maintained level of 

signalling in very aged, immobile worms. The electrophysiological data 

described in Figure 43 and Figure 44 support this analysis. However, because 

the intracellular solution used during the patching contains a high 

concentration of Cl- ions, GABAergic events result in an efflux of Cl- rather than 

the influx that would occur during physiological conditions. Therefore both 

cholinergic and GABAergic mPSCs appear as downwards peaks on the 

recordings when the membrane is held at -60mV, and it is not possible to 

separate the recording into cholinergic and GABAergic components under 

these conditions. 

Modified recording solutions were used to observe cholinergic and GABAergic 

events during the same recording. The original internal solution had a E
Cl- 

of -

7.52mV at 20°C. E
Na+ 

is 74.09 and E
K+

 is -84.22. I designed a new internal 

solution by replacing some KCl and KOH with K-gluconate, resulting in an E
Cl- 

of 

-76.1mV at 20°C. This in theory should mean that in a single recording held at 

-60mV the cholinergic events should be visible as downward peaks, and 

GABAergic events should be visible as upward peaks. I performed one 

successful recording with these solutions and when holding at -60mV I 

observed negative (downward) peaks at a frequency of 3.524Hz, but did not 

observe positive (upward) peaks (Figure 60A). It is possible that the 

combination of the voltage gradient and the Cl- concentration gradient is not 

sufficient to produce observable events when the membrane is held at -60mV. 

Consistent with this, when the holding potential was changed to 0mV positive 

peaks were clearly observable, with a frequency of 17.329Hz (Figure 60B).  

It is important to recognise that an assumption is being made that negative 

peaks correspond to cholinergic events and positive peaks correspond to 

GABAergic events. This assumption is based on the relative compositions of 

intracellular and extracellular recording solutions and the holding potential of 
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the cell membrane. In order to verify this assumption one would have to use 

the modified solutions and block the negative and positive peaks using an 

antagonist to the respective neurotransmitter receptor (e.g. curare for 

cholinergic and bicuculline for GABAergic), and pharmacologically induce 

negative or positive events using agonists for cholinergic and GABAergic 

receptors, respectively (e.g. acetylcholine for cholinergic and muscimol for 

GABAergic).  

Figure 60C shows that mPSC amplitude is higher for the positive peaks than 

the negative, and this is more clearly shown in Figure 60D in the form of a 

cumulative frequency distribution. 

 

 

Figure 60: Using modified solutions to separate cholinergic and GABAergic 

events. (A) A representative section of the recording made at holding potential 

of -60mV. Events were only quantified from 17537-37969ms because the rest 

of recording was unstable. Small negative peaks can be seen but no positive. 
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(B) A representative section of the recording when held at 0mV. Positive but 

not negative events can be seen. (C) A quantification of the amplitude of 

events when held at -60mV or 0mV (paired t-test, p=0.0002; n= 72 events at -

60mV, 1715 events at 0mV). (D) A cumulative frequency plot of the data in (D). 

The events when held at -60mV are smaller in both average and maximum 

amplitude than the events when held at 0mV. 

 

After realising that it may not be possible to see cholinergic and GABAergic 

events on the same trace, and realising that even if it were achieved there 

would be difficulties in analysis (i.e. if cholinergic and GABAergic events 

occurred simultaneously they may cancel/distort each other), I modified the 

solutions further to give an E
Cl- 

of -60mV to be sure that when held at -60mV 

there should be no GABAergic currents. I then designed a protocol based on 

the experiment in Figure 10 where an initial recording is made at -60mV to 

record the cholinergic events, and a subsequent recording is made at 0mV to 

record GABAergic events. When held at -60mV negative peaks were observed at 

a frequency of 2.6Hz (Figure 61A). When held at 0mV there were positive 

events at a frequency of 2.18Hz, however there were also occasional negative 

events (occurring at 0.276Hz, amplitude 9.74 ± 0.89pA; example trace in 

Figure 61B). In contrast to Figure 10, the amplitude of mPSCs was higher at -

60mV (Figure 61C) and when held at 0mV there was a higher proportion of 

medium amplitude events (Figure 61D). More work is needed to optimise the 

separation of cholinergic and GABAergic events in neuromuscular recordings. 
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Figure 61: Separating GABAergic and cholinergic events. (A) Representative 

mPSCs at -60mV. (B) When the membrane is held at 0mV, positive mPSCs 

occurred at 2.18Hz. In addition to the positive peaks there were also 

occasional negative peaks that may reflect excitatory transmission. (C) The 

amplitude of negative mPSCs at -60mV and positive mPSCs at 0mV (n= 120 

negative events, 108 positive events in a single worm; paired t-test p=0.0009). 

(D) A cumulative frequency plot of the data shown in (C). A higher proportion 

of the positive peaks were small amplitude events compared with the negative 

peaks. 
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Figure 62: Levamisole application depolarises the muscle cell. Levamisole 

was pipetted into the extracellular solution during a whole cell recording and 

resulted in a depolarisation of the muscle cell. 

 

7.2 Cysteine string protein: initial studies 

When we started our studies we began with the RM2754 strain which has a 

large deletion including the majority of the CSP gene and also extends to 

nearby genes. This strain was not outcrossed (see later). We unexpectedly 

observed that the RM2754 strain lived longer than our wild-type strain (Figure 

63A). Further, the RM2754 strain did not display defects in the neuromuscular-

dependent behaviours, swimming and pharyngeal pumping, at any age 

assayed (Figure 63B-C). There was a difference in the rate of development of 

the strains, with RM2754 being developmentally retarded, taking 4 days to 

reach L4 from hatching, instead of approximately 2 days in the wild-type 

background (data not shown). They were also smaller in size than wild-type 

(data not shown).  

 

 

1s

200pA
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Figure 63: RM2754 animals do not exhibit behavioural signs of premature 

synapse deterioration. (A) RM2754 animals are longer lived than wild type 

(log rank test, p<0.0001; wild type n = 69 deaths, RM2754 n = 103 deaths). (B) 

Pumping rates in RM2754 are not significantly different from age-matched wild 

type controls at any age assayed (unpaired t test, p≤0.25; n=14-20 per group). 

(C) Both RM2754 and wild type C. elegans exhibit an age-related decline in 

swimming frequency, although RM2754 is not significantly different to wild 

type across the time course tested (Student t-test, all p>0.4; n=20 per group). 

We next performed the pharmacological assays introduced in Chapter 3 on 

RM2754 worms on days 1 and 5 of adulthood, observing that both levamisole 

and aldicarb assays indicate a reduction in synaptic strength on day 1 in the 

mutant worms, which recovered back to wild-type levels on day 5 of adulthood 

(Figure 64). This combined with the behavioural data argue against obvious 

synaptic deficits appearing between day 1 and 5 of adulthood, and day 10 with 

the behavioural assays.  
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Figure 64: RM2754 worms have altered pharmacological readouts of 

neuromuscular function. (A) On the day 1 of adulthood RM2754 worms 

exhibit a smaller contraction than wild-type in response to levamisole (two way 

ANOVA, p=0.0004; n=10 per group). On day 5 however, there is no significant 

difference between the magnitudes of levamisole-induced contraction of 

RM2754 and wild-type animals (B; two way ANOVA, p=0.57; n=8-10 per group). 

The same pattern is reflected in the aldicarb assays (C and D; p=0.04 and 0.39, 

respectively; n=9-20 per group). 

 

We next performed a dose-response analysis with levamisole in the mutant 

worms (Figure 65) to investigate whether muscle cells exhibit changes in 

levamisole sensitivity between day 1 and 5 of adulthood in the RM2754 strain. 

Day 1 worms had an EC50 of approximately 56µM (Figure 65A), and day 5 

worms had an EC50 of approximately 32µM (Figure 65B). These are similar to 

the wild-type values shown in Chapter 3.  
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Figure 65: Dose-response curves of RM2754 worms treated with 

levamisole on the first and fifth days of adulthood. Worms were imaged on 

control plates and then moved to plates containing different concentration of 

levamisole, where they were imaged again after 5 minutes. The lengths of 

individual worms before and after treatment with the respective levamisole 

dose were compared to generate a figure for fractional response, as in Figure 

7. The values obtained were converted into % maximal response to the drug. 

Worms on day 1 (A) and day 5 (B) of adulthood have a similar EC50 of around 

1x10-4.25 to 1x10-4.5M (n=8-10 for each data point). 
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After these preliminary investigations we entered correspondence with 

Professor Alan Morgan, who has a research lab at the University of Liverpool 

and an interest in CSP. His lab uses the dnj-14 worms and finds phenotypes 

consistent with synaptic dysfunction that appears in an age-dependent 

manner.  

These include observations made with behavioural and whole-organism 

pharmacological assays manipulating neuromuscular function (Alan Morgan, 

personal communication). His lab also sees a reduction in lifespan of the CSP 

worms (Alan Morgan, personal communication). Professor Morgan kindly sent 

us his strains to test, and we compared them against each other as well as our 

own strains in a lifespan assay. All assays were done in parallel, but they have 

been split up into a number of panels for clarity (Figure 66).  

The top row (Figure 66A-C) shows a comparison of our strains and the same 

strains from Professor Morgan’s collection. Our wild-type worms were 

significantly shorter lived than Professor Morgan’s (Figure 66A), whereas there 

wasn't any significant difference between the mutant strains from our 

respective labs. This may suggest that the wild-type strains are not genetically 

identical, and genetic variation could be responsible for the differences 

between these two strains, even though they originate from the same parents 

in the Sydney Brenner lab, and propagate by ‘selfing’ (hermaphrodites 

providing both sperm and egg, therefore supposedly leading to genetically 

identical populations). However, spontaneous mutations do arise in worm 

cultures. I myself have isolated two obvious mutations in the past few years, in 

which a subset of worms acquired a ‘dumpy’ phenotype (they become short 

and fat; data not shown), that was passed on from parent to offspring (i.e. 

genetic).  

The second row shows a comparison between the different genotypes from our 

own lab. Figure 66D-E shows that both strains with mutations in the CSP gene, 

RM2754 and FX03223, were longer lived than our wild-type strain. There was 

no difference between the lifespan of the two mutant worms (Figure 66F) 

Finally, the last row shows a comparison between the different genotypes from 

Professor Morgan’s collection. The FX03223 strain was slightly but significantly 
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shorter lived than wild-type and RM2754 (Figure 66G and I) whereas there was 

no difference between wild-type and RM2754 (Figure 66H).  
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Figure 66: A comparison of the lifespan of wild type and dnj-14 strains 

used in this study and the same strains from Alan Morgan’s lab (AM). All 

the lifespan experiments from A-I were conducted in parallel, but have been 

split into separate figures for clarity. For each genotype, the number of 

recorded deaths was between 31 and 86, and all statistics were obtained using 

the log rank test. (A) The AM wild type strain is longer lived than the wild type 

from this study (p=0.0002). (B-C) There is no significant difference between the 

lifespans of the AM mutants and the mutants from this study (RM2754 p=0.81; 

FX03223 p=0.21). (D-E) The mutant strains from this study are longer lived 

than the respective wild type strain (p≤0.0004). (F) There is no significant 

difference between the two mutant alleles from this study (p=0.14). (G) There 

is no difference between the AM wild type and AM RM2754 strains (p=1.00). 

(H) The AM FX03223 strain is slightly shorter lived than the AM wild type strain 

(p=0.04). (I) The AM RM2754 strain is slightly longer lived than AM FX03223 

(p=0.023).  
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In Figure 67 we looked at neuromuscular-dependent behaviours across ageing 

in the wild type and FX03223 strains from Professor Morgan’s collection. There 

was no significant difference in the rate of pharyngeal pumping at day 1, 5 or 

10 of adulthood (Figure 67A). Thrashing assays highlighted a lower rate of 

thrashing in the FX03223 background on day 1 of adulthood compared to wild-

type, but no significant difference on days 5 or 10 (Figure 67B). These results 

argue against age-dependent decline in neuromuscular function in CSP mutant 

worms from Professor Morgan’s collection.  

 

Figure 67: FX03223 animals from Professor Morgan’s lab do not exhibit 

behavioural signs of premature synapse deterioration in our hands. We 

compared pharyngeal pumping and swimming of the wild type and FX03223 

strains from Professor Morgan’s lab at different ages. (A) Pumping was not 

different between wild type and FX03223 at any age examined (unpaired t-test, 

p≥0.35; n≥17 per group). (B) Day 1 FX03223 worms swam at a lower frequency 

than wild type (unpaired t-test, p<0.0001: n=20 per group), whereas day 5 and 

day 10 worms showed no difference between genotypes (unpaired t-test, 

p=0.25 and 0.07, respectively; n=20 per group). 
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7.3 eEF2K, lifespan and stress resistance in C. elegans 

7.3.1 Introduction 

In collaboration with Professor Chris Proud I obtained C. elegans with 

mutations in efk-1, the C. elegans homologue of eukaryotic elongation factor 2 

kinase (eEF2K). There are two strains, RB2588 and FX04036. The sequence of 

the mutation in the RB2588 strain (called ok3609) is not known – it’s a ~500bp 

deletion within a 1351bp stretch that contains part of the alpha kinase 

domain. FX04036 contains a 483bp deletion called tm4036 that includes part 

of the alpha kinase domain (Figure 68). This deletion is mainly exonic but 

extends 4bp into an intron.  

 

 

Figure 68: FX04036 strain contains a deletion in efk-1. The FX04036 strain 

contains tm4036, a 483bp deletion. Figure obtained from www.wormbase.org. 

FX04036 is predicted to have a truncated efk-1 mRNA due to a premature stop 

codon (Figure 69). 
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Virtual translation of full spliced sequence using ExPASy 

(http://web.expasy.org/translate/) 

     MTIDTTNESD NSPTNSPGLE ASARTFSLNA SKMVRITDDY ADEVFIEQND VVIEKPRMDP 
     LHVRKLMETW RKAARRARTN YIDPWDEFNI HEYPVQRAKR YRYSAIRKQW TEDIVDVRLH 
     PDSFARGAMR ECYRLKKCSK HGTSQDWSSN YVAKRYICQV DRRVLFDDVR LQMDAKLWAE 
     EYNRYNPPKK IDIVQMCVIE MIDVKGSPLY HLEHFIEGKY IKYNSNSGFV SNAARLTPQA 
     FSHFTFERSG HQMMVVDIQG VGDLYTDPQI HTVVGTDYGD GNLGTRGMAL FFHSHRCNDI 
     CETMDLSNFE LSPPEIEATE VAMEVAAKQK KSCIVPPTVF EARRNRISSE CVHVEHGISM 
     DQLRKRKTLN QSSTDLSAKS HNEDCVCPEC IPVVEQLCEP CSEDEEDEEE DYPRSEKSGN 
     SQKSRRSRMS ISTRSSGDES ASRPRKCGFV DLNSLRQRHD SFRSSVGTYS MNSSRQTRDT 
     EKDEFWKVLR KQSVPANILS LQLQQMAANL ENDEDVPQVT GHQFSVLGQI HIDLSRYHEL 
     GRFVEVDSEH KEMLEGSEND ARVPIKYDKQ SAIFHLDIAR KCGILEAVLT SAHIVLGLPH 
     ELLKEVTVDD LFPNGFGEQE NGIRADKGQK PCDLEEFGSD LMEIAAEMGD KGAMLYMAHA 
     YETGQHLGPN RRTDYKKSID WYQRVVGFQE EEELDSDCGK TTFSSFAPLT RHEILAKMAE 
     MYKEGGYGLN QDFERAYGLF NEAAEAAMEA MNGKLANKYY EKAEMCGE 
 

Virtual translation with tm4036 deletion (assuming splicing not changed) is 

truncated: 

     MTIDTTNESD NSPTNSPGLE ASARTFSLNA SKMVRITDDY ADEVFIEQND VVIEKPRMDP 
     LHVRKLMETW RKAARRARTN YIDPWDEFNI HEYPVQRAKR YRYSAIRKQW TEDIVDVRLH 
     PDSFARGAMR ECYRLKKCSK HGTSQDWSSN YVAKRYICQV DRRVLFDDVR LQMDAKLWAE 
     EYNRYNPPKK IDIVQMCVIE MIDVKGSPLY HLEHFIEGK 
 

Figure 69: A virtual translation of the efk-1 gene in wild type (top) and 

FX04036 (bottom). The alpha kinase domain is highlighted in yellow, and 

partially lost in the truncated tm4036 protein sequence.  

 

7.3.2 Methods 

7.3.2.1 Worm strains 

N2 worms were used as wild type. RB2588 was obtained from the 

Caenorhabditis elegans Genetics Centre, and FX04036 was obtained from the 

National Bioresource Project of Japan. Before experiments were started, both 

RB2588 and FX04036 were backcrossed twice into the wild type strain to 

reduce unwanted genetic variation. Worms were maintained as described in 

Section 2.1. 
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7.3.2.2 Lifespan 

Lifespan assays were performed as described in Section 2.8. 

7.3.2.3 Thermotolerance 

Worms were put into a 37°C incubator and were taken out to check for survival 

every hour by prodding with a worm pick. Worms that did not respond to 

prodding were classified as dead and removed from plates. 

7.3.2.4 Pretreating worms 

Worms were pretreated in a 30°C incubator for 5 hours, returned to the 20°C 

incubator overnight and heat shocked at 37°C for 5 hours the following day. 

Survival was then plotted as in the lifespan assays. 

7.3.2.5 Western blots 

7.3.2.5.1 Worm homogenisation 

OG protein extraction buffer: 0.05M Tris pH7.6, 0.15M NaCl, 1.5% n-

octylglucoside + 1x protease and phosphatase inhibitor (HaltTM Protease & 

Phosphatase Inhibitor, Thermo Scientific, product no. 1861281). 

Sample buffer: 100mM Tris pH6.6, 2%  w/v SDS, 5% v/v β-mercaptoethanol, 

15% v/v glycerol, 0.005% v/v bromophenol blue 

Worms were washed off plates with M9 buffer, washed 3 times with fresh M9 

buffer and pelleted. Excess M9 buffer was removed.  

For OG extraction worms were suspended in 2ml TBS, allowed to settle then 

supernatant was removed. 400µl OG buffer was added and worms were 

homogenised on ice using a glass homogeniser. Samples were centrifuged at 

10000g for 30 min at 4°C. The supernatant was aliquoted and stored at -80°C. 

For SDS extraction 400µl sample buffer +1x protease and phosphatase 

inhibitor was added and worms were boiled at 95°C for 5 min. Samples were 

spun for 10 min at 10000g at 4°. Supernatent was aliquoted and stored at -

80°C. 
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7.3.2.5.2 SDS polyacrylamide gel electrophoresis (SDS-PAGE) 

Resolving gel for 10% acrylamide gel (33% v/v 30% acrylamide, 12.5% v/v 3M 

TRIS (pH8.8), 1% v/v 10% SDS, 0.5% v/v 10% APS, 53% distilled water, 0.1% 

TEMED) was poured in, and overlaid with dH
2
O until the resolving gel set (to 

remove bubbles, ensuring flush surface). The dH
2
O was removed by filter 

paper, and stacking solution (combining 5ml working solution [15% v/v 30% 

acrylamide, 37.5% v/v 0.25M TRIS (pH6.8) and 0.1% SDS] with 0.01% v/v 10% 

APS and 0.002% v/v TEMED) was added on top of the resolving gel, with a 10-

well comb inserted to mould the wells. Once set, gels placed in an 

electrophoresis tank filled with 1x Laemlli buffer (0.25M TRIS, 1.92M glycine, 

10% w/v SDS) until the gels were completely immersed.  

The OG-treated homogenates were combined with 5% sample buffer, samples 

were loaded onto the gel and run at 100V for 1.5-2 hours. The gel was then 

removed from the tank ready for protein transfer. 

7.3.2.5.3 Protein transfer  

Proteins were transferred onto nitrocellulaose membrane in transfer buffer (20: 

v/v methanol in 1x Laemelli buffer) by running at 250mA at 4°C overnight. 

7.3.2.5.4 Western blotting 

The nitrocellulose membranes were blocked with 3% w/v BSA diluted in 

0.5MTBS/Tween (0.15M NaCl, 10mM TRIS and 0.005% v/v Tween, adjusted to 

pH8) for 1 hour with rocking.  

The membrane was incubated with the rabbit anti-p-eEF2 primary antibody at a 

dilution of 1:1000 in 3% BSA for 2 hours at room temperature with rocking. 

The membranes were then washed 3 times over a course of 30 minutes in 

0.5MTBS/Tween to remove unbound antibody. The membranes were then 

incubated at 4°C with secondary antibody (goat anti-rabbit ::800nm) for 2 

hours with rocking. The membranes were again washed 3 times over a course 

of 30 minutes in 0.5MTBS/Tween, then visualised using an Odyssey Infrared 

Scanner (Licor). 
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7.3.3 Results 

7.3.3.1 Protein activity in mutants: 

To investigate if there was any EFK-1 activity in the mutant worms I extracted 

protein from wild type, RB2588 and FX04036 worms and probed Western blots 

with an anti-phospho-eEF2 antibody. Protein extractions were done with either 

SDS or octyl glucoside (in the presence of protease and phosphatase 

inhibitors). The octyl glucoside extraction has the advantage that it de-enriches 

for abundant cuticular proteins which SDS dissolves. The samples blotted were 

supernatant (s) and pellet (p) from the protein extraction, and cell lysate as a 

positive control for phosphorylated eEF2. 

 

As is visible from the mutant supernatant samples, the major bands are lost. 

There are bands at lower molecular weights that correspond to a subset of 

bands seen in wild-type worms, most clearly seen in the blot using SDS 

extracted protein. The identity of these bands is not clear, but may represent 

non-specific antibody binding. Importantly the ~100kDa band that corresponds 

to phosphorylated eEF2 is lost in the efk-1 mutants (Figure 70). 
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Figure 70: EFK-1 does not phosphorylate eEF2 in either efk-1 mutant. 

Protein extractions were carried out using SDS (A) or octylglucoside (B). p-eEF2 

is the band at 100kDa in wild type worms, absent in the control worms. (s) and 

(p) refer to supernatant or pellet, respectively. 
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7.3.3.2 Lifespan: 

Inhibiting translation in C. elegans through reducing ribosomal proteins or 

translation initiation factors has been shown to extend lifespan (Hansen et al., 

2007). In order to determine if the C. elegans efk-1 mutants, which lack a 

brake on protein elongation during translation, have shorter lifespan I 

performed a lifespan assay on wild type, RB2588 and FX04036 worms (Figure 

71). The FX04036 strain was longer lived compare to wild type (p=0.0018), 

whereas RB2588 only trends towards being longer lived (p=0.0565). Another 

group recently reported a reduction of lifespan in efk-1 mutant worms 

(Leprivier et al., 2013), in contrast to the data in Figure 71. Supporting the 

plausibility of reduced lifespan in the efk-1 background, RNAi against eEF2 in 

worms results in a modest lifespan extension (Li et al., 2011). 

 

Figure 71: Lifespan of the efk-1 mutants. Survival was plotted across time at 

20°C. FX04036 worms lived significantly longer than wild type (p=0.0018, log 

rank test) whilst RB2588 trended towards living longer than wild type 

(p=0.0508, log rank test). N2 n=250 worms, 77 deaths; RB2588 n=250 worms, 

144 deaths; FX04036 n=248 worms, 68 deaths. 
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After observing the unexpected lifespan extension I repeated the lifespan 

assays at both 20°C and 25°C, in order to confirm the above observation and 

see if at higher temperatures loss of EFK-1 activity would have a more 

pronounced effect (Figure 72). This time at 20°C both efk-1 strains trended 

towards being longer lived (Figure 72A; FX04036 p=0.0679; RB2588 

p=0.0643), whilst at 25°C there was no difference between the wild type and 

efk-1 mutants (Figure 72B). 

The reasons for the discrepancy whereby Leprivier et al. (2013) observe 

lifespan reduction in efk-1 worms whereas I observe a trend towards lifespan 

extension are unknown. 
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Figure 72: Lifespan of efk-1 mutant worms at different temperatures. (A) 

Lifespan at 20°C. N= N2 198 worms, 80 deaths; RB2588 190 worms, 135 

deaths; FX04036 200 worms, 90 deaths. N2 vs RB2588 p=0.0643; N2 vs 

FX04036 p=0.0679 (log rank test). (B) Lifespan at 25°C. N= N2 150 worms, 96 

deaths; RB2588 150 worms, 105 deaths; FX04036 148 worms, 118 deaths. N2 

vs RB2588 p=0.8469; N2 vs FX04036 p=0.3630 (log rank test). 
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7.3.3.3 Thermotolerance: 

Longevity and stress resistance are often linked. There is evidence that eEF2K 

may become active in response to stress. Translational control has been shown 

to regulate the survival of worms when exposed to elevated temperatures for 

extended periods of time (conditions that inhibit translation result in extended 

lifespan and increased survival during heat stress; (Hansen et al., 2007)). Heat 

shock is thought to primarily affect translation initiation, but there’s evidence 

it also affects elongation (causes pausing of elongation via Hsp70; (Shalgi et 

al., 2013)). Proteotoxic stress (which can be induced by heat shock) also 

causes pausing of translation elongation (Liu et al., 2013a). To determine if 

regulation of elongation by efk-1 was important for resistance to heat stress, 

wild type and efk-1 mutant worms were put at 37°C and their survival 

quantified (Figure 73). The hypothesis was that the efk-1 worms may die 

quicker since they have lost one of the brakes on global translation, and the 

phenotype of FX04036 and RB2588 would be similar as they both show 

absence of eEF2 phosphorylation, the only known role for efk-1.  

Contrary to expectations the RB2588 worms were surviving significantly better 

than wild type whereas the FX04036 worms were not significantly different 

from wild type (Figure 73A). I repeated the experiment, and again the RB2588 

worms were significantly longer lived than wild type whilst FX04036 were no 

different to wild type (Figure 73B). This suggests that in the RB2588 

background there is either 1. Less damage during heat shock, or 2. A more 

effective response to damage induced during heat shock. 



 

 205   

 

Figure 73: Resistance to heat stress.  Worms were put in a 37°C incubator 

and checked for survival every hour. These assays were done in triplicate with 

19-20 L4+1 (young adult) worms per plate. (A) N= N2 62 worms, 60 deaths; 

RB2588 60 worms, 39 deaths; FX04036 59 worms, 53 deaths. N2 vs RB2588 

p<0.0001; N2 vs FX04036 p=0.0205 (log rank test). (B) N= N2 59 worms, 59 

deaths; RB2588 60 worms, 60 deaths; FX04036 60 worms, 60 deaths. N2 vs 

RB2588 p<0.0001; N2 vs FX04036 p=0.9608 (log rank test). 



 

 206 

To complement the thermotolerance assays I decided to acutely heatshock 

worms and quantify survival over the following days (McColl et al., 2010). 

However as shown in Figure 74 immediately after the heatshock 40% of all 

worms had died, more than in the thermotolerance assays above. No worms 

made it to the next day. It is possible that being taken out of the 37°C 

incubator for 1-2 mins every hour (for counting) gives the worms a brief 

respite and lets them survive a bit longer in the thermotolerance assays. 

 

Figure 74: Resistance to heat stress. Worms were put in a 37°C incubator for 

5h and their survival was determined afterwards. N= N2 59 worms, 26 deaths; 

RB2588 58 worms, 21 deaths; FX04036 60 worms, 26 deaths. 

7.3.3.4 Pretreating worms 

Pretreating worms with a non-lethal heat stress has been shown to make 

worms resistant to normally lethal heat stresses. This is coincident with a 

reduction in translation (lower fraction of mRNAs bound to polysomes (McColl 

et al., 2010)). The mechanism is not known.  

3 7 d e g r e e s C  h e a ts h o c k  fo r  5 h

%
 d

e
a

th

N 2

F X 0 4 0 3 6

R B 2 5 8 8
0

2 0

4 0

6 0 Unpaired t test
P value 0.4747



 

 207   

I pretreated the worms at 30°C for 5h, returned them to 20°C overnight and 

heatshocked them for 5h at 37°C the following day. Next, I returned them to 

20°C and recorded their survival, results are below. The pretreatment had a 

small protective effect on wild type (N2) and FX04036 worms, but a major 

protective effect on RB2588 worms (Figure 75). This suggests that in the 

RB2588 background there is a more effective response to damage induced 

during heat shock. 

 

 

Figure 75: Preconditioning with a mild heat stress is protective.  N= 58-60 

worms per group. N2 pretreated vs FX04036 pretreated p=0.2490; N2 

pretreated vs RB2588 pretreated p<0.0001 (log rank test). 

Why are there such differences in both naive heat resistance and conditioned 

heat resistance between the mutant strains, even though in the Western blots 

they both show an absence of p-eEF2?  

How could mutated eEF2K result in increased resistance to heat stress and 

more effective preconditioning?  Need to know exactly what the mutation is in 

RB2588. 
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How does this correlate with previous observations that inhibiting translation 

initiation results in increased resistance to heat stress? They knocked down 

S6K, eIF4G and eIF4E (Hansen et al., 2007). 

 

 

 

 

 



  Bibliography 

 209   

8. List of References 

 Adams, D. (1979). The Hitchiker's Guide to the Galaxy. 
 Adams, M. M., Shi, L., Linville, M. C., Forbes, M. E., Long, A. B., Bennett, 
C., Newton, I. G., Carter, C. S., Sonntag, W. E., Riddle, D. R. et al. (2008). 
Caloric restriction and age affect synaptic proteins in hippocampal CA3 and 
spatial learning ability. Experimental Neurology 211, 141-149. 
 Aitlhadj, L. and Sturzenbaum, S. R. (2010). The use of FUdR can cause 
prolonged longevity in mutant nematodes. Mech Ageing Dev. 131, 364-365. 
 Albertson, D. G. and Thomson, J. N. (1976). The Pharynx of 
Caenorhabditis elegans. Philos Trans R Soc Lond B Biol Sci. 275, 299-325. 
 Alcedo, J. and Kenyon, C. (2004). Regulation of C. elegans Longevity by 
Specific Gustatory and Olfactory Neurons. Neuron 41, 45-55. 
 Anderson, B. and Rutledge, V. (1996). Age and hemisphere effects on 
dendritic structure. Brain 119 ( Pt 6), 1983-90. 
 Anselmi, C. V., Malovini, A., Roncarati, R., Novelli, V., Villa, F., 
Condorelli, G., Bellazzi, R. and Puca, A. A. (2009). Association of the FOXO3A 
locus with extreme longevity in a southern Italian centenarian study. 
Rejuvenation Res 12, 95-104. 
 Antebi, A. (2007). Genetics of Aging in Caenorhabditis elegans. PLoS 
Genet 3, e129. 
 Antonucci, F., Corradini, I., Morini, R., Fossati, G., Menna, E., Pozzi, D., 
Pacioni, S., Verderio, C., Bacci, A. and Matteoli, M. (2013). Reduced SNAP-25 
alters short-term plasticity at developing glutamatergic synapses. EMBO Rep 
advance online publication. 
 Apfeld, J. and Kenyon, C. (1999). Regulation of lifespan by sensory 
perception in Caenorhabditis elegans. Nature 402, 804-809. 
 Arnold, C., Reisch, N., Leibold, C., Becker, S., Prüfert, K., Sautter, K., 
Palm, D., Jatzke, S., Buchner, S. and Buchner, E. (2004). Structure–function 
analysis of the cysteine string protein in Drosophila: cysteine string, linker and 
C terminus. Journal of Experimental Biology 207, 1323-1334. 
 Artal-Sanz, M. and Tavernarakis, N. (2008). Mechanisms of aging and 
energy metabolism in Caenorhabditis elegans. IUBMB Life 60, 315-322. 
 Arum, O., Bonkowski, M. S., Rocha, J. S. and Bartke, A. (2009). The 
growth hormone receptor gene-disrupted mouse fails to respond to an 
intermittent fasting diet. Aging Cell 8, 756-760. 
 Avery, L. and Horvitz, H. R. (1989). Pharyngeal pumping continues after 
laser killing of the pharyngeal nervous system of C. elegans. Neuron 3, 473-
485. 
 Azevedo, F. A. C., Carvalho, L. R. B., Grinberg, L. T., Farfel, J. M., Ferretti, 
R. E. L., Leite, R. E. P., Filho, W. J., Lent, R. and Herculano-Houzel, S. (2009). 
Equal numbers of neuronal and nonneuronal cells make the human brain an 
isometrically scaled-up primate brain. J Comp Neurol 513, 532-541. 
 Bacaj, T., Tevlin, M., Lu, Y. and Shaham, S. (2008). Glia Are Essential for 
Sensory Organ Function in C. elegans. Science 322, 744-747. 
 Bach, M. E., Barad, M., Son, H., Zhuo, M., Lu, Y.-F., Shih, R., Mansuy, I., 
Hawkins, R. D. and Kandel, E. R. (1999). Age-related defects in spatial memory 
are correlated with defects in the late phase of hippocampal long-term 
potentiation in vitro and are attenuated by drugs that enhance the cAMP 
signaling pathway. Proceedings of the National Academy of Sciences 96, 5280-
5285. 



Bibliography 

 210 

 Bamber, B. A., Beg, A. A., Twyman, R. E. and Jorgensen, E. M. (1999). 
The Caenorhabditis elegans unc-49 locus encodes multiple subunits of a 
heteromultimeric GABA receptor. J Neurosci 19, 5348-59. 
 Bamber, B. A., Richmond, J. E., Otto, J. F. and Jorgensen, E. M. (2005). 
The composition of the GABA receptor at the Caenorhabditis elegans 
neuromuscular junction. British Journal of Pharmacology 144, 502-509. 
 Barclay, J. W., Morgan, A. and Burgoyne, R. D. (2012). Neurotransmitter 
release mechanisms studied in Caenorhabditis elegans. Cell Calcium 52, 289-
295. 
 Barnes, C. A. (2003). Long-term potentiation and the ageing brain. 
Philosophical Transactions of the Royal Society of London. Series B: Biological 
Sciences 358, 765-772. 
 Baumeister, R., Schaffitzel, E. and Hertweck, M. (2006). Endocrine 
signaling in Caenorhabditis elegans controls stress response and longevity. 
Journal of Endocrinology 190, 191-202. 
 Bennett-Baker, P. E., Wilkowski, J. and Burke, D. T. (2003). Age-
Associated Activation of Epigenetically Repressed Genes in the Mouse. Genetics 
165, 2055-2062. 
 Bennett, M. K. and Scheller, R. H. (1993). The molecular machinery for 
secretion is conserved from yeast to neurons. Proceedings of the National 
Academy of Sciences 90, 2559-2563. 
 Berchtold, N. C., Coleman, P. D., Cribbs, D. H., Rogers, J., Gillen, D. L. 
and Cotman, C. W. (2013). Synaptic genes are extensively downregulated 
across multiple brain regions in normal human aging and Alzheimer's disease. 
Neurobiol Aging 34, 1653-61. 
 Bezprozvanny, I., Scheller, R. H. and Tsien, R. W. (1995). Functional 
impact of syntaxin on gating of N-type and Q-type calcium channels. Nature 
378, 623-626. 
 Bishop, N. A. and Guarente, L. (2007). Two neurons mediate diet-
restriction-induced longevity in C. elegans. Nature 447, 545-9. 
 Blagosklonny, M. V. (2006). Aging and immortality: quasi-programmed 
senescence and its pharmacologic inhibition. Cell Cycle 5, 2087-102. 
 Bloss, E. B., Janssen, W. G., Ohm, D. T., Yuk, F. J., Wadsworth, S., Saardi, 
K. M., McEwen, B. S. and Morrison, J. H. (2011). Evidence for Reduced 
Experience-Dependent Dendritic Spine Plasticity in the Aging Prefrontal Cortex. 
The Journal of Neuroscience 31, 7831-7839. 
 Boal, F., Laguerre, M., Milochau, A., Lang, J. and Scotti, P. A. (2011). A 
charged prominence in the linker domain of the cysteine-string protein Cspα 
mediates its regulated interaction with the calcium sensor synaptotagmin 9 
during exocytosis. The FASEB Journal 25, 132-143. 
 Boehm, M. and Slack, F. (2005). A Developmental Timing MicroRNA and 
Its Target Regulate Life Span in C. elegans. Science 310, 1954-1957. 
 Bolanowski, M. A., Russell, R. L. and Jacobson, L. A. (1981). Quantitative 
measures of aging in the nematode Caenorhabditis elegans. I. Population and 
longitudinal studies of two behavioral parameters. Mech Ageing Dev. 15, 279-
295. 
 Bono, M. d. and Villu Maricq, A. (2005). Neuronal substrates of complex 
behaviours in C. elegans. Annual Review of Neuroscience 28, 451-501. 
 Bonsall, M. B. (2006). Longevity and ageing: appraising the evolutionary 
consequences of growing old. Philosophical Transactions of the Royal Society 
B: Biological Sciences 361, 119-135. 



  Bibliography 

 211   

 Borg, J. and Chereul, E. (2008). Differential MRI Patterns of Brain Atrophy 
in Double or Single Transgenic Mice for APP and/or SOD. Journal of 
Neuroscience Research 86, 3275-3284. 
 Bories, C., Husson, Z., Guitton, M. J. and De Koninck, Y. (2013). 
Differential balance of prefrontal synaptic activity in successful versus 
unsuccessful cognitive aging. J Neurosci 33, 1344-56. 
 Boskey, A. L. and Coleman, R. (2010). Aging and bone. J Dent Res 89, 
1333-48. 
 Boulias, K. and Horvitz, H. R. (2012). The C. elegans microRNA mir-71 
acts in neurons to promote germline-mediated longevity through regulation of 
DAF-16/FOXO. Cell Metab 15, 439-50. 
 Bozdagi, O., Tavassoli, T. and Buxbaum, J. D. (2013). Insulin-like growth 
factor-1 rescues synaptic and motor deficits in a mouse model of autism and 
developmental delay. Mol Autism 4, 9. 
 Braun, J. E. A., Wilbanks, S. M. and Scheller, R. H. (1996). The Cysteine 
String Secretory Vesicle Protein Activates Hsc70 ATPase. Journal of Biological 
Chemistry 271, 25989-25993. 
 Brennan, A. R., Yuan, P., Dickstein, D. L., Rocher, A. B., Hof, P. R., Manji, 
H. and Arnsten, A. F. T. (2009). Protein kinase C activity is associated with 
prefrontal cortical decline in aging. Neurobiology of Aging 30, 782-792. 
 Brenner, S. (1974). The Genetics of Caenorhabditis elegans. Genetics 77, 
71-94. 
 Brodner, R. A., Noh, J. M. and Fine, E. J. (1976). A dominant form of adult 
neuronal ceroidlipofuscinosis (Kufs&#039; disease) with an associated occipital 
astrocytoma: early diagnosis by cortical biopsy. 
 Bronk, P., Wenniger, J. J., Dawson-Scully, K., Guo, X., Hong, S., Atwood, 
H. L. and Zinsmaier, K. E. (2001). Drosophila Hsc70-4 Is Critical for 
Neurotransmitter Exocytosis In Vivo. Neuron 30, 475-488. 
 Brown, H., Larsson, O., Branstrom, R., Yang, S.-N., Leibiger, B., Leibiger, 
I., Fried, G., Moede, T., Deeney, J. T., Brown, G. R. et al. (1998). Cysteine string 
protein (CSP) is an insulin secretory granule-associated protein regulating 
[beta]-cell exocytosis. EMBO J 17, 5048-5058. 
 Brundage, L., Avery, L., Katz, A., Kim, U.-J., Mendel, J. E., Sternberg, P. W. 
and Simon, M. I. (1996). Mutations in a C. elegans Gqα Gene Disrupt 
Movement, Egg Laying, and Viability. Neuron 16, 999-1009. 
 Budovskaya, Y. V., Wu, K., Southworth, L. K., Min, J., Tedesco, P., 
Johnson, T. E. and Kim, S. K. (2008). An elt-3/elt-5/elt-6 GATA transcription 
circuit guides aging in C-elegans. Cell 134, 291-303. 
 Bukau, B., Weissman, J. and Horwich, A. (2006). Molecular Chaperones 
and Protein Quality Control. Cell 125, 443-451. 
 Burke, S. N. and Barnes, C. A. (2006). Neural plasticity in the ageing 
brain. Nat Rev Neurosci 7, 30-40. 
 Burke, S. N. and Barnes, C. A. (2010). Senescent synapses and 
hippocampal circuit dynamics. Trends Neurosci 33, 153-61. 
 Burnett, C., Valentini, S., Cabreiro, F., Goss, M., Somogyvari, M., Piper, 
M. D., Hoddinott, M., Sutphin, G. L., Leko, V., McElwee, J. J. et al. (2011). 
Absence of effects of Sir2 overexpression on lifespan in C. elegans and 
Drosophila. Nature 477, 482-U136. 
 Burré, J., Sharma, M., Tsetsenis, T., Buchman, V., Etherton, M. R. and 
Südhof, T. C. (2010). α-Synuclein Promotes SNARE-Complex Assembly in Vivo 
and in Vitro. Science 329, 1663-1667. 
 Cabreiro, F., Ackerman, D., Doonan, R., Araiz, C., Back, P., Papp, D., 
Braeckman, B. P. and Gems, D. (2011). Increased life span from 



Bibliography 

 212 

overexpression of superoxide dismutase in Caenorhabditis elegans is not 
caused by decreased oxidative damage. Free Radic Biol Med 51, 1575-82. 
 Cai, S. Q. and Sesti, F. (2009). Oxidation of a potassium channel causes 
progressive sensory function loss during aging. Nat Neurosci 12, 611-7. 
 Calhoun, M. E., Kurth, D., Phinney, A. L., Long, J. M., Hengemihle, J., 
Mouton, P. R., Ingram, D. K. and Jucker, M. (1998). Hippocampal neuron and 
synaptophysin-positive bouton number in aging C57BL/6 mice. Neurobiology of 
Aging 19, 599-606. 
 Campbell, L. W., Hao, S. Y., Thibault, O., Blalock, E. M. and Landfield, P. 
W. (1996). Aging changes in voltage-gated calcium currents in hippocampal 
CA1 neurons. J Neurosci 16, 6286-95. 
 Campbell, M. J., McComas, A. J. and Petito, F. (1973). Physiological 
changes in ageing muscles. Journal of Neurology, Neurosurgery & Psychiatry 
36, 174-182. 
 Cao, G., Platisa, J., Pieribone, V. A., Raccuglia, D., Kunst, M. and 
Nitabach, M. N. (2013). Genetically targeted optical electrophysiology in intact 
neural circuits. Cell 154, 904-13. 
 Catterall, W. A. and Few, A. P. (2008). Calcium Channel Regulation and 
Presynaptic Plasticity. Neuron 59, 882-901. 
 Ch'ng, Q., Sieburth, D. and Kaplan, J. M. (2008). Profiling Synaptic 
Proteins Identifies Regulators of Insulin Secretion and Lifespan. PLoS Genet. 4. 
 Chamberlain, L. H. and Burgoyne, R. D. (1996). Identification of a Novel 
Cysteine String Protein Variant and Expression of Cysteine String Proteins in 
Non-neuronal Cells. Journal of Biological Chemistry 271, 7320-7323. 
 Chamberlain, L. H. and Burgoyne, R. D. (1997a). Activation of the ATPase 
activity of heat-shock proteins Hsc70/Hsp70 by cysteine-string protein. 
Biochemical Journal 322, 853-858. 
 Chamberlain, L. H. and Burgoyne, R. D. (1997b). The molecular 
chaperone function of the secretory vesicle cysteine string proteins. Journal of 
Biological Chemistry 272, 31420-31426. 
 Chamberlain, L. H. and Burgoyne, R. D. (1998a). The cysteine-string 
domain of the secretory vesicle cysteine-string protein is required for 
membrane targeting. Biochem. J. 335, 205-209. 
 Chamberlain, L. H. and Burgoyne, R. D. (1998b). Cysteine String Protein 
Functions Directly in Regulated Exocytosis. Molecular Biology of the Cell 9, 
2259-2267. 
 Chamberlain, L. H. and Burgoyne, R. D. (2000). Cysteine-string protein: 
the chaperone at the synapse. J Neurochem 74, 1781-9. 
 Chan, J. P., Staab, T. A., Wang, H., Mazzasette, C., Butte, Z. and Sieburth, 
D. (2013). Extrasynaptic Muscarinic Acetylcholine Receptors on Neuronal Cell 
Bodies Regulate Presynaptic Function in Caenorhabditis elegans. The Journal of 
Neuroscience 33, 14146-14159. 
 Chandra, S., Gallardo, G., Fernández-Chacón, R., Schlüter, O. M. and 
Südhof, T. C. (2005). α-Synuclein Cooperates with CSPα in Preventing 
Neurodegeneration. Cell 123, 383-396. 
 Chang, Y.-M., Rosene, D. L., Killiany, R. J., Mangiamele, L. A. and Luebke, 
J. I. (2005). Increased Action Potential Firing Rates of Layer 2/3 Pyramidal Cells 
in the Prefrontal Cortex are Significantly Related to Cognitive Performance in 
Aged Monkeys. Cerebral Cortex 15, 409-418. 
 Chao, C.-C., Ma, Y.-S. and Stadtman, E. R. (1997). Modification of protein 
surface hydrophobicity and methionine oxidation by oxidative  systems. 
Proceedings of the National Academy of Sciences 94, 2969-2974. 



  Bibliography 

 213   

 Chapman, E. R. (2008). How Does Synaptotagmin Trigger 
Neurotransmitter Release? Annual Review of Biochemistry 77, 615-641. 
 Chen, S. and Hillman, D. E. (1999). Dying-back of Purkinje cell dendrites 
with synapse loss in aging rats. J Neurocytol 28, 187-96. 
 Chen, S., Zheng, X., Schulze, K. L., Morris, T., Bellen, H. and Stanley, E. F. 
(2002). Enhancement of presynaptic calcium current by cysteine string protein. 
The Journal of Physiology 538, 383-389. 
 Chen, Z., Hendricks, M., Cornils, A., Maier, W., Alcedo, J. and Zhang, Y. 
(2013). Two insulin-like peptides antagonistically regulate aversive olfactory 
learning in C. elegans. Neuron 77, 572-85. 
 Chokshi, T. V., Bazopoulou, D. and Chronis, N. (2010). An automated 
microfluidic platform for calcium imaging of chemosensory neurons in 
Caenorhabditis elegans. Lab on a Chip 10, 2758-2763. 
 Chow, D. K., Glenn, C. F., Johnston, J. L., Goldberg, I. G. and Wolkow, C. 
A. (2006). Sarcopenia in the Caenorhabditis elegans pharynx correlates with 
muscle contraction rate over lifespan. Exp Gerontol. 41, 252-260. 
 Chung, S. H., Sun, L. and Gabel, C. V. (2013). In vivo neuronal calcium 
imaging in C. elegans. J Vis Exp. 
 Cisse, M., Halabisky, B., Harris, J., Devidze, N., Dubal, D. B., Sun, B., Orr, 
A., Lotz, G., Kim, D. H., Hamto, P. et al. (2011). Reversing EphB2 depletion 
rescues cognitive functions in Alzheimer model. Nature 469, 47-52. 
 Coburn, C., Allman, E., Mahanti, P., Benedetto, A., Cabreiro, F., Pincus, 
Z., Matthijssens, F., Araiz, C., Mandel, A., Vlachos, M. et al. (2013). 
Anthranilate Fluorescence Marks a Calcium-Propagated Necrotic Wave That 
Promotes Organismal Death in C. elegans. PLoS Biol 11, e1001613. 
 Cohen, E., Bieschke, J., Perciavalle, R. M., Kelly, J. W. and Dillin, A. 
(2006). Opposing Activities Protect Against Age-Onset Proteotoxicity. Science 
313, 1604-1610. 
 Cohen, E., Paulsson, J. F., Blinder, P., Burstyn-Cohen, T., Du, D., Estepa, 
G., Adame, A., Pham, H. M., Holzenberger, M., Kelly, J. W. et al. (2009). 
Reduced IGF-1 Signaling Delays Age-Associated Proteotoxicity in Mice. Cell 
139, 1157-1169. 
 Collins, J. J., Evason, K., Pickett, C. L., Schneider, D. L. and Kornfeld, K. 
(2008). The Anticonvulsant Ethosuximide Disrupts Sensory Function to Extend 
<italic>C. elegans</italic> Lifespan. PLoS Genet 4, e1000230. 
 Collins, J. J., Huang, C., Hughes, S. and Kornfeld, K. (2007). The 
measurement and analysis of age-related changes in Caenorhabditis elegans. 
WormBook, ed. The C. elegans Research Community, WormBook, 
doi/10.1895/wormbook.1.137.1, http://www.wormbook.org. 
 Condliffe, S. B., Corradini, I., Pozzi, D., Verderio, C. and Matteoli, M. 
(2010). Endogenous SNAP-25 Regulates Native Voltage-gated Calcium Channels 
in Glutamatergic Neurons. Journal of Biological Chemistry 285, 24968-24976. 
 Cook, A., Franks, C. and Holden-Dye, L. (2006). Electrophysiological 
recordings from the pharynx. WormBook, ed. The C. elegans Research 
Community, WormBook, doi/10.1895/wormbook.1.110.1, 
http://www.wormbook.org. 
 Cooke, S. F. and Bliss, T. V. P. (2006). Plasticity in the human central 
nervous system. Brain 129, 1659-1673. 
 Cooney, C. A. (1993). Are somatic cells inherently deficient in methylation 
metabolism? A proposed mechanism for DNA methylation loss, senescence 
and aging. Growth Dev Aging 57, 261-73. 



Bibliography 

 214 

 Cooper, D. M. F., Mons, N. and Karpen, J. W. (1995). Adenylyl cyclases 
and the interaction between calcium and cAMP signalling. Nature 374, 421-
424. 
 Coppede, F. (2013). The epidemiology of premature aging and associated 
comorbidities. Clin Interv Aging 8, 1023-32. 
 Corder, E. H., Saunders, A. M., Strittmatter, W. J., Schmechel, D. E., 
Gaskell, P. C., Small, G. W., Roses, A. D., Haines, J. L. and Pericak-Vance, M. A. 
(1993). Gene dose of apolipoprotein E type 4 allele and the risk of Alzheimer's 
disease in late onset families. Science 261, 921-3. 
 Corfas, G. and Dudai, Y. (1991). Morphology of a sensory neuron in 
Drosophila is abnormal in memory mutants and changes during aging. 
Proceedings of the National Academy of Sciences 88, 7252-7256. 
 Coschigano, K. T., Clemmons, D., Bellush, L. L. and Kopchick, J. J. 
(2000). Assessment of Growth Parameters and Life Span of GHR/BP Gene-
Disrupted Mice. Endocrinology 141, 2608-2613. 
 Cowan and Kandel. (2001). A brief history of synapses and synaptic 
transmission. From Synapses, edited by Cowan et al. Published by the Johns 
Hopkins University Press in 2001. 
 Cracknell, R. (2010). The ageing population. Key Issues for the New 
Parliament 2010, House of Commons Library Research. 
 Croll, N. A., Smith, J. M. and Zuckerman, B. M. (1977). The aging process 
of the nematode Caenorhabditis elegans in bacterial and axenic culture. Exp 
Aging Res 3, 175-89. 
 Culetto, E., Baylis, H. A., Richmond, J. E., Jones, A. K., Fleming, J. T., 
Squire, M. D., Lewis, J. A. and Sattelle, D. B. (2004). The Caenorhabditis 
elegans unc-63 Gene Encodes a Levamisole-sensitive Nicotinic Acetylcholine 
Receptor α Subunit. Journal of Biological Chemistry 279, 42476-42483. 
 Culetto, E. and Sattelle, D. B. (2000). A role for Caenorhabditis elegans in 
understanding the function and interactions of human disease genes. Hum. 
Mol. Genet. 9, 869-877. 
 Dasuri, K., Ebenezer, P., Zhang, L., Fernandez-Kim, S. O., Bruce-Keller, A. 
J., Markesbery, W. R. and Keller, J. N. (2010). Increased protein hydrophobicity 
in response to aging and Alzheimer disease. Free Radical Biology and Medicine 
48, 1330-1337. 
 David, D. C., Ollikainen, N., Trinidad, J. C., Cary, M. P., Burlingame, A. L. 
and Kenyon, C. (2010). Widespread protein aggregation as an inherent part of 
aging in C. elegans. PLoS Biol 8, e1000450. 
 Davies, S. K., Leroi, A. M. and Bundy, J. G. (2012). Fluorodeoxyuridine 
affects the identification of metabolic responses to DAF-2 status in 
Caenorhabditis elegans. Mechanisms of Ageing and Development. 
 Dawson-Scully, K., Bronk, P., Atwood, H. L. and Zinsmaier, K. E. (2000). 
Cysteine-String Protein Increases the Calcium Sensitivity of Neurotransmitter 
Exocytosis in Drosophila. The Journal of Neuroscience 20, 6039-6047. 
 Dawson-Scully, K., Lin, Y., Imad, M., Zhang, J., Marin, L., Horne, J. A., 
Meinertzhagen, I. A., Karunanithi, S., Zinsmaier, K. E. and Atwood, H. L. 
(2007). Morphological and functional effects of altered cysteine string protein 
at the Drosophila larval neuromuscular junction. Synapse 61, 1-16. 
 de, B., Kramers and Uylings. (1998). Layer-specific dendritic regression 
of pyramidal cells with ageing in the human prefrontal cortex. European 
Journal of Neuroscience 10, 1261-1269. 
 De Felice, F. G., Vieira, M. N., Bomfim, T. R., Decker, H., Velasco, P. T., 
Lambert, M. P., Viola, K. L., Zhao, W. Q., Ferreira, S. T. and Klein, W. L. (2009). 
Protection of synapses against Alzheimer's-linked toxins: insulin signaling 



  Bibliography 

 215   

prevents the pathogenic binding of Abeta oligomers. Proc Natl Acad Sci U S A 
106, 1971-6. 
 DeKosky, S. T. and Scheff, S. W. (1990). Synapse loss in frontal cortex 
biopsies in Alzheimer's disease: correlation with cognitive severity. Ann Neurol 
27, 457-64. 
 Delbono, O. (2003). Neural control of aging skeletal muscle. Aging Cell 2, 
21-29. 
 Denker, A. and Rizzoli, S. O. (2010). Synaptic vesicle pools: an update. 
Frontiers in Synaptic Neuroscience 2. 
 Deschenes, M. R., Roby, M. A., Eason, M. K. and Harris, M. B. (2010). 
Remodeling of the neuromuscular junction precedes sarcopenia related 
alterations in myofibers. Experimental Gerontology 45, 389-393. 
 Dickstein, D. L., Kabaso, D., Rocher, A. B., Luebke, J. I., Wearne, S. L. and 
Hof, P. R. (2007). Changes in the structural complexity of the aged brain. 
Aging Cell 6, 275-284. 
 Dickstein, D. L., Weaver, C. M., Luebke, J. I. and Hof, P. R. (2013). 
Dendritic spine changes associated with normal aging. Neuroscience 251, 21-
32. 
 Dimitriadi, M. and Hart, A. C. (2010). Neurodegenerative disorders: 
Insights from the nematode Caenorhabditis elegans. Neurobiol Dis. 40, 4-11. 
 Dittman, J. and Ryan, T. A. (2009). Molecular Circuitry of Endocytosis at 
Nerve Terminals. Annual Review of Cell and Developmental Biology 25, 133-
160. 
 Dittman, J. S. and Kaplan, J. M. (2006). Factors regulating the abundance 
and localization of synaptobrevin in the plasma membrane. Proceedings of the 
National Academy of Sciences of the United States of America 103, 11399-
11404. 
 Dixon, S. J. and Roy, P. J. (2005). Muscle arm development in 
Caenorhabditis elegans. Development 132, 3079-3092. 
 Doonan, R., McElwee, J. J., Matthijssens, F., Walker, G. A., Houthoofd, K., 
Back, P., Matscheski, A., Vanfleteren, J. R. and Gems, D. (2008). Against the 
oxidative damage theory of aging: superoxide dismutases protect against 
oxidative stress but have little or no effect on life span in Caenorhabditis 
elegans. Genes Dev 22, 3236-41. 
 Dowling, D. K., Maklakov, A. A., Friberg, U. and Hailer, F. (2009). 
Applying the genetic theories of ageing to the cytoplasm: cytoplasmic genetic 
covariation for fitness and lifespan. Journal of Evolutionary Biology 22, 818-
827. 
 Duan, H., Wearne, S. L., Rocher, A. B., Macedo, A., Morrison, J. H. and 
Hof, P. R. (2003). Age-related dendritic and spine changes in corticocortically 
projecting neurons in macaque monkeys. Cereb Cortex 13, 950-61. 
 Duhon, S. A. and Johnson, T. E. (1995). Movement as an index of vitality: 
comparing wild type and the age-1 mutant of Caenorhabditis elegans. J 
Gerontol A Biol Sci Med Sci 50, B254-61. 
 Dulubova, I., Khvotchev, M., Liu, S., Huryeva, I., Südhof, T. C. and Rizo, 
J. (2007). Munc18-1 binds directly to the neuronal SNARE complex. Proceedings 
of the National Academy of Sciences 104, 2697-2702. 
 Dulubova, I., Sugita, S., Hill, S., Hosaka, M., Fernandez, I., Sudhof, T. C. 
and Rizo, J. (1999). A conformational switch in syntaxin during exocytosis: 
role of munc18. EMBO J 18, 4372-4382. 
 Dumitriu, D., Hao, J., Hara, Y., Kaufmann, J., Janssen, W. G., Lou, W., 
Rapp, P. R. and Morrison, J. H. (2010). Selective changes in thin spine density 



Bibliography 

 216 

and morphology in monkey prefrontal cortex correlate with aging-related 
cognitive impairment. J Neurosci 30, 7507-15. 
 Dwornczak, B. and Mirault, M.-E. (1987). Structure and expression of a 
human gene coding for a 71 kd heat shock ‘cognate’ protein. Nucleic Acids 
Research 15, 5181-5197. 
 Eccles, J. C. (1982). The Synapse - From electrical to chemical 
transmission. Annual Review of Neuroscience 5, 325-339. 
 Eckles-Smith, K., Clayton, D., Bickford, P. and Browning, M. D. (2000). 
Caloric restriction prevents age-related deficits in LTP and in NMDA receptor 
expression. Molecular Brain Research 78, 154-162. 
 Eroglu, C. and Barres, B. A. (2010). Regulation of synaptic connectivity by 
glia. Nature 468, 223-231. 
 Evans, G. J. O. and Morgan, A. (2002). Phosphorylation-dependent 
interaction of the synaptic vesicle proteins cysteine string protein and 
synaptotagmin I. Biochem. J. 364, 343-347. 
 Evans, G. J. O., Wilkinson, M. C., Graham, M. E., Turner, K. M., 
Chamberlain, L. H., Burgoyne, R. D. and Morgan, A. (2001). Phosphorylation 
of Cysteine String Protein by Protein Kinase A: IMPLICATIONS FOR THE 
MODULATION OF EXOCYTOSIS. Journal of Biological Chemistry 276, 47877-
47885. 
 Evason, K., Huang, C., Yamben, I., Covey, D. F. and Kornfeld, K. (2005). 
Anticonvulsant Medications Extend Worm Life-Span. Science 307, 258-262. 
 Feldman, M. L. and Dowd, C. (1975). Loss of dendritic spines in aging 
cerebral cortex. Anat Embryol (Berl) 148, 279-301. 
 Felix, M.-A. and Duveau, F. (2012). Population dynamics and habitat 
sharing of natural populations of Caenorhabditis elegans and C. briggsae. BMC 
Biology 10, 59. 
 Fernandez-Chacon, R., Konigstorfer, A., Gerber, S. H., Garcia, J., Matos, 
M. F., Stevens, C. F., Brose, N., Rizo, J., Rosenmund, C. and Sudhof, T. C. 
(2001). Synaptotagmin I functions as a calcium regulator of release probability. 
Nature 410, 41-49. 
 Fernández-Chacón, R., Wölfel, M., Nishimune, H., Tabares, L., Schmitz, 
F., Castellano-Muñoz, M., Rosenmund, C., Montesinos, M. L., Sanes, J. R., 
Schneggenburger, R. et al. (2004). The Synaptic Vesicle Protein CSP[alpha] 
Prevents Presynaptic Degeneration. Neuron 42, 237-251. 
 Finch, C. E. (2010). Evolution of the human lifespan and diseases of 
aging: Roles of infection, inflammation, and nutrition. Proceedings of the 
National Academy of Sciences of the United States of America 107, 1718-1724. 
 Flachsbart, F., Caliebe, A., Kleindorp, R., Blanché, H., von Eller-
Eberstein, H., Nikolaus, S., Schreiber, S. and Nebel, A. (2009). Association of 
FOXO3A variation with human longevity confirmed in German centenarians. 
Proceedings of the National Academy of Sciences 106, 2700-2705. 
 Fleming, J. T., Squire, M. D., Barnes, T. M., Tornoe, C., Matsuda, K., 
Ahnn, J., Fire, A., Sulston, J. E., Barnard, E. A., Sattelle, D. B. et al. (1997). 
Caenorhabditis elegans Levamisole Resistance Genes lev-1, unc-29, and unc-38 
Encode Functional Nicotinic Acetylcholine Receptor Subunits. J Neurosci. 17, 
5843-5857. 
 Folkis, V. V., Stupina, A. S., Martinenko, O. A., Tòth, S. and Timchenko, 
A. I. (1984). Aging of neurons in the mollusc Lymnaea stagnalis. Structure, 
function and sensitivity to transmitters. Mechanisms of Ageing and 
Development 25, 91-102. 



  Bibliography 

 217   

 Fonte, V., Kapulkin, W. J., Taft, A., Fluet, A., Friedman, D. and Link, C. D. 
(2002). Interaction of intracellular beta amyloid peptide with chaperone 
proteins. Proc Natl Acad Sci U S A 99, 9439-44. 
 Fraga, M. F., Ballestar, E., Paz, M. F., Ropero, S., Setien, F., Ballestar, M. 
L., Heine-Suner, D., Cigudosa, J. C., Urioste, M., Benitez, J. et al. (2005). 
Epigenetic differences arise during the lifetime of monozygotic twins. Proc Natl 
Acad Sci U S A 102, 10604-9. 
 Freeman, S. H., Kandel, R., Cruz, L., Rozkalne, A., Newell, K., Frosch, M. 
P., Hedley-Whyte, E. T., Locascio, J. J., Lipsitz, L. A. and Hyman, B. T. (2008). 
Preservation of neuronal number despite age-related cortical brain atrophy in 
elderly subjects without Alzheimer disease. J Neuropathol Exp Neurol 67, 
1205-12. 
 Freitas, A. A. and de Magalhães, J. P. (2011). A review and appraisal of 
the DNA damage theory of ageing. Mutation Research/Reviews in Mutation 
Research 728, 12-22. 
 Frey, D., Schneider, C., Xu, L., Borg, J., Spooren, W. and Caroni, P. (2000). 
Early and Selective Loss of Neuromuscular Synapse Subtypes with Low 
Sprouting Competence in Motoneuron Diseases. J. Neurosci. 20, 2534-2542. 
 Fried, L. P., Tangen, C. M., Walston, J., Newman, A. B., Hirsch, C., 
Gottdiener, J., Seeman, T., Tracy, R., Kop, W. J., Burke, G. et al. (2001). Frailty 
in older adults: evidence for a phenotype. J Gerontol A Biol Sci Med Sci 56, 
M146-56. 
 Friedman, D. B. and Johnson, T. E. (1988a). A mutation in the age-1 gene 
in Caenorhabditis elegans lengthens life and reduces hermaphrodite fertility. 
Genetics 118, 75-86. 
 Friedman, D. B. and Johnson, T. E. (1988b). Three mutants that extend 
both mean and maximum life span of the nematode, Caenorhabditis elegans, 
define the age-1 gene. J Gerontol 43, B102-9. 
 Fuchs, P. A., Glowatzki, E. and Moser, T. (2003). The afferent synapse of 
cochlear hair cells. Current Opinion in Neurobiology 13, 452-458. 
 Gao, S. and Zhen, M. (2011). Action potentials drive body wall muscle 
contractions in Caenorhabditis elegans. Proc Natl Acad Sci U S A 108, 2557-62. 
 García-Junco-Clemente, P., Cantero, G., Gómez-Sánchez, L., Linares-
Clemente, P., Martínez-López, J. A., Luján, R. and Fernández-Chacón, R. 
(2010). Cysteine String Protein-α Prevents Activity-Dependent Degeneration in 
GABAergic Synapses. The Journal of Neuroscience 30, 7377-7391. 
 Gault, V. A. and Holscher, C. (2008). Protease-resistant glucose-
dependent insulinotropic polypeptide agonists facilitate hippocampal LTP and 
reverse the impairment of LTP induced by beta-amyloid. J Neurophysiol 99, 
1590-5. 
 Gavazzi, G. and Krause, K.-H. (2002). Ageing and infection. The Lancet 
Infectious Diseases 2, 659-666. 
 Gems, D. and de la Guardia, Y. (2013). Alternative Perspectives on Aging 
in Caenorhabditis elegans: Reactive Oxygen Species or Hyperfunction? Antioxid 
Redox Signal 19, 321-9. 
 Gems, D. and Doonan, R. (2009). Antioxidant defense and aging in C. 
elegans Is the oxidative damage theory of aging wrong? Cell Cycle 8, 1681-
1687. 
 Gems, D. and Partridge, L. (2008). Stress-Response Hormesis and Aging: 
"That which Does Not Kill Us Makes Us Stronger". Cell Metabolism 7, 200-203. 
 Gems, D. and Partridge, L. (2013). Genetics of longevity in model 
organisms: debates and paradigm shifts. Annu Rev Physiol 75, 621-44. 



Bibliography 

 218 

 Geppert, M., Bolshakov, V. Y., Siegelbaum, S. A., Takei, K., De Camilli, P., 
Hammer, R. E. and Sudhof, T. C. (1994). The role of Rab3A in neurotransmitter 
release. Nature 369, 493-497. 
 Gerber, S. H., Rah, J.-C., Min, S.-W., Liu, X., de Wit, H., Dulubova, I., Meyer, 
A. C., Rizo, J., Arancillo, M., Hammer, R. E. et al. (2008). Conformational 
Switch of Syntaxin-1 Controls Synaptic Vesicle Fusion. Science 321, 1507-1510. 
 Glenn, C. F., Chow, D. K., David, L., Cooke, C. A., Gami, M. S., Iser, W. B., 
Hanselman, K. B., Goldberg, I. G. and Wolkow, C. A. (2004). Behavioral deficits 
during early stages of aging in Caenorhabditis elegans result from locomotory 
deficits possibly linked to muscle frailty. J Gerontol A Biol Sci Med Sci. 59, 
1251-1260. 
 Gong, G., Rosa-Neto, P., Carbonell, F., Chen, Z. J., He, Y. and Evans, A. C. 
(2009). Age- and Gender-Related Differences in the Cortical Anatomical 
Network. The Journal of Neuroscience 29, 15684-15693. 
 Goodman, M. B., Hall, D. H., Avery, L. and Lockery, S. R. (1998). Active 
currents regulate sensitivity and dynamic range in C-elegans neurons. Neuron 
20, 763-772. 
 Gosslau, A., Ruoff, P., Mohsenzadeh, S., Hobohm, U. and Rensing, L. 
(2001). Heat Shock and Oxidative Stress-induced Exposure of Hydrophobic 
Protein Domains as Common Signal in the Induction ofhsp68. Journal of 
Biological Chemistry 276, 1814-1821. 
 Gracheva, E. O., Burdina, A. O., Holgado, A. M., Berthelot-Grosjean, M., 
Ackley, B. D., Hadwiger, G., Nonet, M. L., Weimer, R. M. and Richmond, J. E. 
(2006). Tomosyn Inhibits Synaptic Vesicle Priming in     
 <named-content xmlns:xlink="http://www.w3.org/1999/xlink" content-
type="genus-species" xlink:type="simple">Caenorhabditis elegans</named-
content>. PLoS Biol 4, e261. 
 Gracheva, E. O., Hadwiger, G., Nonet, M. L. and Richmond, J. E. (2008). 
Direct interactions between C. elegans RAB-3 and Rim provide a mechanism to 
target vesicles to the presynaptic density. Neuroscience Letters 444, 137-142. 
 Graham, M. E. and Burgoyne, R. D. (2000). Comparison of Cysteine 
String Protein (Csp) and Mutant α-SNAP Overexpression Reveals a Role for Csp 
in Late Steps of Membrane Fusion in Dense-Core Granule Exocytosis in Adrenal 
Chromaffin Cells. The Journal of Neuroscience 20, 1281-1289. 
 Greer, E. L. and Brunet, A. (2009). Different dietary restriction regimens 
extend lifespan by both independent and overlapping genetic pathways in C. 
elegans. Aging Cell 8, 113-127. 
 Grillo, F. W., Song, S., Teles-Grilo Ruivo, L. M., Huang, L., Gao, G., Knott, 
G. W., Maco, B., Ferretti, V., Thompson, D., Little, G. E. et al. (2013). Increased 
axonal bouton dynamics in the aging mouse cortex. Proceedings of the 
National Academy of Sciences 110, E1514-E1523. 
 Grønborg, M., Pavlos, N. J., Brunk, I., Chua, J. J. E., Münster-Wandowski, 
A., Riedel, D., Ahnert-Hilger, G., Urlaub, H. and Jahn, R. (2010). Quantitative 
Comparison of Glutamatergic and GABAergic Synaptic Vesicles Unveils 
Selectivity for Few Proteins Including MAL2, a Novel Synaptic Vesicle Protein. 
The Journal of Neuroscience 30, 2-12. 
 Gundersen, C. B., Mastrogiacomo, A., Faull, K. and Umbach, J. A. (1994). 
Extensive lipidation of a Torpedo cysteine string protein. Journal of Biological 
Chemistry 269, 19197-19199. 
 Gundersen, C. B. and Umbach, J. A. (1992). Suppression cloning of the 
cDNA for a candidate subunit of a presynaptic calcium channel. Neuron 9, 527-
537. 



  Bibliography 

 219   

 Guo, X., Navetta, A., Gualberto, D. G. and García, L. R. (2012). Behavioral 
decay in aging male C. elegans correlates with increased cell excitability. 
Neurobiology of Aging 33, 1483.e5-1483.e23. 
 Guthmueller, K. L., Yoder , M. L. ., Holgado, A. M. (2011). Determining 
Genetic Expression Profiles in C. elegans Using Microarray and Real-time PCR. J 
Vis Exp. 53. 
 Hamill, O. P., Marty, A., Neher, E., Sakmann, B. and Sigworth, F. J. 
(1981). Improved patch-clamp techniques for high-resolution current recording 
from cells and cell-free membrane patches. Pflugers Arch 391, 85-100. 
 Hanahan, D. and Weinberg, Robert A. (2011). Hallmarks of Cancer: The 
Next Generation. Cell 144, 646-674. 
 Hansen, M., Taubert, S., Crawford, D., Libina, N., Lee, S.-J. and Kenyon, 
C. (2007). Lifespan extension by conditions that inhibit translation in 
Caenorhabditis elegans. Aging Cell 6, 95-110. 
 Hao, J., Rapp, P. R., Janssen, W. G. M., Lou, W., Lasley, B. L., Hof, P. R. and 
Morrison, J. H. (2007). Interactive effects of age and estrogen on cognition and 
pyramidal neurons in monkey prefrontal cortex. Proceedings of the National 
Academy of Sciences 104, 11465-11470. 
 Hao, J., Rapp, P. R., Leffler, A. E., Leffler, S. R., Janssen, W. G. M., Lou, W., 
McKay, H., Roberts, J. A., Wearne, S. L., Hof, P. R. et al. (2006). Estrogen Alters 
Spine Number and Morphology in Prefrontal Cortex of Aged Female Rhesus 
Monkeys. The Journal of Neuroscience 26, 2571-2578. 
 Hara, Y., Punsoni, M., Yuk, F., Park, C. S., Janssen, W. G. M., Rapp, P. R. 
and Morrison, J. H. (2012). Synaptic Distributions of GluA2 and PKMζ in the 
Monkey Dentate Gyrus and Their Relationships with Aging and Memory. The 
Journal of Neuroscience 32, 7336-7344. 
 Harold, D., Abraham, R., Hollingworth, P., Sims, R., Gerrish, A., 
Hamshere, M. L., Pahwa, J. S., Moskvina, V., Dowzell, K., Williams, A. et al. 
(2009). Genome-wide association study identifies variants at CLU and PICALM 
associated with Alzheimer's disease. Nat Genet 41, 1088-1093. 
 Harrison, D. E., Strong, R., Sharp, Z. D., Nelson, J. F., Astle, C. M., 
Flurkey, K., Nadon, N. L., Wilkinson, J. E., Frenkel, K., Carter, C. S. et al. 
(2009). Rapamycin fed late in life extends lifespan in genetically 
heterogeneous mice. Nature 460, 392-395. 
 Hartl, F. U. and Hayer-Hartl, M. (2009). Converging concepts of protein 
folding in vitro and in vivo. Nat Struct Mol Biol 16, 574-581. 
 Hastie, N. D., Dempster, M., Dunlop, M. G., Thompson, A. M., Green, D. 
K. and Allshire, R. C. (1990). Telomere reduction in human colorectal 
carcinoma and with ageing. Nature 346, 866-868. 
 Hata, Y., Slaughter, C. A. and Sudhof, T. C. (1993). Synaptic vesicle 
fusion complex contains unc-18 homologue bound   to syntaxin. Nature 
366, 347-351. 
 Haussmann, M. F., Winkler, D. W., O'Reilly, K. M., Huntington, C. E., 
Nisbet, I. C. T. and Vleck, C. M. (2003). Telomeres shorten more slowly in 
long-lived birds and mammals than in short–lived ones. Proceedings of the 
Royal Society of London. Series B: Biological Sciences 270, 1387-1392. 
 Hayflick, L. (2007). Biological aging is no longer an unsolved problem. In 
Biogerontology: Mechanisms and Interventions, vol. 1100 eds. S. I. S. Rattan 
and S. Akman), pp. 1-13. 
 Hazra, A., Gu, F., Aulakh, A., Berridge, C., Eriksen, J. L. and Žiburkus, J. 
(2013). Inhibitory Neuron and Hippocampal Circuit Dysfunction in an Aged 
Mouse Model of Alzheimer's Disease. PLoS ONE 8, e64318. 



Bibliography 

 220 

 Heckmann, M., Adelsberger, H. and Dudel, J. (1997). Evoked transmitter 
release at neuromuscular junctions in wild type and cysteine string protein null 
mutant larvae of Drosophila. Neuroscience Letters 228, 167-170. 
 Heidinger, B. J., Blount, J. D., Boner, W., Griffiths, K., Metcalfe, N. B. and 
Monaghan, P. (2012). Telomere length in early life predicts lifespan. 
Proceedings of the National Academy of Sciences 109, 1743-1748. 
 Hennig, M. H. (2013). Theoretical models of synaptic short term 
plasticity. Frontiers in Computational Neuroscience 7. 
 Hermann, P. M., Lee, A., Hulliger, S., Minvielle, M., Ma, B. and Wildering, 
W. C. (2007). Impairment of long-term associative memory in aging snails 
(Lymnaea stagnalis). Behav Neurosci 121, 1400-14. 
 Herndon, L. A., Schmeissner, P. J., Dudaronek, J. M., Brown, P. A., 
Listner, K. M., Sakano, Y., Paupard, M. C., Hall, D. H. and Driscoll, M. (2002). 
Stochastic and genetic factors influence tissue-specific decline in ageing C. 
elegans. Nature 419, 808-814. 
 Herrup, K. (2010). Reimagining Alzheimer's Disease—An Age-Based 
Hypothesis. J Neurosci. 30, 16755-16762. 
 Herrup, K., Carrillo, M. C., Schenk, D., Cacace, A., DeSanti, S., Fremeau, 
R., Bhat, R., Glicksman, M., May, P., Swerdlow, R. et al. (2013). Beyond 
amyloid: Getting real about nonamyloid targets in Alzheimer's disease. 
Alzheimer's & Dementia 9, 452-458.e1. 
 Heuser, J. E. and Reese, T. S. (1973). EVIDENCE FOR RECYCLING OF 
SYNAPTIC VESICLE MEMBRANE DURING TRANSMITTER RELEASE AT THE FROG 
NEUROMUSCULAR JUNCTION. The Journal of Cell Biology 57, 315-344. 
 Hobert, O. (2013). The neuronal genome of Caenorhabditis elegans 
WormBook, ed. The C. elegans Research Community, WormBook, 
doi/10.1895/wormbook.1.161.1, http://www.wormbook.org. 
 Hof, P. R., Duan, H., Page, T. L., Einstein, M., Wicinski, B., He, Y., Erwin, J. 
M. and Morrison, J. H. (2002). Age-related changes in GluR2 and NMDAR1 
glutamate receptor subunit protein immunoreactivity in corticocortically 
projecting neurons in macaque and patas monkeys. Brain Res 928, 175-86. 
 Hollingworth, P. Harold, D. Sims, R. Gerrish, A. Lambert, J.-C. 
Carrasquillo, M. M. Abraham, R. Hamshere, M. L. Pahwa, J. S. Moskvina, V. et 
al. (2011). Common variants at ABCA7, MS4A6A/MS4A4E, EPHA1, CD33 and 
CD2AP are associated with Alzheimer's disease. Nat Genet 43, 429-435. 
 Holloszy, J. O., Smith, E. K., Vining, M. and Adams, S. (1985). Effect of 
voluntary exercise on longevity of rats. Journal of Applied Physiology 59, 826-
831. 
 Holzenberger, M., Dupont, J., Ducos, B., Leneuve, P., Geloen, A., Even, P. 
C., Cervera, P. and Le Bouc, Y. (2003). IGF-1 receptor regulates lifespan and 
resistance to oxidative stress in mice. Nature 421, 182-187. 
 Honjoh, S., Yamamoto, T., Uno, M. and Nishida, E. (2009). Signalling 
through RHEB-1 mediates intermittent fasting-induced longevity in C. elegans. 
Nature 457, 726-730. 
 Horn, R. and Marty, A. (1988). Muscarinic activation of ionic currents 
measured by a new whole-cell recording method. J Gen Physiol 92, 145-59. 
 Hsieh, H., Boehm, J., Sato, C., Iwatsubo, T., Tomita, T., Sisodia, S. and 
Malinow, R. (2006). AMPAR removal underlies Abeta-induced synaptic 
depression and dendritic spine loss. Neuron 52, 831-43. 
 Hsin, H. and Kenyon, C. (1999). Signals from the reproductive system 
regulate the lifespan of C. elegans. Nature 399, 362-6. 



  Bibliography 

 221   

 Hsu, A.-L., Murphy, C. T. and Kenyon, C. (2003). Regulation of Aging and 
Age-Related Disease by DAF-16 and Heat-Shock Factor. Science 300, 1142-
1145. 
 Hu, Z., Pym, E. C. G., Babu, K., Vashlishan Murray, Amy B. and Kaplan, J. 
M. (2011). A Neuropeptide-Mediated Stretch Response Links Muscle 
Contraction to Changes in Neurotransmitter Release. Neuron 71, 92-102. 
 Huang, C., Xiong, C. and Kornfeld, K. (2004). Measurements of age-
related changes of physiological processes that predict lifespan of 
Caenorhabditis elegans. Proc Natl Acad Sci U S A. 101, 8084-8089. 
 Hughes, S. E., Evason, K., Xiong, C. and Kornfeld, K. (2007). Genetic and 
Pharmacological Factors That Influence Reproductive Aging in Nematodes. 
PLoS Genet 3, e25. 
 Hulme, S. E., Shevkoplyas, S. S., McGuigan, A. P., Apfeld, J., Fontana, W. 
and Whitesides, G. M. (2010). Lifespan-on-a-chip: microfluidic chambers for 
performing lifelong observation of C. elegans. Lab on a Chip 10, 589-597. 
 Hung, W. L., Hwang, C., Gao, S., Liao, E. H., Chitturi, J., Wang, Y., Li, H., 
Stigloher, C., Bessereau, J.-L. and Zhen, M. (2013). Attenuation of insulin 
signalling contributes to FSN-1-mediated regulation of synapse development. 
EMBO J 32, 1745-1760. 
 Idrobo, F., Nandy, K., Mostofsky, D. I., Blatt, L. and Nandy, L. (1987). 
Dietary restriction: effects on radial maze learning and lipofuscin pigment 
deposition in the hippocampus and frontal cortex. Archives of Gerontology and 
Geriatrics 6, 355-362. 
 Iliadi, K. G., Knight, D. and Boulianne, G. L. (2012). Healthy aging – 
insights from Drosophila. Frontiers in Physiology 3. 
 Ingram, D. K., Weindruch, R., Spangler, E. L., Freeman, J. R. and Walford, 
R. L. (1987). Dietary Restriction Benefits Learning and Motor Performance of 
Aged Mice. J Gerontol 42, 78-81. 
 Iser, W. B., Gami, M. S. and Wolkow, C. A. (2007). Insulin signaling in 
Caenorhabditis elegans regulates both endocrine-like and cell-autonomous 
outputs. Developmental Biology 303, 434-447. 
 Jacobs, B., Driscoll, L. and Schall, M. (1997). Life-span dendritic and 
spine changes in areas 10 and 18 of human cortex: A quantitative golgi study. 
J Comp Neurol 386, 661-680. 
 Jang, Y. C. and Van Remmen, H. (2011). Age-associated alterations of the 
neuromuscular junction. Experimental Gerontology 46, 193-198. 
 Jarvis, S. E., Magga, J. M., Beedle, A. M., Braun, J. E. A. and Zamponi, G. 
W. (2000). G Protein Modulation of N-type Calcium Channels Is Facilitated by 
Physical Interactions between Syntaxin 1A and Gβγ. Journal of Biological 
Chemistry 275, 6388-6394. 
 Jarvis, S. E. and Zamponi, G. W. (2001). Distinct molecular determinants 
govern syntaxin 1A-mediated inactivation and G-protein inhibition of N-type 
calcium channels. J Neurosci 21, 2939-48. 
 Jensen, M., Hoerndli, Frédéric J., Brockie, Penelope J., Wang, R., 
Johnson, E., Maxfield, D., Francis, Michael M., Madsen, David M. and Maricq, 
Andres V. (2012). Wnt Signaling Regulates Acetylcholine Receptor 
Translocation and Synaptic Plasticity in the Adult Nervous System. Cell 149, 
173-187. 
 Jiang, C. H., Tsien, J. Z., Schultz, P. G. and Hu, Y. (2001). The effects of 
aging on gene expression in the hypothalamus and cortex of mice. 
Proceedings of the National Academy of Sciences 98, 1930-1934. 



Bibliography 

 222 

 Jin, L., Han, Z., Platisa, J., Wooltorton, J. R., Cohen, L. B. and Pieribone, 
V. A. (2012). Single action potentials and subthreshold electrical events imaged 
in neurons with a fluorescent protein voltage probe. Neuron 75, 779-85. 
 Johnson, J. R., Ferdek, P., Lian, L.-Y., Barclay, J. W., Burgoyne, R. D. and 
Morgan, A. (2009). Binding of UNC-18 to the N-terminus of syntaxin is 
essential for neurotransmission in Caenorhabditis elegans. Biochem J 418, 73-
80. 
 Johnson, J. R., Jenn, R. C., Barclay, J. W., Burgoyne, R. D. and Morgan, A. 
(2010). Caenorhabditis elegans: a useful tool to decipher neurodegenerative 
pathways. Biochemical Society Transactions 38, 559-563. 
 Johnson, T. (1986). Molecular and genetic analyses of a multivariate 
system specifying behavior and life span. Behavior Genetics 16, 221-235. 
 Johnson, T. E. (1987). Aging can be genetically dissected into component 
processes using long-lived lines of Caenorhabditis elegans. Proc Natl Acad Sci 
U S A 84, 3777-81. 
 Johnson, T. E. (1990). Increased life-span of age-1 mutants in 
Caenorhabditis elegans and lower Gompertz rate of aging. Science 249, 908-
12. 
 Kaeberlein, M., Powers, R. W., Steffen, K. K., Westman, E. A., Hu, D., 
Dang, N., Kerr, E. O., Kirkland, K. T., Fields, S. and Kennedy, B. K. (2005). 
Regulation of Yeast Replicative Life Span by TOR and Sch9 in Response to 
Nutrients. Science 310, 1193-1196. 
 Kalache, A. and Gatti, A. (2003). Active ageing: a policy framework. Adv 
Gerontol 11, 7-18. 
 Kampinga, H. H. and Craig, E. A. (2010). The HSP70 chaperone 
machinery: J proteins as drivers of functional specificity. Nat Rev Mol Cell Biol 
11, 579-592. 
 Kapahi, P., Zid, B. M., Harper, T., Koslover, D., Sapin, V. and Benzer, S. 
(2004). Regulation of Lifespan in Drosophila by Modulation of Genes in the 
TOR Signaling Pathway. Current Biology 14, 885-890. 
 Kapogiannis, D. and Mattson, M. P. (2011). Disrupted energy 
metabolism and neuronal circuit dysfunction in cognitive impairment and 
Alzheimer's disease. The Lancet Neurology 10, 187-198. 
 Kauffman, A. L., Ashraf, J. M., Corces-Zimmerman, M. R., Landis, J. N. 
and Murphy, C. T. (2010). Insulin signaling and dietary restriction differentially 
influence the decline of learning and memory with age. PLoS Biol 8, e1000372. 
 Kawano, T., Po, M. D., Gao, S., Leung, G., Ryu, W. S. and Zhen, M. (2011). 
An imbalancing act: gap junctions reduce the backward motor circuit activity to 
bias C. elegans for forward locomotion. Neuron 72, 572-86. 
 Kelley, W. L. (1998). The J-domain family and the recruitment of 
chaperone power. Trends in Biochemical Sciences 23, 222-227. 
 Kenyon, C., Chang, J., Gensch, E., Rudner, A. and Tabtiang, R. (1993). A 
C. elegans mutant that lives twice as long as wild-type. Nature 366, 461-464. 
 Kenyon, C. J. (2010). The genetics of ageing. Nature 464, 504-512. 
 Kerrigan, T. L. and Randall, A. D. (2013). A new player in the 
‘synaptopathy’ of Alzheimer’s disease - Arc/Arg 3.1. Frontiers in Neurology 4. 
 Khvotchev, M., Dulubova, I., Sun, J., Dai, H., Rizo, J. and Südhof, T. C. 
(2007). Dual Modes of Munc18-1/SNARE Interactions Are Coupled by 
Functionally Critical Binding to Syntaxin-1 N Terminus. The Journal of 
Neuroscience 27, 12147-12155. 
 Kim, D. K. and Catterall, W. A. (1997). Ca2+-dependent and -independent 
interactions of the isoforms of the α1A subunit of brain Ca2+ channels with 



  Bibliography 

 223   

presynaptic SNARE  proteins. Proceedings of the National Academy of Sciences 
94, 14782-14786. 
 Kimura, K. D., Tissenbaum, H. A., Liu, Y. and Ruvkun, G. (1997). daf-2, 
an Insulin Receptor-Like Gene That Regulates Longevity and Diapause in 
Caenorhabditis elegans. Science 277, 942-946. 
 Kirkwood, T. B. L. (2005). Understanding the odd science of aging. Cell 
120, 437-447. 
 Kirkwood, T. B. L., Feder, M., Finch, C. E., Franceschi, C., Globerson, A., 
Klingenberg, C. P., LaMarco, K., Omholt, S. and Westendorp, R. G. J. (2005). 
What accounts for the wide variation in life span of genetically identical 
organisms reared in a constant environment? Mechanisms of Ageing and 
Development 126, 439-443. 
 Klass, M. R. (1977). Aging in the nematode Caenorhabditis elegans: Major 
biological and environmental factors influencing life span. Mechanisms of 
Ageing and Development 6, 413-429. 
 Klass, M. R. (1983). A method for the isolation of longevity mutants in 
the nematode Caenorhabditis elegans and initial results. Mech Ageing Dev 22, 
279-86. 
 Klassen, M. P. and Shen, K. (2007). Wnt signaling positions 
neuromuscular connectivity by inhibiting synapse formation in C. elegans. Cell 
130, 704-16. 
 Klockener, T., Hess, S., Belgardt, B. F., Paeger, L., Verhagen, L. A., Husch, 
A., Sohn, J. W., Hampel, B., Dhillon, H., Zigman, J. M. et al. (2011). High-fat 
feeding promotes obesity via insulin receptor/PI3K-dependent inhibition of SF-
1 VMH neurons. Nat Neurosci 14, 911-8. 
 Koffie, R., Hyman, B. and Spires-Jones, T. (2011). Alzheimer's disease: 
synapses gone cold. Mol Neurodegener. 6, 63. 
 Koizumi, O., Sato, N. and Goto, C. (2004). Chemical anatomy of hydra 
nervous system using antibodies against hydra neuropeptides: a review. In 
Coelenterate Biology 2003, vol. 178 eds. D. Fautin J. Westfall P. Cartwrigh M. 
Daly and C. R. Wyttenbach), pp. 41-47: Springer Netherlands. 
 Kojima, T., Kamei, H., Aizu, T., Arai, Y., Takayama, M., Nakazawa, S., 
Ebihara, Y., Inagaki, H., Masui, Y., Gondo, Y. et al. (2004). Association analysis 
between longevity in the Japanese population and polymorphic variants of 
genes involved in insulin and insulin-like growth factor 1 signaling pathways. 
Experimental Gerontology 39, 1595-1598. 
 Krishnakumar, S. S., Radoff, D. T., Kümmel, D., Giraudo, C. G., Li, F., 
Khandan, L., Baguley, S. W., Coleman, J., Reinisch, K. M., Pincet, F. et al. 
(2011). A conformational switch in complexin is required for synaptotagmin to 
trigger synaptic fusion. Nat Struct Mol Biol 18, 934-940. 
 Kümmel, D., Krishnakumar, S. S., Radoff, D. T., Li, F., Giraudo, C. G., 
Pincet, F., Rothman, J. E. and Reinisch, K. M. (2011). Complexin cross-links 
prefusion SNAREs into a zigzag array. Nat Struct Mol Biol 18, 927-933. 
 Lambert, J.-C. Ibrahim-Verbaas, C. A. Harold, D. Naj, A. C. Sims, R. 
Bellenguez, C. Jun, G. DeStefano, A. L. Bis, J. C. Beecham, G. W. et al. (2013). 
Meta-analysis of 74,046 individuals identifies 11 new susceptibility loci for 
Alzheimer's disease. Nat Genet advance online publication. 
 Lans, H. and Jansen, G. (2007). Multiple sensory G proteins in the 
olfactory, gustatory and nociceptive neurons modulate longevity in 
Caenorhabditis elegans. Dev Biol 303, 474-82. 
 Lapierre, L. R. and Hansen, M. (2012). Lessons from C. elegans: signaling 
pathways for longevity. Trends in endocrinology and metabolism: TEM. 



Bibliography 

 224 

 Lapointe, J. and Hekimi, S. (2010). When a theory of aging ages badly. 
Cellular and Molecular Life Sciences 67, 1-8. 
 Larsen, P. L. (1993). Aging and resistance to oxidative damage in 
Caenorhabditis elegans. Proceedings of the National Academy of Sciences 90, 
8905-8909. 
 Larsson, L. and Ansved, T. (1995). Effects of ageing on the motor unit. 
Progress in Neurobiology 45, 397-458. 
 Leal, S. L. and Yassa, M. A. (2013). Perturbations of neural circuitry in 
aging, mild cognitive impairment, and Alzheimer's disease. Ageing Res Rev 12, 
823-31. 
 Lee, H. K., Kumar, P., Fu, Q., Rosen, K. M. and Querfurth, H. W. (2009). 
The insulin/Akt signaling pathway is targeted by intracellular beta-amyloid. Mol 
Biol Cell 20, 1533-44. 
 Lee, I. M., Shiroma, E. J., Lobelo, F., Puska, P., Blair, S. N. and 
Katzmarzyk, P. T. (2012). Effect of physical inactivity on major non-
communicable diseases worldwide: an analysis of burden of disease and life 
expectancy. The Lancet 380, 219-229. 
 Lee, R. Y. N., Lobel, L., Hengartner, M., Horvitz, H. R. and Avery, L. 
(1997). Mutations in the [alpha]1 subunit of an L-type voltage–activated Ca2+ 
channel cause myotonia in Caenorhabditis elegans. EMBO J 16, 6066-6076. 
 Lee, S. S., Kennedy, S., Tolonen, A. C. and Ruvkun, G. (2003). DAF-16 
Target Genes That Control C. elegans Life-Span and Metabolism. Science 300, 
644-647. 
 Leenders, A. G. M., da Silva, F. H. L., Ghijsen, W. E. J. M. and Verhage, M. 
(2001). Rab3A Is Involved in Transport of Synaptic Vesicles to the Active Zone 
in Mouse Brain Nerve Terminals. Molecular Biology of the Cell 12, 3095-3102. 
 Leprivier, G., Remke, M., Rotblat, B., Dubuc, A., Mateo, A.-Rachele F., 
Kool, M., Agnihotri, S., El-Naggar, A., Yu, B., Prakash Somasekharan, S. et al. 
(2013). The eEF2 Kinase Confers Resistance to Nutrient Deprivation by 
Blocking Translation Elongation. Cell 153, 1064-1079. 
 Leuba, G. (1983). Aging of dendrites in the cerebral cortex of the mouse. 
Neuropathol Appl Neurobiol 9, 467-75. 
 Leveque, C., Pupier, S., Marqueze, B., Geslin, L., Kataoka, M., Takahashi, 
M., De Waard, M. and Seagar, M. (1998). Interaction of cysteine string proteins 
with the alpha(1)A subunit of the P/Q-type calcium channel. Journal of 
Biological Chemistry 273, 13488-13492. 
 Li, P., Collins, K. M., Koelle, M. R., Shen, K. and Davis, G. (2013). LIN-
12/Notch signaling instructs postsynaptic muscle arm development by 
regulating UNC-40/DCC and MADD-2 in Caenorhabditis elegans. eLife 2. 
 Li, S., Hong, S., Shepardson, N. E., Walsh, D. M., Shankar, G. M. and 
Selkoe, D. (2009a). Soluble oligomers of amyloid Beta protein facilitate 
hippocampal long-term depression by disrupting neuronal glutamate uptake. 
Neuron 62, 788-801. 
 Li, X., Matilainen, O., Jin, C., Glover-Cutter, K. M., Holmberg, C. I. and 
Blackwell, T. K. (2011). Specific SKN-1/Nrf Stress Responses to Perturbations in 
Translation Elongation and Proteasome Activity. PLoS Genet 7, e1002119. 
 Li, Y., Wang, W.-J., Cao, H., Lu, J., Wu, C., Hu, F.-Y., Guo, J., Zhao, L., Yang, 
F., Zhang, Y.-X. et al. (2009b). Genetic association of FOXO1A and FOXO3A 
with longevity trait in Han Chinese populations. Human Molecular Genetics 18, 
4897-4904. 
 Liao, F. F. and Xu, H. (2009). Insulin signaling in sporadic Alzheimer's 
disease. Sci Signal 2, pe36. 



  Bibliography 

 225   

 Lin, C. H., Tomioka, M., Pereira, S., Sellings, L., Iino, Y. and van der 
Kooy, D. (2010). Insulin signaling plays a dual role in Caenorhabditis elegans 
memory acquisition and memory retrieval. J Neurosci 30, 8001-11. 
 Lin, K., Dorman, J. B., Rodan, A. and Kenyon, C. (1997). daf-16: An HNF-
3/forkhead Family Member That Can Function to Double the Life-Span of 
Caenorhabditis elegans. Science 278, 1319-1322. 
 Lin, K., Hsin, H., Libina, N. and Kenyon, C. (2001). Regulation of the 
Caenorhabditis elegans longevity protein DAF-16 by insulin/IGF-1 and germline 
signaling. Nat Genet 28, 139-145. 
 Lin, Y.-C. and Koleske, A. J. (2010). Mechanisms of Synapse and Dendrite 
Maintenance and Their Disruption in Psychiatric and Neurodegenerative 
Disorders. Annual Review of Neuroscience 33, 349-378. 
 Liou, J.-C., Tsai, F.-Z. and Ho, S.-Y. (2003). Potentiation of quantal 
secretion by insulin-like growth factor-1 at developing motoneurons in 
Xenopus cell culture. The Journal of Physiology 553, 719-728. 
 Lithgow, G. J., White, T. M., Hinerfeld, D. A. and Johnson, T. E. (1994). 
Thermotolerance of a long-lived mutant of Caenorhabditis elegans. J Gerontol 
49, B270-6. 
 Lithgow, G. J., White, T. M., Melov, S. and Johnson, T. E. (1995). 
Thermotolerance and extended life-span conferred by single-gene mutations 
and induced by thermal stress. Proceedings of the National Academy of 
Sciences of the United States of America 92, 7540-7544. 
 Littleton, J. T., Barnard, R. J. O., Titus, S. A., Slind, J., Chapman, E. R. and 
Ganetzky, B. (2001). SNARE-complex disassembly by NSF follows synaptic-
vesicle fusion. Proceedings of the National Academy of Sciences 98, 12233-
12238. 
 Liu, B., Han, Y. and Qian, S.-B. (2013a). Cotranslational Response to 
Proteotoxic Stress by Elongation Pausing of Ribosomes. Molecular Cell 49, 453-
463. 
 Liu, J., Zhang, B., Lei, H., Feng, Z., Liu, J., Hsu, A.-L. and Xu, X. Z. S. 
(2013b). Functional Aging in the Nervous System Contributes to Age-
Dependent Motor Activity Decline in C. elegans. Cell Metabolism 18, 392-402. 
 Liu, P., Chen, B. and Wang, Z. W. (2013c). Postsynaptic current bursts 
instruct action potential firing at a graded synapse. Nat Commun 4, 1911. 
 Liu, Q., Chen, B., Hall, D. H. and Wang, Z. W. (2007). A quantum of 
neurotransmitter causes minis in multiple postsynaptic cells at the 
Caenorhabditis elegans neuromuscular junction. Dev Neurobiol 67, 123-8. 
 Liu, Q., Hollopeter, G. and Jorgensen, E. M. (2009). Graded synaptic 
transmission at the Caenorhabditis elegans neuromuscular junction. Proc Natl 
Acad Sci U S A. 106, 10823-10828. 
 Liu, T. and Cai, D. (2013). Counterbalance between BAG and URX neurons 
via guanylate cyclases controls lifespan homeostasis in C. elegans. EMBO J 32, 
1529-42. 
 Locke, C., Berry, K., Kautu, B., Lee, K., Caldwell, K. and Caldwell, G. 
(2008). Paradigms for Pharmacological Characterization of C. elegans Synaptic 
Transmission Mutants. e837. 
 Lockery, S. R. and Goodman, M. B. (2009). The quest for action potentials 
in C. elegans neurons hits a plateau. Nature Neuroscience 12, 377-378. 
 Lockery, S. R., Goodman, M. B. and Faumont, S. (2009). First report of 
action potentials in a C. elegans neuron is premature. Nature Neuroscience 12, 
365-366. 



Bibliography 

 226 

 Lu, T., Pan, Y., Kao, S.-Y., Li, C., Kohane, I., Chan, J. and Yankner, B. A. 
(2004). Gene regulation and DNA damage in the ageing human brain. Nature 
429, 883-891. 
 Lucic, V., Yang, T., Schweikert, G., Förster, F. and Baumeister, W. (2005). 
Morphological Characterization of Molecular Complexes Present in the Synaptic 
Cleft. Structure 13, 423-434. 
 Luebke, J. I., Chang, Y. M., Moore, T. L. and Rosene, D. L. (2004). Normal 
aging results in decreased synaptic excitation and increased synaptic inhibition 
of layer 2/3 pyramidal cells in the monkey prefrontal cortex. Neuroscience 
125, 277-88. 
 Luedtke, S., O'Connor, V., Holden-Dye, L. and Walker, R. J. (2010). The 
regulation of feeding and metabolism in response to food deprivation in 
Caenorhabditis elegans. Invert Neurosci 10, 63-76. 
 Lunetta, K., D'Agostino, R., Karasik, D., Benjamin, E., Guo, C.-Y., 
Govindaraju, R., Kiel, D., Kelly-Hayes, M., Massaro, J., Pencina, M. et al. 
(2007). Genetic correlates of longevity and selected age-related phenotypes: a 
genome-wide association study in the Framingham Study. BMC Medical 
Genetics 8, S13. 
 Ma, C., Li, W., Xu, Y. and Rizo, J. (2011). Munc13 mediates the transition 
from the closed syntaxin–Munc18 complex to the SNARE complex. Nat Struct 
Mol Biol 18, 542-549. 
 Ma, C., Su, L., Seven, A. B., Xu, Y. and Rizo, J. (2013). Reconstitution of 
the Vital Functions of Munc18 and Munc13 in Neurotransmitter Release. 
Science 339, 421-425. 
 Magga, J. M., Jarvis, S. E., Arnot, M. I., Zamponi, G. W. and Braun, J. E. A. 
(2000). Cysteine String Protein Regulates G Protein Modulation of N-Type 
Calcium Channels. Neuron 28, 195-204. 
 Magnusson, K. R. and Cotman, C. W. (1993). Age-related changes in 
excitatory amino acid receptors in two mouse strains. Neurobiol Aging 14, 197-
206. 
 Mahoney, T. R., Luo, S. and Nonet, M. L. (2006). Analysis of synaptic 
transmission in Caenorhabditis elegans using an aldicarb-sensitivity assay. Nat 
Protoc. 1, 1772-1777. 
 Mair, W. and Dillin, A. (2008). Aging and Survival: The Genetics of Life 
Span Extension by Dietary Restriction. Annual Review of Biochemistry 77, 727-
754. 
 Man, H. Y., Lin, J. W., Ju, W. H., Ahmadian, G., Liu, L., Becker, L. E., Sheng, 
M. and Wang, Y. T. (2000). Regulation of AMPA receptor-mediated synaptic 
transmission by clathrin-dependent receptor internalization. Neuron 25, 649-
62. 
 Margeta, M. A., Shen, K. and Grill, B. (2008). Building a synapse: lessons 
on synaptic specificity and presynaptic assembly from the nematode C. 
elegans. Curr Opin Neurobiol. 18, 69-76. 
 Markowska, A. L. and Savonenko, A. (2002). Retardation of cognitive 
aging by life-long diet restriction: implications for genetic variance. 
Neurobiology of Aging 23, 75-86. 
 Martin, G. M. (2009). Epigenetic gambling and epigenetic drift as an 
antagonistic pleiotropic mechanism of aging. Aging Cell 8, 761-764. 
 Mastrogiacomo, A., Parsons, S., Zampighi, G., Jenden, D., Umbach, J. 
and Gundersen, C. (1994). Cysteine string proteins: a potential link between 
synaptic vesicles and presynaptic Ca2+ channels. Science 263, 981-982. 



  Bibliography 

 227   

 Mayer, M. P., Schroder, H., Rudiger, S., Paal, K., Laufen, T. and Bukau, B. 
(2000). Multistep mechanism of substrate binding determines chaperone 
activity of Hsp70. Nat Struct Mol Biol 7, 586-593. 
 McColl, G., Rogers, A. N., Alavez, S., Hubbard, A. E., Melov, S., Link, C. D., 
Bush, A. I., Kapahi, P. and Lithgow, G. J. (2010). Insulin-like Signaling 
Determines Survival during Stress via Posttranscriptional Mechanisms in C. 
elegans. Cell Metabolism 12, 260-272. 
 McElwee, J., Bubb, K. and Thomas, J. H. (2003). Transcriptional outputs 
of the Caenorhabditis elegans forkhead protein DAF-16. Aging Cell 2, 111-21. 
 McLaurin, J., Kierstead, M. E., Brown, M. E., Hawkes, C. A., Lambermon, 
M. H., Phinney, A. L., Darabie, A. A., Cousins, J. E., French, J. E., Lan, M. F. et 
al. (2006). Cyclohexanehexol inhibitors of Abeta aggregation prevent and 
reverse Alzheimer phenotype in a mouse model. Nat Med 12, 801-8. 
 Meléndez, A., Tallóczy, Z., Seaman, M., Eskelinen, E.-L., Hall, D. H. and 
Levine, B. (2003). Autophagy Genes Are Essential for Dauer Development and 
Life-Span Extension in C. elegans. Science 301, 1387-1391. 
 Mellem, J. E., Brockie, P. J., Madsen, D. M. and Maricq, A. V. (2008). 
Action potentials contribute to neuronal signaling in C. elegans. Nature 
Neuroscience 11, 865-867. 
 Mellem, J. E., Brockie, P. J., Madsen, D. M. and Maricq, A. V. (2009). First 
report of action potentials in a C. elegans neuron is premature Reply. Nature 
Neuroscience 12, 366-366. 
 Mielke, J. G. and Wang, Y. T. (2005). Insulin exerts neuroprotection by 
counteracting the decrease in cell-surface GABA receptors following oxygen-
glucose deprivation in cultured cortical neurons. J Neurochem 92, 103-13. 
 Miljkovic-Licina, M., Gauchat, D. and Galliot, B. (2004). Neuronal 
evolution: analysis of regulatory genes in a first-evolved nervous system, the 
hydra nervous system. Biosystems 76, 75-87. 
 Miller, K. G., Alfonso, A., Nguyen, M., Crowell, J. A., Johnson, C. D. and 
Rand, J. B. (1996). A genetic selection for Caenorhabditis elegans synaptic 
transmission mutants. Proceedings of the National Academy of Sciences of the 
United States of America 93, 12593-12598. 
 Miller, L. C., Swayne, L. A., Kay, J. G., Feng, Z.-P., Jarvis, S. E., Zamponi, G. 
W. and Braun, J. E. A. (2003). Molecular determinants of cysteine string protein 
modulation of N-type calcium channels. Journal of Cell Science 116, 2967-
2974. 
 Mitchell, P. H., Bull, K., Glautier, S., Hopper, N. A., Holden-Dye, L. and 
O'Connor, V. (2007). The concentration-dependent effects of ethanol on 
Caenorhabditis elegans behaviour. Pharmacogenomics J 7, 411-417. 
 Mizumoto, K. and Shen, K. (2013). Interaxonal Interaction Defines Tiled 
Presynaptic Innervation in C. elegans. Neuron 77, 655-666. 
 Mohrmann, R., de Wit, H., Verhage, M., Neher, E. and Sørensen, J. B. 
(2010). Fast Vesicle Fusion in Living Cells Requires at Least Three SNARE 
Complexes. Science 330, 502-505. 
 Moore, S. C., Patel, A. V., Matthews, C. E., Berrington de Gonzalez, A., 
Park, Y., Katki, H. A., Linet, M. S., Weiderpass, E., Visvanathan, K., Helzlsouer, 
K. J. et al. (2012). Leisure Time Physical Activity of Moderate to Vigorous 
Intensity and Mortality: A Large Pooled Cohort Analysis. PLoS Med 9, 
e1001335. 
 Morales, M., Ferrús, A. and Martínez-Padrón, M. (1999). Presynaptic 
calcium-channel currents in normal and csp mutant Drosophila peptidergic 
terminals. European Journal of Neuroscience 11, 1818-1826. 



Bibliography 

 228 

 Morley, J. E., Baumgartner, R. N., Roubenoff, R., Mayer, J. and Nair, K. S. 
(2001). Sarcopenia. Journal of Laboratory and Clinical Medicine 137, 231-243. 
 Morley, J. F., Brignull, H. R., Weyers, J. J. and Morimoto, R. I. (2002). The 
threshold for polyglutamine-expansion protein aggregation and cellular 
toxicity is dynamic and influenced by aging in Caenorhabditis elegans. 
Proceedings of the National Academy of Sciences 99, 10417-10422. 
 Morrison, J. H. and Baxter, M. G. (2012). The ageing cortical synapse: 
hallmarks and implications for cognitive decline. Nat Rev Neurosci 13, 240-
250. 
 Morrison, J. H. and Hof, P. R. (1997). Life and Death of Neurons in the 
Aging Brain. Science 278, 412-419. 
 Mostany, R., Anstey, J. E., Crump, K. L., Maco, B., Knott, G. and Portera-
Cailliau, C. (2013). Altered synaptic dynamics during normal brain aging. J 
Neurosci 33, 4094-104. 
 Mucke, L. and Selkoe, D. J. (2012). Neurotoxicity of amyloid beta-protein: 
synaptic and network dysfunction. Cold Spring Harb Perspect Med 2, a006338. 
 Mukherjee, K., Yang, X., Gerber, S. H., Kwon, H.-B., Ho, A., Castillo, P. E., 
Liu, X. and Südhof, T. C. (2010). Piccolo and bassoon maintain synaptic vesicle 
clustering without directly participating in vesicle exocytosis. Proceedings of 
the National Academy of Sciences 107, 6504-6509. 
 Mulcahy, B., Holden-Dye, L. and O'Connor, V. (2013). Pharmacological 
assays reveal age-related changes in synaptic transmission at the 
Caenorhabditis elegans neuromuscular junction that are modified by reduced 
insulin signalling. J Exp Biol 216, 492-501. 
 Murakami, H., Bessinger, K., Hellmann, J. and Murakami, S. (2005a). 
Aging-dependent and -independent modulation of associative learning 
behavior by insulin/insulin-like growth factor-1 signal in Caenorhabditis 
elegans. J Neurosci 25, 10894-904. 
 Murakami, H., Bessinger, K., Hellmann, J. and Murakami, S. (2005b). 
Aging-Dependent and -Independent Modulation of Associative Learning 
Behavior by Insulin/Insulin-Like Growth Factor-1 Signal in Caenorhabditis 
elegans. The Journal of Neuroscience 25, 10894-10904. 
 Murakami, S. and Johnson, T. E. (1996). A genetic pathway conferring 
life extension and resistance to UV stress in Caenorhabditis elegans. Genetics 
143, 1207-18. 
 Murakami, S. and Murakami, H. (2005). The effects of aging and 
oxidative stress on learning behavior in C. elegans. Neurobiology of Aging 26, 
899-905. 
 Murphy, C. T., McCarroll, S. A., Bargmann, C. I., Fraser, A., Kamath, R. S., 
Ahringer, J., Li, H. and Kenyon, C. (2003). Genes that act downstream of DAF-
16 to influence the lifespan of Caenorhabditis elegans. Nature 424, 277-283. 
 Nakamura, S., Akiguchi, I., Kameyama, M. and Mizuno, N. (1985). Age-
related changes of pyramidal cell basal dendrites in layers III and V of human 
motor cortex: A quantitative Golgi study. Acta Neuropathologica 65, 281-284. 
 Neher, E. and Sakmann, B. (1976). Single-channel currents recorded from 
membrane of denervated frog muscle fibres. Nature 260, 799-802. 
 Nicholson, D. A., Yoshida, R., Berry, R. W., Gallagher, M. and Geinisman, 
Y. (2004). Reduction in Size of Perforated Postsynaptic Densities in 
Hippocampal Axospinous Synapses and Age-Related Spatial Learning 
Impairments. The Journal of Neuroscience 24, 7648-7653. 
 Nie, Z., Ranjan, R., Wenniger, J. J., Hong, S. N., Bronk, P. and Zinsmaier, 
K. E. (1999). Overexpression of Cysteine-String Proteins inDrosophila Reveals 
Interactions with Syntaxin. The Journal of Neuroscience 19, 10270-10279. 



  Bibliography 

 229   

 Niebur, E. and Erdös, P. (1991). Theory of the locomotion of nematodes: 
Dynamics of undulatory progression on a surface. Biophysical Journal 60, 
1132-1146. 
 Nonet, M. L., Grundahl, K., Meyer, B. J. and Rand, J. B. (1993). Synaptic 
function is impaired but not eliminated in C. elegans mutants lacking 
synaptotagmin. Cell 73, 1291-1305. 
 Nonet, M. L., Saifee, O., Zhao, H., Rand, J. B. and Wei, L. (1998). Synaptic 
transmission deficits in Caenorhabditis elegans synaptobrevin mutants. J 
Neurosci 18, 70-80. 
 Nonet, M. L., Staunton, J. E., Kilgard, M. P., Fergestad, T., Hartwieg, E., 
Horvitz, H. R., Jorgensen, E. M. and Meyer, B. J. (1997). Caenorhabditis 
elegans rab-3 Mutant Synapses Exhibit Impaired Function and Are Partially 
Depleted of Vesicles. The Journal of Neuroscience 17, 8061-8073. 
 Nosková, L., Stránecký, V., Hartmannová, H., Přistoupilová, A., 
Barešová, V., Ivánek, R., Hůlková, H., Jahnová, H., van der Zee, J., Staropoli, 
John F. et al. (2011). Mutations in DNAJC5, Encoding Cysteine-String Protein 
Alpha, Cause Autosomal-Dominant Adult-Onset Neuronal Ceroid 
Lipofuscinosis. The American Journal of Human Genetics 89, 241-252. 
 O'Sullivan, M., Jones, D. K., Summers, P. E., Morris, R. G., Williams, S. C. 
and Markus, H. S. (2001). Evidence for cortical "disconnection" as a mechanism 
of age-related cognitive decline. Neurology 57, 632-8. 
 O’Connor, V., Heuss, C., De Bello, W. M., Dresbach, T., Charlton, M. P., 
Hunt, J. H., Pellegrini, L. L., Hodel, A., Burger, M. M., Betz, H. et al. (1997). 
Disruption of syntaxin-mediated protein interactions blocks 
neurotransmitter  secretion. Proceedings of the National Academy of Sciences 
94, 12186-12191. 
 Oda, S., Tomioka, M. and Iino, Y. (2011). Neuronal plasticity regulated by 
the insulin-like signaling pathway underlies salt chemotaxis learning in 
Caenorhabditis elegans. J Neurophysiol 106, 301-8. 
 Ogg, S., Paradis, S., Gottlieb, S., Patterson, G. I., Lee, L., Tissenbaum, H. 
A. and Ruvkun, G. (1997). The Fork head transcription factor DAF-16 
transduces insulin-like metabolic and longevity signals in C. elegans. Nature 
389, 994-999. 
 Oikonomou, G. and Shaham, S. (2011). The Glia of Caenorhabditis 
elegans. Glia 59, 1253-1263. 
 Oria, R. B., Patrick, P. D., Oria, M. O., Lorntz, B., Thompson, M. R., 
Azevedo, O. G., Lobo, R. N., Pinkerton, R. F., Guerrant, R. L. and Lima, A. A. 
(2010). ApoE polymorphisms and diarrheal outcomes in Brazilian shanty town 
children. Braz J Med Biol Res 43, 249-56. 
 Oria, R. B., Patrick, P. D., Zhang, H., Lorntz, B., de Castro Costa, C. M., 
Brito, G. A., Barrett, L. J., Lima, A. A. and Guerrant, R. L. (2005). APOE4 
protects the cognitive development in children with heavy diarrhea burdens in 
Northeast Brazil. Pediatr Res 57, 310-6. 
 Ottis, P., Topic, B., Loos, M., Li, K. W., de Souza, A., Schulz, D., Smit, A. B., 
Huston, J. P. and Korth, C. (2013). Aging-Induced Proteostatic Changes in the 
Rat Hippocampus Identify ARP3, NEB2 and BRAG2 as a Molecular Circuitry for 
Cognitive Impairment. PLoS ONE 8, e75112. 
 Oxenham, H. and Sharpe, N. (2003). Cardiovascular aging and heart 
failure. European Journal of Heart Failure 5, 427-434. 
 Page, T. L., Einstein, M., Duan, H., He, Y., Flores, T., Rolshud, D., Erwin, J. 
M., Wearne, S. L., Morrison, J. H. and Hof, P. R. (2002). Morphological 
alterations in neurons forming corticocortical projections in the neocortex of 
aged Patas monkeys. Neurosci Lett 317, 37-41. 



Bibliography 

 230 

 Pan, C.-L., Peng, C.-Y., Chen, C.-H. and McIntire, S. (2011). Genetic 
analysis of age-dependent defects of the Caenorhabditis elegans touch 
receptor neurons. Proc Natl Acad Sci U S A. 108, 9274-9279. 
 Panowski, S. H. and Dillin, A. (2009). Signals of youth: endocrine 
regulation of aging in Caenorhabditis elegans. Trends in Endocrinology & 
Metabolism 20, 259-264. 
 Park, D. C., Lautenschlager, G., Hedden, T., Davidson, N. S., Smith, A. D. 
and Smith, P. K. (2002). Models of visuospatial and verbal memory across the 
adult life span. Psychol Aging 17, 299-320. 
 Park, S. J., Goodman, M. B. and Pruitt, B. L. (2007). Analysis of nematode 
mechanics by piezoresistive displacement clamp. Proceedings of the National 
Academy of Sciences of the United States of America 104, 17376-17381. 
 Partridge, L. and Barton, N. H. (1993). Optimally, mutation and the 
evolution of ageing. Nature 362, 305-311. 
 Patel, B. A., Arundell, M., Allen, M. C., Gard, P., O'Hare, D., Parker, K. and 
Yeoman, M. S. (2006). Changes in the properties of the modulatory cerebral 
giant cells contribute to aging in the feeding system of Lymnaea. Neurobiol 
Aging 27, 1892-901. 
 Pawlikowska, L., Hu, D., Huntsman, S., Sung, A., Chu, C., Chen, J., 
Joyner, A. H., Schork, N. J., Hsueh, W.-C., Reiner, A. P. et al. (2009). 
Association of common genetic variation in the insulin/IGF1 signaling pathway 
with human longevity. Aging Cell 8, 460-472. 
 Payne, A. M., Zheng, Z., Messi, M. L., Milligan, C. E., Gonzalez, E. and 
Delbono, O. (2006). Motor neurone targeting of IGF-1 prevents specific force 
decline in ageing mouse muscle. J Physiol 570, 283-94. 
 Pereira, S. and van der Kooy, D. (2012). Two forms of learning following 
training to a single odorant in Caenorhabditis elegans AWC neurons. J Neurosci 
32, 9035-44. 
 Peters, A. and Sethares, C. (2004). Oligodendrocytes, their progenitors 
and other neuroglial cells in the aging primate cerebral cortex. Cereb Cortex 
14, 995-1007. 
 Peters, A., Sethares, C. and Luebke, J. I. (2008). Synapses are lost during 
aging in the primate prefrontal cortex. Neuroscience 152, 970-81. 
 Peters, A., Sethares, C. and Moss, M. B. (1998). The effects of aging on 
layer 1 in area 46 of prefrontal cortex in the rhesus monkey. Cereb Cortex 8, 
671-84. 
 Petrash, H. A., Philbrook, A., Haburcak, M., Barbagallo, B. and Francis, 
M. M. (2013). ACR-12 Ionotropic Acetylcholine Receptor Complexes Regulate 
Inhibitory Motor Neuron Activity in Caenorhabditis elegans. The Journal of 
Neuroscience 33, 5524-5532. 
 Pierce-Shimomura, J. T., Chen, B. L., Mun, J. J., Ho, R., Sarkis, R. and 
McIntire, S. L. (2008). Genetic analysis of crawling and swimming locomotory 
patterns in C. elegans. Proc Natl Acad Sci U S A. 105, 20982-20987. 
 Pitler, T. A. and Landfield, P. W. (1990). Aging-related prolongation of 
calcium spike duration in rat hippocampal slice neurons. Brain Research 508, 
1-6. 
 Pitsikas, N., Carli, M., Fidecka, S. and Algeri, S. (1990). Effect of life-long 
hypocaloric diet on age-related changes in motor and cognitive behavior in a 
rat population. Neurobiology of Aging 11, 417-423. 
 Plum, L., Belgardt, B. F. and Bruning, J. C. (2006). Central insulin action 
in energy and glucose homeostasis. J Clin Invest 116, 1761-6. 
 Poage, R. E., Meriney, S. D., Gundersen, C. B. and Umbach, J. A. (1999). 
Antibodies Against Cysteine String Proteins Inhibit Evoked Neurotransmitter 



  Bibliography 

 231   

Release at Xenopus Neuromuscular Junctions. Journal of Neurophysiology 82, 
50-59. 
 Poncer, J.-C., McKinney, R. A., Gähwiler, B. H. and Thompson, S. M. 
(1997). Either N- or P-type Calcium Channels Mediate GABA Release at Distinct 
Hippocampal Inhibitory Synapses. Neuron 18, 463-472. 
 Price, J. L. and Morris, J. C. (1999). Tangles and plaques in nondemented 
aging and "preclinical" Alzheimer's disease. Ann Neurol 45, 358-68. 
 Putnam, N. H., Srivastava, M., Hellsten, U., Dirks, B., Chapman, J., 
Salamov, A., Terry, A., Shapiro, H., Lindquist, E., Kapitonov, V. V. et al. 
(2007). Sea Anemone Genome Reveals Ancestral Eumetazoan Gene Repertoire 
and Genomic Organization. Science 317, 86-94. 
 Python, M. (1983). The Meaning of Life. 
 Qu, L., Akbergenova, Y., Hu, Y. and Schikorski, T. (2009). Synapse-to-
synapse variation in mean synaptic vesicle size and its relationship with 
synaptic morphology and function. J Comp Neurol 514, 343-352. 
 Raizen, D. M. and Avery, L. (1994). ELECTRICAL-ACTIVITY AND BEHAVIOR 
IN THE PHARYNX OF CAENORHABDITIS-ELEGANS. Neuron 12, 483-495. 
 Raizen, D. M., Lee, R. and Avery, L. (1995). Interacting Genes Required 
for Pharyngeal Excitation by Motor Neuron MC in Caenorhabditis elegans. 
Genetics 141, 1365-1382. 
 Rand, J. B. (1989). Genetic Analysis of the cha-1-unc-17 Gene Complex in 
Caenorhabditis. Genetics 122, 73-80. 
 Rand, J. B. (2007). Acetylcholine WormBook, ed. The C. elegans Research 
Community, WormBook, doi/10.1895/wormbook.1.131.1, 
http://www.wormbook.org. 
 Ranjan, R., Bronk, P. and Zinsmaier, K. E. (1998). Cysteine String Protein 
Is Required for Calcium Secretion Coupling of Evoked Neurotransmission in 
Drosophila But Not for Vesicle Recycling. The Journal of Neuroscience 18, 956-
964. 
 Rapp, P. R., Deroche, P. S., Mao, Y. and Burwell, R. D. (2002). Neuron 
number in the parahippocampal region is preserved in aged rats with spatial 
learning deficits. Cereb Cortex 12, 1171-9. 
 Rapp, P. R. and Gallagher, M. (1996). Preserved neuron number in the 
hippocampus of aged rats with spatial learning deficits. Proc Natl Acad Sci U S 
A 93, 9926-30. 
 Rapp, P. R., Morrison, J. H. and Roberts, J. A. (2003). Cyclic Estrogen 
Replacement Improves Cognitive Function in Aged Ovariectomized Rhesus 
Monkeys. The Journal of Neuroscience 23, 5708-5714. 
 Rasmussen, T., Schliemann, T., Sorensen, J. C., Zimmer, J. and West, M. 
J. (1996). Memory impaired aged rats: no loss of principal hippocampal and 
subicular neurons. Neurobiol Aging 17, 143-7. 
 Rebolledo, D. L., Aldunate, R., Kohn, R., Neira, I., Minniti, A. N. and 
Inestrosa, N. C. (2011). Copper reduces Abeta oligomeric species and 
ameliorates neuromuscular synaptic defects in a C. elegans model of inclusion 
body myositis. J Neurosci 31, 10149-58. 
 Rettig, J., Sheng, Z. H., Kim, D. K., Hodson, C. D., Snutch, T. P. and 
Catterall, W. A. (1996). Isoform-specific interaction of the alpha1A subunits of 
brain Ca2+ channels with the presynaptic proteins syntaxin and SNAP-25. 
Proceedings of the National Academy of Sciences 93, 7363-7368. 
 Richmond, J. (2007). Synaptic function. WormBook, ed. The C. elegans 
Research Community, WormBook, doi/10.1895/wormbook.1.69.1, 
http://www.wormbook.org. 



Bibliography 

 232 

 Richmond, J. E. (2006). Electrophysiological recordings from the 
neuromuscular junction of C. elegans. WormBook. 
 Richmond, J. E., Davis, W. S. and Jorgensen, E. M. (1999). UNC-13 is 
required for synaptic vesicle fusion in C. elegans. Nat Neurosci 2, 959-964. 
 Richmond, J. E. and Jorgensen, E. M. (1999). One GABA and two 
acetylcholine receptors function at the C. elegans neuromuscular junction. Nat 
Neurosci. 2, 791-797. 
 Richmond, J. E., Weimer, R. M. and Jorgensen, E. M. (2001). An open 
form of syntaxin bypasses the requirement for UNC-13 in vesicle priming. 
Nature 412, 338-341. 
 Riddle, D. L., Swanson, M. M. and Albert, P. S. (1981). Interacting genes 
in nematode dauer larva formation. Nature 290, 668-671. 
 Rizzoli, S. O. and Betz, W. J. (2005). Synaptic vesicle pools. Nat Rev 
Neurosci 6, 57-69. 
 Rogers, J., Zornetzer, S. F., Bloom, F. E. and Mervis, R. E. (1984). 
Senescent microstructural changes in rat cerebellum. Brain Res 292, 23-32. 
 Rothman, J. E. (1994). Mechanisms of intracellular protein transport. 
Nature 372, 55-63. 
 Ruiz, R., Casañas, J. J., Südhof, T. C. and Tabares, L. (2008). Cysteine 
string protein-α is essential for the high calcium sensitivity of exocytosis in a 
vertebrate synapse. European Journal of Neuroscience 27, 3118-3131. 
 Ryan, T. J. and Grant, S. G. N. (2009). The origin and evolution of 
synapses. Nature Reviews Neuroscience 10, 701-U26. 
 Ryuji, H. (1978). Sterilization and growth inhibition of Caenorhabditis 
elegans by 5-fluorodeoxyuridine. Exp Gerontol. 13, 369-373. 
 Saifee, O., Wei, L. and Nonet, M. L. (1998). The Caenorhabditis elegans 
unc-64 locus encodes a syntaxin that interacts genetically with synaptobrevin. 
Mol Biol Cell 9, 1235-52. 
 Sakarya, O., Armstrong, K. A., Adamska, M., Adamski, M., Wang, I. F., 
Tidor, B., Degnan, B. M., Oakley, T. H. and Kosik, K. S. (2007). A Post-Synaptic 
Scaffold at the Origin of the Animal Kingdom. PLoS ONE 2, e506. 
 Salmon, A. B., Richardson, A. and Perez, V. I. (2010). Update on the 
oxidative stress theory of aging: Does oxidative stress play a role in aging or 
healthy aging? Free Radical Biology and Medicine 48, 642-655. 
 Samuel, M. A., Zhang, Y., Meister, M. and Sanes, J. R. (2011). Age-Related 
Alterations in Neurons of the Mouse Retina. The Journal of Neuroscience 31, 
16033-16044. 
 Sauvage, P., Argentina, M., Drappier, J., Senden, T., Siméon, J. and Di 
Meglio, J. M. (2011). An elasto-hydrodynamical model of friction for the 
locomotion of Caenorhabditis elegans. Journal of Biomechanics 44, 1117-
1122. 
 Saxena, S., Roselli, F., Singh, K., Leptien, K., Julien, J.-P., Gros-Louis, F. 
and Caroni, P. (2013). Neuroprotection through Excitability and mTOR 
Required in ALS Motoneurons to Delay Disease and Extend Survival. Neuron 80, 
80-96. 
 Schmitz, F., Tabares, L., Khimich, D., Strenzke, N., de la Villa-Polo, P., 
Castellano-Muñoz, M., Bulankina, A., Moser, T., Fernández-Chacón, R. and 
Südhof, T. C. (2006). CSPα-deficiency causes massive and rapid photoreceptor 
degeneration. Proceedings of the National Academy of Sciences of the United 
States of America 103, 2926-2931. 
 Schweizer, F. E., Dresbach, T., DeBello, W. M., O'Connor, V., Augustine, 
G. J. and Betz, H. (1998). Regulation of neurotransmitter release kinetics by 
NSF. Science 279, 1203-6. 



  Bibliography 

 233   

 Scott, B. A., Avidan, M. S. and Crowder, C. M. (2002). Regulation of 
Hypoxic Death in C. elegans by the Insulin/IGF Receptor Homolog DAF-2. 
Science 296, 2388-2391. 
 Seeley, W. W., Crawford, R. K., Zhou, J., Miller, B. L. and Greicius, M. D. 
(2009). Neurodegenerative Diseases Target Large-Scale Human Brain Networks. 
Neuron 62, 42-52. 
 Selkoe, D. J. (2002). Alzheimer's Disease Is a Synaptic Failure. Science 
298, 789-791. 
 Sergeyenko, Y., Lall, K., Liberman, M. C. and Kujawa, S. G. (2013). Age-
Related Cochlear Synaptopathy: An Early-Onset Contributor to Auditory 
Functional Decline. The Journal of Neuroscience 33, 13686-13694. 
 Shalgi, R., Hurt, Jessica A., Krykbaeva, I., Taipale, M., Lindquist, S. and 
Burge, Christopher B. (2013). Widespread Regulation of Translation by 
Elongation Pausing in Heat Shock. Molecular Cell 49, 439-452. 
 Shankar, G. M., Bloodgood, B. L., Townsend, M., Walsh, D. M., Selkoe, D. 
J. and Sabatini, B. L. (2007). Natural oligomers of the Alzheimer amyloid-beta 
protein induce reversible synapse loss by modulating an NMDA-type glutamate 
receptor-dependent signaling pathway. J Neurosci 27, 2866-75. 
 Shankar, G. M., Li, S., Mehta, T. H., Garcia-Munoz, A., Shepardson, N. E., 
Smith, I., Brett, F. M., Farrell, M. A., Rowan, M. J., Lemere, C. A. et al. (2008). 
Amyloid-beta protein dimers isolated directly from Alzheimer's brains impair 
synaptic plasticity and memory. Nat Med 14, 837-42. 
 Shao, Z., Watanabe, S., Christensen, R., Jorgensen, E. M. and Colon-
Ramos, D. A. (2013). Synapse Location during Growth Depends on Glia 
Location. Cell 154, 337-50. 
 Sharma, M., Burre, J., Bronk, P., Zhang, Y., Xu, W. and Sudhof, T. C. 
(2012). CSP[alpha] knockout causes neurodegeneration by impairing SNAP-25 
function. EMBO J 31, 829-841. 
 Sharma, M., Burre, J. and Sudhof, T. C. (2011). CSP[alpha] promotes 
SNARE-complex assembly by chaperoning SNAP-25 during synaptic activity. Nat 
Cell Biol 13, 30-39. 
 Shen, L.-L., Wang, Y. and Wang, D.-Y. (2007). Involvement of genes 
required for synaptic function in aging control in &lt;i&gt;C. elegans&lt;/i&gt. 
Neuroscience Bulletin 23, 21-29. 
 Sheng, M. and Hoogenraad, C. C. (2007). The Postsynaptic Architecture 
of Excitatory Synapses: A More Quantitative View. Annual Review of 
Biochemistry 76, 823-847. 
 Sheng, M. and Kim, E. (2011). The Postsynaptic Organization of 
Synapses. Cold Spring Harbor Perspectives in Biology 3. 
 Sheng, Z.-H., Rettig, J., Cook, T. and Catterall, W. A. (1996). Calcium-
dependent interaction of N-type calcium channels with the synaptic core 
complex. Nature 379, 451-454. 
 Sheng, Z.-H., Rettig, J., Takahashi, M. and Catterall, W. A. (1994). 
Identification of a syntaxin-binding site on N-Type calcium channels. Neuron 
13, 1303-1313. 
 Shupliakov, O. and Brodin, L. (2010). Recent insights into the building 
and cycling of synaptic vesicles. Experimental Cell Research 316, 1344-1350. 
 Siksou, L., Triller, A. and Marty, S. (2011). Ultrastructural organization of 
presynaptic terminals. Current Opinion in Neurobiology 21, 261-268. 
 Simonian, N. A. and Hyman, B. T. (1995). Functional alterations in neural 
circuits in Alzheimer's disease. Neurobiology of Aging 16, 305-309. 



Bibliography 

 234 

 Slutsky, I., Abumaria, N., Wu, L.-J., Huang, C., Zhang, L., Li, B., Zhao, X., 
Govindarajan, A., Zhao, M.-G., Zhuo, M. et al. (2010). Enhancement of Learning 
and Memory by Elevating Brain Magnesium. Neuron 65, 165-177. 
 Small, D. (2008). Network dysfunction in Alzheimer's disease: does 
synaptic scaling drive disease progression? Trends Mol Med. 14, 103-108. 
 Small, S. A., Schobel, S. A., Buxton, R. B., Witter, M. P. and Barnes, C. A. 
(2011). A pathophysiological framework of hippocampal dysfunction in ageing 
and disease. Nat Rev Neurosci 12, 585-601. 
 Smith, D. E., Rapp, P. R., McKay, H. M., Roberts, J. A. and Tuszynski, M. 
H. (2004). Memory impairment in aged primates is associated with focal death 
of cortical neurons and atrophy of subcortical neurons. J Neurosci 24, 4373-
81. 
 Smith, T. D., Adams, M. M., Gallagher, M., Morrison, J. H. and Rapp, P. R. 
(2000). Circuit-Specific Alterations in Hippocampal Synaptophysin 
Immunoreactivity Predict Spatial Learning Impairment in Aged Rats. The 
Journal of Neuroscience 20, 6587-6593. 
 Squire and Kandel. (2009). Memory: From Mind to Molecules, 2nd ed. 
Published by Roberts and Company Publishers. 
 Stahl, B., Tobaben, S. and Sudhof, T. C. (1999). Two distinct domains in 
hsc70 are essential for the interaction with the synaptic vesicle cysteine string 
protein. European Journal of Cell Biology 78, 375-381. 
 Stanley, E. F. and Mirotznik, R. R. (1997). Cleavage of syntaxin prevents 
G-protein regulation of presynaptic calcium channels. Nature 385, 340-343. 
 Stein, G. M. and Murphy, C. T. (2012). The Intersection of Aging, 
Longevity Pathways, and Learning and Memory in C. elegans. Front Genet 3, 
259. 
 Sterling, P. and Matthews, G. (2005). Structure and function of ribbon 
synapses. Trends in Neurosciences 28, 20-29. 
 Stigloher, C., Zhan, H., Zhen, M., Richmond, J. and Bessereau, J.-L. 
(2011). The Presynaptic Dense Projection of the Caenorhabiditis elegans 
Cholinergic Neuromuscular Junction Localizes Synaptic Vesicles at the Active 
Zone through SYD-2/Liprin and UNC-10/RIM-Dependent Interactions. J 
Neurosci. 31, 4388-4396. 
 Stirman, J. N., Brauner, M., Gottschalk, A. and Lu, H. (2010). High-
throughput study of synaptic transmission at the neuromuscular junction 
enabled by optogenetics and microfluidics. Journal of Neuroscience Methods 
191, 90-93. 
 Stranahan, A. M., Jiam, N. T., Spiegel, A. M. and Gallagher, M. (2012). 
Aging reduces total neuron number in the dorsal component of the rodent 
prefrontal cortex. J Comp Neurol 520, 1318-26. 
 Strittmatter, W. J., Saunders, A. M., Schmechel, D., Pericak-Vance, M., 
Enghild, J., Salvesen, G. S. and Roses, A. D. (1993). Apolipoprotein E: high-
avidity binding to beta-amyloid and increased frequency of type 4 allele in late-
onset familial Alzheimer disease. Proceedings of the National Academy of 
Sciences 90, 1977-1981. 
 Sudhof, T. C. (1995). The synaptic vesicle cycle: a cascade of protein–
protein interactions. Nature 375, 645-653. 
 Sudhof, T. C. (2004). The synaptic vesicle cycle. Annu Rev Neurosci 27, 
509-47. 
 Sudhof, T. C. (2012). The presynaptic active zone. Neuron 75, 11-25. 
 Südhof, Thomas C. (2013). Neurotransmitter Release: The Last 
Millisecond in the Life of a Synaptic Vesicle. Neuron 80, 675-690. 



  Bibliography 

 235   

 Suh, Y., Atzmon, G., Cho, M.-O., Hwang, D., Liu, B., Leahy, D. J., Barzilai, 
N. and Cohen, P. (2008). Functionally significant insulin-like growth factor I 
receptor mutations in centenarians. Proceedings of the National Academy of 
Sciences 105, 3438-3442. 
 Sun, L., Edelmann, F. T., Kaiser, C. J., Papsdorf, K., Gaiser, A. M. and 
Richter, K. (2012). The lid domain of Caenorhabditis elegans Hsc70 influences 
ATP turnover, cofactor binding and protein folding activity. PLoS ONE 7, 
e33980. 
 Sun, Y., Hu, Z., Goeb, Y. and Dreier, L. (2013). The F-Box Protein MEC-15 
(FBXW9) Promotes Synaptic Transmission in GABAergic Motor Neurons in 
<italic>C. elegans</italic>. PLoS ONE 8, e59132. 
 Swayne, L. A., Beck, K. E. and Braun, J. E. A. (2006). The cysteine string 
protein multimeric complex. Biochemical and Biophysical Research 
Communications 348, 83-91. 
 Takamori, S., Holt, M., Stenius, K., Lemke, E. A., Grønborg, M., Riedel, D., 
Urlaub, H., Schenck, S., Brügger, B., Ringler, P. et al. (2006). Molecular 
Anatomy of a Trafficking Organelle. Cell 127, 831-846. 
 Tamura, T., Chiang, A.-S., Ito, N., Liu, H.-P., Horiuchi, J., Tully, T. and 
Saitoe, M. (2003). Aging Specifically Impairs amnesiac-Dependent Memory in 
Drosophila. Neuron 40, 1003-1011. 
 Tank, E. M. H., Rodgers, K. E. and Kenyon, C. (2011). Spontaneous Age-
Related Neurite Branching in Caenorhabditis elegans. J Neurosci. 31, 9279-
9288. 
 Tatar, M., Bartke, A. and Antebi, A. (2003). The Endocrine Regulation of 
Aging by Insulin-like Signals. Science 299, 1346-1351. 
 Terry, R. D., Masliah, E., Salmon, D. P., Butters, N., DeTeresa, R., Hill, R., 
Hansen, L. A. and Katzman, R. (1991). Physical basis of cognitive alterations in 
Alzheimer's disease: synapse loss is the major correlate of cognitive 
impairment. Ann Neurol 30, 572-80. 
 Thalhammer, A. and Cingolani, L. A. (2013). Cell adhesion and 
homeostatic synaptic plasticity. Neuropharmacology. 
 Thibault, O. and Landfield, P. W. (1996). Increase in Single L-Type 
Calcium Channels in Hippocampal Neurons During Aging. Science 272, 1017-
1020. 
 Tobaben, S., Thakur, P., Fernández-Chacón, R., Südhof, T. C., Rettig, J. 
and Stahl, B. (2001). A Trimeric Protein Complex Functions as a Synaptic 
Chaperone Machine. Neuron 31, 987-999. 
 Tobaben, S., Varoqueaux, F., Brose, N., Stahl, B. and Meyer, G. (2003). A 
Brain-specific Isoform of Small Glutamine-rich Tetratricopeptide Repeat-
containing Protein Binds to Hsc70 and the Cysteine String Protein. Journal of 
Biological Chemistry 278, 38376-38383. 
 Tomás-Loba, A., Flores, I., Fernández-Marcos, P. J., Cayuela, M. L., 
Maraver, A., Tejera, A., Borrás, C., Matheu, A., Klatt, P., Flores, J. M. et al. 
(2008). Telomerase Reverse Transcriptase Delays Aging in Cancer-Resistant 
Mice. Cell 135, 609-622. 
 Tomioka, M., Adachi, T., Suzuki, H., Kunitomo, H., Schafer, W. R. and 
Iino, Y. (2006). The insulin/PI 3-kinase pathway regulates salt chemotaxis 
learning in Caenorhabditis elegans. Neuron 51, 613-25. 
 Tong, M., Dong, M. and de la Monte, S. M. (2009). Brain insulin-like 
growth factor and neurotrophin resistance in Parkinson's disease and dementia 
with Lewy bodies: potential role of manganese neurotoxicity. J Alzheimers Dis 
16, 585-99. 



Bibliography 

 236 

 Toth, M. L., Melentijevic, I., Shah, L., Bhatia, A., Lu, K., Talwar, A., Naji, 
H., Ibanez-Ventoso, C., Ghose, P., Jevince, A. et al. (2012). Neurite Sprouting 
and Synapse Deterioration in the Aging Caenorhabditis elegans Nervous 
System. The Journal of Neuroscience 32, 8778-8790. 
 Touroutine, D., Fox, R. M., Von Stetina, S. E., Burdina, A., Miller, D. M. 
and Richmond, J. E. (2005). acr-16 Encodes an Essential Subunit of the 
Levamisole-resistant Nicotinic Receptor at the Caenorhabditis elegans 
Neuromuscular Junction. Journal of Biological Chemistry 280, 27013-27021. 
 Tropea, D., Giacometti, E., Wilson, N. R., Beard, C., McCurry, C., Fu, D. D., 
Flannery, R., Jaenisch, R. and Sur, M. (2009). Partial reversal of Rett Syndrome-
like symptoms in MeCP2 mutant mice. Proc Natl Acad Sci U S A 106, 2029-34. 
 Turrigiano, G. (2012). Homeostatic synaptic plasticity: local and global 
mechanisms for stabilizing neuronal function. Cold Spring Harb Perspect Biol 
4, a005736. 
 Umbach, J. A. and Gundersen, C. B. (1997). Evidence That Cysteine String 
Proteins Regulate an Early Step in the Ca2+-Dependent Secretion of 
Neurotransmitter at Drosophila Neuromuscular Junctions. J. Neurosci. 17, 
7203-7209. 
 Umbach, J. A., Saitoe, M., Kidokoro, Y. and Gundersen, C. B. (1998). 
Attenuated Influx of Calcium Ions at Nerve Endings of cspand shibire Mutant 
Drosophila. The Journal of Neuroscience 18, 3233-3240. 
 Uylings, H. B. and de Brabander, J. M. (2002). Neuronal changes in 
normal human aging and Alzheimer's disease. Brain Cogn 49, 268-76. 
 Valdez, G., Tapia, J. C., Kang, H., Clemenson, G. D., Jr., Gage, F. H., 
Lichtman, J. W. and Sanes, J. R. (2010). Attenuation of age-related changes in 
mouse neuromuscular synapses by caloric restriction and exercise. Proc Natl 
Acad Sci U S A 107, 14863-8. 
 van Bockxmeer, F. M. and Mamotte, C. D. S. (1992). Apolipoprotein 
&amp;isin;4 homozygosity in young men with coronary heart disease. The 
Lancet 340, 879-880. 
 van Praag, H. (2009). Exercise and the brain: something to chew on. 
Trends in Neurosciences 32, 283-290. 
 Van Raamsdonk, J. M. and Hekimi, S. (2011). FUdR causes a twofold 
increase in the lifespan of the mitochondrial mutant gas-1. Mech Ageing Dev. 
132, 519-521. 
 Vanfleteren, J. R. (1993). Oxidative stress and ageing in Caenorhabditis 
elegans. Biochem J 292 ( Pt 2), 605-8. 
 Vellai, T., Takacs-Vellai, K., Zhang, Y., Kovacs, A. L., Orosz, L. and 
Muller, F. (2003). Genetics: Influence of TOR kinase on lifespan in C. elegans. 
Nature 426, 620-620. 
 Verdun, R. E. and Karlseder, J. (2007). Replication and protection of 
telomeres. Nature 447, 924-931. 
 von Gersdorff, H. (2001). Synaptic Ribbons:Versatile Signal Transducers. 
Neuron 29, 7-10. 
 Von Stetina, S. E., Treinin, M. and Miller, D. M., 3rd. (2006). The motor 
circuit. Int Rev Neurobiol 69, 125-67. 
 Von Zglinicki, T. (1998). Telomeres: Influencing the Rate of Aging. 
Annals of the New York Academy of Sciences 854, 318-327. 
 von Zglinicki, T., Saretzki, G., Döcke, W. and Lotze, C. (1995). Mild 
Hyperoxia Shortens Telomeres and Inhibits Proliferation of Fibroblasts: A 
Model for Senescence? Experimental Cell Research 220, 186-193. 



  Bibliography 

 237   

 Wallace, M., Frankfurt, M., Arellanos, A., Inagaki, T. and Luine, V. 
(2007). Impaired recognition memory and decreased prefrontal cortex spine 
density in aged female rats. Ann N Y Acad Sci 1097, 54-7. 
 Wang, M., Gamo, N. J., Yang, Y., Jin, L. E., Wang, X. J., Laubach, M., 
Mazer, J. A., Lee, D. and Arnsten, A. F. (2011). Neuronal basis of age-related 
working memory decline. Nature 476, 210-3. 
 Wang, Z. W. (2010). Origin of quantal size variation and high-frequency 
miniature postsynaptic currents at the Caenorhabditis elegans neuromuscular 
junction. Journal of Neuroscience Research, n/a-n/a. 
 Ward, S. and Carrel, J. S. (1979). Fertilization and sperm competition in 
the nematodeCaenorhabditis elegans. Developmental Biology 73, 304-321. 
 Weber, T., Parlati, F., McNew, J. A., Johnston, R. J., Westermann, B., 
Söllner, T. H. and Rothman, J. E. (2000). Snarepins Are Functionally Resistant 
to Disruption by Nsf and αSNAP. The Journal of Cell Biology 149, 1063-1072. 
 Weimer, R. M. and Richmond, J. E. (2004). Synaptic Vesicle Docking: A 
Putative Role for the Munc18⧸Sec1 Protein Family. In Current Topics in 
Developmental Biology, vol. Volume 65, pp. 83-113: Academic Press. 
 Weimer, R. M., Richmond, J. E., Davis, W. S., Hadwiger, G., Nonet, M. L. 
and Jorgensen, E. M. (2003). Defects in synaptic vesicle docking in unc-18 
mutants. Nat Neurosci 6, 1023-1030. 
 Westfall, I. A. (1996). Ultrastructure of synapses in the first-evolved 
nervous systems. J Neurocytol 25, 735-46. 
 Wheeler, H. E. and Kim, S. K. (2011). Genetics and genomics of human 
ageing. Philosophical Transactions of the Royal Society B: Biological Sciences 
366, 43-50. 
 White, J. G., Southgate, E., Thomson, J. N. and Brenner, S. (1976). The 
structure of the ventral nerve cord of Caenorhabditis elegans. Philos Trans R 
Soc Lond B Biol Sci 275, 327-48. 
 White, J. G., Southgate, E., Thomson, J. N. and Brenner, S. (1986). The 
Structure Of The Nervous-System Of The Nematode Caenorhabditis elegans. 
Philos Trans R Soc Lond B Biol Sci. 314, 1-340. 
 Willcox, B. J., Donlon, T. A., He, Q., Chen, R., Grove, J. S., Yano, K., 
Masaki, K. H., Willcox, D. C., Rodriguez, B. and Curb, J. D. (2008). FOXO3A 
genotype is strongly associated with human longevity. Proceedings of the 
National Academy of Sciences 105, 13987-13992. 
 Wilson, R. S., Barnes, L. L., Mendes de Leon, C. F., Aggarwal, N. T., 
Schneider, J. S., Bach, J., Pilat, J., Beckett, L. A., Arnold, S. E., Evans, D. A. et al. 
(2002). Depressive symptoms, cognitive decline, and risk of AD in older 
persons. Neurology 59, 364-70. 
 Wiser, O., Bennett, M. K. and Atlas, D. (1996). Functional interaction of 
syntaxin and SNAP-25 with voltage-sensitive L- and N-type Ca2+ channels. 
EMBO J 15, 4100-10. 
 Wishart, T. M., Parson, S. H. and Gillingwater, T. H. (2006). Synaptic 
vulnerability in neurodegenerative disease. JOURNAL OF NEUROPATHOLOGY 
AND EXPERIMENTAL NEUROLOGY 65, 733-739. 
 Wolkow, C. A., Kimura, K. D., Lee, M.-S. and Ruvkun, G. (2000). 
Regulation of C. elegans Life-Span by Insulin like Signaling in the Nervous 
System. Science 290, 147-150. 
 Won, H., Mah, W. and Kim, E. (2013). Autism spectrum disorder causes, 
mechanisms, and treatments: focus on neuronal synapses. Frontiers in 
Molecular Neuroscience 6. 
 Worrall, L. J., Wear, M. A., Page, A. P. and Walkinshaw, M. D. (2008). 
Cloning, purification and characterization of the Caenorhabditis elegans small 



Bibliography 

 238 

glutamine-rich tetratricopeptide repeat-containing protein. Biochimica et 
Biophysica Acta (BBA) - Proteins and Proteomics 1784, 496-503. 
 Wozniak, M. A., Itzhaki, R. F., Faragher, E. B., James, M. W., Ryder, S. D. 
and Irving, W. L. (2002). Apolipoprotein E-epsilon 4 protects against severe 
liver disease caused by hepatitis C virus. Hepatology 36, 456-63. 
 Wragg, Rachel T., Snead, D., Dong, Y., Ramlall, Trudy F., Menon, I., Bai, 
J., Eliezer, D. and Dittman, Jeremy S. (2013). Synaptic Vesicles Position 
Complexin to Block Spontaneous Fusion. Neuron 77, 323-334. 
 Wu, M. N., Fergestad, T., Lloyd, T. E., He, Y., Broadie, K. and Bellen, H. J. 
(1999). Syntaxin 1A Interacts with Multiple Exocytic Proteins to Regulate 
Neurotransmitter Release In Vivo. Neuron 23, 593-605. 
 Wullschleger, S., Loewith, R. and Hall, M. N. (2006). TOR Signaling in 
Growth and Metabolism. Cell 124, 471-484. 
 Yamazaki, D., Horiuchi, J., Nakagami, Y., Nagano, S., Tamura, T. and 
Saitoe, M. (2007). The Drosophila DCO mutation suppresses age-related 
memory impairment without affecting lifespan. Nat Neurosci 10, 478-484. 
 Yan, D., Noma, K. and Jin, Y. (2011). Expanding views of presynaptic 
terminals: new findings from Caenorhabditis elegans. Curr Opin Neurobiol. 
doi:10.1016/j.conb.2011.10.002. 
 Yankner, B. A., Lu, T. and Loerch, P. (2008). The Aging Brain. Annu Rev 
Pathol. 3, 41-66. 
 Yeoman, M., Scutt, G. and Faragher, R. (2012). Insights into CNS ageing 
from animal models of senescence. Nat Rev Neurosci 13, 435-445. 
 Yeoman, M. S., Patel, B. A., Arundell, M., Parker, K. and O'Hare, D. 
(2008). Synapse-specific changes in serotonin signalling contribute to age-
related changes in the feeding behaviour of the pond snail, Lymnaea. J 
Neurochem 106, 1699-709. 
 Yoshimura, S., Murray, J. I., Lu, Y., Waterston, R. H. and Shaham, S. 
(2008). mls-2 and vab-3 control glia development, hlh-17/Olig expression and 
glia-dependent neurite extension in C. elegans. Development 135, 2263-2275. 
 Yu, F. H., Yarov-Yarovoy, V., Gutman, G. A. and Catterall, W. A. (2005). 
Overview of Molecular Relationships in the Voltage-Gated Ion Channel 
Superfamily. Pharmacological Reviews 57, 387-395. 
 Yu, S.-C., Klosterman, S. M., Martin, A. A., Gracheva, E. O. and 
Richmond, J. E. (2013). Differential Roles for Snapin and Synaptotagmin in the 
Synaptic Vesicle Cycle. PLoS ONE 8, e57842. 
 Zhang, G., Li, J., Purkayastha, S., Tang, Y., Zhang, H., Yin, Y., Li, B., Liu, 
G. and Cai, D. (2013). Hypothalamic programming of systemic ageing involving 
IKK-[bgr], NF-[kgr]B and GnRH. Nature 497, 211-216. 
 Zhang, H., Kelley, W. L., Chamberlain, L. H., Burgoyne, R. D. and Lang, J. 
(1999). Mutational analysis of cysteine-string protein function in insulin 
exocytosis. Journal of Cell Science 112, 1345-1351. 
 Zhang, H., Kelley, W. L., Chamberlain, L. H., Burgoyne, R. D., Wollheim, 
C. B. and Lang, J. (1998). Cysteine-string proteins regulate exocytosis of 
insulin independent from transmembrane ion fluxes. FEBS Letters 437, 267-
272. 
 Zhao, W.-Q. and Alkon, D. L. (2001). Role of insulin and insulin receptor 
in learning and memory. Molecular and Cellular Endocrinology 177, 125-134. 
 Zhao, X., Rosenke, R., Kronemann, D., Brim, B., Das, S. R., Dunah, A. W. 
and Magnusson, K. R. (2009). The effects of aging on N-methyl-D-aspartate 
receptor subunits in the synaptic membrane and relationships to long-term 
spatial memory. Neuroscience 162, 933-45. 



  Bibliography 

 239   

 Zhong, H., Yokoyama, C. T., Scheuer, T. and Catterall, W. A. (1999). 
Reciprocal regulation of P/Q-type Ca2+ channels by SNAP-25, syntaxin and 
synaptotagmin. Nat Neurosci 2, 939-41. 
 Zhong, W. and Sternberg, P. W. (2006). Genome-wide prediction of C. 
elegans genetic interactions. Science 311, 1481-4. 
 Zhou, P., Bacaj, T., Yang, X., Pang, Zhiping P. and Südhof, Thomas C. 
(2013). Lipid-Anchored SNAREs Lacking Transmembrane Regions Fully Support 
Membrane Fusion during Neurotransmitter Release. Neuron 80, 470-483. 
 Zinsmaier, K., Eberle, K., Buchner, E., Walter, N. and Benzer, S. (1994). 
Paralysis and early death in cysteine string protein mutants of Drosophila. 
Science 263, 977-980. 
 Zinsmaier, K. E., Hofbauer, A., Heimbeck, G., Pflugfelder, G. O., Buchner, 
S. and Buchner, E. (1990). A Cysteine-String Protein is Expressed in Retina and 
Brain of Drosophila. Journal of Neurogenetics 7, 15-29. 
 Zuber, B., Nikonenko, I., Klauser, P., Muller, D. and Dubochet, J. (2005). 
The mammalian central nervous synaptic cleft contains a high density of 
periodically organized complexes. Proceedings of the National Academy of 
Sciences of the United States of America 102, 19192-19197. 

 

 


