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Abstract 

Neurons enter states of heightened excitability and secretory capacity to initiate 

fundamental behaviours. This is exemplified by the bag cell neurons of the marine mollusc, 

Aplysia californica. These neuroendocrine cells undergo an afterdischarge to secrete egg-laying 

hormone (ELH) and initiate reproduction. I examined the role of two cellular signaling pathways 

that contribute to the afterdischarge: Ca
2+

 and protein kinase C (PKC). Investigating these 

systems provides insight into the cellular mechanisms underlying fundamental behaviours. 

Intracellular Ca
2+

 modulates excitability and initiates secretion in the bag cell neurons. I 

determined how Ca
2+

 sources and removal systems control intracellular Ca
2+

. My data revealed 

that the mitochondria strongly influence Ca
2+

 signaling in cultured bag cell neurons, as they first 

buffer voltage-gated Ca
2+

 influx and subsequently release Ca
2+

 to the cytosol, in a form of Ca
2+

-

induced Ca
2+

 release (CICR). Moreover, the degree of mitochondrial Ca
2+

 uptake and release 

was shown to be dictated by the function of the plasma membrane Ca
2+

 ATPase. In addition to 

voltage-gated Ca
2+

 influx, I characterized the involvement of Ca
2+

 handling systems with other 

distinct Ca
2+

 sources, including CICR and the Na
+
/Ca

2+
 exchanger as well as store-operated Ca

2+
 

influx and the sarcoplasmic/endoplasmic reticulum Ca
2+

-ATPase (SERCA).  

PKC is implicated in facilitating secretion during the afterdischarge. I tested the impact of 

PKC on secretion using capacitance tracking under whole-cell voltage-clamp. This technique 

assays the changes in plasma membrane area that occur during vesicle exocytosis. I 

demonstrated that PKC activation enhanced Ca
2+

 influx and potentiated stimulus-evoked 

secretion. This occurred as a result of the plasma membrane insertion of a covert voltage-gated 

Ca
2+

 channel, Apl Cav2, alongside the basal voltage-gated Ca
2+

 channel, Apl Cav1.   
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I provided mechanistic detail of how the interplay between Ca
2+

 sources and removal 

systems governs the patterns of free cytosolic Ca
2+

. These properties have implications for the 

Ca
2+

-dependent signaling pathways which mediate long lasting changes in neuronal excitability 

and secretion. Furthermore, my work demonstrates that protein kinases can dynamically amplify 

secretory output by rapidly recruiting additional voltage-gated Ca
2+

 channels to the membrane. 

This form of facilitation likely enhances secretion during the afterdischarge, and ensures the 

initiation of reproductive behaviour in Aplysia. 

 

 

  



iv 
 

Co-authorship 

Much of the contents of my thesis are in two published first-authored manuscripts (see below; 

Groten et al., 2013; Groten and Magoski, 2015), one in revision first authored manuscript 

(Groten et al., 2015), and one in preparation manuscript (Groten et al., 2015). 

Groten CJ et al., (2013). Separate Ca
2+

 sources are buffered by distinct Ca
2+

 handling systems in 

Aplysia neuroendocrine cells. J Neurosci 33, 6476-6491. 

Groten CJ and Magoski NS (2015). PKC enhances the capacity for secretion by rapidly 

recruiting covert voltage-gated Ca
2+

 channels to the membrane. J Neurosci 35, 2747-2765. 

Chapter 3. Dr. CJ Carter performed all bioinformatics, PCR, cloning, MCU western blotting, 

and double stranded RNA synthesis for ApMCU knockdown experiments (presented in Figure 

16 and 17).  

Chapter 5. Dr. Carter performed double stranded RNA synthesis for ELH knockdown 

experiments (Figure 34).  



v 
 

Acknowledgments 

I would like to thank Dr. Neil Magoski, who provided steady support, patience, and 

enthusiasm for the years that I have been in his research program. His passion for neuroscience is 

infectious, and has inspired me to pursue a career in research. He always afforded me the 

opportunity to learn and make mistakes, and in doing so, helped me to grow as a scientist. To the 

rest of the Magoski lab, I have had a blast! Thanks for providing an amazing place to work each 

day. It always felt like a family away from home. Heather Hodgson provided technical support 

for many experiments and simply made all of our work days much easieréand lively! Dr. Sean 

White was a colleague for several years and helped me to stay sharp on the reasoning and details 

behind my experimental techniques. Although Dr. Chris Carter, (a.k.a the Flying Dutchman) had 

a short tenure in the laboratory, he was a great guy to have around; and very good at driving in 

ice storms. Michel Sturgeon and Chris Beekharry were in the lab for the last couple years of my 

degree and were fantastic lab mates; Iôm sure both of you will have successful careers in the 

future. They were instrumental in ensuring that there was always fresh coffee and óupbeatô music 

to keep our productivity high. To my óoldô friends from the Physiology/Neuroscience program 

(Ethan Zhao, Abdullah Abunafeesa, Rob Maratta, and Dylan Petrin); you made my time at 

Queenôs amazing. All of you have bright futures ahead and I hope that we stay in touch. I raise a 

vuvuzela to you gentlemen. To my parents, Will and Allison, and my siblings Jon, Rebecca, and 

Tim, I am blessed to have such caring and involved people to keep me motivated and inspired to 

accomplish my goals. I will always be thankful for your selflessness and willingness to help. 

Last, but certainly not least, I would like to thank my wife Theressa, who was endlessly 

supportive and never lost faith in my ability to succeed. I will always cherish the memories from 

our home in Kingston and look forward to new adventures in the future together.   



vi 
 

Table of Contents 

Abstract ..................................................................................................................................ii -iii  

Co-Authorship........................................................................................................................iv 

Acknowledgements ................................................................................................................v 

List of Figures ........................................................................................................................x 

List of Tables .........................................................................................................................xiv 

List of Supplemental Figures .................................................................................................xv 

List of Abbreviations .............................................................................................................xvi 

Chapter 1. Introduction 

Neuronal control of fundamental behaviours ...............................................................1 

 

Transitions to periods of heightened excitability in neuroendocrine cells ...................3 

 

The neuroendocrine control of reproduction in Aplysia californica ............................5 

 

Intracellular Ca
2+

 signaling ..........................................................................................10 

 

Ca
2+

 and the regulation of ion channels .......................................................................11 

 

Ca
2+

 and the regulation of secretion .............................................................................13 

 

Voltage-gated Ca
2+

 channels ........................................................................................15 

 

Other plasma membrane Ca
2+

 sources   .......................................................................18 

 

Intracellular Ca
2+

 release ..............................................................................................21 

 

Ca
2+

 removal systems ...................................................................................................23 

 

Intracellular signaling pathways and the bag cell neuron afterdischarge .....................26 

 

Ca
2+

 and the regulation of bag cell neuron excitability  ...............................................28 

 

Ca
2+

-dependent peptide secretion from bag cell neurons .............................................30 

 



vii 
 

The role of PKC and Ca
2+

 channel modulation during the afterdischarge ...................31 

 

Research objectives and hypotheses.............................................................................38 

 

Chapter 2. Materials and Methods 

Animals and cell culture ...............................................................................................39 

Sharp-electrode, current-clamp recordingé.. ..... ........................................................39 

Whole-cell, voltage-clamp recording ...........................................................................40 

Capacitance tracking ....................................................................................................42 

Imaging of calcium and mitochondrial membrane potential .......................................43 

Immunolabelling and live cell staining ........................................................................45 

In silico identification of Aplysia mitochondrial Ca
2+

 uniporter ..................................49 

PCR of full-length ApMCU sequence .........................................................................49 

ApMCU amino acid sequence analysis phylogenetic tree generation, and domain  

architecture ...................................................................................................................50 

ApMCU antibody production and western blotting .....................................................51 

Double-stranded RNA treatment ..................................................................................52 

Reagents and drug application .....................................................................................53 

Data analysis and statistics ...........................................................................................54 

Model development ......................................................................................................57 

Chapter 3. Results I 

The post-train Ca
2+

 plateau is caused by mitochondrial Ca
2+

 release ..........................65 

Voltage-gated Ca
2+ 

influx is cleared by mitochondrial Ca
2+

 uptake ............................68 

  



viii 
 

The disruption of mitochondrial Ca
2+

 buffering is associated with enhanced  

use-dependent inactivation of Ca
2+

 current ..................................................................74 

 

Identification of a putative mitochondrial Ca
2+

 uniporter in Aplysia ...........................76 

 

ApMCU is expressed in the Aplysia nervous system and influences the removal of  

voltage-gated Ca
2+

 influx in the bag cell neurons ........................................................80 

 

Ca
2+

 removal by the plasma membrane Ca
2+

 ATPase controls activity-dependent  

Ca
2+

 dynamics in the bag cell neurons .........................................................................82 

 

The PMCA-dependent post-train Ca
2+

 plateau is mediated by Ca
2+

 release from  

the mitochondria ...........................................................................................................85 

 

Inhibiting the PMCA enhances the involvement of mitochondrial Ca
2+

 uptake in  

response to voltage-gated Ca
2+

 influx ..........................................................................87 

 

Hindering the PMCA enhances the degree of Ca
2+

 stored in the mitochondria  

following a train stimulus .............................................................................................90 

 

A model of intracellular Ca
2+

 dynamics recapitulates the influences of EGTA and  

the PMCA on activity-dependent Ca
2+

 dynamics ........................................................92 

 

Chapter 4. Results II 

Disrupting mitochondrial Ca
2+

 uptake does not increase the contribution of the 

SERCA or Na
+
/Ca

2+
 exchanger to the clearance of voltage-gated Ca

2+
 influx ............100 

 

Inhibiting the PMCA does not change the contribution of the ER to the removal of voltage-

gated Ca
2+

 influx ..........................................................................................................100 

 

Store-operated Ca
2+

 influx refills the ER Ca
2+

 store and is primarily cleared by the  

SERCA .........................................................................................................................103 

 

Role for the mitochondria, but not the PMCA or Na
+
/Ca

2+
 exchanger, in  

store-operated Ca
2+

 influx ............................................................................................107 

 

CICR is removed by plasma membrane extrusion via Na
+
/Ca

2+
 exchange and the 

PMCA ...........................................................................................................................108 

 

The mitochondria are evenly distributed throughout the soma, while the endoplasmic 

reticulum is abundant in select regions ........................................................................112 

 



ix 
 

Chapter 5. Results III 

dsRNA inhibition of ELH reduces peptide expression and the train-evoked membrane 

capacitance responses ...................................................................................................119 

Neurons from animal cohorts engaged in egg-laying behavior display a larger change in 

capacitance ...................................................................................................................121 

Activation of PKC increases voltage-gated Ca
2+

 current and potentiates  

exocytosis to an afterdischarge-like stimulus ...............................................................122 

 

Whole-cell dialysis disrupts Apl Cav2 recruitment ......................................................128 

Disrupting Apl Cav2 recruitment with whole-cell dialysis prevents the PMA-dependent  

facilitation of train-evoked exocytosis .........................................................................132 

 

The facilitation of train-evoked exocytosis by Apl Cav2 recruitment relies on the actin 

cytoskeleton ..................................................................................................................135 

The recruitment of Apl Cav2 reduces the duration and frequency of stimulation  

necessary for triggering measurable exocytosis ...........................................................137 

 

The insertion of Apl Cav2 increases excitation-secretion coupling .............................142  

 

Dissociation of Apl Cav2 from train-evoked secretion in cohorts of silent bag  

cell neurons ..................................................................................................................144 

 

PKC activation facilitates slow secretion evoked by mitochondrial Ca
2+

  

release ...........................................................................................................................146 
 

Chapter 6. Discussion 

The mitochondria control intracellular Ca
2+

 in the bag cell neurons ...........................151 

 

Ca
2+

 removal by the plasma membrane Ca
2+

 ATPase influences mitochondrial Ca
2+

 uptake 

and release ....................................................................................................................157 

Separate Ca
2+

 sources are buffered by distinct Ca
2+

 handling systems ........................162 

PKC enhances the capacity for secretion by rapidly recruiting covert voltage-gated  

Ca
2+

 channels to the plasma membrane .......................................................................169 

Research themes and future directions .........................................................................177 

References ..............................................................................................................................180 

Supplementary Figures ..........................................................................................................211 



x 
 

List of Figures 

Figure 1. The bag cell neurons of Aplysia californica undergo a prolonged period of excitability 

called the afterdischarge ........................................................................................................6 

Figure 2. The bag cell neurons secrete egg-laying hormone to control reproduction in 

 Aplysia...................................................................................................................................8 

Figure 3. Sources of intracellular Ca
2+

 in neurons. ...............................................................16 

Figure 4. Mechanisms of Ca
2+

 removal in neurons. .............................................................24 

Figure 5. Signaling pathways engaged during the bag cell neuron afterdischarge. ..............27 

Figure 6. Stimulus-evoked secretion measured from single cultured bag cell neurons using 

capacitance tracking and mass spectrometry. ........................................................................32 

Figure 7. The liberation of Ca
2+

 from the mitochondria, but not the ER, causes apparent 

secretion in cultured bag cell neurons. ...................................................................................33 

Figure 8. PKC activation causes the recruitment of Apl Cav2 to the plasma membrane. .....36 

Figure 9. Afterdischarge-like stimuli elicit Ca
2+

 influx in the soma and neurites of cultured bag 

cell neurons. ...........................................................................................................................62 

Figure 10. An afterdischarge-like stimulus induces a secondary Ca
2+

 rise that is sensitive to the 

Ca
2+ 

chelator, EGTA. .............................................................................................................64 

Figure 11. The post-train Ca
2+

 plateau is prevented by an inhibitor of the mitochondrial Ca
2+

 

exchangers and requires intracellular Na
+
 .............................................................................67 

Figure 12. Mitochondria remove voltage-gated Ca
2+ 

influx after an afterdischarge-like stimulus.

................................................................................................................................................69 

Figure 13.Voltage-gated Ca
2+

 influx loads mitochondrial Ca
2+

 stores and requires a Ru-360-

sensitive mechanism for its removal. .....................................................................................73 

Figure 14. Agents which prevent mitochondrial Ca
2+

 buffering reduce voltage-gated Ca
2+

 influx 

during an afterdischarge-like stimulus. ..................................................................................75 

Figure 15. The disruption of mitochondrial Ca
2+

 buffering is associated with enhanced use-

dependent inactivation of Ca
2+

 current. .................................................................................77 

Figure 16. A putative MCU sequence in Aplysia californica. ..............................................79 



xi 
 

Figure 17. The MCU is expressed in Aplysia nervous system tissue and regulates the removal of 

voltage-gated Ca
2+

 influx in the bag cell neurons. .................................................................81 

Figure 18. Inhibiting the plasma membrane Ca
2+

 ATPase slows Ca
2+

 removal and rescues the 

large post-train Ca
2+

 plateau in the presence of intracellular EGTA. ....................................84 

Figure 19. The carboxyeosin-dependent post-train Ca
2+

 plateau is mediated by Ca
2+

 release from 

the mitochondria. ...................................................................................................................86 

Figure 20. Disrupting the PMCA enhances mitochondrial involvement in the removal of 

voltage-gated Ca
2+

 influx after a train. ..................................................................................89 

Figure 21. Blocking the PMCA increases the loading of the mitochondrial Ca
2+

 store by voltage-

gated Ca
2+

 influx. ...................................................................................................................91 

Figure 22. A model of intracellular Ca
2+

 dynamics demonstrates the sensitivity of mitochondrial 

Ca
2+

 release to the Ca
2+ 

chelating agent, EGTA. ...................................................................93 

Figure 23. A model of Ca
2+

 dynamics recapitulates the influence of PMCA activity  

on CICR. ................................................................................................................................95 

Figure 24. Removal of voltage-gated Ca
2+

 influx does not require the Na
+
/Ca

2+
 exchanger or the 

ER.  ........................................................................................................................................99 

Figure 25. In the absence of mitochondrial function the SERCA and Na
+
/Ca

2+
-exchanger remain 

ineffective at removing voltage-gated Ca
2+

 influx. ................................................................101 

Figure 26. PMCA disruption does not change the involvement of ER Ca
2+

 uptake during post-

train Ca
2+

 removal. .................................................................................................................102 

Figure 27. The store-operated Ca
2+

 influx pathway refills the ER Ca
2+

 store in the bag cell 

neurons. ..................................................................................................................................105 

Figure 28. The removal of store-operated Ca
2+

 influx, but not voltage-gated Ca
2+

 influx, is 

sensitive to SERCA activity...................................................................................................106 

Figure 29. Store-operated Ca
2+ 

influx is reduced in magnitude by FCCP but is not apparently 

influenced by acidic stores, the PMCA, or the Na
+
/Ca

2+ 
exchanger. .....................................109 

Figure 30. Mitochondrial Ca
2+

 release is removed by the Na
+
/Ca

2+
exchanger  

and the PMCA........................................................................................................................111 

Figure 31. The mitochondria and ER are present throughout the soma and neurites of cultured 

bag cell neurons. ....................................................................................................................113 



xii 
 

Figure 32. The mitochondria and ER show distinct distributions in the soma. ....................115 

Figure 33. The stimulation threshold required for initiating membrane capacitance responses in 

cultured bag cell neurons is high. ..........................................................................................118 

Figure 34. dsRNA inhibition of ELH expression attenuates train-evoked increases in membrane 

capacitance. ............................................................................................................................120 

Figure 35. Egg-laying animals yield neurons which show a greater increase in membrane 

capacitance. ............................................................................................................................123 

Figure 36. PKC activation with PMA causes an increase in action potential height. ...........124 

Figure 37. PMA-induced membrane insertion of Apl Cav2 channels causes a substantial increase 

in voltage-gated Ca
2+

 influx in cultured bag cell neurons. ....................................................126 

Figure 38. PMA-induced membrane insertion of Apl Cav2 channels is associated with an 

enhancement of exocytosis in cultured bag cell neurons. ......................................................127 

Figure 39. PMA-induced enhancement of voltage-gated Ca
2+

 current is disrupted by prior 

establishment of whole-cell configuration. ............................................................................129 

Figure 40. The enhancement of voltage-gated Ca
2+

 current by PMA is disrupted by prior 

establishment of whole-cell configuration. ............................................................................130 

Figure 41. Disrupting the PKC-dependent Apl Cav2 recruitment by prior whole-cell 

establishment prevents PMA from facilitating Ca
2+

 influx during train stimuli. ..................133 

Figure 42. Disrupting the PKC-dependent Apl Cav2 recruitment by prior whole-cell 

establishment prevents PMA from facilitating secretion to train stimuli. .............................136 

Figure 43. Inhibiting actin polymerization with latrunculin B disrupts the PMA-dependent 

facilitation of train-evoked Ca
2+

 influx. ................................................................................. 138 

Figure 44. Inhibiting actin polymerization with latrunculin B disrupts the PMA-dependent 

facilitation of train-evoked exocytosis. ..................................................................................139 

Figure 45. Recruiting Apl Cav2 reduces the duration and frequency of stimulation required to 

initiate detectable exocytosis. ................................................................................................141 

Figure 46. Apl Cav2 insertion increases the strength of excitation-secretion coupling. .......143 

Figure 47. Cohorts of silent bag cell neurons show reduced Apl Cav1 Ca
2+

 entry and a 

disassociation of Apl Cav2 activity from train-evoked secretion. ..........................................145 

Figure 48. PMA facilitates prolonged secretion triggered by mitochondrial Ca
2+

 release. ..147 



xiii 
 

Figure 49. Voltage-gated Ca
2+

 influx and mitochondrial Ca
2+

 liberation show different temporal 

properties in the neurites ........................................................................................................150 

Figure 50. The mitochondria control activity-dependent Ca
2+

 dynamics in the  

bag cell neurons. ....................................................................................................................155 

 

Figure 51. The interplay between the PMCA and mitochondria determines the propensity for 

CICR in the bag cell neurons. ................................................................................................159 

Figure 52. Ca
2+

 from multiple sources is cleared by distinct sets of Ca
2+ 

removal systems in the 

bag cell neurons.  ...................................................................................................................163 

 

Figure 53. PKC activation during the afterdischarge facilitates peptide release by both recruiting 

Apl Cav2 to the membrane and engaging a process downstream from Ca
2+

 influx. .............176 

  



xiv 
 

List of Tables 

Table 1: Parameter values used in the compartment model of intracellular Ca
2+

 .................97



xv 
 

List of Supplemental Figures 

Supplemental Figure 1: The use-dependent inactivation of voltage-gated Ca
2+

 current in FCCP 

is strongly reduced by increasing the degree of intracellular Ca
2+

 buffering. .......................211 

 

Supplemental Figure 2: Bodipy-thapsigargin staining of cultured bag cell neurons. .........212 

 

Supplemental Figure 3: The detection of peptide release from a cultured bag cell neuron 

stimulated with a train of depolarizing steps under whole-cell voltage-clamp. ....................213 

 

Supplemental Figure 4: PMA pre-whole-cell increases Ca
2+

 current during an afterdischarge-

like train stimulus. ..................................................................................................................214 

 

Supplemental Figure 5: The distribution of growth cone mitochondria is altered by activating 

PKC and cAMP/PKA signaling. ............................................................................................215 

 

 

 

  



xvi 
 

List of Abbreviations 

AA  amino acid 

ApMCU Aplysia mitochondrial Ca
2+

 uniporter 

AU  arbitrary units 

baf  bafilomycin A 

BCP  bag cell peptide 

[Ca
2+

] i  intracellular Ca
2+

 concentration 

[Ca
2+

]e  extracellular Ca
2+

 concentration 

CaM  calmodulin 

CaMK  calmodulin kinase 

cAMP  cyclic adenosine monophosphate 

CaXȹ  mitochondrial Ca
2+ 

exchanger 

CE  carboxyeosin 

CICR  Ca
2+

-induced Ca
2+

-release 

Cm  membrane capacitance 

CPA  cyclopiazonic acid 

DAG  diacylglycerol 

DIME  Asp-Ile-Met-Glu 

DMSO  dimethyl sulfoxide 

dsRNA double-stranded ribonucleic acid 

ɔ  mitochondrial to cytosolic effective volume ratio 

EC50, extru [Ca
2+

] i  at half maximal rate of residual Ca
2+

 extrusion 

EC50, PMCA [Ca
2+

] i  at half maximal rate of PMCA Ca
2+ 

extrusion 

EC50, release [Ca
2+

]m at half-maximal rate of Ca
2+ 

release 

EC50,uptake [Ca
2+

] i at half-maximal rate of mitochondrial Ca
2+ 

uptake 



xvii 
 

EDTA  ethylenediaminetetraacetic acid 

EGTA  5 ethyleneglycol bis (aminoethylether) tetraacetic acid 

ELH  egg-laying hormone 

ER  endoplasmic reticulum 

FCCP  carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone 

HP  holding potential 

Ib  baseline current 

IP3  inositol 1,4,5-triphosphate 

IgG  immunogammaglobulin 

Iss  steady-state current 

Jextru  rate of plasma membrane Ca
2+

 extrusion by residual Ca
2+

 removal systems 

Jinflux  rate of Ca
2+

 influx across the plasma membrane 

Jpm  net plasma membrane Ca
2+

 flux 

Jrelease  Ca
2+

 release parameter 

Juptake  rate of mitochondrial Ca
2+

 sequestration 

KDEL  Lys-Asp-Glu-Leu 

k  slope factor of Boltzmann function 

Kd, EGTA dissociation constant of EGTA 

K inhib  [Ca
2+

] i  at half-maximal release inhibition 

kmax, uptake rate constant for mitochondrial Ca
2+

 uptake 

koff   reverse rate constant of EGTA 

kon  forward rate constant of EGTA 

kinflux  plasma membrane Ca
2+

 influx rate constant 

KW  Kruskal-Wallis 

Lat B  latrunculin B 



xviii 
 

MALDI TOF matrix-assisted laser desorption/ionization time-of-flight 

MCU  mitochondrial Ca
2+

 uniporter 

MUSCLE multiple sequence comparison by log-expectation 

NA  numerical aperture 

nASW  normal artificial sea water 

NCX  Na
+
/Ca

2+
 exchanger 

nextru  Hill coefficient for residual Ca
2+ 

extrusion 

ninhib  Hill coefficient for release Ca
2+ 

 inhibition 

NMDA N-Methyl-D-Aspartate 

NMDG N-methyl-D-glucamine 

nPMCA  Hill coefficient for PMCA Ca
2+

 extrusion 

NSCC  non-selective cation channel 

nuptake  Hill coefficient for mitochondrial Ca
2+

 uptake 

PBS  phosphate buffered saline 

PIP2  phosphatidylinositol 3,5-bisphosphate 

PKA  protein kinase A 

PKC  protein kinase C 

PMA  phorbol 12-myristate 13-acetate 

PMCA  plasma membrane Ca
2+

-ATPase 

PMSF  phenylmethanesulfonylfluoride 

post-wc post-whole-cell configuration 

pre-wc  pre-whole-cell configuration 

PVDF  polyvinylidene difluoride 

Qcf  correction factor 

Qt  total charge 



xix 
 

Qtc  transient current 

R  Ca
2+

 clearance rate 

Ra  access resistance 

RCE  Ca
2+

 removal rate in carboxyeosin 

RCE + CPA Ca
2+

 removal rate in carboxyeosin plus cyclopiazonic acid 

Rcontrol  rate of Ca
2+

 decay in control conditions 

RFCCP  rate of Ca
2+ 

decay measured in FCCP 

Rm  membrane resistance 

Rmit  mitochondrial Ca
2+ 

uptake
 
rate component 

ROCC  receptor-operated Ca
2+

 channel 

ROI  region of interest 

Rt  total resistance 

Rtotal   Ca
2+

 removal rate 

Ru-360 ruthenium-360 

RyR  ryanodine receptor 

SERCA sarco/endoplasmic reticulum Ca
2+

-ATPase 

sfASW  Na
+
-free artificial sea water 

SNARE soluble n-ethylmaleimide-sensitive factor attachment protein receptors 

SOCC  store-operated Ca
2+

 channel 

STIM1  stromal-interaction molecule 1 

Ű  exponential decay time constant 

Űact  activation time constant 

Űinac  inactivation time constant 

TEA  tetraethylammonium 

Tris  tris(hydroxymethyl)aminomethane-HCl 



xx 
 

TPP  tetraphenylphosphonium chloride 

TRP  transient receptor potential 

TTX  tetrodotoxin citrate 

tcASW  tissue culture artificial sea water 

Vmax, extru maximal rate of residual Ca
2+ 

extrusion 

Vmax, PMCA maximal rate of PMCA Ca
2+

 extrusion 

Vmax, release maximal rate of mitochondrial Ca
2+

 release 

VGCC  voltage-gated Ca
2+

 channel 

 



1 
 

Chapter 1. Introduction 

 

Neuronal control of fundamental behaviours 

 

Animal behaviour ranges from comparatively simple actions, like reflex responses, to the 

complex social phenomena seen in primates and humans (Darwin, 1872; Pavlov, 1927; Kandel, 

1976). Due to the breadth of animal behaviours, it is often useful to group them into tractable 

categories, amongst which are the fundamental behaviours. While it can be argued that all 

behaviours serve essential purposes, fundamental behaviours can be described as actions which 

are immediately involved with ensuring the survival and propagation of a species. Behaviours 

that fall into this category include fight-or-flight responses, eating, drinking, breathing, and 

reproduction (Kandel, 1976, 2000). 

Due to their significance for evolutionary fitness, fundamental behaviours often manifest 

as fixed-action patterns. These all-or-none behavioural sequences are triggered by a specific 

sensory stimulus, and typically run to completion in the absence of continued sensory inputs 

(Moltz, 1965; Willows and Hoyle, 1969). Unlike other behaviours, which are acquired and 

readily modified through learning, fixed-action patterns are less labile and innate, as they can be 

performed without prior experience (Moltz, 1965). This rigid nature of fixed-action patterns 

appears to be a crucial adaptation which ensures the implementation of behaviours required for 

species survival. A classic example of a fixed-action pattern is the egg-retrieval behaviour of the 

brooding greylag goose. In response to an egg that has rolled out of its nest, the goose 

immediately retrieves the egg with patterned sweeping motions of its bill (Moltz, 1965). 

Remarkably, once initiated, the retrieval behaviour will continue if the egg has been removed by 

an experimenter. Another example is the crayfish tail-flip escape reflex. In response to 

mechanically or visually threatening sensory stimuli, a sequence of rhythmic contractions of the 
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crayfish abdomen is initiated, which thrusts the animal through the water and away from the 

stimulus origin (Edwards et al., 1999).  

Animal behaviour is ultimately mediated by the function of neurons within the nervous 

system (Kandel, 1976; Shepherd, 1988; Nicholls et al., 2011). Fundamental behaviours and 

fixed-action patterns are often governed by a specialized class of cells termed command neurons: 

a single neuron or a small group of neurons required and sufficient for the production of a 

sequence of behavioural patterns (Kupfermann and Weiss, 1978). The concept of the command 

neuron was originally developed from studies in crayfish, showing that electrical stimulation of 

the giant fibers produced the tail-flip escape response (Wiersma, 1947; Edwards et al., 1999). 

Subsequently, the command neuron concept was used to describe neuronal systems in a variety 

of animals. For example the marine nudibranch mollusc, Tritonia, contains a network of neurons, 

including a ramp or driver cell, that function as a command system to commence an escape 

reflex consisting of a short, intense swimming behaviour (Lennard et al., 1980; Frost and Katz, 

1996). Another example is found in the fresh water snail, Lymnea stagnalis, where the CV1 

interneuron is primarily responsible for the patterned behavioural sequence of feeding 

(McCrohan, 1984; Elliott et al., 1992). The utilization of a single or small group of command 

neurons may ensure a robust and invariant behavioural sequence (Edwards et al., 1999). 

Neuroendocrine cells are found in vertebrate and invertebrate animals, where they 

function in a manner similar to command neurons to regulate fundamental behaviours. These 

neurons control or influence a diversity of physiological processes that are necessary for day-to-

day function, like homeostatic reflexes such as the regulation of blood pressure (Mason and 

Bern, 1977; Kandel et al., 2000). Furthermore, they orchestrate complex behaviours, including 

food intake and reproduction. Neuroendocrine cells can be defined as neurons that integrate 
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electrical inputs and produce a hormonal output by secreting peptides into the circulation (Mason 

and Bern, 1977). These cells also project elsewhere in the nervous system, where they can 

release peptides as neurotransmitters (Martin et al., 1975; Mason and Bern, 1977; Levitan and 

Kaczmarek, 2002). As a result of their dual neurotransmitter/hormonal influences, 

neuroendocrine cells can coordinate animal behaviour with the functional status of the peripheral 

organ systems.  

In mammals, the hypothalamic oxytocin neuroendocrine cells function like command 

neurons to control fundamental behaviours. These neurons release oxytoxin into the general 

circulation at the posterior pituitary gland, and thereby contribute to parturition (Fuchs et al., 

1991; Russell et al., 2003). At term of birth, tactile stimulation of the cervix by the fetus initiates 

oxytocin secretion, which contributes to a sequence of uterine contractions that culminates in 

delivery (McCarthy and Altemus, 1997; Summerlee et al., 1981; Higuchi and Okere, 2002; 

Russell et al., 2003). In another essential role, these neurons release oxytoxin in response to 

sensory stimulation of the nipple in order to elicit the liberation of milk; a behaviour termed the 

milk-let-down reflex (McCarthy and Altemus, 1997). Evidence indicates that with its hormonal 

release from the pituitary there is release of intracerebral oxytocin which promotes 

complementary maternal behaviours, including grooming and pair bonding (McCarthy and 

Altemus, 1997; Kendrick et al., 1987).  

Transitions to periods of heightened excitability in neuroendocrine cells 

Each class of neurons exhibits a distinct action potential firing pattern. Neurons respond 

to stimulation with action potentials which are either sustained, accommodating, or delayed 

(Levitan and Kaczmarek , 2002; Bean, 2007). Other neurons react with patterned action potential 

bursting which, in some cases, is maintained even in the absence of continued synaptic drive 
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(Levitan and Kaczmarek, 2002; Bean, 2007; Hung and Magoski, 2007). Neurons can also show 

changes in action potential firing in the absence of synaptic inputs; via intrinsic bursting 

mechanisms or changes in the osmolarity of the extracellular fluid (Bean, 2007; Arnauld et al., 

1975). Importantly, the excitatory properties of neurons are not fixed, but change dramatically in 

a developmental, seasonal, and activity-dependent manner. Such adaptability is a fundamental 

property of the nervous system, which supplements synaptic plasticity and underlies high-

threshold hormone release from neuroendocrine cells (Byrne and Kandel, 1996; Artelajo et al., 

1994; Catterall and Few, 2008). 

Neuroendocrine cells undergo particularly dramatic changes in excitability in order to 

secrete peptide and control fundamental behaviours. Typically, these neurons maintain either a 

relatively low level of activity or are silent (Kupfermann et al., 1966; Kandel, 1976; Kelly and 

Wagner, 2002; Levitan and Kaczmarek 2002). However, following a variety of cues, 

neuroendocrine cells rapidly increase their activity and undergo prolonged periods of high-

frequency action potential bursts, during which peptide secretion occurs. For example, 

hypothalamic magnocellular neurons transition from a tonic firing rate to a series of bursts to 

elicit the milk let-down reflex (Lincoln and Wakerley, 1974; Wang and Hatton, 2004). Similar 

properties are displayed by other mammalian neuroendocrine cells, including hypothalamic 

GnRH and vasopressin secreting neurons, as well as insulin-releasing pancreatic ɓ-cells 

(Meissner and Atwater, 1976; Matthews and OôConnor, 1979; Bicknell and Leng, 1981; Poulain 

and Wakerley, 1982; Kelly and Wagner, 2002).  

Transitions to heightened excitability and burst firing are also observed in non-

mammalian vertebrate and invertebrate neuroendocrine cells, indicating that this phenomenon is 

conserved across the animal kingdom (Brierley et al., 2004). A well-studied example of this is 
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provided by the caudodorsal neurons of the fresh water snail, Lymnaea stagnalis. These neurons 

undergo a prolonged period of action potential firing in response to stimulation in order to 

release peptide and initiate reproduction (de Vlieger et al., 1980). Such patterns are of central 

importance to the ability of neuroendocrine cells to control fundamental behaviours, as high-

frequency burst firing is typically required to initiate peptide secretion (Bicknell, 1988; Peng and 

Horn, 1991). 

The neuroendocrine control of reproduction in Aplysia californica 

The goal of my thesis was to examine the mechanisms by which neuroendocrine cells 

transition to states of heightened excitability/secretion to initiate fundamental behaviours. To do 

this, I employed the bag cell neurons of the marine mollusc, Aplysia californica (Figure 1A). 

These neuroendocrine cells have been utilized extensively to study the regulation of membrane 

excitability and peptide secretion. The bag cell neurons are located in two, symmetrical clusters 

of 200-400 cells each at the junction of the abdominal ganglia and the pleauroabdominal 

connectives (Kupfermann et al., 1966; Frazier et al., 1967) (Figure 1B). Typically, the bag cell 

neurons are quiescent and do not fire action potentials spontaneously (Kupfermann and Kandel, 

1970). However, in response to a variety of environmental cues, or electrical stimulation of the 

afferent presynaptic cholinergic input, the bag cell neurons undergo a prolonged depolarization 

and long-lasting period of synchronized action potential firing known as the afterdischarge 

(Figure 1C) (Kupfermann et al., 1966; Kupfermann, 1967; Kupfermann and Kandel, 1970; 

Begnochie et al., 1996; Conn and Kaczmarek, 1989; White and Magoski, 2012). The 

synchronized action potential firing during the afterdischarge is the result of electrotonic 

coupling by gap junctions between neighboring bag cell neurons (Kaczmarek et  
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Figure 1. The bag cell neurons of Aplysia californica undergo a prolonged period of excitability 

called the afterdischarge. 

 

A) Left, Illustration of Aplysia californica, a marine mollusc, showing the head, tail, and the 

paired ganglia of the central nervous system. Modified from Kandel, 1976. B) Illustration of the 

Aplysia central nervous system showing the anterior head ganglia (cerebral, pedal, and pleural 

ganglia) and the caudal abdominal ganglion. The bag cell neurons are located in two discrete 

clusters of ~200-400 neurons each at the junction formed by the pleuroabdominal connective 

nerve and abdominal ganglion. Courtesy of Dr. N.S. Magoski. C) A bag cell neuron 

afterdischarge initiated experimentally by briefly (~10 sec) stimulating (stim) the 

pleuroabdominal connective. The trace shows an extracellular recording from an entire bag cell 

neuron cluster. The afterdischarge begins with a fast phase of action potential firing (~5 Hz) for 

~1 min, and transitions to a slow phase (~1 Hz) for ~30 min. Each spike represents a compound 

action potential due to the synchronous firing of all bag cell neurons in the cluster. Courtesy of 

Drs. S.H. White and Magoski. 
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al., 1979; Dargaei et al., 2014; 2015). The afterdischarge begins with an early phase of high 

frequency firing (~5 Hz) for ~1 min followed by a period of low frequency firing (~1 Hz) for 

~30 min (Kaczmarek et al., 1982; Fisher et al., 1994). After bursting, the bag cell neurons enter 

an extended inhibited state, or refractory period, for ~18 hr, during which additional stimulation 

is unsuccessful in evoking further discharges (Kaczmarek et al., 1981; Kaczmarek and Kauer, 

1983; Magoski et al., 2000).  

Ultimately, the purpose of the afterdischarge is to release egg-laying hormone (ELH), a 

36-amino acid peptide, into the circulatory system and initiate a fixed action pattern of 

reproductive behaviours (Figure 2) (Kupfermann, 1967; Arch et al., 1972; Pinsker and Dudek, 

1977; Chiu et al., 1979; Stuart et al., 1980; Begnoche et al., 1996). Like other neuropeptides, 

ELH synthesis occurs from a longer, pro-ELH precursor peptide (Scheller et al., 1983). Along 

with ELH, cleavage of the pro-hormone produces the smaller Ŭ, ɓ, and ɔ bag cell peptides 

(BCPs) which are also released during the afterdischarge (Scheller et al., 1983; Fisher et al., 

1988; Loechner et al., 1990; Hatcher and Sweedler, 2008). In vivo, ELH evokes ovulation from 

the ovotestis and acts as a neurotransmitter to alter the function of various neurons. As a result, 

an array of stereotypic behaviours are initiated, including increased respiratory pumping, 

redistribution of blood flow, reduced locomotion, suppressed defensive responses, and head 

weaving (Mayeri et al., 1979 a,b; Stuart and Strumwasser, 1980; Mackey and Carew, 1983; 

Rothman et al., 1983; Ligman and Brownell, 1985; Goldsmith and Byrne, 1993). As the 

refractory period prevents further afterdischarge generation, it likely ensures that ongoing egg-

laying is not disrupted and/or confers time for a new clutch of eggs to mature (Kupfermann et 

al., 1966; Kupfermann, 1967; Kaczmarek et al., 1981; Kaczmarek and Kauer, 1983). 
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Figure 2. The bag cell neurons secrete egg-laying hormone to control reproduction in Aplysia.  

 

A) Left, The neurons of the abdominal ganglion are surrounded by a highly vascularized 

connective tissue sheath. As the afterdischarge progresses, the bag cell neurons release egg-

laying hormone (ELH) and other peptides into the neurohemal area of the sheath, from where 

they are distributed to peripheral organs and the nervous system via the aorta and the rest of the 

circulatory system. Modified from Kandel (1976). B) Upper, The bag cell neurons express ELH 

in the cluster. ELH immunohistochemistry shows a group of bag cell neuron somata surrounded 

by a collection of ELH-containing processes that extend from the cell bodies. Courtesy of Ms. 

H.M. Hodgson and Dr. Magoski. Bottom, ELH-expressing bag cell neuron in vitro. C) ELH 

release during the afterdischarge causes a fixed-action pattern of egg-laying behaviour. Image 

depicts an animal weaving a string of eggs into a large egg mass. 



9 
 

Transitions to states of facilitated neuronal excitability and secretion are controlled by 

intracellular signaling pathways which control ion channel function. Of particular importance are 

intracellular Ca
2+

 (Brehm and Eckert, 1978; Kass et al., 1978) and protein kinases, a class of 

enzymes that phosphorylate target proteins (Burnett and Kennedy, 1954; Kaczmarek et al., 1980; 

Castellucci et al., 1980). The facilitation in membrane excitability that occurs during the 

afterdischarge is attributable the modulation of several ion channels, including Ca
2+

-activated 

non-selective cation channels, voltage-gated Ca
2+

 channels, and K
+
 channels (Kaczmarek and 

Strumwasser, 1981; DeRiemer et al., 1985b; Conn et al., 1989; Wilson et al., 1996, 1998; 

Magoski and Kaczmarek, 2005; Lupinsky and Magoski, 2006; Hung and Magoski, 2007). The 

principle signaling pathways activated during the afterdischarge are intracellular Ca
2+

, protein 

kinase C (PKC), cyclic adenosine monophosphate (cAMP)/protein kinase A (PKA), inositol 

1,4,5-trisphosphate (IP3), and calmodulin kinase (CaMK) (Kaczmarek et al., 1978; DeRiemer et 

al., 1984; Fink et al., 1988; Fisher et al., 1994; Wayne et al., 1999). 

Intracellular Ca
2+

 is a crucial intracellular messenger which has well-defined roles in 

controlling bag cell neuron excitability and secretion (Fisher et al., 1994; Loechner et al.,1990; 

Hung and Magoski, 2007; Hickey et al., 2013). Presently, the mechanisms which control 

intracellular Ca
2+

 dynamics in the bag cell neurons are not well understood. Thus, the first 

objective of my thesis is to examine the principle systems which govern activity-dependent Ca
2+

 

responses in these neurons. The second objective of my thesis concerns the influence of Ca
2+

 and 

PKC on bag cell neuron function. PKC is a diacylglycerol (DAG) and often Ca
2+

-dependent 

protein kinase that phosphorylates serine and threonine amino acid residues on target proteins 

(Newton, 1995). In association with PKC activation, there is a progressive potentiation of 

peptide release (Loechner et al., 1990; Wayne et al., 1999). Thus, I aim to resolve the 
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participation of PKC in the regulation of secretion. In the remainder of the Introduction, I will 

describe the role and regulation of intracellular Ca
2+

 in controlling neuronal excitability and 

secretion. Additionally, I will provide a background on the current understanding of Ca
2+

 and 

PKC signaling in the bag cell neurons.  

Intracellular Ca
2+

 signaling 

Of central importance to the activity of all neurons, including neuroendocrine cells, is 

cytosolic Ca
2+

 (Berridge, 1997). A biological role for Ca
2+

 was first provided by Sidney Ringerôs 

serendipitous discovery that this divalent cation is required for cardiac contractility (Ringer, 

1883; reviewed by Miller, 2004). Since then, Ca
2+

 has been demonstrated to directly, or 

indirectly, regulate nearly every cellular process. In neurons, cytosolic Ca
2+

 controls synaptic 

plasticity, membrane excitability, secretion, gene expression, apoptosis, and energy metabolism 

(Katz and Miledi, 1967; Greenberg et al., 1986; Clapham, 1995; Hille, 2001; Friel and Chiel, 

2008; Chouhan et al., 2012). As Ca
2+

 has such a profound influence on neuronal function, its 

intracellular concentration is very stringently regulated. At rest, the intracellular Ca
2+ 

concentration ranges from 100-300 nM, while the extracellular concentration is 1-10 mM 

(Clapham, 1995; Berridge, 1997; Hille 2001). This produces a very strong electrochemical 

driving force for Ca
2+

 entry across the plasma membrane or Ca
2+

 release from intracellular 

organelles (Berridge, 1997). Interestingly, the ability of Ca
2+

 to govern cell activity is not shared 

by other, more abundant intracellular cations like Mg
2+

, Na
+
, and K

+
. It has been suggested that 

Ca
2+

 has chemical properties which allow the ion to rapidly bind to proteins, precipitate 

phosphate, disrupt DNA and lipids, as well as induce toxicity more readily than other inorganic 

cations (Jaiswal, 2001). Consequently, it may be that primordial cells developed multiple Ca
2+

 

regulatory systems in order to maintain Ca
2+

 at very low levels in the cytosol and prevent 
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toxicity. It is hypothesized that cells acquired specialized machinery to harness the modulatory 

properties of Ca
2+

 and modify cellular processes in a tightly controlled manner.  

Ca
2+

 influences intracellular signaling by directly binding to effector proteins or 

activating Ca
2+ 

sensors, like calmodulin (CaM), which can then interact with other modulatory 

enzymes, including CaMK, protein phosphatases, and adenylate cyclases (Ghosh and Greenberg, 

1995). Each Ca
2+

-sensitive protein is optimally activated by a specific Ca
2+

 signal magnitude, 

duration, and/or frequency (Clapham, 1995; Berridge, 1998). As a result, a given Ca
2+

 signal 

typically triggers only select signaling cascades. Additionally, Ca
2+

-sensors and effector proteins 

often form a close physical association with Ca
2+

 sources. For example, voltage-gated Ca
2+

 

channels physically couple to CaM as well as the components of the secretory apparatus 

(Catterall, 2011). This exposes effector proteins to plumes of high Ca
2+

 concentration, termed 

nano- or microdomains, near the channel mouth and ensures the fidelity of Ca
2+

-effector 

coupling (Llinas et al., 1992; Beaumont et al., 2005). Indeed, the Ca
2+

 concentration in these 

regions is considerable, rising as high as 200-300 µM at the squid giant synapse (Llinas et al., 

1992). Interestingly, a given Ca
2+

-effector protein typically associates with a distinct Ca
2+

 source. 

Consequently, different Ca
2+

 channel classes can trigger specific signaling cascades (Deisseroth 

et al., 1998; Augustine et al., 2003; Catterall, 2011).  

Ca
2+

 and the regulation of ion channels 

A transient rise of cytosolic Ca
2+

 can lead to prolonged changes in neuronal excitability 

through the modulation of ion channel function. For example, Ca
2+

 can directly gate non-

selective cation channels, which are permeable to Ca
2+

, Na
+
, and K

+
 (Kramer and Zucker, 1985; 

Hille, 2001; Knox et al., 1996; Lambers et al., 2004). The Ca
2+

-sensitivity of cation channels, 

such as the transient receptor potential (TRP)-V6 channel, can be mediated through CaM 
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(Lambers et al., 2004). Ca
2+

-activated non-selective cation channels are typically engaged in 

response to Ca
2+

 influx from ligand- and voltage-sensitive Ca
2+

 channels or Ca
2+

 release from 

intracellular stores (Kramer and Zucker, 1985; Clapham, 2003; Lambers et al., 2004). 

Importantly, the Ca
2+

-dependent activation of non-selective cation channels can underlie 

prolonged changes in neuronal excitability by producing depolarizing afterpotentials and plateau 

potentials (Clapham, 2003; Teruyama and Armstrong, 2007; Hung and Magoski, 2007). 

Intracellular Ca
2+

 also gates the large, intermediate, and small conductance Ca
2+

-activated K
+ 

channels, which hyperpolarize the membrane in response to Ca
2+

 influx (Marty, 1981; McManus, 

1991). These channels are often found in close proximity to voltage-gated Ca
2+

 channels at nerve 

terminals and thereby attenuate neurotransmission (Robitaille et al., 1993; Vergara et al., 1998; 

Skinner et al., 2003; Marrion and Tavalin, 1998).  

Intracellular Ca
2+

 can also influence membrane excitability by either facilitating or 

inactivating voltage-gated Ca
2+

 channels (Budde et al., 2002). The former occurs when Ca
2+

 ions 

transiently increase channel activity, via positive-feedback autoregulation. Conversely, during 

Ca
2+

-dependent inactivation, Ca
2+

 initiates negative-feedback autoregulation by reducing the 

entry of Ca
2+

 (Budde et al., 2002). Ca
2+

-dependent inactivation of voltage-gated Ca
2+

 channels 

was initially identified in Paramecium (Brehm and Eckert, 1978) and Aplysia neurons (Tillotson, 

1979), then subsequently established in multiple neuronal systems, including the rat calyx of 

Held synapse (Forsythe et al., 1998) and the nerve terminals of the rat neurohypophysis 

(Branchaw et al., 1997). During prolonged membrane depolarization, Ca
2+

-dependent 

inactivation of Ca
2+

 channels is particularly influential, as it limits Ca
2+

 entry and 

neurotransmitter release (Budde et al., 2002; Mochida et al., 2008). On the other hand, Ca
2+

-

dependent facilitation causes a transient, short-term facilitation in synaptic transmission 
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(Mochida et al., 2008). Both Ca
2+

-dependent facilitation and inactivation of Ca
2+

 channels result, 

in part, from the action of a closely associated CaM, which binds Ca
2+

 and subsequently alters 

channel opening (Zuhlke et al., 1999; Catterall, 2011).  

Ca
2+

 and the regulation of secretion 

Intracellular Ca
2+

 triggers neurotransmitter release, the degree of which depends steeply 

on the duration and magnitude of Ca
2+

 influx (Dodge and Rahamimoff, 1967; Katz and Miledi, 

1967; Llinas et al., 1981). In neurons, secretion of classical neurotransmitters, such as glutamate, 

GABA, acetylcholine, and glycine, takes place from regions of the synaptic terminal coined 

active zones, where vesicles and voltage-sensitive Ca
2+

 channels co-localize (Stanley, 1993; 

Bennett, 1997; Levitan and Kaczmarek, 2002). The Ca
2+

 microdomains produced by these Ca
2+

 

channels are tightly coupled to the SNARE (soluble n-ethylmaleimide-sensitive factor 

attachment protein receptors) complex, which consists of the plasma membrane protein, 

syntaxin, the vesicle associated protein, synaptobrevin, and SNAP-25 (Rettig and Neher, 2002; 

Llinas et al., 1992; Beaumont et al., 2005). Synaptotagmin, a vesicle associated protein, provides 

the Ca
2+

-sensitivity to initiate fusion, while the SNARE apparatus levers the vesicular and 

plasma membranes together, forming a fusion pore to release the transmitter (Chapman, 2002; 

Rettig and Neher, 2002). Secretory vesicles that dock with the SNARE complex are in a release-

competent state and constitute the readily releasable pool (Rosenmund and Stevens, 1996; 

Schikorski and Stevens, 2001). This pool mediates fast (high µs to low ms latency) 

neurotransmission that is enabled by just one or a few action potentials and is not sensitive to the 

slow Ca
2+

 chelating agent, EGTA (Naraghi, 1997; Naraghi and Neher, 1997; Neher, 1998). The 

changes in membrane surface area that occur during the exocytosis or endocytosis of vesicles can 
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be quantified as a change in neuronal electrical capacitance and recorded in real time with 

capacitance tracking (Neher and Marty, 1982; Lim et al., 1990; Gillis, 1995; Neves et al., 2001). 

Classical neurotransmitters are synthesized at nerve terminals and reside in fast-releasing 

pool of small, typically clear vesicles (Llinas et al., 1981; Adler et al., 1991; Edwards, 1992; von 

Gersdorff and Matthews, 1994; Neher, 1998). Neuropeptides and hormones, which are released 

from neuroendocrine cells, are stored in large dense core vesicles, and constitute a comparatively 

slow-releasing secretory pool (Neher and Marty, 1982; Fisher et al., 1988; Lim et al., 1990). 

Like classical neurotransmitters, this release is Ca
2+

-dependent and utilizes much of the same 

secretory machinery (Whim et al., 1997), but is sensitive to EGTA, indicating a spatial 

separation between vesicles and Ca
2+

 channels (Nowycky et al., 1998). Unlike classical 

neurotransmitters, the synthesis and packaging of peptide hormones takes place at the soma. 

Furthermore, large dense core vesicles are dispersed farther away from Ca
2+

 channels on the 

plasma membrane and do not require a specialized active zone for release (De Camilli and Jahn, 

1990). The presence of a diffusion barrier and distance between channels and vesicles has been 

used to explain the fact that peptide secretion necessitates high frequency action potential firing 

or extended depolarization (Bicknell and Leng, 1981; Bicknell, 1988; Peng and Horn, 1991; 

Levitan and Kaczmarek, 2002). The copious Ca
2+

 influx during a train of action potentials 

presumably overcomes the diffusion barrier to accesses the vesicles. In addition, the slow 

kinetics of neuropeptide secretion have been attributed to more lengthy Ca
2+

-dependent vesicle 

priming steps or delayed fusion pore opening (Thomas et al., 1993; Seward et al., 1995; Barg et 

al., 2002). As neuropeptides and hormones produce profound and long lasting changes in animal 

behaviour, the temporal lag and high threshold of activity required for their release may limit the 

occurrence of certain behaviours to select conditions (Kupfermann and Weiss, 1978). 



15 
 

Voltage-gated Ca
2+

 channels 

The Ca
2+

-dependent processes required for changes to excitability and secretion in 

neurons and neuroendocrine cells are ultimately controlled by the systems that govern free 

intracellular Ca
2+

. The degree of intracellular Ca
2+

 is determined by the equilibrium between 

Ca
2+ 

sources, which allow Ca
2+

 entry into intracellular space, and Ca
2+

 buffering systems, which 

remove free Ca
2+

 from the cytosol (Catterall and Few, 2008; Friel and Chiel, 2008). At rest, the 

plasma membrane of neurons is relatively impermeable to Ca
2+

. But in response to various 

stimuli, Ca
2+

 permeable ion channels open in the plasma membrane, and allow Ca
2+

 to pass down 

its electrochemical gradient into the cytosol. In neurons, the primary source of intracellular Ca
2+

 

is derived from plasma membrane voltage-gated Ca
2+

 channels, which transduce the electrical 

potential changes across the plasma membrane into Ca
2+

-dependent biochemical signals (Figure 

3). Originally identified in crustacean muscle (Fatt and Katz, 1953), voltage-gated Ca
2+

 channels 

were later found in effectively all excitable cells (Catterall, 2011).  

Initially, voltage-gated Ca
2+

 channels were characterized according to their 

electrophysiological and pharmacological properties (Bean, 1989; Hille 2001). Subsequently, 

work in mammalian skeletal muscle identified the essential molecular component of voltage-

gated Ca
2+

 channels, termed the Ŭ-1 subunit (Tanabe et al., 1987). The Ŭ-1 subunit comprises the 

ion-conducting pore and confers much of the biophysical and pharmacological properties of the 

channel. The Ŭ-1 subunit consists of four homologous domains (I, II, III, IV), each of which 

contain six transmembrane segments (S1-S6) (Takahashi et al., 1987; Catterall, 2011). The ion-  

conducting pore of the Ŭ-1 subunit resides at the center of the four domains. The pore is formed 
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Figure 3. Sources of intracellular Ca
2+

 in neurons. 

 

Cytosolic Ca
2+

 can be derived from either the extracellular space or intracellular Ca
2+

 stores. The 

dominant Ca
2+

 source in neurons are voltage-gated Ca
2+

 channels (VGCC), which open in 

response to membrane depolarization and allow Ca
2+

 to diffuse down its electrochemical 

gradient into the cytosol. Other Ca
2+

 sources on the plasma membrane are receptor-operated Ca
2+

 

channels (ROCC), which open in response to direct or indirect neurotransmitter/ligand binding, 

and Ca
2+

-permeable, non-selective cation channels (NSCC) (e.g. TRP channels). Store-operated 

Ca
2+

 channels (SOCC) are another plasma membrane Ca
2+

 source which open after the depletion 

of the ER Ca
2+

 store, and replete this organelle. ER Ca
2+

 release occurs following the Ca
2+

-

dependent opening of ryanodine receptors (RyR) during Ca
2+

-induced Ca
2+

 release, or IP3 gating 

of IP3 receptors. Ca
2+

 release from the mitochondria arises through Na
+
/Ca

2+
 and/or H

+
/Ca

2+
 

exchangers on the inner mitochondrial membrane. 
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by the S5 and S6 transmembrane domains and the external loop between S5 and S6, which 

projects into the lumen of the channel to form the outer pore mouth and selectivity filter (Tang et 

al., 2014). Each pore loop contains well-conserved acidic glutamate residues, which confer the 

Ca
2+

-selectivity of the ion channel
 
(Heinemann et al., 1992; Hockerman et al., 1997; Catterall, 

2011; Tang et al., 2014). Similar to voltage-gated Na
+
 and K

+
 channels, the S4 subunit functions 

as a voltage-sensor, and controls ion channel gating in response to membrane potential 

fluctuations (Catterall, 2011). The Ŭ-1 subunits associate with several auxiliary subunits (Ŭ2ŭ, ɓ, 

and in some cases ɔ) to form a multimeric voltage-gated Ca
2+

 channel complex. These subunits 

alter the biophysical properties of the Ŭ-1 subunit and control its trafficking to the plasma 

membrane (Takahashi et al., 1987; Arikkath and Campbell, 2003). 

According to protein similarity, the Ca
2+

 channel Ŭ-1 subunits can be grouped into three 

channel families: Cav1 (1.1 - 1.4), Cav 2 (2.1 - 2.3) and Cav3 (3.1 - 3.3), which in vertebrates, are 

distinguished by their pharmacological and electrophysiological properties (Ertel et al., 2000; 

Catterall, 2011). The Ca
2+

 channel classes can also be categorized as either high- or low-voltage-

activated. The high voltage-activated channels open at depolarized potentials and consist of the 

L- (Cav 1), P/Q- (Cav 2.1), N- (Cav 2.2), and R-type (Cav 2.3) Ca
2+

 channels (Nowcky et al., 

1985; Tsien et al., 1988). L-type Ca
2+

 channels produce ólong-lastingô Ca
2+

 currents that show 

relatively little use-dependent inactivation, a large single-channel conductance, and are 

selectively blocked by dihydropyridines, phenylalkylamines, and benzothiazepines (Hockerman, 

1997; Catterall, 2011). In vertebrates, the N-, P/Q-, and R-type Ca
2+

 channels typically produce 

Ca
2+

 currents which inactivate more rapidly than L-type Ca
2+

 currents. Also, the unitary 

conductance of these channels is smaller than that of L-type channels (Nowycky et al., 1985; 

Catterall, 2011). N-type Ca
2+

 channels can be inhibited with the peptide toxin, ɤ-conotoxin 
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GVIA (Nowycky et al., 1985; McCleskey et al., 1987), while P- and R-type channels are 

sensitive to ɤ-agatoxin and SNX-482, respectively (Newcomb et al., 1998; Catterall, 2011). The 

low voltage-activated family is comprised of the ótransientô or T-type (Cav 3) Ca
2+

 channels. The 

T-type channels are activated at low voltages, inactivate very rapidly, possess a small single-

channel conductance, and can be inhibited by mibefradil or ethosuximide (Heady et al., 2001; 

Catterall, 2011).  

Although originally identified in crustaceans, the molecular and pharmacological 

properties of invertebrate voltage-gated Ca
2+

 channels are not as well studied as their vertebrate 

relatives. In various invertebrates, including molluscs, homologues of the Cav1, Cav2, Cav3 

families have been identified (White and Kaczmarek, 1997; Jeziorski et al., 2000; Spafford et al., 

2006). Like, vertebrate Ca
2+

 channels, electrophysiological evidence exists for both low and high 

voltage-activated Ca
2+

 channels (Kits and Mansvelder, 1996; Jeziorski et al., 2000). However, 

the classical pharmacological agents used in vertebrates are less reliable at distinguishing Ca
2+

 

channel classes in invertebrates (Kits and Mansvelder, 1996). Consequently, invertebrate Ca
2+

 

channels are often distinguished by their electrophysiological and molecular properties. 

Other plasma membrane Ca
2+

 sources 

While voltage-gated Ca
2+

 channels have been established as the principle mechanism for 

Ca
2+

 influx in neurons, other Ca
2+

 entry pathways also exist (Figure 3). A major class of Ca
2+

-

permeable plasma membrane channels are receptor-operated Ca
2+

 channels, which open in 

response to neurotransmitters. This is typified by the glutamatergic N-Methyl-D-Aspartate 

(NMDA) receptor family. In response to coincident glutamate binding and membrane 

depolarization, this non-selective ion channel opens, passing Na
+
, Ca

2+
 and K

+
 across the plasma 

membrane (Jahr and Stevens, 1993). By increasing intracellular Ca
2+

, these receptors initiate 
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Ca
2+

-dependent signaling cascades which underlie long-term changes in synaptic efficacy at 

neuronal synapses in vertebrates and invertebrates (Malenka et al., 1988; Murphy and Glanzman 

1996; Murphy and Glanzman 1997; Luscher and Malenka, 2012). Other receptor-operated Ca
2+

 

channels include glutamatergic AMPA (Hollmann et al., 1991), nicotinic (Mulle et al., 1992), 

and purinergic (Shigetomi and Kato, 2004) receptors. Importantly, many of these receptor-

operated Ca
2+

 channels are not voltage-dependent. Thus, activation of these Ca
2+

-permeable 

channels allows for Ca
2+

-dependent signaling, without the need for strong depolarization or 

action potential firing (Shigetomi and Kato, 2004). 

Non-selective cation channels can also act as Ca
2+

-permeable plasma membrane 

channels. They are exemplified by the TRP family, which open in response to a variety of stimuli 

(voltage, intracellular Ca
2+

, G proteins, temperature, osmolarity, mechanical, etc.) and non-

selectively pass Na
+
, K

+
, and in some cases Ca

2+
 (e.g. TRPV1) across the plasma membrane 

(Montell et al., 1985; Partridge et al., 1994; Caterina et al., 1997; Clapham, 2003). In doing so, 

these channels both alter membrane excitability and control Ca
2+

-dependent signaling pathways, 

like secretion (Clapham 2003; Geiger et al., 2009). A more non-traditional method for plasma 

membrane Ca
2+

 entry occurs via Ca
2+

 transporters, such as the Na
+
/Ca

2+
 exchanger. Under its 

normal mode of operation, this protein passes Na
+
 into and Ca

2+
 out of the intracellular space. 

However, under some conditions, the exchanger can operate in reverse mode, passing Ca
2+

 into 

the cell, while extruding Na
+ 
(Blaustein, 1999). While exceptional, this phenomenon can occur 

physiologically, and, for example, causes activity-dependent plasticity at the crayfish 

neuromuscular synapse (Zhong et al., 2001). 

Following the depletion of Ca
2+

 from the endoplasmic reticulum (ER), channels on the 

plasma membrane open and confer a period of Ca
2+

-permeability known as capacitive or store-
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operated Ca
2+

 influx (see Figure 3) (Hoth and Penner, 1992). This Ca
2+

 entry pathway has 

primarily been studied in cells of the immune system and is presumed to provide a bolus of Ca
2+

 

to replete the ER (Hoth and Penner, 1992; Parekh, 2003). Store-operated Ca
2+

 influx is 

ubiquitous in non-excitable cells, such as erythrocytes and lymphocytes, but has a variable 

presence in excitable cells (Prakriya and Lewis, 2003). These currents are voltage-independent 

and sensitive to di- or tri-valent cations and SKF-96365 (Baba et al., 2003; Merritt et al., 1990). 

Two types of channels have been proposed to underlie the store-operated current: a low 

conductance Ca
2+

 channel called Orai and a larger conductance, Ca
2+

-permeable TRP channel 

(Trepakova
 
et al., 2001; Albert and Large,

 
2002; Prakriya and Lewis, 2003; Yeromin et al., 

2006). The mechanism by which store-operated Ca
2+

 channels activate remained elusive for a 

long time; theories included vesicular release of channels, a diffusible messenger from the ER, or 

a physical interaction between ER-IP3 receptors and plasma membrane channels (Patterson et al., 

1999; Ma et al., 2000; Smani et al., 2004). Recently, the ER membrane protein, stromal-

interaction molecule 1 (STIM1), was identified as the integral link between the depletion of ER 

Ca
2+

 and channel activation. STIM-1 uses an EF-hand to sense Ca
2+

 in the ER lumen (Luik et al., 

2006; Luik et al., 2008). Depletion of Ca
2+

 initiates the oligomerization of STIM1, which 

triggers a physical interaction with Orai at membrane-ER junctions to initiate channel activation 

(Luik et al., 2008; Penna et al., 2008).  

Contrary to prior opinion, store-operated Ca
2+

 influx is present in many neurons, 

including rat dorsal root ganglion cells, squid olfactory receptor neurons, and the bag cell 

neurons (Clementi et al., 1992; Piper and Lucero, 1999; Usachev and Thayer, 1999; Kachoei et 

al., 2006). The purpose of store-operated Ca
2+

 influx in most neurons and neuroendocrine cells 

remains largely unclear (Putney, 2003). As the principle role of store-operated Ca
2+

 influx is to 
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replenish the ER Ca
2+

 stores, it may play a facilitatory role in maintaining the signaling 

mechanisms mediated by ER Ca
2+

 release. Alternatively, store-operated Ca
2+

 influx could 

directly regulate neuronal function. For example, in adrenal chromaffin cells, it triggers 

exocytosis (Fomina and Nowycky, 1999). Store-operated Ca
2+

 influx also provides a voltage-

independent means of Ca
2+

-influx, which may be advantageous following voltage- and Ca
2+

-

dependent inactivation of Ca
2+

 channels. 

Intracell ular Ca
2+

 release 

In addition to plasma membrane Ca
2+

 channels, cellular organelles also provide Ca
2+ 

(see 

Figure 3). The primary intracellular Ca
2+

 store in most neurons is the ER. This organelle consists 

of a prominent intracellular membrane system which can form close appositions with other 

intracellular organelles, such as the mitochondria, as well as the plasma membrane (Berridge, 

1998; Rizzuto et al., 1992, 1998; Verkhratsky, 2002). ER Ca
2+

 release can occur following the 

neurotransmitter activation of G-protein coupled metabatropic receptors. After receptor 

activation, a G-protein Ŭ-subunit dissociates from a heterotrimeric G-protein complex and 

activates target enzymes, such as phospholipase C (Simon et al., 1991). Activated phospholipase 

C cleaves the plasma membrane lipid, phosphatidylinositol 3,5-bisphosphate (PIP2), into IP3 and 

DAG (Simon et al., 1991). While DAG activates PKC (Takai et al., 1979a,b), IP3 diffuses into 

the cytosol where it binds to inositol 1,4,5-trisposphate receptors (IP3R) on the ER to cause Ca
2+

 

liberation. Ca
2+

 release from the ER can also be initiated by the Ca
2+

-dependent opening of 

ryanodine receptors (RyR) during Ca
2+

-induced Ca
2+

-release (CICR) (Montel, 2005; Bardo et al., 

2006). CICR enhances or augments an initial Ca
2+

 signal, and was discovered in muscle cells, 

where it contributes to excitation-contraction coupling (Endo et al., 1970; Franzini-Armstrong 

and Jorgensen, 1994). Neuronal CICR was first observed in Aplysia (Gorman and Thomas, 1980) 
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and subsequently found in several other systems, including rat (Neering and McBurney, 1984) 

and bullfrog neurons (Smith et al., 1983; Lipscombe et al., 1988).  

ER Ca
2+

, whether liberated through CICR, metabotropically, or pharmacologically, has 

been shown to initiate and potentiate the exocytosis of both classical and slow-releasing 

vesicular pools. In Aplysia buccal neurons, Ca
2+

 from ryanodine-sensitive stores enhances 

acetylcholine release (Chameau et al., 2001). CICR also potentiates insulin secretion from 

pancreatic ɓ-cells, and serotonin from leech Retzius neurons (Kang and Holz, 2003; Trueta et al., 

2004). ER Ca
2+

 can also prime vesicular stores, as seen in the thapsigargin-enhanced, activity-

dependent dendritic secretion of oxytocin from magnocellular cells of the supraoptic nucleus 

(Ludwig et al., 2002).  

In addition to the ER, the mitochondria can contribute to cytosolic Ca
2+

 signaling by 

releasing Ca
2+

 through a process analogous to CICR (Friel and Tsien 1994; Werth and Thayer 

1994; Tang and Zucker 1997; Colegrove et al. 2000a; Lee et al., 2007; Geiger and Magoski, 

2008). Mitochondrial Ca
2+

 release is initiated when voltage-gated Ca
2+

 influx enters into the 

mitochondria (Kirichok et al., 2004; Baughman et al., 2011). Subsequently, Ca
2+

 is slowly 

released from the mitochondria into the cytosol by a Na
+
/Ca

2+
 and/or H

+
/Ca

2+
 exchanger (see 

Figure 3) (Carafoli et al., 1974; Palty et al., 2010, 2012). Like the ER, mitochondrial CICR 

transduces brief periods of Ca
2+

 influx into prolonged Ca
2+

 signals, and can mediate several 

forms of activity-dependent plasticity, including post-tetanic potentiation of synaptic 

transmission (Tang and Zucker, 1997; Garcia-Chacon et al., 2006; Lee et al., 2007) and changes 

in gene expression (Kim and Usachev, 2009).  
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Ca
2+

 removal systems 

 

While most research has focused on the importance of Ca
2+

 sources, buffering systems 

are equally impactful in shaping the temporal and spatial patterns of intracellular Ca
2+

. Following 

Ca
2+

 influx, active transport across the plasma membrane and intracellular sequestration by 

organelles or Ca
2+

-binding proteins strongly buffers cytosolic Ca
2+ 

(Figure 4) (Berridge, 1998; 

Meldolesi, 2001; Kim et al., 2005a). The plasma membrane Ca
2+

 transport system consists of the 

plasma membrane Ca
2+

-ATPase (PMCA) and the Na
+
/Ca

2+
-exchanger (Clapham, 2007; Kim et 

al., 2005a; Friel and Chiel, 2008). The PMCA is traditionally described as a slow extrusion 

mechanism that has high affinity for Ca
2+

 and functions optimally at low levels of cytosolic Ca
2+

 

(Blaustein and Lederer, 1999). Conversely, the Na
+
/Ca

2+
 exchanger is typically a fast transporter 

that operates primarily during bouts of high cytosolic Ca
2+

 (Sanchez-Armass and Blaustein, 

1987; Blaustein and Lederer, 1999; Jeon et al., 2003). Therefore, the PMCA is believed to factor 

prominently during relatively small Ca
2+

 loads, while the Na
+
/Ca

2+
 exchanger handles 

comparatively larger Ca
2+

 loads (Sanchez-Armass and Blaustein, 1987; Jeon et al., 2003). By 

controlling cytosolic Ca
2+ 

signaling, these systems can strongly influence Ca
2+

-dependent 

processes in neurons. For example, the PMCA regulates synaptic efficacy at the parallel fiber-

Purkinje neuron synapse (Empson et al., 2007). Likewise, the plasma membrane Na
+
/Ca

2+
 

exchanger has been shown to influence neurotransmission, as knockout mice display altered 

synaptic plasticity, spatial learning, and memory (Jeon et al., 2003). 

Cytosolic Ca
2+

 removal also occurs through sequestration by various intracellular 

organelles including the sarcoplasmic/endoplasmic reticulum Ca
2+

 ATPase (SERCA) and acidic 

organelles (Rizzuto and Pozzan, 2006; Friel and Chiel, 2008). Moreover, substantial evidence 

indicates that the mitochondria are a crucial Ca
2+

 removal system in neurons. While the  
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Figure 4. Mechanisms of Ca
2+

 removal in neurons. 

 

Intracellular Ca
2+

 is removed by multiple distinct Ca
2+

 handling systems. Ca
2+

 is extruded across 

the plasma membrane through the plasma membrane Ca
2+

 ATPase (PMCA) and Na
+
/Ca

2+
 

exchanger (NCX). Ca
2+

 can also be sequestered in intracellular organelles such as the 

mitochondria and ER. Ca
2+

 entry into the mitochondria is favoured by the mitochondrial 

membrane potential and occurs through a Ca
2+

-selective ion channel termed the mitochondrial 

Ca
2+

 uniporter (MCU). The ER sequesters Ca
2+

 with the sarco/endoplasmic reticulum Ca
2+

-

ATPase (SERCA). 
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mitochondria are best known for ATP production, their ability to sequester Ca
2+

 was actually 

established prior to Peter Mitchellôs chemiosmotic theory (reviewed in Carafoli, 2012). The 

thermodynamic basis for Ca
2+

 uptake into these organelles is derived from the electron transport 

chain, which produces a steep (~ -180 mV) electrical gradient across the inner mitochondrial 

membrane by pumping H
+
 out of the mitochondrial matrix (Gunter and Pfeiffer, 1990; Gunter 

and Gunter, 1994). This negative membrane potential favours the movement of Ca
2+

 ions down 

their electrochemical gradient into the matrix (Gunter and Gunter, 1994). 

Ca
2+

 enters the mitochondria through a Ca
2+

-selective ion channel on the inner 

mitochondrial membrane termed the mitochondrial Ca
2+

 uniporter (MCU) (Kirichok et al., 2004; 

Baughman et al., 2011). Using electrophysiological recordings from single mitochondria, the 

MCU was characterized as a Ca
2+

-selective, persistent current that shows inward rectification at 

depolarized potentials (Kirichok et al., 2004). Importantly, the MCU is not permeable to other 

cations, such as Na
+
 and Mg

2+
, when Ca

2+
 is present, even at nanomolar levels. This ensures that 

the mitochondrial membrane potential is not dissipated by the presence of these other, more 

abundant intracellular cations. Work with isolated mitochondria demonstrated that Ca
2+

 uptake 

through the MCU requires high extra-mitochondrial Ca
2+

 (~µM) and grows non-linearly in 

relation to increasing Ca
2+

 (Gunter and Gunter, 1994). At the time, such high intracellular Ca
2+

 

concentrations were thought to only occur during pathological conditions. Consequently, 

mitochondrial Ca
2+

 uptake was not considered to be physiologically relevant. This was refuted 

with the finding that mitochondria are often closely localized to regions of Ca
2+

 entry in the 

plasma membrane or intracellular organelles, where microdomains of high Ca
2+

 concentration 

exist (Montero et al., 2000; Rizzuto et al., 1992, 1998, 2012). Direct evidence for mitochondrial 

Ca
2+

 uptake has been demonstrated using many techniques, including x-ray microanalysis 
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(Pivavorava et al., 1998), exogenous indicator dyes (Babcock et al., 1997; Billups and Forsythe, 

2002) and mitochondrially targeted genetically-encoded calcium indicators (Rizzuto et al., 1992; 

Montero et al., 2000). These studies have demonstrated that, in association with plasma 

membrane Ca
2+

 influx, the Ca
2+

 concentration in the mitochondria increases up to a millimolar 

level and subsequently declines back to resting concentrations (Rizzuto et al., 1992; Babcock et 

al., 1997; Montero et al., 2000). 

Due to their low affinity, high capacity Ca
2+

 uptake properties, the mitochondria typically 

function when Ca
2+

 influx is substantial, as seen during extended action potential firing (Werth 

and Thayer, 1994; Herrington et al., 1996). Through its influence on cytosolic Ca
2+

, 

mitochondrial Ca
2+

uptake can alter secretion and ion channel modulation. For example, at the 

calyx of Held synapse, presynaptic mitochondria rapidly remove voltage-gated Ca
2+

 influx, and 

in doing so, maintain synaptic transmission by accelerating recovery from synaptic depression 

(Billups and Forsythe, 2002). Additionally, mitochondrial Ca
2+

 buffering can sustain voltage-

gated Ca
2+

 currents by preventing the negative feedback inhibition of Ca
2+

 channels by Ca
2+

-

dependent inactivation (Hernandez-Guijo et al., 2001; Sanchez et al., 2001). 

Intracellular signaling pathways and the bag cell neuron afterdischarge 

The bag cell neuron afterdischarge is initiated by cholinergic and peptidergic inputs 

(Heller et al., 1980; White and Magoski, 2012). As the afterdischarge begins, multiple 

intracellular signaling pathways activate and enhance membrane excitability and the capacity for 

peptide secretion. These include DAG/PKC, cAMP/PKA, and Ca
2+

/CaM/CaMK (Figure 5) 

(Conn and Kaczmarek, 1989b; DeRiemer et al., 1985a,b). The intracellular messenger that was 

first examined in the bag cell neurons is cAMP, which increases within 1 min of the start of the 

afterdischarge and activates PKA (Kacmarek et al., 1978, 1980, 1982). PKA depress the delayed  
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Figure 5. Signaling pathways engaged during the bag cell neuron afterdischarge. 

 

Top, Sample extracellular recording of a bag cell neuron afterdischarge. Bottom, Time-dependent 

changes in the activity of intracellular signaling pathways during the afterdischarge. The 

schematic occurs with approximately the same time course as the afterdischarge recording 

presented in the top panel. Ca
2+

 rises sharply at the onset of the afterdischarge and remains 

elevated throughout, due to the function of voltage-gated Ca
2+

 channels and intracellular Ca
2+

 

release (Fisher et al., 1994; Michel and Wayne, 2002; Geiger and Magoski, 2008). The decay in 

Ca
2+

 concentration over time is likely due to the function of Ca
2+

 buffering systems and reduced 

action potential firing as the afterdischarge progresses into the slow phase (Fisher et al., 1994; 

Groten et al., 2013). The rise in intracellular Ca
2+

 engages the Ca
2+

 sensor, calmodulin (CaM), 

and activates CaM kinase (CaMK) (DeRiemer et al., 1984, 1985c). Phosphoinositide turnover 

results in the production of diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3) (Fink et 

al., 1988). Within 5 min, PKC activity increases and is sustained over time (Wayne et al., 1999). 

cAMP levels rise dramatically within the first few min but subsequently decline (Kacmarek et 

al., 1978).  
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rectifier voltage-gated K
+
 currents and an A-type K

+
 current (Kacmarek et al., 1978; Kaczmarek 

and Strumwasser, 1981; Strong and Kaczmarek, 1986; Quattrocki et al., 1994). This results in a 

progressive action potential broadening (Kaczmarek and Strumwasser, 1984) and is thought to 

facilitate neurotransmitter release by increasing the degree of Ca
2+

 influx per action potential 

(Bourque and Renaud, 1985; Whim and Kaczmarek, 1998). cAMP signaling also unveils a 

region of negative slope in the steady state current-voltage relationship (Kaczmarek and 

Strumwasser, 1984). This likely occurs through a PKA-dependent effect on a non-selective 

cation channel (Wilson and Kaczmarek, 1993; Kaczmarek and Strumwasser, 1984). Lastly, 

cAMP speeds organelle transport, and induces vesicle engorgement at putative hormone release 

sites, presumably to prepare for peptide secretion (Forscher et al., 1987; Knox et al., 1992). 

Ca
2+

 and the regulation of bag cell neuron excitability  

The onset of the afterdischarge is associated with a large and sustained increase of 

intracellular Ca
2+

 (Fisher et al., 1994; Michel and Wayne, 2002). This Ca
2+

 signal has several 

crucial functions in regulating ion channels and triggering secretion. Following voltage-gated 

Ca
2+

 influx at the onset of the afterdischarge, the bag cell neuron membrane depolarizes to a 

plateau potential of approximately -20 to -40 mV, from where sustained action potential firing 

begins (Fisher et al., 1994; Kupfermann and Kandel, 1970). Evidence suggests that this is caused 

by the activation of Ca
2+

-dependent non-selective cation currents (Wilson et al., 1996; Lupinsky 

and Magoski, 2006; Hung and Magoski, 2007; Hickey et al., 2010). Of particular importance is a 

voltage and Ca
2+

-dependent non-selective cation channel, which is necessary for afterdischarge 

production (Wilson et al., 1996). Intracellular Ca
2+

 engages the cation channel by increasing its 

open probability and shifting the activation voltage to hyperpolarized potentials (Lupinsky and 

Magoski, 2006). It is hypothesized that an initial Ca
2+

 influx from voltage-gated Ca
2+

 channels  
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activates this, and other cation channels, via CaM and/or CaMK to sustain the afterdischarge 

(Lupinsky and Magoski, 2006; Hung and Magoski, 2007). Consistent with this, CaMK inhibitors 

reduce the magnitude of Ca
2+

-activated plateau potentials in cultured neurons and prevent 

afterdischarge production in intact bag cell neuron clusters (DeRiemer et al., 1985c; Hung and 

Magoski, 2007). 

Like other neurons, free intracellular Ca
2+

 in the bag cell neurons is governed by the 

balance between Ca
2+

 entry and removal systems. Presently, much more is known about the Ca
2+

 

sources than Ca
2+

 removal systems in these cells. The primary
 
source of Ca

2+
 during the 

afterdischarge is voltage-gated Ca
2+ 

channels, which are the main determinant of the height and 

width of the action potentials (Acosta-Urquidi
 
and Dudek, 1981; Fisher et al., 1994; Michel and 

Wayne, 2002). Additionally, there is substantial evidence that other sources contribute to 

cytosolic Ca
2+

 signaling during the afterdischarge. Using Ca
2+

-sensitive microelectrodes, Fisher 

et al. (1994) showed that intracellular Ca
2+

 remains elevated throughout the afterdischarge, 

despite a reduction in the number of action potentials with time. Moreover, they demonstrated 

that intracellular Ca
2+

 increases during the afterdischarge even after extracellular Ca
2+

 has been 

substituted with Ba
2+

, which was attributed to Ba
2+

-induced Ca
2+

 release from intracellular stores 

(Fisher et al., 1994). Accordingly, Ca
2+

 imaging from bag cell neurons in the intact cluster during 

an afterdischarge revealed that intracellular Ca
2+

 remains elevated well after the removal of 

extracellular Ca
2+

 (Michel and Wayne, 2002).  

Intracellular Ca
2+

 release could be provided by the numerous Ca
2+

-containing organelles 

that are present in bag cell neurons, including acidic stores and an insulin-sensitive store (Knox 

et al., 1996; Jonas et al., 1997; Kachoei et al., 2006). Ca
2+

 could also be derived from CICR via 

the ER or mitochondria, which has been observed in sharp-electrode stimulated cultured bag cell 
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neurons (Geiger and Magoski, 2008). Alternatively, intracellular organelles could alter cytosolic 

Ca
2+

 signaling circuitously, by activating the store-operated Ca
2+

 influx pathway in the bag cell 

neurons (Kachoei et al., 2006). 

Intracellular Ca
2+

 release may control membrane excitability during the afterdischarge. 

The pharmacological liberation of Ca
2+

 from either the mitochondria (Hickey et al., 2010) or ER 

(Knox et al., 1996) activates non-selective cation currents which cause membrane depolarization. 

Moreover, IP3, which increases during the afterdischarge, liberates Ca
2+

 from the ER and evokes 

a hyperpolarizing current by engaging Ca
2+

-dependent K
+
 channels (Fink et al., 1988; Fisher et 

al., 1994).  

Ca
2+

-dependent peptide secretion from bag cell neurons 

The rise in intracellular Ca
2+

 during the afterdischarge also has the important function of 

triggering peptide secretion. Within the first few min of the afterdischarge, ELH and other 

neuropeptide products are released (Loechner et al., 1990, 1992b; Michel and Wayne, 2002; 

Hatcher and Sweedler, 2008). Several prior studies indicate that peptide secretion from the bag 

cell neurons requires Ca
2+

. Lowering extracellular Ca
2+

 after the start of the afterdischarge 

disrupts the release of ELH (Loechner et al., 1990). Similarly, inhibiting Ca
2+

 channels after the 

start of the afterdischarge attenuates ELH release (Loechner et al., 1992b). Also, the degree of 

ELH secretion from the abdominal ganglion following depolarization with high extracellular K
+
 

is attenuated in Ca
2+

-free extracellular saline (Arch, 1972). Similar properties have been 

demonstrated for bag cell neurons in cell culture. In vitro, the peptides expressed by bag cell 

neurons are preserved (Chiu and Stumwasser, 1981; Hatcher et al., 2005), and mass 

spectrometry has revealed ELH release from cultured bag cell neurons subsequent to action 
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potential firing (Figure 6B) (Hatcher et al., 2005; Jo et al., 2007). Ca
2+

-dependent secretion has 

also been examined in cultured bag cell neurons using capacitance tracking from single cultured   

bag cell neurons recorded under whole-cell voltage-clamp (Hickey et al., 2013). Triggering Ca
2+

 

entry with afterdischarge-like stimuli elicits changes in membrane capacitance that have the 

properties of Ca
2+

-dependent peptide vesicle exocytosis. Specifically, the capacitance responses 

are attenuated by replacing external Ca
2+

 with Ba
2+

, blocking Ca
2+

 channels, buffering 

intracellular Ca
2+

 with EGTA, and disrupting synaptic vesicle recycling with N-ethylmaleimide 

(Figure 6A) (Hickey et al., 2013).  

Intracellular Ca
2+

 release may trigger peptide secretion in the bag cell neurons. A 

significant proportion of ELH secretion occurs subsequent to the afterdischarge and is 

independent of extracellular Ca
2+

 (Wayne et al., 1998; Michel and Wayne 2002). Consistent with 

this, there is a weak relationship between afterdischarge duration and the volume of subsequent 

egg deposition - an indicator of peptide release (Dudek et al., 1979). Recently, Hickey et al. 

(2013) examined the involvement of intracellular Ca
2+

 stores on secretion using capacitance 

tracking recordings from cultured bag cell neurons. Pharmacological liberation of Ca
2+

 from the 

mitochondria, but not ER, elicited a large capacitance elevation (Figure 7). As the response was 

shown to be sensitive to Ca
2+

 buffering with EGTA, it appears that mitochondrial Ca
2+

 triggers 

exocytosis.  

The role of PKC and Ca
2+

 channel modulation during the afterdischarge 

During an afterdischarge, phosphoinositide turnover results in the production of DAG, 

which binds to the regulatory region of PKC and promotes its activation (Fink et al., 1988; 

Hurley et al., 1997; Wayne et al., 1999). Consequently, within 5 min of afterdischarge initiation, 

both the Ca
2+

-dependent (Apl I) and Ca
2+

-independent (Apl II) PKC isoforms of Aplysia are  
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Figure 6: Stimulus-evoked secretion measured from single cultured bag cell neurons using 

capacitance tracking and mass spectrometry. 

 

A) Cultured bag cell neurons are whole-cell voltage-clamped at a holding potential of -80 mV. 

Membrane capacitance is tracked with the time domain technique (Neher and Marty, 1982; Lim 

et al., 1990; Gillis, 1995). Prior to stimulation, membrane capacitance does not appreciably 

change over time. Mimicking the fast phase of the afterdischarge with a 5-Hz, 1-min train of 75-

ms pulses from -80 mV to 0 mV causes an elevation in membrane capacitance. The change in 

membrane capacitance is attributable to an increase in surface area that occurs during vesicle 

exocytosis (Inset). The gap during the train is due to the tracking software being incompatible 

with the large change in membrane conductance produced by the depolarization. Middle, A high 

intracellular concentration (20 mM) of the Ca
2+

 chelator, EGTA, markedly reduces the train-

evoked capacitance responses. Right, In another neuron, the addition of 10 mM Ni
2+

, a common 

voltage-gated Ca
2+

 channel blocker, prevents the change in capacitance to the train. Modified 

from Hickey et al. (2013). B) The detection of peptide release from a cultured bag cell neuron 

with mass spectrometry. Left, Peptide release is assessed by placing single collecting beads near 

the primary neurites. Right, Graph represents mass spectrometry analysis demonstrating the 

presence of ELH in the collecting beads that are placed near the stimulated bag cell neuron. 

Modified from Hatcher et al. (2005). 
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Figure 7: The liberation of Ca
2+

 from the mitochondria, but not the ER, causes apparent 

secretion in cultured bag cell neurons.  

 

A,B) Upper, Capacitance tracking under whole-cell voltage-clamp at -80 mV. Depleting 

mitochondrial Ca
2+

 stores with 20 ɛM FCCP produces a transient elevation in membrane 

capacitance. FCCP releases mitochondrial Ca
2+

 by collapsing the mitochondrial membrane 

potential. Lower, Liberating Ca
2+

 from the ER with 20 ɛM of the Ca
2+

-ATPase blocker, 

cyclopiazonic acid (CPA), does not change membrane capacitance. The artifact at the beginning 

of the trace is due to the addition of the drug. C,D) Strong intracellular Ca
2+

 buffering by EGTA 

markedly attenuates the rise in capacitance elicited by mitochondrial Ca
2+

 release with FCCP.  

All panels modified from Hickey et al. (2013). 
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engaged (Sossin et al., 1993; Wayne et al., 1999). During this time, there is a progressive 

potentiation in the degree of ELH release per action potential, indicating that PKC could  

facilitate secretion (Loechner et al., 1990; Wayne et al., 1999). Consistent with this, PKC 

inhibition strongly reduces total ELH release during the afterdischarge (Loechner et al., 1992a; 

Wayne et al., 1998b). It has yet to be determined how PKC might influence secretion in the bag 

cell neurons. One possibility is that PKC directly modulates the secretory process itself, to alter 

the efficacy of peptide release. For example, PKC can promote peptide secretion by augmenting 

the readily releasable pool, peptide vesicle trafficking, or the Ca
2+

-sensitivity of secretion (Gillis  

et al., 1996; Yang et al., 2002; Zhu et al., 2002). Such a mechanism may be present in Aplysia 

sensory neurons, where phosphomimetics of SNAP-25 facilitate synaptic transmission, 

presumably by enhancing vesicular docking or fusion with the membrane (Houeland et al., 

2007). Another possibility is that PKC facilitates secretion through its influence on membrane 

ion channels. Prior work has established that as the afterdischarge progresses, PKC activation 

causes an increase in action potential height (Conn et al., 1989a,b). This phenomenon can be 

reproduced in cultured bag cell neurons by microinjection of PKC itself or treatment with 

phorbol esters, which activate PKC by binding to the regulatory region of the enzyme in a 

manner similar to DAG (Castagna et al., 1982; DeRiemer et al, 1985a,b; Hurley et al., 1997).  

The influence of PKC on action potential height is attributable to a two- or three-fold 

increase in the magnitude of voltage-gated Ca
2+

 current (DeRiemer et al, 1985b). Typically, 

protein kinases modulate Ca
2+

 current by directly regulating ion channels residing in the plasma 

membrane. This typically manifests as a result of changes in the single Ca
2+

 channel open 

probability (Dzhura et al., 2000; Dolphin, 2003). In the bag cell neurons, the mechanism of Ca
2+

 

current modulation is unique. Using single-channel recordings, Strong et al. (1987) showed that 
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under resting conditions, there is a single, constitutively present voltage-gated Ca
2+

 channel, Apl 

Cav1, with a small unitary conductance. Following PKC activation, a normally covert, larger-

conductance, voltage-gated Ca
2+

 channel, termed Apl Cav2, is unmasked (Strong et al., 1987; 

Conn et al., 1989b). The appearance of Apl Cav2 in single channel recordings and the resultant 

enhancement in voltage-gated Ca
2+

 current is the consequence of a rapid (minutes) PKC-

dependent Ca
2+

 channel insertion. Immunocytochemistry and membrane protein biotinylation 

assays show that the ion conducting Ŭ-1 subunit of Apl Cav2 is localized to intracellular vesicles 

under resting conditions, but upon PKC activation, it associates with actin and inserts into the 

plasma membrane of the soma and neurites (Figure 8) (Knox et al., 1992; White and Kaczmarek, 

1997; White et al., 1998; Zhang et al., 2008). 

While not common, rapid channel recruitment has been shown to underlie various forms 

of plasticity in other neurons, including plateau potentials mediated by TRP channels and LTP 

involving AMPA receptors (Man et al., 2003; Tai et al., 2011). Although augmented Ca
2+

 

channel trafficking/insertion has been implicated in regulating synaptic transmission, this 

requires a period of hours to days (Bauer et al., 2009; Hendrich et al., 2012). Therefore, it 

remains unknown whether neurons can employ a dynamic Ca
2+

 channel pool to quickly boost 

output on a time scale of min. As Ca
2+

 channel abundance determines synaptic strength (Hoppa 

et al., 2012; Sheng et al., 2012), changes in membrane Ca
2+

 channel abundance mediated by Apl 

Cav2 recruitment could greatly facilitate secretion from the bag cell neurons and serve a crucial 

function during the afterdischarge. 

On the study of bag cell neurons in vitro 

Initially, bag cell neurons were studied in situ or in vivo (Kupfermann and Kandel, 1970; 

Pinsker and Dudek, 1977; Arch, 1972), but were later examined in vitro by triturating single  
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Figure 8. PKC activation causes the recruitment of Apl Cav2 to the plasma membrane. 

 

A) Cultured bag cell neurons immunolabelled with an antibody against an extracellular epitope 

(Inset) of Apl Cav2. As cells are not permeabilized prior to labelling, all Apl Cav2 labelling is 

resident to the plasma membrane. PKC activation with TPA (also known as PMA) results in 

greater Apl Cav2 immunolabelling in the plasma membrane of the soma and neurites (Right) 

relative to untreated cells (Left). Modified from Zhang et al. (2008). B) Western blots showing 

the abundance of Apl Cav1 and Cav2 in the plasma membrane with and without prior activation 

of PKC. After PKC activation with TPA, Apl Cav2, but not Apl Cav1, channel abundance 

increases in the membrane. Modified from Zhang et al. (2008). C) Conceptual model for the 

recruitment of Apl Cav2 by PKC based on prior publications (Strong et al., 1987; White and 

Kaczmarek, 1997; Zhang et al., 2008). At rest only the basal Apl Cav1 channel is in the 

membrane, while Apl Cav2 is localized intracellularly. After PKC activation Apl Cav2 rapidly 

associates with actin and inserts into the plasma membrane. 
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neurons from intact abdominal ganglion tissue onto culture dishes (Kaczmarek et al., 1979; 

Kaczmarek and Strumwasser, 1981). The study of dissociated neurons offers many advantages 

over the in situ preparation. For example, it isolates the intrinsic membrane properties of the 

neurons from presynaptic influences (White and Magoski, 2012) and the extensive gap junction 

coupling of the cluster (Dargaei et al., 2014, 2015). It also facilitates the use of intracellular 

fluorescent dyes, such as the Ca
2+

 indicator fura-PE3, as cells are not enclosed by the connective 

tissue sheath or other neurons/glia of the abdominal ganglion. Moreover, single cell voltage-

clamp experiments would be difficult  in situ, as the extensive electrical coupling of the bag cell 

neuron cluster would result in poor voltage control. However, by virtue of separation from the 

ganglion, the properties of these neurons are likely to be different. In cell culture, neurons may 

demonstrate different electrophysiological properties due to changes in ion channel expression or 

increased input resistance in absence of intercellular gap junctions. Also, cultured neurons are 

not bathed hemolymph, and therefore are not exposed to trophic factors and hormones.  

In order for in vitro studies to provide meaningful information, it is important for the 

properties of cultured bag cell neurons to be similar to their in situ or in vivo conditions. This 

appears to be the case for several electrophysiological and biochemical properties of the bag cell 

neurons. For example, both in vitro and in situ, the action potentials are mediated by voltage-

gated Ca
2+

 channels, and their magnitude/duration are modulated by PKA and PKC (Acosta-

Urquidi and Dudek, 1980; Kaczmarek et al., 1980; Kaczmarek and Strumwasser, 1981; 

Kaczmarek et al., 1982; DeRiemer et al., 1985b; Conn et al., 1989a,b; Zhang et al.,2008). 

Moreover, as in situ, the complement of peptide products derived from the ELH precursor 

protein are expressed in cultured neurons and are released in response to stimulation (Arch, 

1972; Hatcher et al., 2005; Hatcher and Sweedler, 2008). Importantly, the in vitro preparation 



38 
 

has proven useful for elucidating bag cell neuron physiology in situ. For example, single channel 

recordings from isolated bag cell neurons allowed for the identification and characterization of 

the non-selective cation channel that was later shown to mediate the afterdischarge in situ 

(Wilson and Kaczmarek, 1993; Wilson et al., 1996). Moreover, using an in vitro preparation, 

White and Magoski (2012) identified and characterized acetylcholine as a likely input transmitter 

for the bag cell neurons. With this pharmacological and physiological knowledge acquired in 

vitro, they subsequently demonstrated that acetylcholine is the primary input transmitter that 

initiates the afterdischarge in situ. Thus, the study of bag cell neurons in cell culture can provide 

very useful information regarding the properties of the afterdischarge in the intact ganglion. 

Research objectives and hypotheses 

The following results examine two signaling pathways that are active during the 

afterdischarge: Ca
2+

 and PKC. Relatively little is understood about the systems that govern 

intracellular Ca
2+

 dynamics in the bag cell neurons. Thus, my first objective is to use Ca
2+

 

imaging to dissect the interplay between Ca
2+

 sources and Ca
2+

 removal systems during 

afterdischarge-like activity in cultured bag cell neurons. My second objective is to explore the 

influence of PKC on secretion in the bag cell neurons. An intriguing, but untested possibility is 

that PKC facilitates peptide release through the recruitment of Apl Cav2 channels and/or a direct 

modulation of the secretory process. I will assess the influence of PKC by measuring secretion 

with capacitance tracking in cultured bag cell neurons under whole-cell voltage-clamp.  

Hypothesis 1: I hypothesize that Ca
2+

 removal systems influence the magnitude and temporal 

patterns of intracellular Ca
2+

 in the bag cell neurons.  

Hypothesis 2: I hypothesize that PKC enhances voltage-gated Ca
2+

 entry and potentiates 

secretion through the recruitment of Apl Cav2 channels to the plasma membrane.   
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Chapter 2. Materials and Methods 

Animals and cell culture 

 Adult Aplysia californica (a hermaphrodite) weighing 150-500 g were obtained from 

Marinus (Long Beach, CA). Animals were housed in an Ḑ300-l aquarium containing 

continuously circulating, aerated artificial sea water (Instant Ocean, Aquarium Systems, Mentor, 

OH) at 14-16°C on a 12/12-h light/dark cycle and fed Romaine lettuce 5 times/week. For 

primary cultures of isolated bag cell neurons, animals were anesthetized by an injection of 

isotonic MgCl2 (Ḑ50% body weight), the abdominal ganglion removed, and incubated for 18 hr 

at 22°C in neutral protease (13.33 mg/ml; 165859, Roche Diagnostics, Indianapolis, IN) 

dissolved in tissue culture artificial sea water (tcASW) (composition in mM: 460 NaCl, 10.4 

KCl, 11 CaCl2, 55 MgCl2, 15 HEPES, 1 mg/ml glucose, 100 U/ml penicillin, and 0.1 mg/ml 

streptomycin, pH 7.8 with NaOH). The ganglion was then transferred to fresh tcASW and the 

bag cell neuron clusters dissected from the surrounding connective tissue. Using a fire-polished 

Pasteur pipette and gentle trituration, neurons were dispersed onto 35 x 10 mm polystyrene tissue 

culture dishes (catalog #353001; Falcon, UltiDent, St-Laurent) filled with 2 ml of tcASW. 

Cultures were maintained in tcASW in a 14°C incubator and used within 1-3 d. Salts were 

obtained from Fisher Scientific (Ottawa, ON) or Sigma-Aldrich (St. Louis, MO). 

Sharp-electrode, current-clamp recording 

Current-clamp recordings were made using an AxoClamp 2B amplifier (Molecular 

Devices; Sunnyvale, CA) and the sharp-electrode, bridge-balanced method. Microelectrodes 

were pulled from 1.2 mm external, 0.9 mm internal diameter borosilicate glass capillaries 

(IB120F-4; World Precision Instruments, Sarasota, FL) and had a resistance of 15-30 Mɋ when 

filled with 2 M K-acetate plus 10 mM HEPES and 100 mM KCl (pH 7.3 with KOH). Recordings 
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were performed in normal artificial sea water (nASW; composition according to tcASW but 

lacking glucose, penicillin, and streptomycin) or Na
+
-free ASW (sfASW) where Na

+
 was 

replaced with N-methyl-D-glucamine (NMDG). For some experiments the extracellular Ca
2+

 

concentration in the nASW external was increased to produce a high-Ca
2+

 solution by equimolar 

replacement of CaCl2 for MgCl2 
 
(16.5 mM CaCl2 and 49.5 mM MgCl2). All neurons used had 

resting potentials of -50 to -60 mV and action potentials that overshot 0 mV in response to 

depolarizing current injection. Current was delivered with a S88 stimulator (Grass, Warwick, 

MA). Voltage was filtered at 3 kHz using the Axoclamp built-in Bessel filter and sampled at 2 

kHz using an IBM compatible personal computer and a Digidata 1322A analog-to-digital 

converter and the Clampex acquisition program of pClamp software (10.2, Molecular Devices). 

Whole-cell, voltage-clamp recording 

 Voltage-clamp recordings were made using an EPC-8 amplifier (HEKA Electronics, 

Mahone Bay, NS) and the tight-seal, whole-cell method. Microelectrodes were pulled from 1.5 

mm external, 1.2 mm internal diameter borosilicate glass capillaries (TW150F-4, World 

Precision Instruments) and had a resistance of 1-2 Mɋ when filled with intracellular saline. For 

recording, pipette junction potentials were nulled, and subsequent to seal formation, pipette 

capacitive current were cancelled. To facilitate membrane capacitance tracking (see below), 

series resistance and whole-cell capacitance were usually not compensated. However, when 

recording Ca
2+

 current the series resistance (2-5 MÝ) was compensated to 70-80% while the 

neuronal capacitance current was cancelled. Current was filtered at 1 kHz by the EPC-8 built-in 

Bessel filter and sampled at 2 kHz as per Sharp-electrode, current-clamp recording. Clampex 

was also used to set the holding and command potentials. Leak subtraction for Ca
2+

 currents was 

typically performed in Clampex using a P/4 protocol from -60 mV with subpulses of opposite 
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polarity and one-fourth the magnitude in the time gap between test pulses. For measurements of 

Ca
2+

 current during a 5-Hz, 1-min train of depolarizing steps, leak current was measured by 

applying a second train after blocking Ca
2+

 channels with Ni
2+

 (Hung and Magoski, 2007). The 

leak currents were then subtracted from the Ca
2+

 currents acquired prior to Ni
2+

 blockade. This 

technique was used because there was insufficient time between the depolarizing pulses of the 

train to run the P/4 protocol. 

Ca
2+

 current was isolated using Ca
2+

-Cs
+
-tetraethylammonium (TEA) ASW, as per 

tcASW, but with the NaCl and KCl replaced by TEA-Cl and CsCl, respectively, and the glucose 

and antibiotics omitted (composition in mM: 460 TEA-Cl, 10.4 CsCl, 55 MgCl2, 11 CaCl2, 15 

HEPES, pH 7.8 with CsOH). In some cases, the NaCl was not replaced by TEA to allow for 

Na
+
/Ca

2+
 exchanger activity. In other experiments, the extracellular Ca

2+
 concentration was 

increased to produce a high-Ca
2+

 solution by equimolar replacement of CaCl2 for MgCl2
 
(16.5 

mM CaCl2 and 49.5 mM MgCl2). Whole-cell recordings used a Cs
+
-aspartate-based intracellular 

saline (composition in mM: 70 CsCl, 10 HEPES, 11 glucose, 10 glutathione, 5 ethyleneglycol bis 

(aminoethylether) tetraacetic acid (EGTA), 500 aspartic acid, 5 ATP (grade 2, disodium salt; 

A3377, Sigma-Aldrich), and 0.1 GTP (type 3, disodium salt; G8877, Sigma-Aldrich), pH 7.3 

with CsOH). Certain experiments were performed with EGTA excluded from the internal saline. 

In other cases, the intracellular Na
+
 provided by disodium-ATP was removed by substituting 

dipotassium-ATP salt (grade 2, A8937, Sigma-Aldrich) in the internal solution. To image Ca
2+

 

(see below) under whole-cell voltage-clamp, the intracellular saline was supplemented with 1 

mM fura-PE3 (0110; Teflabs, Austin, TX) (Vorndran et al., 1995) to dye-fill neurons via passive 

dialysis.  
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Capacitance tracking 

 As an indicator of secretion, membrane capacitance was tracked under whole-cell 

voltage-clamp using the time-domain method in Clampex (Neher and Marty, 1982; Gillis, 1995). 

From a holding potential of -80 mV, pulses of 100-ms duration and 20-mV amplitude were 

delivered at 0.5-2 Hz. The voltage step evoked voltage-independent current responses, consisting 

of a fast transient component (reflecting capacitive current) followed by a steady-state 

component (reflecting membrane current). The change in current (ȹI) to the 20-mV step (ȹV) 

was calculated as the difference between the steady-state current (Iss) near the end of the step and 

the baseline current (Ib) prior to the step: ȹI = Iss - Ib. The membrane time constant (Ű) was 

derived by fitting a single exponential to the transient current. The charge during the transient 

current (Qtc) was determined by integrating the area above Iss for the period of the transient 

current. A correction factor (Qcf), to account for the settling time during the step, was calculated 

as: Qcf = ȹI x Ű. The total charge (Qt) was then determined by: Qt = Qtc + Qcf. The total resistance 

(Rt) was calculated as: Rt = ȹV/ȹI, while access resistance (Ra) was derived from: Ra = Ű x 

ȹV/Qt. These were used to calculate membrane resistance (Rm) as: Rm = Rt - Ra. Finally, 

membrane capacitance (Cm) was determined from: Cm = Qt x Rt / ȹV x Rm. To increase the 

accuracy and improve the signal-to-noise ratio, current traces were cumulatively averaged (5-10 

pulses per calculation). The -80 mV holding potential was chosen to avoid the activation of any 

voltage-gated Ca
2+

 channels during the 20-mV step. 

For the 5-Hz, 5- or 60-sec stimuli, membrane capacitance tracking was interrupted at the 

start of the train and restarted at the end of the stimulus. However, during the 1-Hz, 10-min train, 

the stimulus was interrupted every ~10 sec to briefly (~1 sec) apply test pulses to assay the 

development of exocytosis. Intermittent test pulses were not used during the 5- and 60-sec 
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stimuli because, unlike the 10-min stimulus, the former were shorter and at a faster frequency, 

meaning interruption of acquisition would disrupt Ca
2+

 influx and/or capacitance responses. For 

presentation, capacitance data was imported to Origin (7.0; OriginLab Corporation, 

Northampton, MA). Similar to reports in other cell types (Hsu and Jackson, 1996) a steady 

negative drift in membrane capacitance was often present. Therefore, for the presentation of 

some sample traces, the slope of the baseline drift was calculated in pClamp and subtracted from 

the capacitance measurements. There were no apparent differences in drift magnitude between 

experimental conditions. 

Imaging of calcium and mitochondrial membrane potential 

Most Ca
2+

 imaging was performed using cultured bag cell neurons plated on polystyrene 

tissue culture dishes (as per Animals and cell culture). However, in some cases Ca
2+

 and 

mitochondrial membrane potential were measured from cells plated onto glass coverslips (no. 1; 

48366045; VWR) coated with 1 µg/ml poly-L-lysine hydrobromide, MW: 300,000 (P1534; 

Sigma-Aldrich). Coverslips were glued with Sylgard silicone elastomer (SYLG184; World 

Precision Instruments) to holes drilled out of the bottom of the tissue culture dish.  

To perform Ca
2+

 imaging, fura-PE3 was introduced either by dialysis via the whole-cell 

pipette (1 mM)  during voltage-clamp recordings or by pressure injecting (10 mM) with sharp-

electrodes using a PMI-100 pressure microinjector (Dagan, Minneapolis, MN). Fura pressure 

injection was used in cells to measure store-operated Ca
2+

 influx or voltage-gated Ca
2+

 influx in 

the neurites. Store-operated influx recordings were performed in Ca
2+

-free ASW (composition as 

per tcASW but with added 0.5 mM EGTA and the glucose and antibiotics omitted) or Ca
2+

/Na
+
- 

free ASW (composition as per Ca
2+

-free ASW but with Na
+
 replaced with NMDG). For fura 

pressure injections, microelectrodes (as per Sharp-electrode, current-clamp) had a resistance of 
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15-20 Mɋ when the tip was filled with 10 mM fura-PE3 then backfilled with 3 M KCl. 

Injections required 10-20 200-ms pulses at 50-100 kPa to fill the neurons with an optimal 

concentration of dye, similar to that seen when fura was dialysed via whole-cell conditions (see 

Whole-cell, voltage-clamp recording). After dye injection, neurons were allowed to equilibrate at 

least 30 min before recording. For measurements of mitochondrial membrane potential, cultured 

neurons were incubated in 10 µM J-aggregate forming lipophilic cation (JC-1; T3168; 

Invitrogen; Eugene, OR) (Smiley et al., 1991) in dimethyl sulfoxide (DMSO; BP231, Fisher 

Scientific) for ~30 min. After incubation, neurons were washed four times with nASW and 

imaged within 3 h of treatment. 

All Ca
2+

 and JC-1 imaging was performed using a TS100-F inverted microscope (Nikon, 

Mississauga, ON) equipped with a Nikon Plan Fluor 20X (numerical aperture (NA = 0.5), Nikon 

Plan Fluor 20x oil-immersion (NA = 0.75), or Plan Fluor 40X oil immersion objective (NA = 

1.3). The light source was a 75-W Xe arc lamp and a multiwavelength DeltaRAM V 

monochromatic illuminator (Photon Technology International, London, ON) coupled to the 

microscope with a UV-grade liquid-light guide. For fura, excitation wavelengths were 340 and 

380 nm. JC-1 was excited at 560 nm. The excitation illumination was controlled by a shutter, 

which along with the excitation wavelength, was controlled by a computer, a Photon Technology 

International computer interface, and EasyRatio Pro software (1.10, Photon Technology 

International). To allow for continuous Ca
2+

 image acquisition during experiments, the shutter 

usually remained open. For JC-1 measurements, loss of fluorescence was apparent with 

frequenct light exposure. Therefore, the shutter was left closed, aside for brief (~1 sec) excitation 

periods. Emitted light from fura was passed through a 400-nm long-pass dichroic mirror and a 

480-550 nm emission barrier filter before being detected by a Photometrics Cool SNAP HQ2 
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charge-coupled device camera. The ratio of the emission following 340 and 380 nm excitation 

(340/380) was taken to reflect free intracellular Ca
2+

 (Grynkiewicz et al., 1985), and saved for 

subsequent analysis. JC-1 fluorescence was emitted to the camera through a 575 dichroic mirror 

and a 590 emission filter. JC-1 accumulates in mitochondria in proportion to the mitochondrial 

membrane potential. With membrane potential-dependent dye aggregation the fluorescence 

emission shifts from the green to red (Smiley et al., 1991). As such, changes in mitochondrial 

membrane potential in the bag cell neurons were examined by quantifying degree of red 

emission. Image acquisition, emitted light sampling, and ratio calculations were performed using 

EasyRatio Pro. 

Most Ca
2+

 measurements were acquired from a somatic region of interest (ROI) at 

approximately the midpoint of the vertical focal plane and one-half to three-quarters of the cell 

diameter. Camera gain was maximized, pixel binning was set at 2, and exposure time at each 

wavelength was fixed to ~1 sec to acquire ratiometric images (696 x 520 pixels) every 2 sec. 

During Ca
2+

 measurements from neurites, pixel binning set to 4, exposure time at each 

wavelength was fixed to ~1.5 sec, for an acquisition rate of 1 ratiometric image (348 x 260 

pixels) every ~3 sec. For JC-1 imaging from the neurites, settings were the same as Ca
2+

 imaging 

from the neurites, except that the image acquisition was much less frequent (1 image every ~ 30 

sec). Images used for presentation were produced after removing the mean background signal 

(measured in cell-free areas) from each image. 

Immunolabelling and live cell staining 

All immunolabelling and cell staining was performed on cultured bag cell neurons plated 

onto glass coverslips (as per Imaging of calcium and mitochondrial membrane potential). To 

visualize the mitochondria, cells were stained with 500 nM MitoTracker Red CMXRos (M-7512; 
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Invitrogen) in DMSO for 30 min. Mitochondria were imaged either in living cells, or after 

fixation and immunolabelling (see below).  

Neurons were processed for egg-laying hormone (ELH) immunolabelling by first 

draining the dish of all fluid except for the contents of the glass-bottom well, and new solutions 

delivered by Pasteur pipette directly onto the cells. Neurons were fixed for 25 min with 4% (w/v) 

paraformaldehyde (04042; Fisher) in 400 mM sucrose/nASW (pH 7.5 with NaOH). They were 

then permeabilized for 5 min with 0.3% (w/v) Triton X-100 (BP151; Fisher) in fix and washed 

twice with phosphate buffered saline (PBS; composition in mM: 137 NaCl, 2.7 KCl, 4.3 

Na2HPO4, 1.5 KH2PO4; pH 7.0 with NaOH). Neurons were blocked for 60 min in a blocking 

solution of 5% (v/v) goat serum (G9023; Sigma-Aldrich) in PBS. The primary antibody, rabbit 

anti-ELH immunogammaglobulin (IgG) (kindly provided by Dr. NL Wayne, University of 

California Los Angeles), was applied at 1:1000 in blocking solution. Neurons were incubated in 

the dark for 1 h and subsequently washed 4 times with PBS. The secondary antibody, goat anti-

rabbit IgG conjugated to Alexa Fluor 488 (A-11008; Invitrogen) was applied at 1:200 in 

blocking solution and incubated in the dark for 2 h. Neurons were then washed 4 times with 

PBS, the wells filled with mounting solution (26% w/v glycerol (BP2291; Fisher), 11% w/v 

Mowiol 4-88 (17951; Polysciences, Warrington, PA), and 110 mM TRIS (pH 8.5) and covered 

with a glass coverslip. Bag cell neurons co-labelled with MitoTracker and anti-ELH were 

prepared by first treating cells with 500 nM of MitoTracker Red for 30 min. Subsequently, the 

dish was processed for ELH immunolabelling as described above. 

ER distribution was determined by immunolabelling with a rat monoclonal antibody 

against KDEL (Lys-Asp-Glu-Leu) (ab50601; AbCam, Cambridge, MA) - an antibody that has 

been successfully used for this purpose in a range of animal species, including Aplysia (Lyles et 
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al., 2006; Zhang and Forscher 2009; Veiga-da-Cunha et al., 2010; OôSullivan et al., 2012; 

Pierrot et al., 2013). Neurons were processed for immunolabelling using the same procedure as 

ELH. Rat anti-KDEL IgG, was applied at 1:200 in blocking solution. The secondary antibody, 

goat anti-rat AlexaFluor 488, was applied at 1:200 in blocking solution and incubated in the dark 

for 2 h. ApMCU expression was probed in cultured bag cell neurons using the serum rabbit anti-

ApMCU antibody (see Western blotting for ApMCU for antibody details). This primary antibody 

was applied at 1:50 in blocking solution. The secondary antibody, goat anti-rabbit AlexFluor 

488, was applied at 1:200 in blocking solution and incubated in the dark for 2h. 

Conventional fluorescence images of stained neurons were acquired using the Nikon 

TS100-F microscope equipped with a Nikon Plan Fluor 20x, 40x, or 100x (NA = 1.3) oil-

immersion objectives. For imaging of KDEL, ELH, and ApMCU immunolabelling (Alexa-488), 

neurons were excited with light supplied by a 50-W Hg lamp that was first passed through a 465-

495 nm bandpass filter. Fluorescence was emitted to the eyepiece or camera through a 505 nm 

dichroic mirror and a 520 nm barrier filter. For MitoTracker Red labelling, neurons were excited 

with light passed through a 530-550 nm excitation filter. Fluorescence was emitted to the 

eyepiece or camera through a 590-650 nm bandpass filter. Images (1392 x 1040 pixels) were 

acquired at the focal plane of either the neurites or soma using a Pixelfly USB camera (PCO-

TECH, Photon Technology International) and the Micro-Manager (1.4.5; Vale lab, UCSF) 

plugin for ImageJ (1.43; Research Services Branch, Nation Institute of Health; Bethesda, MD) 

with 100-2000 ms exposure times.  

Confocal fluorescence images of the bag cell neuron soma were acquired with a Quorum 

Wave FX-X1 spinning disk confocal system (Quorum Technologies Incorporated; Guelph, ON) 

equipped with a 40x (NA = 0.95) objective. Excitation light was provided by a laser line and 
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emitted light was passed through a Yokogawa CSU-X1 spinning disk head (Yokogawa; Calgary, 

AB) and an emission filter wheel before detection with a Hamamatsu Orca EM-CCD camera 

(09100-13); (Hamamatsu Photonics; Bridgewater, NJ) operated with Metamorph imaging 

software (1.0.2, Molecular Devices). The exposure time was set to 250 ms and the gain was 200. 

Laser power was usually set to 30%. To visualize the ER, fixed bag cell neurons immunolabelled 

for KDEL were excited with light provided by a 491 nm laser line while the emitted light was 

passed through a 502-537 nm bandpass emission filter. MitoTracker Red was excited with a 568 

nm laser and emission light passed through a 590-650 nm bandpass emission filter. Using this 

method, stacks of ~30-40 horizontal optical sections (512 x 512 pixels) of 1-2 µm thickness were 

acquired along the entire vertical axis and saved for offline analysis in ImageJ. The images used 

for presentation were taken from the central portion of the soma in either the horizontal (x,y axis) 

or vertical (x,z and y,z) planes. A horizontal section divided the soma into top (furthest from the 

glass bottom) and bottom (nearest the glass bottom) sections. Conversely, a vertical section 

divided the soma into left and right halves when viewing the dish perpendicular to the glass 

bottom. Images presented as vertical cross sections were reconstructed with Image J. To do this, 

fluorescence measurements were taken in the middle of the soma along the x or y axis of a given 

horizontal optical section. The measurements from each horizontal section in the entire image 

stack were then compiled to form a vertical optical section of the soma. Each horizontal optical 

section constituted 1 pixel (1-2 µm/pixel) in the z axis of the vertical optical section, while the 

pixel density in the horizontal plane (x or y axis) was 0.23 µm/pixel. Thus, unlike horizontal 

sections, pixels in the scaled vertical cross sections were rectangular, not square. 
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In silico identification of Aplysia mitochondrial Ca
2+

 uniporter 

Putative Aplysia mitochondrial Ca
2+

 uniporter sequences were identified using the 

University of California Santa Cruz Sea Hare Genome Browser (http://genome.ucsc.edu/ 

September 2008 Broad 2.0/aplCal1 assembly) by employing the BLAST-like alignment tool 

(BLAT) using a published MCU sequence from zebrafish (Danio rerio, GenBank
TM

 accession 

number: NP_001070793.1) as the query sequence. This yielded 1 predicted partial Aplysia MCU 

sequence. The putative Aplysia MCU sequence (ApMCU) was lengthened with Prot2Gene 

(courtesy Dr. P Liang, Brock University; http://genomics.brocku.ca /Prot2gene/), which allowed 

for precise exon prediction. The inputs for Prot2Gene were the Aplysia genome sequence of 

interest and the zebrafish MCU protein sequence (NP_001070793.1).  

PCR of full-length ApMCU sequence 

 Abdominal ganglia were dissected from Aplysia and the bag cell neuron clusters 

removed. Clusters were snap-frozen in liquid N2 and homogenized in lysis solution from a 

Norgen Total RNA isolation kit (17200; Norgen Biotek Corp, Thorold, ON). Total RNA was 

then isolated and purified from the clusters using the Norgen kit. cDNA was synthesized by 

reverse transcription with an iScriptÊ cDNA synthesis kit (170-8890; Bio-Rad Laboratories, 

Mississauga, ON) using a mixture of poly-A and random hexamer primers. Forward and reverse 

strand primers against the region up and downstream of the ApMCU coding sequence were used 

for PCR amplification (forward primer: 5ô-CCGGAATTAAAATGGCTGC TTCTAT-3ô; reverse 

primer: 5ô-CCAAACCGTCGTAACAAACGACAACA-3ô). PCR amplification of ApMCU was 

performed with a Techne Touchgene Gradient Thermocycler (Fisher Scientific) using 1 ɛL of 

cDNA as template, 40 pmol of the forward and reverse ApMCU primers, iTaqTM DNA 
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Polymerase (170-8870; Bio-Rad Laboratories) and the following program: 3 min of denaturation 

at 95°C, 38 cycles at 95°C for 30 sec, annealing at 68°C for 30 sec and elongation at 72°C for 90 

sec. Analysis of products was carried out on 1% agarose gels in TAE buffer (composition in 

mM: 40 tris-HCl, 20 acetic acid, 1 EDTA, pH 8.0 with NaOH) stained with ethidium bromide. 

Fragments of interest were excised from the gel, purified with an UltraClean® GelSpin® DNA 

extraction kit (12400; MO BIO Laboratories Inc, Carlsbad, CA) and sequenced by 

GénomeQuébec (Montréal, QC) using an Applied Biosystems 3730xl DNA Analyzer. The 

ApMCU sequence was published in the GenBank
TM

 database (accession number KR733104). 

ApMCU amino acid sequence analysis, phylogenetic tree generation, and domain architecture 

The ApMCU amino acid sequence was translated from the nucleotide sequence and 

aligned using multiple sequence comparison by log-expectation (MUSCLE) (Edgar, 2004) with 

the default settings in Jalview 291 (2.8; Waterhouse et al., 2009). The alignment was used to 

create a tree with the neighbor joining method using Clustalx 2.1 (http://www.clustal.org/) 

(Saitou and Nei, 1987). The tree compared ApMCU to the following confirmed or predicted 

MCU homologues: Xenopus tropicalis (NP_001123699.1), Danio rerio (NP_001070793.1), Mus 

musculus (NP_001028431.2), Homo sapiens (NP_612366.1), Cavia porcellus 

(XP_003473827.1), Cricetulus griseus (XP_003503811.1), Bos taurus (NP_001193031.1), 

Canis lupus familiaris (XP_546160.3), Sus scrofa (XP_001925861.1), Gallus gallus 

(XP_426497.2), Oreochromis niloticus (XP_003441057.1), Apis florea (XP_003695703.1), 

Drosophila melanogaster (NP_729173.1), Strongylocentrotus purpuratus (XP_787049.2), and 

Caenorhabditis elegans (CCD61802.1).  

The ApMCU protein was examined for protein domains known to be present in other 

MCU homologues. Specifically, 2 transmembrane segments, coiled-coil domains, and a 
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mitochondrial targeting sequence. Transmembrane segments of ApMCU were predicted using 

TMHMM Server v. 2.0. (http://www.cbs.dtu.dk/services/TMHMM/). MitoProt 

(https://ihg.gsf.de/ihg/mitop rot.html) was used to identify predicted mitochondrial targeting 

sequences (score exceeding 0.6) (http://www.ch.embnet.org/software/COILS_form.html). Lastly, 

coiled-coil domains were identified with COILS (score exceeding 0.8) (http://www.ch.embnet.o 

rg/software/COILS_f orm.html).  

ApMCU antibody production and western blotting 

 Antibodies were designed against a synthetic peptide close to the C-terminal region 

(Cys-TEAEHDLRRLRDPL) covering amino acid residues 316 to 329 predicted to be located in 

the mitochondrial matrix. The custom-made antibody was generated in New Zealand white 

rabbits by Pacific Immunology Corp. (Ramone, CA). With the serum ApMCU antibody, tissue 

level expression in the abdominal ganglion was examined using the following method. Adult 

Aplysia abdominal ganglia (with bag cell clusters attached) were homogenized in lysis buffer 

containing 150 mM NaCl, 50 mM tris(hydroxymethyl)aminomethane-HCl (Tris) (pH 7.5), 10 

mM ethylenediaminetetraacetic acid (EDTA), 1% Triton X-100, 1 mM 

phenylmethanesulfonylfluoride (PMSF) and 0.01% Protease Inhibitor Cocktail (S8820 Sigma-

Aldrich) with a PowerGen handheld homogenizer (Fisher Scientific). The homogenates were 

centrifuged 20,000 x g at 4
o
C for 30 minutes. Fifteen ɛg of protein from the extract was 

separated on a discontinuous SDS-polyacrylamide gel (12% resolving, 4% stacking) and 

electroblotted onto a polyvinylidene difluoride (PVDF) membrane (162-0264 BioRad). The 

membranes were washed for 5 min in PBS (composition in mM: 150 NaCl, 10 Na2HPO4, pH 

7.2 with NaOH) and then blocked in PBS/0.1% Tween-20 with 3% skim milk powder (w/v) for 1 

hour. The membranes were then incubated with ApMCU antibody at a dilution of 1:500 in 
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PBS/Tween overnight at 4
o
C with gentle horizontal shaking. This was followed by 4 x 5 min 

washes at room temperature in PBT and incubation with a 1:15000 dilution of Alexa Fluor 647 

goat anti-rabbit secondary antibody (A-21244; Invitrogen). After 4, 5-min washes in PBS/Tween 

and one wash in PBS, the membranes were imaged with a Molecular ImagerÈ VersaDocÊ MP 

4000 System (BioRad). 

Double-stranded RNA treatment 

Knock down of ELH or ApMCU expression was performed by incubating cultured bag 

cell neurons in long double-stranded ribonucleic acid (dsRNA) (Fire et al., 1998; Bhargava et al., 

2004). The ApMCU (466 bp) and ELH (464 bp) dsRNA were produced as follows: cDNA 

fragments encoding Aplysia ELH (accession # NM_001204741.1) or ApMCU (KR733104) were 

PCR-amplified seperately using an iTaq DNA polymerase kit (170-8870; Bio-Rad Laboratories) 

and gene-specific primers (ELH forward, 5ǋ-CCACAAAAGGAGACTCC GATT CGACA-3ǋ; 

ELH reverse, 5ǋ-GAGGTGAGCAGACTGAC GCCAGAAC-3ǋ; ApMCU forward, 5'- 

TCCCAGAC AGTGGGAGATTTCGTCA-3'; ApMCU reverse, 5'-TCGGGGAAGATGTATTC 

CTGCTTGG-3ô) extended on the 5ǋ ends with a T7 RNA promoter sequence (TAATACGACTC 

ACTATAGGGAGA). As a negative control, a 450-bp dsRNA was prepared directed against the 

5ǋ untranslated region of the newt (Notophthalmus viridescens) retinoic acid receptor (accession# 

AY847515) using primers (forward, 5ǋ-AGCATGGACCG ATCCTAGAG-3ǋ; reverse, 5ǋ-

GTTGGGTTCCGTACTGAGGA-3ǋ), again extended on the 5ǋ ends with a T7 RNA promoter. 

PCR was performed on 500 ng of the bag cell neuron cluster cDNA, starting with five cycles of 

melting at 95 °C for 30 sec, annealing at 68 °C for 30 sec, and elongation at 72 °C for 50 sec, 

followed by 30 cycles of PCR with melting at 95 °C for 30 sec, annealing at 72 °C for 30 sec, 

and elongation at 72 °C for 50 sec. The PCR product was agarose-gel-purified with the 
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UltraClean GelSpin DNA extraction kit and used to synthesize sense and antisense cRNA in the 

same reaction mix with T7 RNA polymerase (4 h at 37 °C) from a MEGAscript RNAi kit 

(AM1626; Life Technologies, Burlington, ON). Reactions were treated with DNaseI and RNase 

(both from the MEGAscript kit) for 1 h at 37 °C and column purified according to the 

MEGAscript kit protocol. Bag cell neurons were first cultured in the absence of dsRNA 

overnight at 14 °C and then bath incubated at 14 °C in the presence of 300-600 ng/ml dsRNA for 

an additional 3-4 d. This method of long dsRNA inhibition has proven successful in 

both Aplysia sensory neurons ( Lee et al., 2009) and motor neurons from the related mollusc, 

Lymnaea (van Kesteren et al., 2006).  

Reagents and drug application 

 Solution exchanges were accomplished by manual perfusion using a calibrated transfer 

pipette to first exchange the bath (tissue culture dish) solution. In most cases where a drug was 

applied, a small volume (~4 µl) of concentrated stock solution was mixed with a larger volume 

of saline (~100 µl) that was initially removed from the bath, and this mixture was then pipetted 

back into the bath. Ni
2+

 block of Ca
2+

 currents was achieved by adding NiCl2 (N6136; Sigma). 

Tetraphenylphosphonium chloride (TPP; 218790, Sigma-Aldrich), tetrodotoxin citrate (TTX; T-

550; Alomone labs, Jerusalem, Israel) was dissolved in water as a vehicle. Phorbol 12-myristate 

13 acetate (PMA; P8139; Sigma-Aldrich), latrunculin B (Lat B; L5288; Sigma-Aldrich), H-7 

(I7016; Sigma-Aldrich), bafilomycin A (B1793, Sigma- Aldrich), carboxyeosin (CE) (C-22803; 

Invitrogen), carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP; 21857; Sigma-

Aldrich), cyclopiazonic acid (CPA; C1530, Sigma-Aldrich or 239805, Calbiochem), and 

ruthenium-360 (Ru-360; 557440, Calbiochem) all required DMSO as a vehicle. The maximal 

final concentration of DMSO was 0.05-0.5% (v/v) which, in control experiments as well as prior 
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work from our laboratory, had no effect on membrane potential, various macroscopic or single 

channel current, resting intracellular Ca
2+

, or Ca
2+ 

transients evoked by action potentials 

(Lupinsky and Magoski, 2006; Hung and Magoski, 2007; Gardam et al., 2008; Geiger and 

Magoski, 2008; Tam et al., 2009, 2011; Hickey et al., 2013). 

Data analysis and statistics 

Origin was used to import and plot ImageMaster Pro files as line graphs. Analysis of 

intracellular Ca
2+

 usually compared the steady-state value of the baseline 340/380 ratio with the 

ratio from regions that had reached a peak or new steady state (340/380 peak ï 340/380 

baseline). Measurements of the baseline and peak regions were determined by eye or with 5-

point adjacent-averaging in Origin. During circumstances where Ca
2+

-induced Ca
2+

-release 

(CICR) was present, area was deduced by integrating the region above the pre-stimulus baseline 

from 1- to 11-min post-train. Measurements began at 1-min post-train to avoid including the 

initial recovery phase and capture peak CICR. The rate of Ca
2+

 removal was quantified by 

measuring either the exponential decay time constant, the percentage recovery at 5 min post-

stimulus, or the recovery area above baseline. Monoexponential decay functions were fit from 

the first point of decay to several minutes after complete recovery to baseline. The percentage 

recovery at 5 min was calculated by determining the degree of Ca
2+

 removed after the train 

stimulus or store-operated Ca
2+

 influx (340/380 peak-340/380 at 5 min post-peak) and dividing it 

by the peak rise during the response (340/380 peak-prestimulus baseline 340/380). The post-train 

recovery area was quantified by measuring the area above baseline between immediately post-

train to 10 min later. This time span captures both the initial and late phases of post-train Ca
2+

 

decay and, therefore, is inversely proportional to the recovery rate. To plot the rate of Ca
2+

 

removal as a function of intracellular Ca
2+

, the slope ([340/380]/t) of the post-train decay period 
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was determined at sequential time points using Excel (14; Microsoft; Redmond, WA). A fitted 

slope was measured from the initial point of Ca
2+

 decay post-train over the next 5 sequential time 

points, while incrementally shifting the start time until the end of the decay phase. From this, a 

plot of Ca
2+

 decay rate versus 340/380 ratio was produced and fit with a polynomial function in 

Excel. Only traces that provided fits with r
2 
>0.9 were used for further analysis. Multiple 

polynomial fits were used to make an average polynomial function describing the dataset. The 

mitochondrial rate component (Rmit) was discerned by subtracting the rate of decay measured in 

FCCP (RFCCP) from the rate of decay in the absence of FCCP (Rcontrol).  

To quantify Ca
2+

 current magnitude, the peak current of each trace was measured in 

Clampfit, a program of pClamp, between cursors set at the start and end of the trace, and then 

divided by whole-cell capacitance. Activation curves were produced by dividing the current 

elicited at each voltage step by the maximum current elicited during the protocol. This was 

averaged across cells at a given step voltage, plotted against that voltage, and fit with a 

Boltzmann equation in Origin. Activation and inactivation time constants were acquired by 

fitting monoexponential decay functions to the activation and inactivation components of the 

Ca
2+

 current in Clampfit. The activation time period was defined as the time from the start of the 

inward current (after the small capacitance current) to the peak inward current. Conversely, the 

inactivation period was fitted to the range of time from the peak Ca
2+

 current to the last 

measurable point before the end of the depolarizing test pulse and the start of the capacitance 

artifact. Peak action potential height was measured in a similar fashion as Ca
2+

 current. To 

produce group data, the average height of 10 serially-evoked action potentials was calculated. To 

quantify membrane capacitance, Clampfit was used to compare the average value during a 

steady-state baseline of 30 sec to 1 min, with either the peak response following a train of 
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depolarizing stimuli or the average value from a region that had reached peak for 5-30 sec. 

Average values were determined by eye or by setting cursors on either side of the range of 

interest and calculating the mean of those data points. Change was expressed as a percent change 

of the new capacitance over the baseline capacitance. For presentation, traces were selected that 

best represented the mean peak Ca
2+

 or capacitance responses and then aligned at the pre-

stimulus baselines for each condition regardless of their absolute baseline value. 

The labelling distribution of MitoTracker Red and Ŭ-KDEL was quantified in Image J 

from vertical cross-sections (x,z plane) at the midpoint of the soma. Mean fluorescence intensity 

was assessed from ROIs in the left, right, top, and bottom domains of the soma periphery. ROIs 

in the left and right sides consisted of polygons which outlined a portion of the apparent soma 

plasma membrane and spanned to a vertical boundary 5 µm from the leftmost or rightmost 

region of the cell. For the top and bottom poles, ROIs captured the region spanning between the 

apparent membrane edge and 5 µm in the intracellular direction. The top and bottom ROIs were 

50% of the maximum width of the soma and were centered at its midpoint. For analysis, the 

mean fluorescence intensity of the left, right, top, and bottom areas of the soma were normalized 

to the maximum fluorescence of the four regions in a given neuron.  

Statistics were performed using Instat (3.0; GraphPad Software, San Diego, CA). 

Summary data are presented as the mean ± standard error of the mean. The Kolmogorov-

Smirnov method was used to test data sets for normality. If the data were normal, Studentôs 

paired or unpaired t test (with the Welch correction as required) was used to test for differences 

between two means. For paired comparisons between two means that were not normally 

distributed, a Wilcoxon matched pairs test was used. To test for differences between multiple 

normally distributed means, a standard one-way ANOVA with a Tukey multiple comparisons 
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test was used to test. If the data were not normally distributed, a Mann-Whitney U test was used 

for two means, while a Kruskal-Wallis (KW) ANOVA with Dunnôs multiple comparisons test 

was used for multiple means.  For paired comparisons between multiple means that were not 

normally distributed, a Friedman repeated measures ANOVA with Dunnôs multiple comparisons 

test was used. Fisherôs exact test was used to test for differences in frequency between groups. 

Unless stated otherwise, all statistical comparisons between two means were two-tailed. Data 

were considered significantly different at p<0.05. 

Model development 

A model of intracellular Ca
2+

 dynamics was constructed to examine the interaction 

between voltage-gated Ca
2+

 entry, plasma membrane Ca
2+

 extrusion by the plasma membrane 

Ca
2+

 ATPase (PMCA), and mitochondrial Ca
2+

 fluxes. The model was adapted from the 

functions and parameters that describe a similar phenomenon involving stimulus-evoked Ca
2+

 

dynamics and mitochondrial Ca
2+

 release in bullfrog sympathetic neurons (Colegrove et al., 

2000a,b).  

Plasma membrane Ca
2+

 flux: 

Jinflux = kinflux ([Ca
2+

] i  - [Ca
2+

]e)        (1) 

JPMCA = Vmax, PMCA / [1 + (EC50, PMCA / [Ca
2+

] i ) 
n, PMCA

 ]      (2) 

Jextru = Vmax, extru / [1 + (EC50, extru / [Ca
2+

] i ) 
n, extru

]       (3) 

Jpm = Jinflux + JPMCA + Jextru          (4) 

Where Jinflux is the rate of Ca
2+

 influx across the plasma membrane, kinflux refers to the Ca
2+

 

permeability of the membrane, and [Ca
2+

] i and [Ca
2+

]e are the intracellular and extracellular Ca
2+

 

concentrations, respectively. To produce Ca
2+

 influx in the model, kinflux was transiently 
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increased and then reduced manually. JPMCA is the rate of plasma membrane efflux by the 

PMCA, Vmax, PMCA is the maximal rate of efflux by the PMCA, EC50, PMCA is the Ca
2+

 

concentration at which JPMCA is half of Vmax, PMCA , and n PMCA is the Hill coefficient that controls 

the sensitivity of JPMCA to changes in cytosolic Ca
2+

. In some experimental conditions, the 

PMCA was disrupted with carboxyeosin (a PMCA inhibitor) but CICR still recovered to 

prestimulus levels, indicating a residual extrusion system must be involved. Thus, a residual 

extrusion system was included to fulfill this function in the model and termed it Jextru - the rate of 

plasma membrane Ca
2+

 extrusion by residual Ca
2+

 removal systems. Vmax, extru is the maximal rate 

of extrusion, EC50, extru is the Ca
2+

 concentration at which Jextru is half of Vmax, extru, and n extru is the 

Hill coefficient. Jpm is the net plasma membrane Ca
2+

 flux and is determined by the combined 

function of plasma membrane Ca
2+

 influx (Jinflux) and efflux (JPMCA & Jextru). 

Mitochondrial Ca
2+

 dynamics: 

Juptake= kmax, uptake [Ca
2+

] i / 1+ (EC50, uptake / [Ca
2+

] i) 
n, uptake

     (5) 

 

ŭ([Ca
2+

] i) = 1.0 - 1.0 / [1.0 + (Kinhib / [Ca
2+

] i) 
n, inhib

]       (6) 

 

Jrelease = -ŭ([Ca
2+

] i) Vmax, release / (1+ EC50, release / [Ca
2+

]m)     (7) 

 

Jmito = Juptake + Jrelease           (8)  

Where Juptake is the rate of mitochondrial Ca
2+

 sequestration, kmax, uptake is the mitochondrial 

uptake rate constant and represents the limiting slope at high cytosolic Ca
2+

, EC50, uptake describes 

the Ca
2+

 concentration at which uptake is half-maximal, and nuptake is the Hill coefficient. The 

factor, ŭ([Ca
2+

]  i), describes the inhibition of mitochondrial Ca
2+

 extrusion by cytosolic Ca
2+

. 
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K inhib is the Ca
2+

 concentration at which inhibition of Jrelease is half-maximal and ninhib describes 

the sensitivity of inhibition to cytosolic Ca
2+

. Vmax, release is the maximal rate of Ca
2+

 release from 

the mitochondria and EC50, release is the concentration of mitochondrial Ca
2+

 ([Ca
2+

]m) at which 

efflux rate is half of Vmax, release. Jmito is the net Ca
2+

 flux of the mitochondria. 

Exogenous Ca
2+

 buffers: 

JEGTA = koff [CaB] - kon [Ca
2+

] [B]             (9) 

where JEGTA is the rate of free cytosolic Ca
2+

 removal by EGTA (Nowycky and Pinter, 1993), koff 

and kon are the reverse and forward reaction constants, respectively, [CaB] is the concentration of 

the Ca
2+

-EGTA complex, [Ca
2+

] i is the concentration of cytosolic Ca
2+

, and [B] is the 

concentration of free EGTA. Values for koff and kon (Table 1) were taken from Naraghi (1997), 

whereas [CaB] and [B] were calculated from the total EGTA concentration using MaxChelator 

(http://maxchelator.stanford.edu/CaEGTA-NIST.htm). 

Collective Ca
2+

 dynamics: 

d[Ca
2+

] i/dt = Jpm + Jmito + JEGTA         (10) 

d[Ca
2+

]m /dt = Jmito / ɔ           (11) 

where d[Ca
2+

] i/dt is the rate of change in cytosolic Ca
2+

, d[Ca
2+

]m/dt is the rate of change of 

mitochondrial Ca
2+
, and ɔ is the ratio of effective mitochondrial and cytoplasmic volumes. The ɔ 

value was taken from estimates in bullfrog sympathetic neurons (Colegrove et al., 2000b). The 

components describing mitochondrial Ca
2+

 uptake (EC50,uptake and nuptake) were made in 

accordance with measurements from isolated mitochondria (Gunter and Pfeiffer, 1990; Gunter 

and Gunter, 1994; Colegrove et al., 2000b). All other parameter values (see Table 1) were within 

an order of magnitude of those estimated from bullfrog sympathetic neurons (Colegrove et al., 

2000b). The only time-dependent component of the model was the transient change in plasma 
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membrane Ca
2+

 permeability (kinflux) to produce Ca
2+

 influx; all other parameters were active 

throughout each simulation. Differential equations were solved numerically using Eulerôs 

method written in MATLAB (7.6; MathWorks, Natick, MA) with a time-step of 75 ms to 

produce graphical outputs of total cytosolic and mitochondrial Ca
2+

 over time. 
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Chapter 3. Results I- Mitochondria and the plasma membrane Ca
2+

-

ATPase control activity-dependent Ca
2+

 dynamics in bag cell neurons 

The processes which underlie long-term changes in excitability and secretion during the 

afterdischarge are controlled by intracellular Ca
2+

. Presently, relatively little is understood about 

the systems that dictate activity-dependent Ca
2+

 dynamics in the bag cell neurons. I addressed 

this by measuring Ca
2+

 from fura-PE3-loaded cultured bag cell neurons recorded under whole-

cell voltage-clamp (Figure 9A, Inset). Unless stated otherwise, all neurons were recorded with a 

Cs
+
-based internal solution and a Ca

2+
-Cs

+
-TEA external solution to isolate Ca

2+
 currents. Cs

+
 

and TEA
+
 were substituted for K

+
 and Na

+
, respectively (see Whole-cell, voltage-clamp 

recording in Materials and Methods). Voltage-gated Ca
2+

 influx was initiated by delivering a 5-

Hz, 5-sec train of 75-ms depolarizing steps from -80 to 0 mV. During the 5-sec train, there was a 

simultaneous rise in intracellular Ca
2+

 throughout the soma and primary neurites, due to the 

activation of voltage-gated Ca
2+

 channels (n=7). The neurites represent the correlates of the 

neurosecretory endings in vivo (Frazier et al., 1967; Kaczmarek et al., 1979; Hatcher et al., 2005, 

Hatcher and Sweedler, 2008; Hickey et al., 2013). Notably, the evoked Ca
2+

 response in the 

neurites occurred more rapidly and reached a greater peak magnitude than in the soma (Figure 

9A). Indeed, the difference between the peak Ca
2+

 responses measured in these the two regions 

reached statistical significance (Figure 9B, Left). Following the end of the stimulus, Ca
2+

 levels 

declined exponentially to baseline due to the function of Ca
2+

 removal systems. Like Ca
2+

 influx, 

the Ca
2+

 recovery process occurred at a much greater rate in the neurites than the soma (Figure 

9A). The rate of Ca
2+

 clearance was quantified by fitting the post-train Ca
2+

 decay phase with a 

monoexponential decay function, from which a time constant (Ű) was derived. As shown in  
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Figure 9. Afterdischarge-like stimuli elicit Ca
2+

 influx in the soma and neurites of cultured bag 

cell neurons. 

 

Measurement of free intracellular Ca
2+ 

in cultured bag cell neurons using 340/380 fura-PE3 

fluorescence under whole-cell voltage clamp at -80 mV. Unless stated otherwise, all cells were 

recorded in a Cs
+
- and TEA-based external and a Cs

+
-based intracellular solution. A) Inset, 

Phase contrast (Left) and fluorescence (Right) images of a fura-loaded neuron and the somatic 

and neurite region of interest (ROI) used for data collection. A 5-Hz, 5-sec train of 75-ms steps 

from -80 to 0 mV causes a Ca
2+

 rise in both the soma (Left) and neurite (Right). Ca
2+

 then 

recovers exponentially to pre-stimulus baseline. The Ca
2+

 influx magnitude and the rate of post-

train Ca
2+

 removal is noticeably greater in the neurites than the soma. Subsequently (after line 

break), applying a 5-Hz, 60-sec train causes large and similarly sized Ca
2+

 responses in the soma 

(Left) and neurites (Right). Intracellular Ca
2+

 then returns to baseline exponentially, but with a 

faster rate in the neurites than the soma. B) The peak change in 340/380 during the 5-sec (Left) 

but not the 60-sec train (Right) is significantly larger in the neurites than the soma (paired 

Studentôs t test for both). C) The exponential decay time constant (Ű) acquired from the Ca
2+

 

recovery phase after the 5- (Left) and 60-sec train (Right), is significantly larger in the soma vs 

the neurites (Wilcoxon matched pairs test and paired Studentôs t test, respectively). For this and 

subsequent bar graphs, data represents the mean ± SEM. The n-value (number of cells) is 

indicated within the bars. 
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Figure 9C (Left), the time constant of recovery after the 5-sec train was significantly larger in the 

soma than the neurites.  

The afterdischarge begins with a fast phase of action potential firing (~5 Hz for ~1 min), 

and progresses into a slow phase of ~1 Hz firing for ~30 min (Kaczmarek et al., 1982; Fisher et 

al., 1994). To mimic this period of activity, neurons were given a 5-Hz, 60-sec train. Initially, 

intracellular Ca
2+

 rose more slowly in the soma than the neurites, but eventually reached a 

similar peak value by the end of the train (Figure 9A). Subsequently, Ca
2+

 recovered to pre-

stimulus baseline levels in an exponential fashion, but again, with a significantly faster rate in the 

neurites than the soma (Figure 9A, 9C Right). Collectively, our results demonstrate that 

mimicking an endogenous action potential firing pattern is effective at triggering prominent Ca
2+

 

influx throughout the bag cell neurons. Additionally, the Ca
2+

 responses in the soma and neurites 

were similar, but occurred at different rates. Unless stated otherwise, all subsequent Ca
2+

 

measurements were acquired from somatic regions of interest. 

My initial Ca
2+

 measurements were acquired using an intracellular saline containing the 

Ca
2+

 chelator, EGTA (5 mM) (Naraghi, 1997). As this buffer alters free intracellular Ca
2+

, I 

compared train-evoked Ca
2+

 responses in the soma using a pipette solution with or without 

EGTA. Again, in the presence of EGTA, application of a 5-Hz, 1-min train produced a large, 

transient rise in intracellular Ca
2+ 

followed by an exponential decline, with recovery to baseline 

in 5-10 min (n=8) (Figure 10A, Left). With 0 mM intracellular EGTA, excitation also resulted in 

a large Ca
2+

 transient; however, a prolonged Ca
2+

 plateau, often marked by a delayed peak, now 

followed the initial recovery (n=6) (Figure 10A, Right). This Ca
2+

 plateau long outlasted the 

duration of the stimulus and slowly returned to baseline within 10-20 min. 
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Figure 10. An afterdischarge-like stimulus induces a secondary Ca
2+

 rise that is sensitive to the 

Ca
2+ 

chelator, EGTA. 

 

A) Inset, A phase contrast image shows the recording pipette, bag cell neuron soma, and its 

neuritic processes. The lower image shows the same neuron loaded with fura and the somatic 

ROI used for data collection. Left, Under standard recording conditions, with 5 mM intracellular 

EGTA, a 5-Hz, 1-min train causes a large rise in Ca
2+

 followed by a rapid recovery to the pre-

stimulus baseline. Right, In the absence of intracellular EGTA, there is a prolonged Ca
2+

 plateau 

subsequent to the initial influx that greatly outlasts the stimulus duration, and is indicative of 

Ca
2+

-induced Ca
2+

 release (CICR). Lower, Traces depict 300 overlaid Ca
2+

 currents from each 

pulse to 0 mV of the 1-min train stimulus in either 5 or 0 mM intracellular EGTA. B) Left, The 

percentage change in 340/380 from baseline to the peak response during the train stimulus is 

significantly larger in 5 mM EGTA versus 0 mM EGTA (unpaired Studentôs t test). Right, The 

plateau area measured from 1 min after stimulation to 11 min post-train stimulus is significantly 

larger in the absence of intracellular EGTA (Mann-Whitney U test). 
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Similar Ca
2+

 responses were originally described as Ca
2+

-induced Ca
2+

 release (CICR) in dorsal 

root ganglion neurons, bullfrog sympathetic neurons, adrenal chromaffin cells, and Aplysia 

neuron R15 (Gorman and Thomas, 1980; Friel and Tsien, 1994; Herrington et al., 1996; 

Colegrove et al., 2000a). Removing intracellular EGTA also significantly reduced the peak 

percentage change in intracellular Ca
2+

 during the train stimulus compared with 5 mM EGTA 

(Figure 10B, Left). This is likely due to enhanced Ca
2+

-dependent inactivation of voltage-gated 

Ca
2+

 channels and an increase in resting Ca
2+

 levels (5 mM EGTA resting 340/380: 0.18 ± 0.004, 

n=8; 0 mM EGTA resting 340/380: 0.26 ± 0.01, n=6; p<0.003, unpaired Mann-Whitney U test). 

The Ca
2+

 plateau magnitude and duration was quantified by measuring the area above baseline 

between 1- and 11-min post-train (10-min total). Measurements began at 1-min post-train to 

capture the peak post-train Ca
2+

 response and avoid including the initial decay phase. The 

presence of the Ca
2+

 plateau in 0 mM EGTA was reflected by a significant increase in post-

stimulus train area from 1-11 min (Figure 10B, Right). 

The post-train Ca
2+

 plateau is caused by mitochondrial Ca
2+

 release 

In many neurons, it is common for brief periods of action potential firing to evoke 

prolonged CICR from intracellular stores with similar characteristics as the Ca
2+

 plateau shown 

in Figure 10 (Gorman and Thomas, 1980; Smith et al., 1983; Neering and McBurney, 1984; 

Tang and Zucker, 1997; Lee et al., 2007). Such responses have well-established roles in 

mediating activity-dependent plasticity in neurons, and as such, are potentially quite relevant to 

bag cell neuron function during the afterdischarge. Traditionally, CICR occurs when voltage-

gated Ca
2+

 influx triggers subsequent Ca
2+

 release from the ER, via ryanodine receptors 

(Berridge, 1997). To determine whether CICR from the ER contributed to the post-train Ca
2+

 

plateau, cyclopiazonic acid (CPA), a sarcoplasmic/endoplasmic reticulum Ca
2+

-ATPase 
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(SERCA) inhibitor, was used to deplete the ER of Ca
2+

 before stimulation (Seidler et al., 1989; 

Kachoei et al., 2006; Gardam et al., 2008; Geiger and Magoski, 2008). Recordings were 

performed with EGTA removed from the internal solution, to allow CICR to occur. Cells treated 

with 20 µM CPA (n=7) presented a similar Ca
2+

 plateau magnitude as in control conditions (n=8) 

and recovered to pre-stimulus baseline with a comparable time course (Figure 11A, Left). CPA 

did not significantly alter the post-train plateau area from 1 to 11 min (Figure 11B).  

In addition to the ER, the mitochondria are capable of releasing Ca
2+ 

into the cytosol 

following prior Ca
2+

 influx. This form of mitochondrial CICR can be disrupted by 

tetraphenylphosphonium (TPP): an inhibitor of the mitochondrial Ca
2+

 exchangers (Wingrove 

and Gunter, 1986; Karadjov et al., 1986; Lee et al., 2013). To determine whether the observed 

Ca
2+ 

plateau was due to mitochondrial Ca
2+

 release, 100 µM TPP was applied to cells 30 min 

before stimulation. In contrast to the Ca
2+

 plateau seen in control conditions (n=6), TPP-exposed 

neurons (n=8) presented a post-train Ca
2+

 response consisting of a rapid exponential recovery 

indistinguishable from that seen in 5 mM intracellular EGTA (Figure 11A, Middle). This was 

apparent from the significantly reduced post-train plateau (1-11 min) area in TPP (Figure 11B, 

Middle). TPP had this effect without altering the peak rise in Ca
2+

 during stimulation (control 

peak % ȹ: 127.5 Ñ 7.4, n=6; TPP peak % ȹ: 127.6 Ñ 11.5, n=8; p>0.05 unpaired Studentôs t test). 

In neurons and other excitable cells, mitochondrial Ca
2+

 release occurs primarily through 

the function a Na
+
/Ca

2+
 exchanger (Palty et al., 2010, 2012). The exchanger passes cytosolic Na

+
 

into the mitochondria in exchange for Ca
2+

, and as such, can be disrupted by reducing  
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Figure 11. The post-train Ca
2+

 plateau is prevented by an inhibitor of mitochondrial Ca
2+

 

exchangers and requires intracellular Na
+
. 

 

A) Left, A post-stimulus Ca
2+

 plateau is evoked by a 5-Hz, 1-min train of depolarizing steps 

under voltage clamp. Intracellular EGTA is absent (0 mM) to allow for CICR. Left, Treatment 

with CPA, to inhibit SERCA and prevent ER Ca
2+ 

release, does not affect the post-train stimulus 

Ca
2+ 

plateau (dark trace) when compared with DMSO-treated neurons (light trace). Middle, The 

prolonged Ca
2+

 plateau in control conditions (light trace) is substantially smaller in 100 µM TPP, 

an inhibitor of mitochondrial Ca
2+

 exchangers (dark trace). Right, Similar to TPP, the train-

evoked Ca
2+

 plateau is reduced when the concentration of intracellular Na
+
 ([Na

+
] i) was lowered 

by performing whole-cell recordings with an internal solution lacking Na
+
. B) TPP (Middle) and 

low intracellular Na
+
 (Right), but not CPA (Left), significantly reduces the post-train Ca

2+
 plateau 

area relative to control (all comparisons made with unpaired Studentôs t tests). C) Summary 

figure presenting the treatments used to target different Ca
2+

 removal and release systems in the 

bag cell neurons. The PMCA is inhibited by either carboxyeosin (CE) or La
3+

. The plasma 

membrane Na
+
/Ca

2+
 exchanger is disrupted by replacing extracellular Na

+
 with the charge 

substitute, TEA or NMDG. Ca
2+

 uptake into the mitochondria is disrupted by collapsing the 

mitochondrial membrane potential with the protonophore, FCCP (carbonyl cyanide 4-

(trifluoromethoxy) phenylhydrazone), or inhibiting the MCU with Ru-360. Mitochondrial Ca
2+

 

release via Ca
2+

 exchangers is inhibited by TPP or low intracellular Na
+
 ([Na

+
] i) . Lastly, the 

SERCA pump, which sequesters Ca
2+

 into the ER, is inhibited by CPA. 
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intracellular Na
+ 
(Carafoli et al., 1974; Castaldo et al., 2009). Normally, the pipette internal 

solution contains 10 mM Na
+
 from disodium ATP (see Whole-cell, voltage-clamp recording in 

Materials and Methods for details). When intracellular Na
+
 was removed from the internal 

recording  solution (n=14) cells showed a noticeably smaller post-train Ca
2+

 plateau than in the 

presence of Na
+
 (n=14) (Figure 11A, Right). The difference in Ca

2+
 plateau magnitude between 

these conditions reached statistical significance (Figure 11B, Right). 

Voltage-gated Ca
2+ 

influx is cleared by mitochondrial Ca
2+

 uptake 

Because the mitochondria release Ca
2+

 following stimulation, it is likely that these stores 

first sequestered Ca
2+

 during the train. Indeed, mitochondria are an essential Ca
2+

 removal 

system, particularly when Ca
2+ 

concentrations are substantially higher than at rest (Herrington et 

al., 1996). To test whether the mitochondria are central to the removal of voltage-gated Ca
2+

 

influx, mitochondrial Ca
2+

 uptake was eliminated with carbonyl cyanide 4-(trifluoromethoxy) 

phenylhydrazone (FCCP). This protonophore collapses the mitochondrial membrane potential 

and thus, prevents Ca
2+

 uptake into the organelle (Heytler and Prichard, 1962; Babcock et al., 

1997). The ability of FCCP to influence the mitochondrial membrane potential in the bag cell 

neurons was confirmed using the fluorescence indicator, JC-1. This membrane permeable, 

lipophilic cationic dye preferentially accumulates in energized mitochondria, where it forms 

fluorescent aggregates in proportion to the mitochondrial membrane potential (Smiley et al., 

1991; Buckman and Reynolds, 2001). Following a 30-min bath application of 10 µM JC-1, 

fluorescence became apparent throughout the neurites and soma of cultured bag cell neurons. 

The thin nature of the neurites allowed for the visualization of JC-1 puncta which presumably are 

mitochondria, or clusters of these organelles (Figure 12A). However, within 5 min of exposure to 

20 µM FCCP, the abundance of JC-1 puncta and their fluorescence intensity decreased  
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Figure 12. Mitochondria remove voltage-gated Ca
2+ 

influx after an afterdischarge-like stimulus. 

 

A) A distal neurite of a cultured bag cell neuron loaded with 10 µM JC-1: a dye that aggregates 

in energized mitochondria and fluoresces in proportion to the mitochondrial membrane potential. 

Prior to FCCP exposure, JC-1 puncta show intense fluorescence throughout the neurite. Dashed 

outline represents the ROI used for analysis. B, C) 5-min bath application of 20 µM FCCP, a 

protonophore, significantly reduces JC-1 fluorescence (measured in arbitrary units) in the neurite 

(paired Studentôs t test). D) Somatic Ca
2+

 measurements from neurons recorded with 5 mM 

intracellular EGTA. Left, In DMSO, cytosolic Ca
2+

 transients evoked by a 5-Hz, 1-min train are 

followed by rapid recovery to baseline. Right, Pre-treatment with FCCP slows the post-train Ca
2+

 

recovery. Inset, The time constant of post-train Ca
2+

 recovery is significantly enlarged by FCCP 

(unpaired Studentôs t test). E) Upper, Relative Ca
2+

 clearance rate (R), calculated from the decay 

phase of Ca
2+

 transients shown in D, as a function of 340/380 ratio. Fitted polynomial lines are 

plotted overtop of the data points. The difference between the control (Rcontrol) and FCCP (RFCCP) 

fits produce the estimated mitochondrial uptake (Rmit). Lower, Polynomial fit lines for Rcontrol, 

RFCCP, and Rmit representing averaged removal rates from multiple neurons. F) Bafilomycin A 

(baf), which prevents Ca
2+

 uptake by acidic stores, does not alter post-train Ca
2+

 removal, or the 

Ca
2+

 decay time constant (Inset) (unpaired Studentôs t test).  
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substantially (Figure 12B). Experiments were performed with and without simultaneous whole-

cell voltage-clamp and presented similar effects of FCCP on JC-1 fluorescence. For the summary 

figure, the data sets from both experimental conditions were combined. As shown in Figure 12C, 

the total JC-1 fluorescence in the neurites was significantly reduced after FCCP treatment (n=6), 

indicating that the protonophore is effective at disrupting the mitochondrial membrane potential.  

Next, the influence of FCCP was examined during Ca
2+

 removal following a 5-Hz, 1-min 

train. EGTA (5 mM) was included in the pipette solution to eliminate mitochondrial Ca
2+

 release 

and allow for isolated measurement of voltage-gated Ca
2+

 influx and removal. Again, under these 

conditions, application of the train stimulus produced a large, transient rise in intracellular Ca
2+

 

due to the activation of voltage-gated Ca
2+

 channels, followed by an exponential decline, with 

recovery to baseline in 5-10 min (n=10). Initial observations showed that some neurons treated 

with 20 µM FCCP had a reduced Ca
2+

 rise during the train stimulus. To prevent this from 

impacting quantification of Ca
2+ 

removal, additional FCCP-treated neurons were stimulated with 

5-Hz, 1-min train of 175 ms pulses to enhance Ca
2+

 influx and match the peak levels seen in 

controls. Cells that presented peak Ca
2+

 amplitudes comparable to control were used in 

measuring the percentage recovery. Thus, unsurprisingly, peak Ca
2+

 influx was not significantly 

different between DMSO-treated and selected FCCP-treated neurons (DMSO peak % ȹ 340/380: 

135.4 Ñ 8.8, n=10; FCCP peak % ȹ 340/380: 162.3 Ñ 14.5, n=12; p>0.05, unpaired Studentôs t 

test). However, relative to DMSO-treated cells, neurons stimulated after a 30 min exposure to 

FCCP presented a slower Ca
2+

 recovery (Figure 12D), as indicated by a significantly larger 

decay time constant (Figure 12D, Inset). These findings are consistent with the effects of FCCP 

in other systems, and indicate a role for mitochondrial Ca
2+

 clearance (Friel and Tsien, 1994; 

Werth and Thayer, 1994). 
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 From the decay of these Ca
2+

 transients, the relative rate of apparent mitochondrial 

uptake (Rmit) was determined by subtracting the rate of Ca
2+

 removal in FCCP conditions (RFCCP) 

from the total Ca
2+

 removal rate (Rtotal) at corresponding 340/380 ratio values (see Data analysis 

and statistics in Materials and Methods for details). Figure 12E (Upper) displays the relative 

cytosolic Ca
2+

 removal rate, normalized to peak rate, against the 340/380 ratio for the 

representative traces in Figure 12D, along with fitted polynomial functions. Fits from multiple 

neurons were used to produce averaged RFCCP, Rtotal, and Rmit values which indicated that 

mitochondrial Ca
2+

 uptake occurred over a wide range of Ca
2+

, both near resting levels and at 

peak values during stimulation, with a steep increase in removal rate with increasing Ca
2+ 

(Figure 

12E, Lower). In contrast, the non-mitochondrial Ca
2+

 buffer, represented as RFCCP, had a 

shallower slope over the same range, indicating the presence of a relatively slow Ca
2+

 removal 

mechanism (Figure 12E, Lower). 

FCCP also collapses other stores with proton gradients, including lysosomes, endosomes, 

and secretory vesicles (Goncalves et al., 1999; Christensen et al., 2002). To assess whether these 

systems contribute to the removal of voltage-gated Ca
2+

 influx, bag cell neurons were exposed to 

bafilomycin A, a H
+
-ATPase inhibitor that prevents the sequestration of Ca

2+
 by acidic stores 

(Bowman et al., 1988; Goncalves et al., 1999). Earlier work demonstrated that bafilomycin A is 

effective in bag cell neurons, as it causes a slow, steady increase in cytosolic Ca
2+

 that is distinct 

from the responses to other liberating agents (Kachoei et al., 2006; Hickey et al., 2010). Pre-

treatment with 100 nM bafilomycin A (n=6) did not alter the post-train Ca
2+

 removal compared 

with DMSO-treated neurons (n=6) (Figure 12F). This was confirmed by the summary data, 

showing that bafilomycin did not significantly change the post-stimulus decay time constant 

(Figure 12F, Inset).  
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The mitochondria typically sequester Ca
2+

 via the mitochondrial Ca
2+

 uniporter (MCU) 

on the inner mitochondrial membrane (Kirichok et al., 2004). This Ca
2+

-selective ion channel is 

inhibited by ruthenium red (Rossi et al., 1973) or Ru-360 (Matlib et al., 1998; Kirchok et al., 

2004). To test the role of the MCU in the removal of voltage-gated Ca
2+

 influx, neurons were 

treated with 50 µM Ru-360. Several studies have demonstrated that Ru-360 is not readily 

membrane permeable (Demaurex et al., 2009); thus, Ru-360 was including in the pipette solution 

and administered via whole-cell dialysis for 15 min. In control neurons recorded with 5 mM 

EGTA internal (n=8), a 5-Hz, 1-min train produced a large Ca
2+

 rise followed by an exponential 

recovery to baseline (Figure 13A, Left). In other cells, dialysed with Ru-360, the 5-Hz, 1-min 

train elicited a transient rise in Ca
2+

 that was noticeably reduced, in a manner similar to that seen 

with FCCP treatment (n=9). Therefore, some Ru-360-treated neurons were delivered a train 

stimulus that was longer than 1-min, in order to enhance Ca
2+

 influx and match the peak Ca
2+

 

levels seen in controls. Despite this, the peak train evoked Ca
2+

 influx remained significantly 

smaller in Ru-360 (Figure 13B). In addition to reducing voltage-gated Ca
2+

 influx, Ru-360 

caused a very apparent slowing of the post-train Ca
2+

 removal rate (Figure 13A, Right). This was 

reflected in the summary data, showing that the exponential time constant of Ca
2+

 removal was 

significantly larger in Ru-360 than in control (Figure 13A, Inset).  

Central to the notion that the mitochondria buffer voltage-gated Ca
2+

 influx is that there is 

an increase in mitochondrial Ca
2+

 after stimulation. In addition to preventing Ca
2+

 uptake, FCCP 

causes the liberation of stored mitochondrial Ca
2+

 (Friel and Tsien 1994; Zenisek and Matthews 

2000; Geiger and Magoski, 2008). Thus, the amount of mitochondrial Ca
2+

 loading was assessed 

by measuring the magnitude of Ca
2+

 release following FCCP treatment, with or without a prior 

train stimulus. TPP was applied to both DMSO-treated and FCCP-treated cells, to ensure that   
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Figure 13. Voltage-gated Ca
2+

 influx loads mitochondrial Ca
2+

 stores and requires a Ru-360-

sensitive mechanism for its removal. 

 

A) Left, In control conditions, a 5-Hz, 1-min train produces a large rise in Ca
2+

 followed by a 

rapid recovery. 5 mM EGTA was included in all recordings to prevent CICR and isolate the 

post-train Ca
2+

 decay phase. Dialysing cells with 50 µM Ru-360, an inhibitor of the MCU, 

results in a smaller train-evoked Ca
2+

 rise, and a markedly slower post-stimulus Ca
2+

 recovery. 

The cell shown in the sample record was stimulated for longer than 1 min to size match with 

controls. Inset, Ru-360 significantly increases the post-train Ca
2+

 decay time constant (Ű) relative 

to control (unpaired Mann-Whitney U test). B) Ru-360 significantly reduces the peak change in 

Ca
2+

 influx during the train stimulus (unpaired Studentôs t test). C) Left, FCCP (20 µM) elevates 

Ca
2+

 in neurons recorded under voltage clamp at -80 mV. Cells are bathed in 100 µM TPP to 

prevent potential release of mitochondrial Ca
2+

 via exchangers. Right, FCCP-induced Ca
2+

 

release after a large influx of Ca
2+

 from a 1-min train stimulus is increased. D) Train stimulation, 

before FCCP application, significantly enhances the peak percentage change in Ca
2+

 upon FCCP-

induced Ca
2+

 liberation (unpaired Studentôs t test). 
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no physiological mitochondrial Ca
2+

 release followed the train. As per prior work suggesting the 

mitochondria of cultured bag cell neurons contain Ca
2+

 at rest (Jonas et al., 1997; Gardam et al., 

2008; Geiger and Magoski, 2008; Hickey et al., 2010), bath application of 20 µM FCCP 

increased cytosolic Ca
2+

 within 5 min (n=6) (Figure 13C, Left). If a train stimulus was delivered 

before FCCP (n=6), the Ca
2+

 release signal was significantly increased by 40%, consistent with 

voltage-gated Ca
2+

 influx enhancing the amount of Ca
2+

 stored in the mitochondria (Figure 13C 

Right, D).  

The disruption of mitochondrial Ca
2+

 buffering is associated with enhanced use-

dependent inactivation of Ca
2+

 current  

Although mitochondrial Ca
2+

 uptake shapes the magnitude and temporal properties of 

voltage-gated Ca
2+

 influx, its influence on bag cell neuron function is unclear. As mitochondria 

control intracellular Ca
2+

, they have the potential to influence Ca
2+

-dependent processes, 

including ion channel modulation and/or secretion (Hoth et al., 2000; Billups and Forsythe, 

2002; Hernandez-Guiko et al., 2001; Demaurex et al., 2009). Interestingly, in addition to 

slowing Ca
2+

 removal, disrupting mitochondrial Ca
2+

 uptake with either FCCP or Ru-360 

appeared to influence train-evoked Ca
2+

 influx. Thus far, the effect of FCCP on Ca
2+

 influx was 

overcome by prolonging the pulse duration during the train. In order to demonstrate the influence 

of FCCP on Ca
2+

 influx, these experiments were repeated by stimulating neurons with a standard 

5-Hz, 1-min train of 75-ms depolarizing steps. In control neurons, the train elicited a robust Ca
2+

 

response, followed by a rapid decay to baseline (n=8) (Figure 14A, Left). Conversely, neurons 

bathed in 20 µM FCCP, to disrupt mitochondrial Ca
2+

 uptake, presented a peak Ca
2+

 influx that 

was less than 50% of the magnitude seen in control (n=6) (Figure 14A, Right). Subsequently, the 

post-train Ca
2+

 removal occurred very slowly. For comparison, the prior data set demonstrating 
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Figure 14. Agents which prevent mitochondrial Ca
2+

 buffering reduce voltage-gated Ca
2+

 influx 

during an afterdischarge-like stimulus. 

 

A) Left, In response to a 5-Hz, 1-min train of 75-ms depolarizing pulses, there is substantial Ca
2+

 

influx in a DMSO-treated neuron, followed by rapid recovery to pre-stimulus baseline. Right, In 

another neuron, exposed to 20 µM FCCP, to prevent mitochondrial Ca
2+

 uptake, the 5-Hz, 1-min 

train of 75-ms depolarizing pulses elicits a comparatively small Ca
2+

 influx and a slow post-

stimulus Ca
2+

 recovery. Inset, FCCP significantly reduces the peak train Ca
2+

 influx compared to 

DMSO control (unpaired Studentôs t test). B) Relative to control (Left), Ca
2+

 transients to a 5-Hz, 

1-min train are markedly smaller in the presence of 50 µM intracellular Ru-360. Inset, Ru-360 

significantly reduces the peak change in Ca
2+

 influx during the train stimulus (unpaired Studentôs 

t test). Summary data for Ru-360 experiments are reproduced from the data set presented in 

Figure 13B.  
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the influence of Ru-360 on Ca
2+

 influx was also included (taken from Figure 13B). Like FCCP, 

Ru-360 significantly attenuated the peak train Ca
2+

 influx relative to control (Figure 14B). 

The reduction of train-evoked Ca
2+

influx by either Ru-360 or FCCP indicates that 

mitochondrial Ca
2+

 buffering could influence voltage-gated Ca
2+

 channels. To examine this 

directly, Ca
2+

 currents were recorded under whole-cell voltage-clamp during the 5-Hz, 1-min 

train of 75-ms depolarizing steps from -80 to 0 mV. Leak currents were determined following the 

train by delivering a second 1-min train after full Ca
2+

 channel blockade with 10 mM Ni
2+

 (Hung 

and Magoski, 2007). Train Ca
2+

 currents were leak subtracted and are presented in Figure 15A. 

In neurons where mitochondrial Ca
2+

 uptake was active (DMSO-treated), voltage-gated Ca
2+

 

currents underwent moderate use-dependent inactivation, which began within the first few pulses 

and continued for the remainder of the train stimulus (n=8) (Figure 15A, Left). Next, Ca
2+

 

currents were measured from cells after mitochondrial Ca
2+

 uptake was disrupted with 20 µM 

FCCP. Under these conditions, Ca
2+

 current magnitude depressed substantially by the end of the 

train stimulus (n=7) (Figure 15A, Right). This was reflected as a substantially greater rate of Ca
2+

 

current inactivation in FCCP relative to control conditions (Figure 15B). 

Identification of a putative mitochondrial Ca
2+

 uniporter in Aplysia 

 The work thus far indicates that the mitochondria have a substantial influence on 

intracellular Ca
2+

 and appear to regulate the function of voltage-gated Ca
2+

 channels. 

Considering this, I sought to identify the molecular components involved with mitochondrial 

Ca
2+

 uptake in the bag cell neurons. Recently, the protein comprising the ion conducting 

component of the MCU was identified in mammals (de Stefani et al., 2011; Baughman et al.,  
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Figure 15. The disruption of mitochondrial Ca
2+

 buffering is associated with enhanced use-

dependent inactivation of Ca
2+

 current. 

 

A) Left, Ca
2+

 currents measured from a neuron given DMSO and stimulated with a 5-Hz, 1-min 

train of 75-ms depolarizing steps (300 total) under whole-cell voltage-clamp. Traces depict all 

300 overlaid Ca
2+

 current sweeps for the entire train. The shifting band of traces is due to use-

dependent inactivation. With mitochondrial Ca
2+

 uptake functional, use-dependent inactivation 

occurs at a moderate rate. Capacitance and tail currents are omitted for clarity. Right, In a 

separate neuron treated with 20 µM FCCP to prevent mitochondrial Ca
2+

 uptake, the run-down 

during the train is more prominent than in DMSO, as indicated by the small Ca
2+

 current 

magnitude at the last (#300) pulse. B) Summary data presenting the normalized Ca
2+

 current 

magnitude for each pulse of the 5-Hz, 1-min train in DMSO and FCCP. Current was quantified 

by measuring the trace area (nA*ms) and dividing it by the largest value (areamax) during the 

train (typically the first pulse). DMSO-treated cells (blue line) run-down to ~50% of the 

maximum value during the train while those in FCCP (red line) end at ~30% of maximum. 

Vertical lines represent the standard error of the mean for each time point. 
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2011; Bondarenko et al., 2014). Whether this protein is present in molluscs and functions to 

regulate mitochondrial Ca
2+

 uptake is unknown. Bick et al. (2012) established that MCU 

homologues are found in most eukaryotic taxa, including invertebrates. Moreover, our findings, 

show that the MCU inhibitor, Ru-360, slows the removal of Ca
2+

 influx. This provides evidence 

that the MCU may be present in Aplysia and the bag cell neurons. 

By searching the University of California, Santa Cruz Aplysia californica genome with 

the zebrafish (Danio rerio) MCU as the input sequence (see In silico identification of Aplysia 

mitochondrial Ca
2+

 uniporter in Materials and Methods for details), a single predicted partial 

sequence was identified and tentatively designated ApMCU. PCR primers were then designed 

and employed to clone the full length ApMCU from bag cell neuron cluster cDNA. The 

predicted ApMCU protein sequence (293 AA total) shares ~54% amino acid identity with the 

human MCU, but is most similar to other invertebrate sequences (Figure 16A). Moreover, it 

contains a predicted protein domain architecture that is consistent with the conserved structure of 

other MCU homologues (Figure 16B, C, D) (Baughman et al., 2011; deStefani et al., 2011; Bick 

et al., 2012). Specifically, ApMCU has a linker region that is flanked by two transmembrane and 

coiled-coil domains. The linker is enriched with acidic residues and contains the well-conserved 

DIME (Asp-Ile-Met-Glu) motif (Figure 16B, C, D). The amino acid residues of the linker and 

DIME motif are of particular importance, as they have been shown to be necessary for Ca
2+

-

permeability and Ru-360 sensitivity of the human MCU (Baughman et al., 2011; de Stefani et 

al., 2011). The majority of mitochondrial proteins, including the MCU, are encoded by nuclear 

genes and require transport to the mitochondria following their synthesis in the cytosol (Claros 

and Vincens, 1996; Omura, 1998). The transport/import of cytosolic proteins to the mitochondria 

is ensured by an N-terminal mitochondria-targeting sequence (Omura, 1998) which is found in  
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Figure 16. A putative MCU sequence in Aplysia californica. 

A) Phylogenetic tree of MCU homologues from Aplysia and select vertebrate and invertebrate 

species. As shown in the upper portion of the tree, ApMCU is most similar to homologues in 

other invertebrates. B) The predicted ApMCU amino acid (AA) sequence contains the hallmark 

domains seen in most MCU homologs (Bick et al., 2012), including a linker with the DIME 

motif, flanked by two transmembrane segments (TM1 and TM2), and coiled-coil domains 

(CCD1 and CCD2). Underlined sequence indicates the epitope used for antibody production.     

C) Predicted ApMCU structure and orientation in the inner mitochondrial membrane, based on 

studies of the human MCU (Baughman et al., 2011; Raffaello et al., 2013; Murgia and Rizzuto, 

2015). The linker is predicted to form a portion of the pore and provides the acidic residues 

required for Ca
2+

-permeation. The serine in the vicinity of the DIME motif (S259) confers Ru-360 

sensitivity in the human MCU. D) Multiple amino acid sequence alignment of the 

transmembrane (TM1 and TM2), and linker regions of the MCU from Aplysia and several other 

species. Note the conservation in the linker region and DIME motif. Dr. CJ Carter identified and 

sequenced ApMCU to full length and created the phylogenetic tree in A. I performed alignment 

analysis, protein domain identification, and assembled the figure. 
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MCU sequences, and is predicted to be in ApMCU. 

ApMCU is expressed in the Aplysia nervous system and influences the removal of voltage-

gated Ca
2+

 influx in the bag cell neurons. 

To assess the protein expression of ApMCU, a custom antibody (rabbit Ŭ-ApMCU) was 

raised against a region of the ApMCU C-terminus (see Antibody production and western blotting 

for ApMCU in Materials and Methods for details). First, the antibody was used to probe for 

ApMCU content in the nervous system tissue of the abdominal ganglion. Western blotting with 

Ŭ-ApMCU revealed a single protein band of the size predicted for ApMCU (~34 kDa) (Figure 

17B).  Preabsorbing the Ŭ-ApMCU with the antigenic peptide eliminated the protein band, 

indicating the specificity of the antibody (Figure 17B). The expression of ApMCU was assessed 

in the bag cell neurons by immunolabelling cultured neurons with the Ŭ-ApMCU primary 

antibody followed by goat anti-rabbit Alexa Fluor-488 secondary antibody (see Immunolabelling 

and live cell staining in Materials and Methods). After processing, cultured bag cell neurons 

revealed abundant Ŭ-ApMCU immunolabelling throughout both the soma and neurites, 

consistent with the expression of ApMCU in these cells (Figure 17C). 

Experimental evidence suggests that the removal of voltage-gated Ca
2+

 influx in the bag 

cell neurons requires mitochondrial Ca
2+

 uptake via the MCU, as it can be disrupted by either 

FCCP or Ru-360. If ApMCU is involved in the regulation of Ca
2+

 dynamics in the bag cell 

neurons, a reduction in the expression of this protein would slow the removal of Ca
2+

 influx in a 

manner similar to Ru-360 or FCCP. To test this, the expression of ApMCU was knocked down 

by a 3-d incubation of cultured bag cell neurons in 300 ng/ml double stranded RNA encoding 

ApMCU (see Double-stranded RNA treatment in Materials and Methods for details). dsRNA 

treatment reduces protein expression by initiating RNA interference against ApMCU mRNA 
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Figure 17. The MCU is expressed in Aplysia nervous system tissue and regulates the removal of 

voltage-gated Ca
2+

 influx in the bag cell neurons. 

A) To probe for the expression of ApMCU in Aplysia tissue, a custom antibody (rabbit Ŭ-

ApMCU) was raised against a 14 amino acid sequence in the C-terminus. B) Left lanes, Western 

blots of abdominal ganglion protein produced using the rabbit Ŭ-ApMCU primary antibody 

(1:500), and Alexa Fluor 647 (1:15000) secondary antibody. Blots show a single protein band of 

the size expected for the predicted ApMCU. Right lanes, Preabsorption of the Ŭ-ApMCU 

antibody with the antigenic ApMCU peptide prevents the appearance of the protein band in 

western blots. C) Cultured bag cell neuron immunolabelled for ApMCU (1:50 rabbit Ŭ-ApMCU 

and 1:200 Alexa Fluor-488). Upper, phase contrast image of a cultured neuron. Lower, the 

neuron from the Upper panel showing Ŭ-ApMCU immunolabelling in the soma and primary 

neurites. D) Left, A control neuron (light trace) (incubated in 300 ng/ml dsRNA corresponding to 

the 5ô untranslated region of the newt retinoic acid receptor) shows a large Ca
2+

 influx and rapid 

Ca
2+

 removal following a 5-Hz, 1-min train. A neuron exposed to ApMCU dsRNA (dark trace) 

(300 ng/ml) to lower ApMCU expression, has a slower post-train Ca
2+

 removal relative to 

control. Inset, The efficacy of post-train Ca
2+

 removal was determined by measuring the recovery 

area [340/380 units (U) * sec (t)] above baseline between the end of the train and 10 min later 

(shaded region). Right, The post-train recovery area after incubation in ApMCU dsRNA is 

significantly larger than control (unpaired Mann-Whitney U test). Dr. CJ Carter performed the 

Western blotting for ApMCU. 
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 (Fire et al., 1998). The control treatment consisted of incubating sister bag cell neuron cultures 

in 300 ng/ml dsRNA of the newt retinoic acid receptor untranslated region. A comparison of the 

newt sequence with both the Aplysia genome and transcriptome found no sequences with 

significant similarity. Neurons were recorded in the presence of intracellular EGTA to prevent 

CICR and isolate the Ca
2+

 removal process. Applying a 5-Hz, 1-min train to control neurons 

produced a large Ca
2+

 response and a rapid exponential recovery to baseline after the stimulus 

(n=24) (Figure 17D, Left). Conversely, cells treated with ApMCU dsRNA presented a slowed 

post-train Ca
2+

 recovery (n=20) (Figure 17D, Left). To quantify the rate of Ca
2+

 removal, the 

post-train recovery area above baseline was measured. The time frame used for this analysis 

spanned from the end of the train to 10-min post-train and was well-suited to capturing the initial 

and later phases of post-train Ca
2+

 recovery (Figure 17D, Inset). As presented in Figure 17D 

(Right), the post-train recovery area is significantly enlarged in the ApMCU dsRNA treatment 

regime, indicating a slower post-train Ca
2+

 removal under these conditions. 

Ca
2+

 removal by the plasma membrane Ca
2+

 ATPase controls activity-dependent Ca
2+

 

dynamics in the bag cell neurons 

Although the results strongly suggest that the mitochondria are the predominant buffer 

for voltage-gated Ca
2+

 influx, a residual contribution from other systems must exist, given the 

slow recovery even in the presence of FCCP. Most cells use the high-affinity, low-capacity 

PMCA to extrude Ca
2+

 across the plasma membrane (Sanchez-Armass and Blaustein, 1987; 

Blaustein and Lederer, 1999; Jeon et al., 2003; Thomas, 2011). The role of this pump in 

removing voltage-gated Ca
2+

 influx was tested with carboxyeosin, a PMCA inhibitor (Gatto and 

Milanick 1993; Gatto et al., 1995; Shmigol et al., 1998). Again, recordings were performed with 

EGTA in the internal solution, to prevent CICR and isolate post-train Ca
2+

 removal. 
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Carboxyeosin had no significant influence on the pre-stimulus Ca
2+

 concentration (340/380 

DMSO: 0.34 Ñ 0.01, n=10; 340/380 carboxyeosin: 0.32 Ñ 0.02, n=9; unpaired Studentôs t test, 

p>0.05). Delivering a 5-Hz, 1-min train produced a peak Ca
2+

 rise in carboxyeosin-treated 

neurons that was not statistically different from cells in control conditions (Figure 18A,C). 

Intriguingly, in carboxyeosin, the Ca
2+

 dynamics after the stimulus were temporally complex and 

long outlasted the duration of the initial stimulus, seemingly like CICR. After an early post-train 

recovery, intracellular Ca
2+

 progressively increased to a peak in 1-3 min, and then slowly 

returned to baseline in 10-20 min (Figure 18A, Right). Relative to control, carboxyeosin 

exposure significantly enlarged the plateau area above baseline (Figure 18D, Left). 

The role of the PMCA on train-induced Ca
2+

 dynamics was confirmed by utilizing a non-

pharmacological method of inhibition. Ca
2+

 extrusion by the PMCA requires the concomitant 

transport of protons into the cytosol, and can be disrupted by extracellular alkalization (Niggli et 

al., 1982; Thomas et al., 2011). This is a standard technique for preventing PMCA activity, and 

has been successfully employed in other neuronal preparations (Usachev et al., 2002; Shutov et 

al., 2013). Experiments were performed to examine the impact of increasing extracellular pH, 

from 7.8 to 8.8, on train-evoked Ca
2+

 signals. As with carboxyeosin, increasing pH to 8.8 had no 

significant effect on the pre-stimulus Ca
2+

 concentration (340/380 pH 7.8: 0.28 ± 0.01, n=7; 

340/380 pH 8.8: 0.32 ± 0.02, n=6; unpaired Mann-Whitney U test, p>0.05). Cells bathed in pH 

7.8 showed a transient surge in Ca
2+

 during the train and then a standard recovery to baseline 

(n=7) (Figure 18B, Left). Conversely, neurons immersed in pH 8.8, to hinder the PMCA, 

presented a robust and protracted post-train Ca
2+

 elevation that was indistinguishable from that 

seen in carboxyeosin (n=6) (Figure 18B, Right). The plateau area above baseline between 1- and  
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Figure 18. Inhibiting the plasma membrane Ca
2+

 ATPase slows Ca
2+

 removal and rescues the 

large post-train Ca
2+

 plateau in the presence of intracellular EGTA. 

A) Measurements of Ca
2+

 from neurons recorded under standard conditions, in the presence of 

the exogenous Ca
2+

 chelator, EGTA. Left, A 5-Hz, 1-min train elicits a large rise in intracellular 

Ca
2+

, after which Ca
2+

 decays to basal levels within ~5 min. Right, In a neuron treated for ~10 

min with 10 µM carboxyeosin (CE), to disrupt the PMCA, a train elicits a transient Ca
2+

 rise that 

is slightly smaller than control. After the train, intracellular Ca
2+

 partially recovers, but then 

transitions into a prolonged elevation. The post-train Ca
2+

 signal peaks within ~2 min and 

subsequently returns to near basal levels after ~20 min. B) Left, In normal-pH external (pH=7.8), 

a 1-min train produces Ca
2+

 influx and a subsequent exponential decay to baseline after 

stimulation. Right, In contrast, a cell bathed in high-pH external (pH=8.8), to inhibit the PMCA, 

displays not only an initial Ca
2+

 influx during the train, but is followed by a sustained Ca
2+

 

elevation, like that seen in carboxyeosin. C) Summary data showing the peak change in 340/380 

fluorescence ratio from baseline during the train. Neither carboxyeosin (Left) nor high-pH 

external (Right) significantly alter the mean peak change in 340/380 during the train, relative to 

control (unpaired Studentôs t test and unpaired Mann-Whitney U test, respectively).                   

D) Compared to the respective control, carboxyeosin (Left) and high-pH external (Right) 

significantly augment the plateau area (1-11 min) (unpaired Mann-Whitney U test and unpaired 

one-tailed Mann-Whitney U test, respectively). 



85 
 

11-min post-train was significantly increased in pH 8.8, relative to pH 7.8 (Figure 18D, Right). 

Like carboxyeosin, pH 8.8 did not significantly alter the peak train Ca
2+

 response (Figure 18C, 

Right). 

The PMCA-dependent post-train Ca
2+

 plateau is mediated by Ca
2+

 release from the 

mitochondria 

The delayed Ca
2+

 peak and prolonged Ca
2+

 elevation that is unveiled in the absence of 

PMCA activity may represent intracellular Ca
2+

 release, as it has similar kinetics and magnitude 

to the CICR that occurs when recordings are performed in the absence of intracellular EGTA. 

However, post-train Ca
2+

 dynamics in carboxyeosin or high-pH external is also influenced by 

reduced removal of voltage-gated Ca
2+

 influx. Thus, I dissected the contribution of intracellular 

Ca
2+

 release to the post-train Ca
2+

 plateau seen in carboxyeosin by treating neurons with TPP. As 

a control, I first discerned the impact of TPP on Ca
2+

 influx and removal in the absence of 

carboxyeosin, when PMCA activity was not altered. As there is no apparent Ca
2+

 release under 

these conditions, TPP would not be expected to influence Ca
2+

 dynamics. Indeed, in response to 

a 5-Hz, 1-min train, TPP-treated neurons did not present a significantly different post-train 

plateau area (Figure 19A) or peak train Ca
2+

 influx relative to H2O control (peak ȹ340/380 H2O: 

1.03 Ñ 0.076, n=8; ȹ340/380 TPP: 0.878 Ñ 0.11, n=6; unpaired Studentôs t test, p>0.05).  

Next, the influence of TPP on train-evoked Ca
2+

 dynamics was examined when the 

PMCA was rendered inactive. As expected, in the presence of 10 µM carboxyeosin, the train 

resulted in a large Ca
2+

 influx signal and a delayed Ca
2+

 plateau (n=12) (Figure 19B). 

Conversely, delivering a train to neurons given both carboxyeosin and 100 µM TPP, resulted in a 

Ca
2+

 response that decayed exponentially to baseline levels after the train (n=15) (Figure 19B).  
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Figure 19. The carboxyeosin-dependent post-train Ca
2+

 plateau is mediated by Ca
2+

 release from 

the mitochondria. 

A) In control conditions (H2O), a neuron shows a rapid exponential recovery to baseline after a 

5-Hz, 1-min train (light trace). Another neuron, exposed to 100 µM TPP for 30 min (dark trace) 

to inhibit mitochondrial Ca
2+

 exchangers, presents a peak-train Ca
2+

 response and post-train Ca
2+

 

decay that is essentially indistinguishable from control. Inset, With the PMCA active, TPP does 

not significantly alter the post-train Ca
2+

 plateau area (1-11 min post-train) relative to control 

(unpaired Studentôs t test). B) In the presence of carboxyeosin (CE), a 1-min train evokes a large-

post train Ca
2+

 elevation (light trace). Conversely, in 100 µM TPP and carboxyeosin, there is a 

similar train-evoked Ca
2+

 influx, but subsequently, Ca
2+

 returns quickly to pre-stimulus baseline 

without an ensuing Ca
2+

 elevation (dark trace). The transient decrease in the 340/380 ratio in the 

latter portion of the recording is an artefact caused by a brief, incidental closure of the shutter. 

Inset, With carboxyeosin, the Ca
2+

 plateau area is significantly reduced by TPP (unpaired 

Studentôs t test). C) Disrupting the PMCA using high-pH (pH=8.8) (light trace) results in a post-

train Ca
2+

 elevation that is eliminated by TPP (dark trace). Inset, In high-pH external, TPP 

significantly reduces the plateau area compared to high-pH alone (Welch corrected unpaired 

Studentôs t test). 
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The carboxyeosin-dependent Ca
2+

 elevation was reduced under these conditions, as indicated by 

the significantly smaller plateau area in TPP-treated neurons (Figure 19, Inset). I also examined 

the influence of TPP on the post-train Ca
2+

 plateau produced when PMCA activity was prevented 

with extracellular alkalization. Consistent with prior observations, in pH 8.8 external the train 

elicited a robust post-train Ca
2+

 plateau (n=8) (Figure 19C). In contrast, cells bathed in pH 8.8 

and given TPP showed no post-train Ca
2+

 elevation (n=8) (Figure 19C). This was confirmed by 

the summary data, showing that TPP significantly reduced the Ca
2+

 plateau in high-pH (Figure 

19C, Inset). 

Inhibiting the PMCA enhances the involvement of mitochondrial Ca
2+

 uptake in response 

to voltage-gated Ca
2+

 influx  

The ability of PMCA inhibition to rescue CICR despite the presence of intracellular 

EGTA indicates an interplay between Ca
2+

 influx, mitochondrial Ca
2+

 dynamics, and plasma 

membrane Ca
2+

 extrusion. The involvement of Ca
2+

 removal systems is known to be adaptive to 

the Ca
2+

 requirements of the cell. For example, the inhibition of one Ca
2+

 clearance system has 

been shown to increase the contribution of other, formerly less engaged, removal  

mechanisms (Zenisek and Matthews, 2000; Kim et al., 2005a). This presumably reflects a 

compensatory property that ensures Ca
2+

 homeostasis. Thus, a potential explanation for the 

phenomenon is that PMCA disruption makes Ca
2+

 influx more available for mitochondrial Ca
2+

 

uptake and store loading during stimulation. As such, I examined whether the removal of 

voltage-gated Ca
2+

 influx by the mitochondria is augmented when the PMCA is inhibited. If this 

occurs, then carboxyeosin should increase the sensitivity of post-train Ca
2+

 decay to the 

disruption of mitochondrial Ca
2+

 sequestration with FCCP. In the following experiments, 

recordings were performed in the presence of intracellular EGTA. Post-train Ca
2+

 removal was 



88 
 

isolated from CICR by treating neurons with 100 µM TPP. Additionally, a low (nanomolar) 

FCCP dosage was used, to avoid the rundown of voltage-gated Ca
2+

 current that occurs at 

micromolar concentrations. 

DMSO-treated neurons were first delivered a 5-Hz, 1-min train as a control. After full 

recovery of Ca
2+

 to baseline, cells were given 200 nM FCCP for ~10 min and then delivered a 

second 1-min train (n=11). As displayed in Figure 20A (Left), post-train Ca
2+

 removal occurred 

more slowly after FCCP treatment. These results are consistent with the prior result which 

showed a similar, albeit more prominent, effect of a higher FCCP concentration (see Figure 12). 

Next, the experiment was repeated, but in carboxyeosin, to disrupt the PMCA. The first train 

produced robust Ca
2+

 influx and an exponential recovery to baseline (Figure 20A, Right). 

Delivering the second train, after FCCP, still produced prominent Ca
2+

 influx, but the Ca
2+

 

removal was substantially slowed (n=10) (Figure 20A, Right). Importantly, the influence of 

FCCP on post-train Ca
2+

 removal appeared more potent than in the absence of carboxyeosin. To 

quantify this difference, I determined the degree to which FCCP enhanced the post-train 

recovery area above baseline. Figure 20B shows that the ratio of post-train recovery area 

between FCCP and control conditions was significantly larger in the presence of carboxyeosin. 

Using the decay of the train Ca
2+

 responses, I also evaluated the influence of carboxyeosin on the 

apparent rate of mitochondrial Ca
2+ 

uptake (Rmit) as a function of intracellular Ca
2+

 (see Data 

analysis and statistics in Materials and Methods for details). Rmit (i.e. the FCCP-sensitive rate 

component) was discerned by subtracting the residual removal rate in FCCP (RFCCP) from the 

removal rate in control conditions (Rcntl). Figure 20C displays the relationship between these rate 

components and intracellular Ca
2+

 in the absence (Figure 20C, Left) and presence (Figure 20C, 

Middle) of carboxyeosin. In DMSO, mitochondrial Ca
2+

 uptake occurred throughout the range of  
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Figure 20. Disrupting the PMCA enhances mitochondrial involvement in the removal of 

voltage-gated Ca
2+

 influx after a train. 

A) Left, Applying a 5-Hz, 1-min train to a control cell elicits an increase in cytosolic Ca
2+

 

followed by an exponential recovery (light trace). After disrupting mitochondrial Ca
2+

 uptake 

with 200 nM FCCP for ~10 min, a second train produces a similarly sized Ca
2+

 influx as in the 

absence of FCCP, but the post-train Ca
2+

 recovery is slowed (dark trace). All experiments were 

performed in TPP to isolate the Ca
2+

 removal process and eliminate CICR. Inset, The efficacy of 

post-train Ca
2+

 removal was determined by measuring the recovery area [340/380 units (U) * sec 

(t)] above baseline between the end of the train and 10-min later (shaded region). Right, In a 

carboxyeosin (CE)-treated cell, a train produces Ca
2+

 influx and a subsequent recovery (light 

trace). After the addition of 200 nM FCCP (still in carboxyeosin), a second train evokes Ca
2+

 

influx that recovers to baseline very slowly (dark trace). B) The ratio (2/1) of post-train recovery 

area between the second train (2) in FCCP and the first train (1) in DMSO is significantly 

enhanced by carboxyeosin (CE) (unpaired Studentôs t test). C) Ca
2+

 clearance rate (R), acquired 

from Ca
2+

 transients in panel A, as a function of 340/380 ratio. Fitted polynomial functions are 

plotted overtop of the data points. Left, In the absence of carboxyoesin (control), the rate of Ca
2+

 

clearance (d(340/380)/dt) has a moderate Rmit over the range of Ca
2+

 measured. Middle, In 

carboxyeosin, Rmit constitutes a large fraction of the total Ca
2+

 clearance rate over the entire Ca
2+

 

range. Right, Rmit curves replotted from the Left and Middle panels. In carboxyeosin (CE), Rmit is 

larger than DMSO control (cntl) and increases more steeply with changes in intracellular Ca
2+ 

(340/380). Rmit curves were replotted from the Left and Middle panels.  



90 
 

Ca
2+

 measured, and increased with intracellular Ca
2+

 (Figure 20C, Left). In carboxyeosin, the 

mitochondrial Ca
2+

 uptake rate was larger and increased more steeply to changes in intracellular 

Ca
2+

 (Figure 20C, Middle and Right). 

Hindering the PMCA enhances the degree of Ca
2+

 stored in the mitochondria 

following a train stimulus 

Our results suggest that PMCA inhibition enhances the contribution of the mitochondria 

to the removal of voltage-gated Ca
2+

 influx. Consequently, carboxyeosin should increase the 

Ca
2+

 load in the mitochondria after stimulation. I assessed the amount of mitochondrial Ca
2+

 

loading by treating bag cell neurons with FCCP, subsequent to a 5-Hz, 1-min train. All neurons 

were given 100 µM TPP to ensure that mitochondrial Ca
2+

 was not released via Ca
2+

 exchangers 

following stimulation. In neurons exposed only to DMSO, delivering 200 nM FCCP after a train 

produced a slow rising Ca
2+

 signal (n=8) (Figure 21A, Left). Conversely, in neurons that were 

continuously bathed in 10 µM carboxyeosin, applying 200 nM FCCP after the train resulted in 

markedly greater Ca
2+

 liberation (n=11) (Figure 21A, Right). Indeed, compared to DMSO 

control, the peak FCCP-induced Ca
2+

 response was significantly augmented by carboxyeosin 

(Figure 21B).  

Carboxyeosin appears to facilitate the degree of mitochondrial Ca
2+

 loading by voltage-

gated Ca
2+

 influx. However, it is possible that carboxyeosin alters the FCCP-dependent Ca
2+

 

signal by preventing its extrusion from the cytosol or augmenting mitochondrial Ca
2+

 loading 

under basal conditions, without prior voltage-gated Ca
2+

 influx. Thus, as a control, FCCP-evoked 

Ca
2+

 release was measured in the presence and absence of carboxyeosin, without prior train 

stimulation. Cells were also given 100 µM TPP to keep all conditions consistent with the prior  
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Figure 21. Blocking the PMCA increases the loading of the mitochondrial Ca
2+

 store by voltage-

gated Ca
2+

 influx. 

 

A) Left, After recovery from a 5-Hz, 1-min train in DMSO, application of 200 nM FCCP 

produces a small Ca
2+

 response due to the liberation of stored mitochondrial Ca
2+

. Right, In 10 

µM carboxyeosin (CE), delivering FCCP following a train elicits a comparatively larger Ca
2+

 

signal. TPP (100 µM) was present in both conditions to ensure that the mitochondrial Ca
2+

 load 

was not reduced by post-train Ca
2+

 release. Line breaks omit a portion of the Ca
2+

 influx signal 

during the train in order to emphasize the FCCP response. B) In comparison to DMSO controls, 

the peak change in FCCP-induced Ca
2+

 release following the train is significantly larger in cells 

given carboxyeosin (Welch corrected unpaired Studentôs t test). C) Left, Delivering 200 nM 

FCCP to a DMSO-exposed neuron, without a prior train stimulus, produces a relatively small 

Ca
2+

 increase. Right, In another cell exposed to carboxyeosin, FCCP elicits a Ca
2+

 signal that is 

not substantially different from control. As per panels A and B, TPP was included in both 

experimental conditions. D) The peak change in Ca
2+

 to FCCP is not significantly different 

between DMSO and carboxyeosin conditions when a prior train stimulus is not given (unpaired 

Studentôs t test). 
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experiments. In carboxyeosin (n=5), the Ca
2+

 release signal to FCCP did not reach statistical 

significance compared to controls (n=5) (Figure 21C,D). 

A model of intracellular Ca
2+

 dynamics recapitulates the influences of EGTA and the 

PMCA on activity-dependent Ca
2+

 dynamics 

The results indicate that CICR in the bag cell neurons is highly sensitive to the function 

of secondary Ca
2+

 removal systems (i.e. EGTA and the PMCA) which operate alongside the 

mitochondria to lower cytosolic Ca
2+

. Intracellular Ca
2+

 is governed by the concerted action of 

multiple Ca
2+

 sources and Ca
2+

 extrusion/buffering systems. Therefore, I discerned whether a 

simple rate model of Ca
2+

 dynamics consisting of these primary components could recapitulate 

the findings, and provide information on the influence of EGTA and the PMCA on CICR. Such 

models have proven useful for explaining stimulus-evoked changes in cytosolic Ca
2+

 and CICR 

in the other systems (Friel and Tsien 1994; Colegrove et al., 2000b).  

A model was constructed that consisted of extracellular, intracellular, and mitochondrial 

compartments (Figure 22, Inset) (see Model development in Materials and Methods for details). 

Ca
2+

 influx across the plasma membrane was mediated by Jinflux, while plasma membrane Ca
2+

 

efflux was controlled by JPMCA and Jextru, reflecting the function of the PMCA and residual Ca
2+

 

extrusion systems respectively. The movement of Ca
2+

 into and out of the mitochondrial 

compartment is represented by Juptake and Jrelease, respectively. Lastly, Ca
2+

 buffering by the 

exogenous Ca
2+

 chelator EGTA is accounted for by JEGTA. Transiently increasing the plasma 

membrane influx rate constant (kinflux), to replicate voltage-gated Ca
2+

 influx, produced a fast 

increase in cytosolic Ca
2+

, followed by a rapid recovery and a prolonged cytosolic Ca
2+

   



93 
 

 

 

 

Figure 22. A model of intracellular Ca
2+

 dynamics demonstrates the sensitivity of mitochondrial 

Ca
2+

 release to the Ca
2+ 

chelating agent, EGTA.  

 

A) The model of intracellular Ca
2+

 dynamics consists of extracellular, cytosolic, and 

mitochondrial compartments (Inset). Jinflux corresponds to plasma membrane Ca
2+

 influx while 

JPMCA and Jextru represent the PMCA and residual plasma membrane Ca
2+

 extrusion systems, 

respectively. Juptake denotes mitochondrial Ca
2+

 uptake and Jrelease signifies Ca
2+

 release into the 

cytosol by mitochondrial Ca
2+

 exchangers. Cytosolic Ca
2+

 buffering by the exogenous Ca
2+

 

chelator, EGTA, is determined by its forward (kon) and reverse (koff) rate constants. All model 

presentations were derived using functions and parameter values (Table 1) consistent with the 

relevant literature (see Model development in Materials and Methods for details). Train stimulus-

induced Ca
2+ 

influx is simulated in the model by transiently increasing the Ca
2+ 

influx rate 

constant (kinflux). In the absence of EGTA, evoking Ca
2+ 

influx causes a rise in Ca
2+

 and a 

subsequent Ca
2+ 

plateau (dark trace). The cytosolic Ca
2+ 

response in the presence of EGTA 

slightly reduces peak Ca
2+ 

influx magnitude and blunts mitochondrial CICR (light trace). B) In 

the absence of cytosolic EGTA, mitochondrial Ca
2+

 increases then falls as Ca
2+

is released into 

the cytosol (dark trace). In the presence of cytosolic EGTA, the magnitude of mitochondrial 

Ca
2+ 

influx after stimulation is attenuated (light trace). Mr. JT Rebane created the model under 

the supervision of myself, Dr. Magoski, and Dr. G. Blohm. 

  



94 
 

plateau (Figure 22A, dark trace). Over the same time period, mitochondrial Ca
2+

 rapidly 

increased and decayed to pre-stimulus levels (Figure 22B, dark trace), corresponding to the 

uptake and release phases of cytosolic Ca
2+

, respectively. First, I sought to address the sensitivity 

of CICR to intracellular EGTA. The effects of EGTA on CICR could be due to competition with 

mitochondrial uptake for Ca
2+

 influx, causing a reduction in mitochondrial loading and 

subsequent release, or by EGTA binding the Ca
2+

 as it is extruded. Inclusion of an EGTA 

component in the model caused a small reduction in the peak cytosolic Ca
2+

 rise during influx, 

while strongly reducing CICR (Figure 22A, light trace). This in silico result is comparable to 

that observed in vitro (see Figure 10). In the EGTA-containing conditions, peak mitochondrial 

Ca
2+

 levels were reduced following cytosolic Ca
2+

 influx, and consequently, decayed to pre-

stimulus Ca
2+

 levels at a faster time course than in the absence of EGTA (Figure 22B, light 

trace). 

My experimental evidence shows that preventing PMCA function with carboxyeosin is 

able to rescue CICR despite the presence of EGTA. This was attributed to enhanced 

mitochondrial Ca
2+

 uptake and store loading with PMCA disruption. I examined if a similar 

phenomenon could be recapitulated with the Ca
2+

 model. Figure 23A,B shows simulated changes 

in cytosolic and mitochondrial Ca
2+

 resulting from a transient increase in the plasma membrane 

Ca
2+

 permeability coefficient (kinflux). When all components of the model are active (including 

the PMCA and EGTA), a brief activation of kinflux produced a rise in cytosolic Ca
2+

, followed by 

a rapid Ca
2+

 removal (Figure 23A, light trace). In parallel, cytosolic Ca
2+

 influx caused 

mitochondrial Ca
2+

 concentration to grow, after which it returned to basal levels due to the 

function of the Ca
2+

 release parameter (Jrelease) (Figure 23B, light trace). The impact of blocking  
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Figure 23. A model of Ca
2+

 dynamics recapitulates the influence of PMCA activity on CICR. 

A) The model of intracellular Ca
2+

 dynamics consists of extracellular, cytosolic, and 

mitochondrial compartments (Inset). All simulations are performed in the presence of the EGTA 

component and use the same parameters and values as Figure 22. With JPMCA functional (light 

trace), a transient change in kinflux elicits a rise in cytosolic Ca
2+

 and an ensuing recovery phase 

that contains a small Ca
2+

 shoulder. In another simulation, where JPMCA was eliminated, 

triggering the same kinflux produces a slightly larger cytosolic Ca
2+

 rise and a prominent Ca
2+

 

plateau, similar to that seen physiologically during carboxyeosin treatment. B) Changes in 

mitochondrial Ca
2+

 concentration in response to cytosolic Ca
2+

 entry in the presence and absence 

of JPMCA function. Compared to simulations when all components are functional (light trace), 

eliminating JPMCA (dark trace) leads to a greater increase in mitochondrial Ca
2+

 loading by Ca
2+

 

influx. C) Cytosolic Ca
2+

 influx and release when the PMCA (JPMCA) is not functional, and the 

rate of mitochondrial Ca
2+

 release (Jrelease) is eliminated, to mimic the effect of TPP. Relative to 

when it is active (light trace), eliminating Jrelease (dark trace), prevents the Ca
2+

 plateau seen 

when JPMCA is off. D) Corresponding changes in mitochondrial Ca
2+

 in the absence of JPMCA 

function, but with altered mitochondrial Ca
2+

 release (Jrelease). The decay of mitochondrial Ca
2+

 

that occurs when the Jrelease is functional (light trace) is prevented after the latter is inactive (dark 

trace). Mr. JT Rebane created the model under the supervision of myself, Dr. Magoski, and Dr. 

G. Blohm. 
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the PMCA with carboxyeosin or extracellular alkalization was captured in the model by 

repeating the same simulations, but with JPMCA eliminated. Under these conditions, transiently 

activating kinflux resulted in large cytosolic Ca
2+

 influx that was followed by a substantial post-

stimulus Ca
2+

 elevation (Figure 23A, dark trace). Simulated mitochondrial Ca
2+

 concentration 

showed that eliminating PMCA function produced greater loading of the store by Ca
2+

 influx 

(Figure 23B, dark trace). The contribution of mitochondrial Ca
2+

 release to the cytosolic Ca
2+

 

signal was demonstrated by repeating the same simulation with Jrelease off. As depicted in Figure 

23D, eliminating mitochondrial Ca
2+

 release had no influence on the initial increase in 

mitochondrial Ca
2+

 but prevented its subsequent reduction. In turn, the post-train Ca
2+

 plateau, 

seen in the absence of JPMCA, was no longer present (Figure 23C), indicating that it was derived 

from mitochondrial Ca
2+

 release. 
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Table 1. Parameter values used in the model of intracellular Ca
2+

 

   

   Definition Model variable Value 

 

Rate constant for PM Ca
2+

 influx 

 

kinflux 

 

5 x 10
-6

 (s
-1
) 

Extracellular Ca
2+

 concentration [Ca
2+

]e 11 mM 

[Ca
2+

] i  at half maximal rate of PMCA extrusion EC50, PMCA 378.8 nM 

Hill coefficient for PMCA extrusion n PMCA 1.8 

Maximal rate of PMCA extrusion Vmax, PMCA 28 nM/s 

[Ca
2+

] i  at half maximal rate of residual extrusion EC50, extru 378.8 nM 

Hill coefficient for residual extrusion n extru 1.8 

Maximal rate of residual extrusion Vmax, extru 7 nM/s 

[Ca
2+

] i at half-maximal rate of mitochondrial uptake EC50,uptake 10 µM 

Hill coefficient for mitochondrial Ca
2+

 uptake n uptake 2 

Rate constant for mitochondrial Ca
2+

 uptake k max, uptake 10.3 (s
-1

) 

[Ca
2+

]m at half-maximal rate of release  EC50, release 307 nM 

Maximal rate of mitochondrial Ca
2+

 release Vmax, release 24.8 nM/s 

Mitochondrial to cytosolic effective volume ratio ɔ 2 

[Ca
2+

] i  at half-maximal release inhibition K inhib 500 nM 

Hill coefficient for release inhibition n inhib 6 

Dissociation constant of EGTA  Kd, EGTA 180 nM 

Forward rate constant of EGTA kon 2.7 x 10
6
 M

-1 ǒ s
-1  

 

Reverse rate constant of EGTA koff 0.5 s
-1
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Chapter 4. Results II- Separate Ca
2+

 sources are regulated by 

distinct Ca
2+

 handling systems 

Thus far, the PMCA and mitochondria have been established as important mechanisms 

for removing voltage-gated Ca
2+

 influx. Another Ca
2+

 handling system that may be involved is 

the plasma membrane Na
+
/Ca

2+
 exchanger, which trades extracellular Na

+
 for intracellular Ca

2+
 

(Blaustein and Lederer, 1999; Kim et al., 2003), and can be eliminated in the bag cell neurons by 

replacing extracellular Na
+
 with TEA (Knox et al., 1996). Given that the standard recording 

conditions used extracellular TEA, rather than Na
+
, I tested the effect of using extracellular Na

+
 

in lieu of TEA on the rate of voltage-gated Ca
2+

 removal (Figure 24A). Again, recordings were 

performed in the presence of intracellular EGTA, to isolate Ca
2+

 removal from CICR. Compared 

with TEA (n=6), adding extracellular Na
+
 (n=7) did not significantly alter the magnitude of the 

Ca
2+

 rise during a 5-Hz, 1-min train (TEA peak % ȹ: 174.9 Ñ 18.8, n=6; Na
+
 peak % ȹ: 150.5 Ñ 

22.3, n=7; p>0.05, unpaired Studentôs t test), the post-stimulus Ca
2+

 decay time constant (Figure 

24B), or the percentage recovery at 5 min after peak Ca
2+

 (Figure 24C).  

In addition to the mitochondria, the ER is the other primary intracellular Ca
2+

 store in 

neurons (Berridge et al., 2002), and has been found to remove voltage-gated Ca
2+

 influx in 

neurons and neuroendocrine cells (Fierro et al., 1998; Kim et al., 2003). To explore a role for the 

ER in Ca
2+

 removal, bag cell neurons were given 20 µM of the SERCA inhibitor, CPA (Seidler 

et al., 1989). Interestingly, post-train Ca
2+

 kinetics were not affected by the presence of CPA 

(n=6) versus control (n=7) (Figure 24A). CPA did not alter the peak rise in Ca
2+

 during 

stimulation (DMSO peak % ȹ : 174.3 Ñ 20.4, n=7; CPA peak % ȹ: 164.8 Ñ 26.2, n= 6; p>0.05,  
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Figure 24. Removal of voltage-gated Ca
2+

 influx does not require the Na
+
/Ca

2+
 exchanger or the 

ER.  

 

A) Left, The inclusion of Na
+
 (dark trace) rather than TEA (light trace) in the extracellular 

saline, to permit Na
+
/Ca

2+ 
exchanger activity, has no effect on the rate of Ca

2+
 removal following 

a 5-Hz, 1-min train stimulus. Right, Treatment with 20 µM CPA, to inhibit Ca
2+

 uptake into the 

ER by the SERCA, does not alter Ca
2+

 removal after a train stimulus. B) Neurons treated with 20 

ÕM FCCP show significantly larger exponential decay time constants (Ű) relative to controls 

(reproduced from Figure 12D), whereas cells in the presence of extracellular Na
+
, or exposed to 

CPA do not have significantly different values (all comparisons using unpaired Studentôs t test). 

C) FCCP significantly reduces the percentage recovery at 5 min post-train stimulus (Mann-

Whitney U test) whereas neither extracellular Na
+
 nor CPA has an effect (both comparisons 

using unpaired Studentôs t test). FCCP data was acquired from the data set presented in Figure 

12D. 
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unpaired Studentôs t test), the post-stimulus Ca
2+

 decay time constant (Figure 24B), or the 

percentage recovery to baseline following stimulation (Figure 24C). 

Disrupting mitochondrial Ca
2+

 uptake does not increase the contribution of the SERCA or 

Na
+
/Ca

2+
 exchanger to the clearance of voltage-gated Ca

2+
 influx  

Under normal conditions, the ER and Na
+
/Ca

2+
 exchanger appear to have little apparent 

contribution to the removal of voltage-gated Ca
2+

 influx in the bag cell neurons. I next tested 

whether inhibiting the dominant Ca
2+

 removal systems could change the involvement of the ER 

and Na
+
/Ca

2+
 exchanger. To do so, I assessed the contribution of these systems when 

mitochondrial Ca
2+

 uptake was disrupted by FCCP. Under these conditions, exchanging 

extracellular Na
+ 
(n=7) for TEA (n=8), or pre-treatment with CPA (control, n= 8; CPA, n= 8) 

remained ineffective at influencing post-train stimulus Ca
2+

 removal (Figure 25A). Post-stimulus 

decay time constants (Figure 25B) and percentage recoveries at 5 min (Figure 25C) were not 

substantially changed by including extracellular Na
+
 or pre-treatment with CPA. 

Inhibiting the PMCA does not change the contribution of the ER to the removal of voltage-

gated Ca
2+

 influx  

I subsequently examined whether disrupting PMCA activity with carboxyeosin could 

enhance the sensitivity of post-train Ca
2+

 removal to SERCA inhibition with CPA. As my earlier 

work showed that PMCA inhibition produces CICR, for these experiments neurons were bathed 

in 100 µM TPP to prevent this process and isolate post-train Ca
2+

 removal. Consistent with my 

previous results, in the presence of carboxyeosin, a 5-Hz, 1-min train elicited voltage-gated Ca
2+

 

influx and a subsequent recovery to baseline (n=7) (Figure 26A). In other neurons given both 

carboxyeosin and 20 µM CPA, pre-stimulus Ca
2+

 levels were significantly enlarged relative to 

carboxyeosin alone (carboxyeosin: 0.26 ± 0.01, n=7; carboxyeosin + CPA: 0.36 ± 0.03, n=7; 
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Figure 25. In the absence of mitochondrial function the SERCA and Na
+
/Ca

2+
-exchanger remain 

ineffective at removing voltage-gated Ca
2+

 influx.  

 

A) The inclusion of extracellular Na
+
 (Left) or pre-treatment with 20 µM CPA (Right) does not 

substantially influence Ca
2+ 

removal following a 5-Hz, 1-min train, despite the presence of 

FCCP. B) For neurons pretreated with FCCP, the exponential time constants (Ű) of post-train 

Ca
2+

 recovery are not significantly altered by the inclusion of extracellular Na
+ 
or exposure to 

CPA (unpaired Studentôs t test and Mann-Whitney U test, respectively). C) Summary of mean 

percentage recovery at 5 min post-train stimulus. In the presence of FCCP, the inclusion of 

extracellular Na
+ 
(unpaired Studentôs t tests), or the application of CPA (Mann-Whitney U test) 

do not significantly change the percentage recovery at 5 min post-train. 
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Figure 26. PMCA disruption does not change the involvement of ER Ca
2+

 uptake during post-

train Ca
2+

 removal.  

 

A) In comparison to 10 µM carboxyeosin (CE) alone (light trace), a neuron delivered both 

carboxyeosin and 20 µM CPA (to prevent Ca
2+

 uptake into the ER by the SERCA) shows very 

similar Ca
2+

 influx and Ca
2+

 removal in response to a 5-Hz, 1-min train. TPP (100 µM) was 

present in both conditions to prevent CICR and isolate the post-train Ca
2+

 removal. Inset, Post-

train Ca
2+

 decay was quantified by measuring the recovery area above baseline between the end 

of the train to 10-min later (shaded region). B) Graph showing the rate of Ca
2+

 removal 

(d[340/380]/dt) plotted as a function of intracellular Ca
2+

 (340/380) for the Ca
2+

 responses in 

panel A and fitted with polynomial functions. The total Ca
2+

 removal rate in carboxyeosin (RCE) 

is not substantially different than the Ca
2+

 removal rate in carboxyeosin plus CPA (RCE + CPA) 

across the range of Ca
2+

 measured. C) Sample trace showing train-evoked Ca
2+

 influx and 

removal with high-pH external (pH=8.8) to inhibit the PMCA (light trace). In high-pH, CPA 

does not change the peak Ca
2+

 influx or Ca
2+

 removal elicited by the train (dark trace). TPP was 

included in both experimental conditions. D) In the presence of carboxyeosin (Left) or high-pH 

(pH=8.8) (Right), CPA does not significantly alter the post-train recovery area (unpaired 

Studentôs t test for both).  
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Welch corrected unpaired Studentôs t test, p<0.02). The higher basal Ca
2+

 concentration under 

these conditions is likely due to the release of stored ER Ca
2+

 by CPA (Kachoie et al., 2006). 

Despite this, the train elicited Ca
2+

 influx and a subsequent Ca
2+

 recovery that was 

indistinguishable from that seen in the absence of CPA (n=6) (Figure 26A). This was reflected in 

the summary data, showing that the post-train recovery area was not significantly different 

between carboxyeosin alone and carboxyeosin plus CPA (Figure 26D, Left). The relationship 

between the rate of Ca
2+

 removal and intracellular Ca
2+

 was evaluated using the post-train Ca
2+

 

decay phases of the data presented in Figure 26A (see Data analysis and statistics in Materials 

and Methods for details). The rate of Ca
2+

 removal across the range of Ca
2+

 measured was not 

substantially different between carboxyeosin (RCE) and carboxyeosin plus CPA (RCE +CPA) 

(Figure 26B). Next, the same experiment was performed, but using extracellular alkalization to 

inhibit the PMCA. Again, 100 µM TPP was included to prevent CICR. Cells exposed to both 

high-pH external and 20 µM CPA (n=5) showed a post-train Ca
2+

 decay phase that was 

comparable to that seen in high-pH external alone (n=6) (Figure 26C). In the presence of high 

pH-external, CPA did not significantly change the post-train recovery area above baseline 

(Figure 26D, Right). 

Store-operated Ca
2+

 influx refills the ER Ca
2+

 store and is primarily cleared by the SERCA 

It is somewhat surprising that the ER and Na
+
/Ca

2+
 exchanger have little apparent 

influence on the removal of voltage-gated Ca
2+

 influx in the bag cell neurons, as these 

components have dominant roles in other systems (Fierro et al., 1998; Kim et al., 2003; 

Berridge, 2002). In neurons, multiple Ca
2+

 sources exist and can occupy distinct cellular regions 

and interact with unique Ca
2+

 signaling complexes (Augustine et al., 2003). Consequently, it may 

be possible that the ER and Na
+
/Ca

2+
 exchanger interact with and influence other Ca

2+
 sources 
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instead of voltage-gated Ca
2+

 channels. A prominent Ca
2+

 source in the bag cell neurons is store-

operated Ca
2+

 influx (Kachoei et al., 2006). Here, store-operated influx was evoked to determine 

if it is regulated by Ca
2+

 removal mechanisms distinct from the systems that handle voltage-gated 

Ca
2+

 entry. To measure store-operated Ca
2+

 influx, bag cell neurons were fura-filled by sharp-

electrode pressure injection rather than recorded under whole-cell voltage clamp. This was 

possible because ER depletion and store-operated Ca
2+

 influx do not significantly alter the 

membrane potential, and therefore do not require voltage clamp (Kachoei et al., 2006). Store-

operated influx was activated by depleting the ER of Ca
2+

 with 20 µM CPA. During this time, 

neurons were bathed in Ca
2+

-free medium (Seidler et al., 1989). After depletion and washout of 

CPA, the addition of Ca
2+

 back to the bath caused a rapid rise in intracellular Ca
2+

 as a result of 

Ca
2+

 influx through depletion-activated store-operated channels (Figure 27A). A second 

application of CPA after influx and recovery elicited another rise in intracellular Ca
2+

 (Figure 

27A); however, its magnitude was significantly smaller than the first (Figure 27B). These results 

indicate that store-operated Ca
2+

 influx refills the ER via the SERCA.  

To determine the degree of Ca
2+

 removal by the SERCA, the recovery from peak store-

operated Ca
2+

 influx was measured in the presence and absence of CPA. After ER depletion, 

washout of CPA and addition of extracellular Ca
2+

 evoked a transient rise in Ca
2+

 followed by an 

exponential decay, typically reaching pre-influx baseline within 10 min (Figure 28A, Left). If 

CPA remained in the bath after depletion (n=17), store-operated influx was similar in size 

compared with controls (n=17); however, Ca
2+

 recovery slowed dramatically, often requiring 

well over 15 min for full return (Figure 28A, Left). Furthermore, in CPA, following a brief  

initial recovery, Ca
2+

 levels often decayed to a new baseline at a Ca
2+

 concentration higher than   
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Figure 27. The store-operated Ca
2+

 influx pathway refills the ER Ca
2+

 store in the bag cell 

neurons.  

 

 

A) Addition of 20 µM CPA depletes ER Ca
2+ 

in a cultured bag cell neuron pressure-injected with 

fura-PE3. Because neurons are not recorded under voltage clamp, a normal Na
+
-containing and 

K
+
-containing external solution is used. After the first depletion, CPA is washed out using bath 

exchange (at break); upon recording resumption, the addition of extracellular Ca
2+

 results in an 

elevation of intracellular Ca
2+

. Delivering CPA a second time again evokes a Ca
2+ 

rise, albeit 

smaller than the first, indicating partial repletion of the CPA-sensitive store. B) The magnitude of 

Ca
2+ 

release to the second CPA exposure, after store-operated influx, is significantly smaller than 

the response elicited during the first CPA-induced depletion (unpaired Studentôs t test).  
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Figure 28. The removal of store-operated Ca
2+

 influx, but not voltage-gated Ca
2+

 influx, is 

sensitive to SERCA activity. 

 

A) Left, Washout of CPA, before addition of extracellular Ca
2+

, speeds the recovery of influx 

back to baseline. Store-operated Ca
2+ 

recovers at a slower rate in the presence of CPA (dark 

trace). Both neurons were previously depleted in Ca
2+

-free ASW with 20 µM CPA. Right, Ca
2+

 

influx similar in size to store-operated influx, caused by a short 5-Hz train stimulus under whole-

cell voltage-clamp at -80 mV in the presence (dark trace) and absence (light trace) of CPA. CPA 

has little effect on post-train Ca
2+

 recovery. B) Left, Mean percentage change in Ca
2+

 during 

store-operated Ca
2+

 influx and the train Ca
2+

 influx are not significantly different within and 

between conditions (p>0.05, Kruskal-Wallis one-way ANOVA). Middle, CPA significantly 

increases the mean store-operated Ca
2+

 influx decay time constant (Welch corrected unpaired 

Studentôs t test) but has no significant effect on size-matched voltage-gated Ca
2+ 

influx (unpaired 

Studentôs t test). Right, The percentage recovery at 5 min after peak store-operated Ca
2+

 influx is 

significantly greater with prior CPA washout (Welch corrected unpaired Studentôs t test). The 

percentage recovery at 5 min after the short train stimulus Ca
2+

 influx is not significantly altered 

by CPA. 
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pre-influx levels.  

The relative contribution of a given buffering system to cytosolic Ca
2+

 removal changes 

with the magnitude of the Ca
2+

 signal. For example, small Ca
2+

 influx is typically handled by the 

high-affinity systems, such as the PMCA or SERCA pump, whereas larger Ca
2+

 influx engages 

low-affinity uptake mechanisms, like the mitochondria (Herrington et al., 1996). Consequently, 

the effect of CPA on the recovery of voltage-gated Ca
2+

 influx may have gone undetected, as the 

Ca
2+

 dynamics during a 5-Hz, 1-min train are large and rapid in comparison to store-operated 

Ca
2+

 influx. Therefore, I produced voltage-gated Ca
2+

 influx that was sized-matched to the 

average store-operated influx, and tested its sensitivity to CPA (control n=10; CPA n=10). Ca
2+

 

was measured from fura-loaded bag cell neurons recorded under whole-cell voltage-clamp. A 

brief (3-15 sec) 5-Hz train of depolarizing steps from -80 to 0 mV elicited Ca
2+

 response 

magnitudes that were not significantly different than those during store-operated influx (Figure 

28A, B). Despite having a similar absolute magnitude as store-operated influx, voltage-gated 

Ca
2+

 influx had a dramatically faster exponential recovery (Figure 28A,B,C). Moreover, the 

handling of voltage-gated Ca
2+

 influx showed little apparent sensitivity to CPA, and rapidly 

declined to pre-stimulus levels (Figure 28A,B,C). 

Role for the mitochondria, but not the PMCA or Na
+
/Ca

2+
 exchanger, in store-operated 

Ca
2+

 influx  

In other systems, mitochondria have been shown to be functionally coupled to store-

operated influx (Gilabert and Parekh, 2000; Parekh, 2003). Therefore, influx was measured after 

20 min pre-treatment with 20 µM FCCP, to collapse the mitochondrial membrane potential. 

Compared with controls (n=8), FCCP-treated neurons (n=9) had a significantly reduced peak 

percentage change in response to bath application of Ca
2+

 after CPA-induced depletion (Figure 



108 
 

29A Left, B). Furthermore, exposure to FCCP reduced the percentage of cells presenting a 

measurable influx signal. In the DMSO-treated group, 8 of 9 cells showed a response, whereas 

after FCCP, influx was observed only in 9 of 24 neurons (p<0.02, Fisherôs exact test). The 

contribution of acidic stores to the removal of store-operated influx was tested by delivering 100 

nM bafilomycin A (Figure 29A, Right). Incubation in bafilomycin A (n=20) before the addition 

of extracellular Ca
2+

 did not change the peak store-operated influx (Figure 29B). Additionally, 

bafilomycin did not significantly alter the percentage recovery at 5 min post-peak Ca
2+

 compared 

with control (n=16) (Figure 29C). Contributions from the Na
+
/Ca

2+
 exchanger and the PMCA 

were examined by including extracellular NMDG in lieu of Na
+
 and 20 µM carboxyeosin, 

respectively. NMDG was used to inhibit the Na
+
/Ca

2+
 exchanger (Blaustein and Lederer, 1999; 

Zhang et al., 2004), rather than TEA, because TEA blocks K
+
 currents and would depolarize bag 

cell neurons in non-voltage-clamped conditions (Hagiwara and Saito, 1959; Kaczmarek and 

Strumwasser, 1984). Carboxyeosin was used to inhibit the PMCA during store-operated influx. 

Again, SERCA function was inhibited by 20 µM CPA following prior ER depletion. Blocking 

the Na
+
/Ca

2+
 exchanger (Na

+
 n=12; NMDG n=7) or the PMCA (control n=12; carboxyeosin 

n=16) did not significantly alter the percentage recovery at 5 min (Figure 29C). 

CICR is removed by plasma membrane extrusion via Na
+
/Ca

2+
 exchange and the PMCA 

Despite identifying a role for the SERCA in removing SOCI, evidence for Ca
2+

 handling 

by the Na
+
/Ca

2+
 exchanger was still lacking. Previously, Knox et al. (1996) demonstrated that the 

removal of intracellular Ca
2+

 release was strongly regulated by the presence of extracellular Na
+
. 

Thus, I examined the principle Ca
2+

 removal systems which govern train-evoked CICR to 
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Figure 29. Store-operated Ca
2+ 

influx is reduced in magnitude by FCCP but is not apparently 

influenced by acidic stores, the PMCA, or the Na
+
/Ca

2+ 
exchanger.  

 

A) Left, Neurons exposed to 20 µM FCCP before the addition of extracellular Ca
2+

 (dark trace) 

causes a reduction in store-operated influx relative to control (light trace). Right, Exposure to 

100 nM bafilomycin A (baf) before the addition of extracellular Ca
2+

 (dark trace) does not 

influence the size or recovery of store-operated Ca
2+ 

influx. Neurons were previously depleted in 

Ca
2+

-free ASW with 20 µM CPA. B) Treatment with FCCP significantly reduces the peak Ca
2+ 

influx after the addition of extracellular Ca
2+

 (Left), whereas bafilomycin has no effect (both 

comparisons using Mann-Whitney U test). C) CPA pre-treatment significantly reduces the 

percentage recovery from peak Ca
2+ 

(reproduced from Figure 28B), whereas incubation with 

bafilomycin, carboxyeosin (CE), or extracellular NMDG does not (all comparisons using 

unpaired Studentôs t test).  
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discern if the Na
+
/Ca

2+
 exchanger might be involved. Experiments were performed with EGTA 

excluded from the internal solution in order to permit CICR. The contribution of the Na
+
/Ca

2+
 

exchanger was tested by substituting extracellular Na
+
 for TEA. In contrast to its ineffectiveness 

in removing voltage-gated or store-operated Ca
2+

 influx, extracellular Na
+
 substantially reduced 

the time to recovery from peak CICR (Figure 30A, Left) compared with TEA. However, the 

post-train stimulus area from 1 to 11 min was not significantly different between Na
+
 and TEA 

conditions (Figure 30B). This likely occurred because the first stage of CICR is marked by the 

rising Ca
2+

 plateau, which was not significantly different in magnitude between TEA and Na
+
 

conditions (TEA external, peak % ȹ: 86.3 Ñ 2.0, n=7; Na
+
 external, peak % ȹ: 79.6 Ñ 5.0, n=13; 

p>0.05, Mann-Whitney U test). Nevertheless, the area from 11 to 21 min post-train stimulus, 

where the recovery from peak is most prominent, was significantly smaller in extracellular Na
+ 

(Figure 30B). 

Even in the presence of TEA, when the Na
+
/Ca

2+
 exchanger was inhibited, CICR 

recovery still occurred, albeit at a slower rate, indicating involvement of another removal system.  

To determine whether the PMCA was responsible, 2 mM extracellular La
3+

, a common PMCA 

inhibitor (Carafoli, 1991; Herrington et al., 1996; Zenisek and Matthews, 2000), was applied at 

the peak of train-evoked CICR, while in the presence of extracellular TEA. La
3+

 halted CICR 

recovery (n=7), whereas in control cells (n=8) Ca
2+

 still returned to baseline (Figure 30A, 

Middle). As with the Na
+
-replacement experiment, the post-train stimulus area from 1 to 11 min 

was not significantly different in La
3+

-treated neurons, whereas the area from 11 to 21 min post-

train stimulus was significantly enhanced (Figure 30C). The source specific involvement of the 

Na
+
/Ca

2+
 exchanger may be related to the difference between the rapid, large voltage-gated Ca

2+
  

influx, and the slow, moderately sized CICR from the mitochondria. To assess this, I examined 
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Figure 30. Mitochondrial Ca
2+

 release is removed by the Na
+
/Ca

2+
exchanger and the PMCA.  

A) Recordings in the present figure are performed in the absence of intracellular EGTA in order 

to measure CICR. Left, In the absence of extracellular Na
+ 
(TEA, light trace), CICR evoked by a 

5-Hz, 1-min train from -80 mV is prolonged compared with cells bathed in extracellular Na
+
 

(dark trace). Middle, In Na
+
-free extracellular saline (TEA), inhibiting the PMCA with La

3+
 

(dark trace) during the onset of CICR occludes recovery. Right, A train, followed by a prolonged 

step depolarization at -20 mV evokes a Ca
2+

 influx similar to CICR (at break, a portion of the 

Ca
2+

influx is omitted). The recovery of this Ca
2+

-influx plateau is insensitive to the replacement 

of extracellular Na
+ 
(dark trace) for TEA (light trace). For this experiment, neurons are 

pretreated with 100 µM TPP to prevent any influence of mitochondrial Ca
2+ 

release. B) The post-

train plateau area from 1 to 11 min during CICR is not significantly different between Na
+ 
and 

TEA conditions (unpaired Studentôs t test). However, the area from 11 to 21 min is significantly 

larger in TEA (Mann-Whitney U test). C) In the presence of TEA, the application of 2 mM La
3+ 

during CICR (to inhibit the PMCA) does not alter the post-train stimulus area from 1 to 11 min 

(Mann-Whitney U test), but significantly increases the area from 11 to 21 min (Welch corrected 

Studentôs t test). D) Replacing extracellular Na
+
 with TEA does not significantly alter the post-

train stimulus area during the steady-state depolarization induced Ca
2+

 influx plateau from time 

1-11 min or 11-21 (Studentôs t test for both). 
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whether a voltage-gated Ca
2+

 influx plateau, that was similar in amplitude and kinetics to CICR, 

was sensitive to extracellular Na
+
. Neurons were stimulated with a 5-Hz, 1-min train stimulus 

from -80 mV; however, unlike control conditions, cells were immediately voltage-clamped at a 

potential ranging from -10 to -20 mV for the remainder of the recording. Holding at a 

depolarized potential produced a steady Ca
2+

 influx comparable to that elicited during CICR. As 

with rapid, train stimulus-induced voltage-gated Ca
2+

 influx, the inclusion of extracellular Na
+
 

(n=5) had no apparent effect on the recovery of the slow, persistent voltage-gated Ca
2+

 influx 

plateau compared with controls (n=5) (Figure 30A, Right). The post-train stimulus areas from 1-

11 min, and 11-21 min were also not significantly different between TEA and Na
+
 external 

conditions (Figure 30D). 

The mitochondria are evenly distributed throughout the soma, while the endoplasmic 

reticulum is abundant in select regions 

My results suggest that voltage-gated Ca
2+

 influx is regulated by the function of the 

PMCA and mitochondria, but not the ER. Conversely, store-operated Ca
2+

 influx appears to be 

functionally linked to SERCA pumps on the ER. These physiological properties may be 

accounted for by differences in the spatial distribution, or content of the organelles in the soma, 

where our Ca
2+

 measurements were acquired. Thus, the localization of the mitochondria and ER 

was compared using both conventional and confocal fluorescence microscopy. Mitochondria 

were labelled in living neurons with the vital dye, MitoTracker Red (500 nM in DMSO), using 

the same methods from previous work on the bag cell neurons (White and Kaczmarek, 1997). As 

displayed in Figure 31A, mitochondrial labelling was plentiful throughout the soma and neurites 

of cultured bag cell neurons (n=8). The thin nature of the neurites and their growth cones 

allowed for the visualization of discrete oval or rod-like puncta: a property consistent with the 
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Figure 31. The mitochondria and ER are present throughout the soma and neurites of cultured 

bag cell neurons. 

 

A) Conventional fluorescence microscopy image of a live cultured bag cell neuron labelled with 

MitoTracker Red (500 nM in DMSO) to stain mitochondria. The focal plane is optimized to view 

the neurites, leaving the soma out of focus. Mitochondria are present throughout both the soma 

and neurites. 1, outlined region of a distal neurite and its growth cone displayed in panel B. 2, a 

thin portion of the bag cell neuron showing oval and rod-shaped puncta similar in morphology to 

mitochondria (scale bar = 2 µm). 3, phase contrast image of the cultured bag cell neuron depicted 

in A. B) Region magnified from box 1 in panel A showing an abundance of mitochondria in the 

central (c) but not the distal peripheral (p) domain of the growth cone. C) Montage image of a 

fixed cultured bag cell neuron immunolabelled with Ŭ-KDEL to visualize the ER (Ŭ-KDEL 1º at 

1:200; AlexaFluor 488 2º at 1:200). The somatic portion was taken from a separate image of the 

same neuron but using a shorter exposure time. As with the mitochondria, the ER is present 

throughout the soma and neurites. 1, a distal neurite and its growth cone displayed in D. 2, phase 

contrast image of the neuron in C. D) Area magnified from box 1 in panel C showing a mesh-

like ER morphology throughout the central (c) and distal peripheral (p) domain of the growth 

cone. 

  


