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Abstract

Neuramsenter states of heightenegcitability and secretory capacity ioitiate
fundamental behaviour3his is exemplified by the bag cell neurons of the marine mollusc,
Aplysia californica These neuroendocrine calisdergo an afterdischargedecre¢ egglaying
hormone (ELH) and initiate reproduction. | examined the rotevofcellular signalingpathways
that contribute to the afterdischarge?Candprotein kinase GPKC). Investigating these

systems provides insight into the cellular mechanisms underlying fundamental behaviours.

Intracellular C&" modulates excitability and initiates secretiontia bag cell neurons. |
determined how G4 sources and removal systems control intracelluldf.Gdy data revealed
thatthe mitochondria strongly influence €aignalingin cultured bag cell neurons, as they first
buffer voltagegated C&' influx and sulsequently release €zo the cytosol, in a form of G&
induced C&' release (CICR). Moreover, the degree of mitochondrial Qatake and release
was shown to be dictated by the function of the plasma membrdhATRase. In addition to
voltagegated C4' influx, | characterized the involvement of Caandling systems with other
distinct C&" sources, including CICR and the Maa* exchanger as well as stesperated C4

influx and the sarcoplasmic/endoplasmic reticulumi@é&Pase (SERCA).

PKC is inplicated in facilitating secretion during the afterdischarge. | tested the impact of
PKC on secretion using pacitarce tracking under wholeell voltageclamp. This technique
assaygthe changes in plasma membramea that oaar during vesicle exocytosis. |
demonstrated th&KC activationenhanced Cainflux and potentiated stimulesvoked
secretion This occurred as a result of the plasma membresegtion of a covenoltagegated

C&"* channel, Apl Ci2, alongsidehebas# voltagegated C&" channel, Apl Cal.



| provided mechanistic detail 6bw the interplay between Easources and removal
systems governs the patterns of free cytosolfd.Jdese properties have implications for the
Ccd*-dependensignalingpathwayswhich mediate long lasting changes in neuronal excitability
and secretion. Furthermore, my walémonstratethatprotein kinasesan dynamically amplify
secretory outpuby rapidly recruiting additional voltaggated C&" channels to the membrane.
This farm of facilitation likelyenhancesecretion during the afterdischaygad ensures the

initiation of reproductive behaviour iplysia
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Chapter 1. Introduction

Neuronal control of fundamental behaviours

Animal behaviour ranges from egparatively 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
categoriesamongst 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 spediesides
that fall into this category include figlor-flight responses, eating, drinking, breathing, and
reproduction (Kandel, 1976, 2000).

Due to their significance for evolutionary fitness, fundamental behaviours often manifest
as fixedaction patternsThese alor-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, fixedction patterns are less labile and innate, as they can be
performed without prior experience (Moltz, 1965). This rigid nature of fa@ttn patterns
appears to be a crucial adaptation which ensures the implementdiigmaoiours required for
species survival. A classic example of a fbaadion pattern is the egegtrieval 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 patted 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 crayfisHfligilescape reflex. In response to

mechanically or visu8l threatening sensory stimuli, a sequence of rhythmic contractions of the



crayfish abdomen is initiated, which thrusts the animal through the water and away from the
stimulus origin (Edwardst al, 1999).

Animal behaviour is ultimately mediated by thumétion of neurons within the nervous
system (Kandel, 1976; Shepherd, 1988; Nichetlal, 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 groapneurons 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 gianffibers produced the taflip escape response (Wiersma, 1947; Edwatdd, 1999).
Subsequently, the command neuron concept was used to describe neuronal systems in a variety
of animals. For example the marine nudibranch molltistmnia, contains a nevork 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 (Lerngtzat 1980; Frost and Katz,

1996). Another example is found in the fresh wateailshymnea stagnalisvhere the CV1
interneuron is primarily responsible for the patterned behavioural sequence of feeding
(McCrohan, 1984; Elliotet al, 1992). The utilization of a single or small group of command
neurons may ensure a robust and irargrbehavioural sequence (Edwagtigl, 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 dregy of physiological processes that are necessary fotaay
day function like homeostatic reflexes such as the regulation of blood pressure (Mason and
Bern, 1977; Kandett al,, 2000). Furthermore, they orchestrate complex behaviours, including

foodintakeand reproduction. Neuroendocrine cells can be defined as neurons that integrate



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,sykermthey can

release peptides as neurotransmitters (Mettad., 1975; Mason and Bern, 1977; Levitan and
Kaczmarek, 2002). As a result of their dual neurotransmitter/hormonal influences,
neuroendocrine cells can coordinate animal behaviour withutiediénal 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 pitary gland, and thereby contribute to parturition (Fusthal,

1991; Russelkt al, 2003). At term of birth, tactile stimulation of the cervix by the fetus initiates
oxytocin secretiopwhich contributes to a sequence of uterine contractions thatratksiin
delivery (McCarthy and Altemus, 1997; Summereal, 1981; Higuchi and Okere, 2002;
Russellet al, 2003). In another essential role, these neurons release oxytoxin in response to
sensory stimulation of the nipple in order to elicit the liberadf milk; a behaviour termed the
milk-let-down reflex (McCarthy and Altemus, 1997). Evidence indicates that with its hormonal
releag from the pituitary there iglkease of intracerebral oxytocin which promotes
complementary maternal behaviours, inchgdgrooming and pair bonding (McCarthy and
Altemus, 1997; Kendrickt al, 1987).

Transitions to periods of heightened excitability in neuroendocrine cells

Each class of neurons exhibits a distiaction potential firing patterrNeurons respond
to stimuation with action potentials which are either sustained, accommodating, or delayed
(Levitan and Kaczmarek , 2002; Be2007).Otherneurons react with patterned action potential

bursting which, in some cases, is maintained even in the absence of abstinaptic drive



(Levitan and Kaczmarek, 2002; Bean, 2007; Hung and Magoski, 208ujons can also show
changes in action potential firing in the absence of synaptic inputs; via intrinsic bursting
mechanismser changes ithe osnolarity of the extracellular fluid (Bean, 200&rnauldet al.,
1975. Importantly, the excitatoryproperties of neurons are not fixed, but change dramatically in
a developmental, seasonal, and actidépendent manner. Such adaptability is a fundamental
property of thenervous systenwhich supplementsynaptic plasticity and underlies high
threshold hormone release from neuroendocrine d&is1€ and Kandel, 1996; Artelagi al.,
1994; Catterall and Few, 2008)

Neuroendocrine cells undergo particularly dramatic chamg excitability in order to
secrete peptide and control fundamental behaviours. Typically, these neurons maintain either a
relatively low level of activity or are silent (Kupfermaanal, 1966; Kandel, 1976; Kelly and
Wagner, 2002; Levitan and Kaczre&r2002). 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 neuns transition from a tonic firing rate to a series of bursts to
elicit the milk letdown reflex (Lincoln and Wakerley, 1974; Wang and Hatton, 2004). Similar
properties are displayed by other mammalian neuroendocrine cells, including hypothalamic
GnRH andvasopressin secreting neurons, as wellas insuknl easi ng-ceisancr eati c
( Mei ssner and Atwater, 1976; Matthews and O0O6C
and Wakerley, 1982; Kelly and Wagner, 2002).

Transitions to heightened excitabildyd burst firing are also observed in non
mammalian vertebrate and invertebrate neuroendocrine cells, indicating that this phenomenon is

conserved across the animal kingdom (Briedewgl, 2004). A wellstudied example of this is



provided by the caudodsal neurons of the fresh water snaymnaea stagnalisThese neurons
undergo a prolonged period of action potential firing in response to stimulation in order to
release peptide and initiate reproduction (de Vlieged., 1980). Such patterns are ohtal
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 reproductionin 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, | employed the bag cell neurons of the mamodusc,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 200400 cells eacht the junction of the abdominal ganglia and the pleauroabdominal
connectives (Kupfermaret al, 1966; Frazieet 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 longlasting period of synchronized action potentiahiiyknown as the afterdischarge
(Figure 1C) (Kupfermanet al, 1966; Kupfermann, 1967; Kupfermann and Kandel, 1970;
Begnochieet al, 1996; Conn and Kaczmarek, 1989; White and Magoski, 2012). The
synchronized action potential firing during the afterdisghas the result of electrotonic

coupling by gap junctions between neighboring bag cell neurons (Kaczetarek
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Figure 1. The bag cell neurons @éfplysia californicaundergo a prolonged period of excitability
called the afterdischarge.

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

paired ganglia of the central nervous system. Modified from Kandel, BYTiustration of the
Aplysiacentral nervous system showing the anterior head ganglia (cerebed),gretipleural
ganglia) and the caudal abdominal ganglion. The bag cell neurons are located in two discrete
clusters of ~20@100 neurons each at the junction formed by the pleuroabdominal connective
nerve and abdominal ganglion. Courtesy of Dr. N.S. Mkig@y 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 apfagse 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. Whiteand Magoski.



al., 1979;Dargaeiet 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 (Kaczmarekt al, 1982; Fisheet al, 1994). Ater 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 (Kaczmetrek, 1981;Kaczmarek and Kauer,

1983; Magosket al., 2000).

Ultimately, the purpose of the afterdischarge is to releaséaggyy hormone (ELH), a
36-amino acid peptide, into the circulatory system and initiate a fixed action pattern of
reproductive behaviours (Figure 2) (Kupfermann, 1967; A&tdh, 1972 Pinsker and Dudek,
1977; Chiuet al, 1979; Stuaret al, 1980; Begnochet al, 1996). Like other neuropeptides,
ELH synthesis occurs from a longer, f£aH precursor peptide (Schellet al, 1983). Along
with ELH, cleavage of the proormone producethesma | | er U, b, and o bag
(BCPs) which are also released during the afterdischarge (Saedlerl983; Fisheet al,

1988; Loechneet al, 1990; Hatcher and Sweedler, 2008)vivo, ELH evokes ovulation from

the ovotestis and acts as a rransmitter 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 (Mayeriet al, 1979 a,b; Stuart and Strumwasser, 1980; Mackey and Carew, 1983;
Rothmaret al, 1983; Ligman and Brownell, 1985; Goldsmith and Byrne, 1993). As the
refractory period prevents further afterdischarge generatibkely ensures that ongoing egg
laying is not disrupted anak confers time for a new clutch of eggs to maiiepfermannet

al., 1966;Kupfermann, 1967; Kaczmarek al, 1981;Kaczmarek and Kauer, 1983
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Figure 2. The bag cell neurons secrete ¢ggng hormone to control repduction inAplysia

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 akemal 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 (1978) Upper, The bag cell neurons express ELH

in the cluster. ELH immuna$tochemistry shows a group of bag cell neuron somata surrounded
by a collection of ELHcontaining processes that extend from the cell bodies. Courtesy of Ms.
H.M. Hodgson and Dr. Magosksottom ELH-expressing bag cell neuramvitro. C) ELH

release dung the afterdischarge causes a freadion pattern of eglpying behaviour. Image

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



Transitions to states of facilitated neuronal excitability and secretion are controlled by
intracellularsignaling pathways which control ion channel function. Of particular importance are
intracellular C&" (Brehmand Eckert, 1978; Kas al, 1978) and protein kinases, a class of
enzymes that phosphorylate target proteins (Burnett and Kennedy, 1954; Kelcztar 1980;
Castelluccet al, 1980). The facilitation in membrane excitability that occurs during the
afterdischarge is attributable the modulation of several ion channels, includiradfieated
nonselective cation channels, voltagated C&" channels, and Kchannels (Kaczmarek and
Strumwasser, 198 DeRemeret al, 1985b; Conret al, 1989; Wilsoret al., 1996, 1998;

Magoski and Kaczmarek, 2005; Lupinsky and Magoski, 2006; Hung and Magoski, 2007). The
principlesignalingpathways activated ding the afterdischarge are intracellulafGarotein

kinase C (PKC), cyclic adenosine monophosphate (CAMP)/protein kinase A (PKA), inositol
1,4,5trisphosphate (I§), and calmodulin kinase (CaMK) (Kaczmartkal, 1978; DeRemeret

al., 1984; Finket d., 1988; Fisheet al, 1994; Wayneat al, 1999).

Intracellular C&" is a crucial intracellular messenger which has-aefined roles in
controlling bag cell neuron excitability and secretion (Figtexl, 1994; Loechneet al,1990;
Hung and Magosk007; Hickeyet al, 2013). Presently, the mechanisms which control
intracellular C&" 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 adgéyggndent Ga
responses in these neurons. The second objective of my thesis concerns the influeficandf Ca
PKC on bag cell neuron function. PKC is a diacylglycerol (DAG) and oftéfrd@mendent
protein kinase that phosphorylates serine and threonine amino sidigeeon target proteins
(Newton, 1995). In association with PKC activatitrere is a progressive potentiation of

peptide release (Loechnetral, 1990; Waynest al,, 1999). Thus, | aim to resolve the
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participation of PKC in the regulation of secretibmthe remainder of the Introduction, | will
describe the role and regulation of intracellulaf“@acontrolling neuronal excitability and
secretion. Additionally, | will provide a background on the current understanding bah

PKC signaling in tk bag cell neurons.
Intracellular Ca ** signaling

Of central importance to the activity of all neurons, including neuroendocrine cells, is
cytosolic C&" (Berridge, 1997). A biological roleforEavas f i rst provided by
serendipitous disaery that this divalent cation is required for cardiac contractility (Ringer,

1883; reviewed by Miller, 2004). Since then*Claas been demonstrated to directly, or
indirectly, regulate nearly every cellular process. In neurons, cytosdiic@atrols syaptic
plasticity, membrane excitability, secretion, gene expression, apoptosis, and energy metabolism
(Katz and Miledi, 1967; Greenbeeg al, 1986;Clapham, 1995ille, 2001, Friel and Chiel,
2008; Chouhaet al, 2019. As C&" has such a profound inence on neuronal function, its
intracellular concentration is very stringently regulatirest, the intracellular Ga

concentration ranges from 1300 nM, while the extracellular concentration €@ mM
(Clapham, 1995; Berridge, 1997; Hille 200This produces a very strong electrochemical
driving force for C&" entry across the plasma membrane & @sdease from intracellular
organelles (Berridge, 1997). Interestingly, the ability of'@a govern cell activity is not shared
by other, more abwtant intracellular cations like M§ Na', and K'. It has been suggested that
C&" 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 aihganic
cations (Jaiswal, 2001). Consequently, it may be that primordial cells developed mulfiple Ca

regulatory systems in order to maintairfCat very low levels in the cytosol and prevent
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toxicity. It is hypothesized that cells acquired specializadhimery to harness the modulatory
properties of C4 and modify cellular processes in a tightly controlled manner.

c&” influences intracellulasignalingby directly binding to effector proteins or
activating C4" sensors, like calmodulin (CaM), whichrcthen interact with other modulatory
enzymes, including CaMK, protein phosphatases, and adenylate cyclases (Ghosh and Greenberg,
1995). Each C&-sensitive protein is optimally activated by a specifié‘Gignal magnitude,
duration, and/or frequency (@ham, 1995; Berridge, 1998). As a result, a giveri Signal
typically triggers only seleatignalingcascades. Additionally, €asensors and effector proteins
often form a close physical association wittf Gaurces. For example, voltagated C&'
channels physically couple to CaM as well as the components of the secretory apparatus
(Catterall, 2011). This exposes effector proteins to plumes of higftc@acentration, termed
nano or microdomains, near the channel mouth and ensures the fidelity ‘eéfsctor
coupling (Llinaset al, 1992; Beaumoret al, 2005). Indeed, the Eaconcentration in these
regions is considerable, rising as high as-200 puM at the squid giant synapse (Llirdsl,
1992). Interestingly, a given €aeffector proteirtypically associates with a distinct €aource.
Consequently, different Gachannel classasntrigger specificsignalingcascades (Deisseroth
et al, 1998; Augustinet al, 2003; Catterall, 2011).

Ca”* and the regulation of ion channels

A transientrise of cytosolic C& can lead to prolonged changes in neuronal excitability
through the modulation of ion channel function. For exampl&; €m directly gate nen
selective cation channels, which are permeable 6, ®a’, and K (Kramer and Zucker, B5:
Hille, 2001; Knoxet al, 1996; Lamberst al, 2004). The C&-sensitivity of cation channels,

such as the transient receptor potential (FR&hannel, can be mediated through CaM
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(Lamberset al, 2004). C&*-activated norselective cation channedse typically engaged in
response to Gainflux from ligand and voltagesensitive C& channels or Cé release from
intracellular stores (Kramer and Zucker, 1985; Clapham, 2003; Lambals2004).
Importantly, the C&-dependent activation of nesdlective 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 C&" also gates the largmtermediate, and small conductancé‘Gactivated K
channels, which hyperpolarize the membrane in responsé tinflax (Marty, 1981; McManus,
1991). These channels are often found in close proximity to veffaigel C&" channels at nerve
terminals ad thereby attenuate neurotransmission (Robiteilkd., 1993; Vergarat al, 1998;
Skinneret al, 2003; Marrion and Tavalin, 1998).

Intracellular C&" can also influence membrane excitability by either facilitating or
inactivating voltagegated C&" channels (Buddet al., 2002). The former occurs whenions
transiently increase channel activity, via posHigedback autoregulation. Conversely, during
Cd*-dependent inactivation, €ainitiates negativdeedback autoregulation by reducing the
enty of C&* (Buddeet al, 2002). C&'-dependent inactivation of voltaggted C&" channels
was initially identified inParameciun{Brehm and Eckert, 1978) arglysianeurons (Tillotson,
1979), then subsequently established in multiple neuronal systestusling the rat calyx of
Held synapse (Forsyttet al, 1998) and thaerve terminals of the rat neurohypophysis
(Branchawet al,, 1997). During prolonged membrane depolarizatiol;-@ependent
inactivation of C&" channels is particularly influentialst limits C&* entry and
neurotransmitter release (Budekeal, 2002; Mochidat al, 2008). On the other hand, Ga

dependent facilitation causes a transient, steorh facilitation in synaptic transmission
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(Mochidaet al, 2008). Both C&-dependentacilitation and inactivation of é;channels result,
in part, from the action of a closely associated CaM, which bin&isaBid subsequently alters
channel opening (Zuhlket al, 1999; Catterall, 2011).
Ca”* and the regulation of secretion

Intracellula C&™ triggers neurotransmitter release, the degree of which depends steeply
on the duration and magnitude of*Cimflux (Dodge and Rahamimoff, 1967; Katz and Miledi,
1967; Llinaset al, 1981). In neurons, secretion of classical neurotransmittersasugibitamate,
GABA, acetylcholine, and glycine, takes place from regions of the synaptic terminal coined
active zones, where vesicles and voltagesitive C& channels cdocalize (Stanley, 1993;
Bennett, 1997; Levitan and Kaczmarek, 2002). Th& @écrodomains produced by these’Ca
channels are tightly coupled to the SNARE (solub&thylmaleimidesensitive factor
attachment protein receptors) complex, which consists of the plasma membrane protein,
syntaxin, the vesicle associated protein, synaptainramd SNAP25 (Rettig and Neher, 2002;
Llinaset al, 1992; Beaumortt al, 2005). Synaptotagmin, a vesicle associated protein, provides
the C&"-sensitivity to initiate fusion, while the SNARE apparatus levers the vesicular and
plasma membranes togethfarming 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 us to low ms latency)
neurotransmission that is enabled by just one or a few action potentials and is not sensitive to the
slow C&* chelating agent, EGTA (Naraghi, 1997; Naraghi and Neher, 19971 Ne¥@8). 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; kinal., 1990;Gillis, 1995;Neveset al, 2001).
Classical neurotransmitters are synthesized at nerve terminals and residedledastg
pool of small, typically clear vesicles (Llinasal, 1981; Adleret al, 1991; Edwards, 1992; von
Gersdorff and Maltews, 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; Fishal, 1988; Limet al, 1990).
Like classical neurotransmitters, this release §-@apendent and utilizes much of the same
secretory machinery (Whimt al, 1997), but is sensitive to EGTA, indicating a spatial
separation between vesicles and'@hannels (Nowyckgt 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 ffachamels on the
plasma membrane and do not require a speciadizirde 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 dmlarization (Bicknell and Leng, 1981; Bicknell, 1988; Peng and Horn, 1991;
Levitan and Kaczmarek, 2002). The copioud'@zflux 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 lendthgiepandent vesicle
priming steps or delayed fusion pore opening (Thostasd, 1993; Sewareét al,, 1995; Barget
al., 2002). As neuropeptides and hormones produce profoundrgdblsting 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).
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Voltage-gated C&* channels

The C&"-depemlent processes required for changes to excitability and secretion in
neurons and neuroendocrine cells are ultimately controlled by the systems that govern free
intracellular C&". The degree of intracellular €ds determined by the equilibrium between
Cd* sources, which allow Gaentry into intracellular space, and*Chuffering systems, which
remove free CH from the cytosol (Catterall and Few, 2008; Friel and Chiel, 2008). At rest, the
plasma membrane of neurons is relatively impermeable%o Bt in response to various
stimuli, C&* permeable ion channels open in the plasma membrane, and afibte fass down
its electrochemical gradient into the cytosol. In neurons, the primary source of intracelfiilar Ca
is derived from plasma membrane vgkaated C&" channels, which transduce the electrical
potential changes across the plasma membrane ifted€pendent biochemical signals (Figure
3). Originally identified in crustacean muscle (Fatt and Katz, 1953), velfaigel C&" channels
were lateffound in effectively all excitable cells (Catterall, 2011).

Initially, voltage gated C&" channels were characterized according to their
electrophysiological and pharmacological properties (Bean, 1989; Hille 2001). Subsequently,
work in mammalian skeletauscle identified the essential molecular component of veltage
gatedC&channel s, -ltsubunin@ahabet ale, Ul 9 8 71 subuniTconeprises the
ion-conducting pore and confers much of the biophysical and pharmacological properties of the
¢ h a n n e 1 subuhihoensists of four homologous domains (1, I1, llI, IV), each of which
contain six transmembrane segments$8) (Takahashet al, 1987; Catterall, 2011). The ion

conduct i ng-1pubunieresides atthé eentdd of therfdomains. The pore is formed



16

Ca” .
Ca? Ca’

ligand
VGCC r g O
7l ROCC

oo\ l

mit ER > Ca”
SOCC
U B Ca” 3

RyR/IP3

Figure 3. Sources of intracellular ain neurons.

Cytosolic C&" can be derived from either the extracellular space or intracellufas@aes. The
dominant C&" source in neurons are voltagated C&" channels (VGCY, which open in
response to membrane depolarization and allofii @aliffuse down its electrochemical
gradient into the cytosol. Other €@ources on the plasma membrane are recepienated C&
channels (ROCC), which open in response to direct areictcheurotransmitter/ligand binding,
and C&'-permeable, noselective cation channels (NSCC) (e.g. TRP channels).-Spemrated
C&"* channels (SOCC) are another plasma membrafiesBarce which open after the depletion
of the ER C&' store, and repletthis organelle. ER Ghrelease occurs following the €a
dependent opening of ryanodine receptors (RyR) durififi@duced C4' release, or IPgating
of IP; receptors. C4 release from the mitochondria arises through@le&* and/or H/Ca*
exchanges 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 filtere(Tang

al., 2014). Each pore loop s@ains wellconserved acidic glutamate residues, which confer the
Cd*-selectivity of the ion chann@Heinemanret al, 1992; Hockermast al, 1997; Catterall,

2011; Tanget al, 2014). Similar to voltaggated Naand K channels, the S4 subunit funet®

as a voltagesensor, and controls ion channel gating in response to membrane potential
fluctuations (Ghtgwbuwanilt s 2®slsldci d&the Wit hbsever
and in some cases 9) -gated C& chanml camplexuThdsé sobemnits ¢ v o |
alter the bi oph y-§subuaitandgonwopits traffickiagsto tlefplasmé e U
membrane (Takahasét al, 1987; Arikkath and Campbell, 2003).

According to protein similarity, the Gac h a n 11 subunifs can berguped into three
channel families: G4 (1.1- 1.4), Cq 2 (2.1- 2.3) and C& (3.1- 3.3), which in vertebrates, are
distinguished by their pharmacological and electrophysiological properties€Eaiel2000;
Catterall, 2011). The Gachannel classs can also be categorized as either-highow-voltage
activated. The high voltagactivated channels open at depolarized potentials and consist of the
L- (Ca 1), P/Q (Ca 2.1),N- (Ca, 2.2), and Rype (Ca 2.3) C&* channels (Nowcket al,

1985; Tsenetal, 1988). .type C&'c hanne |l s plr eadtuitregrénts@at show
relatively little usedependent inactivation, a large singlegannel conductance, and are
selectively blocked by dihydropyridines, phenylalkylamines, and benzothiagd€ploekerman,
1997; Catterall, 2011). In vertebrates, the NQ, and Rtype C&" channels typically produce
C&" currents which inactivate more rapidly thastype C&" currents. Also, the unitary
conductance of these channels is smaller than thatygdd channels (Nowyckst al., 1985;

Catterall, 2011). Nype C&*c hannel s can be i nhi bdorotexh wi t h t h
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GVIA (Nowycky et al, 1985; McCleskewt al, 1987), while Pand Rtype channels are

S ensi t-agatexin and SN¥82, respectively (Newcondt al, 1998; Catterall, 2011). The
lowvoltageact i vated family is c-tymefQaB)ECa dhamdls. thdhhe 6t r
T-type channels are activated at low voltages, inactivate very rapidly, possess a small single
channel conductance, and can be inhibited by mibefradil or ethosuximiddy(éteal, 2001;

Catterall, 2011).

Although originally identified in crustaceans, the molecular and pharmacological
properties of invertebrate voltagated C&" channels are not as wetudiedas their vertebrate
relatives. In various invertebratesclmding molluscs, homologues of the, LaCa2, Ca3
families have been identified (White and Kaczmarek, 1997; Jezitrgkj 2000; Spafforett al,
2006). Like, vertebrate Gachannels, electrophysiological evidence exists for both low and high
voltage-activated C& channels (Kits and Mansvelder, 1996 Jezioeskil, 2000). However,
the classical pharmacological agents used in vertebrates are less reliable at distinguihing Ca
channel classes in invertebrates (Kits and Mansvelder, 1996). Contggneertebrate Ca
channels areftendistinguished by their electrophysiological and molecular properties.

Other plasma membrane C&" sources

While voltagegated C&' channels have been established as the principle mechanism for
c&" influx in neurors, other C& entry pathways also exist (Figure 3). A major class 6f-Ca
permeable plasma membrane channels are reeepéoated C4 channels, which open in
response to neurotransmitters. This is typified by the glutamaterlyletNyl-D-Aspartate
(NMDA) receptor family. In response to coincident glutamate binding and membrane
depolarization, this neeelective ion channel opens, passind, X" and K" across the plasma

membrane (Jahr and Stevens, 1993). By increasing intracelldiari@sse receptoinitiate
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Cd*-dependensignalingcascades which underlie lotgyrm changes in synaptic efficacy at
neuronal synapses in vertebrates and invertebrates (Maeakal988; Murphy and Glanzman
1996; Murphy and Glanzman 1997; Luscher and Malenka, 201123r @ceptooperated C&
channels include glutamatergic AMPA (Hollmaetnal,, 1991), nicotinic (Mulleet al., 1992),
and purinergic (Shigetomi and Kato, 2004) receptors. Importantly, many of these receptor
operated C4 channels are not voltagiependat. Thus, activation of these Egpermeable
channels allows for G&dependensignaling without the need for strong depolarization or
action potential firing (Shigetomi and Kato, 2004).

Non-selective cation channels can also act &3-@ermeable plasmaembrane
channels. They are exemplified by the TRP family, which open in response to a variety of stimuli
(voltage, intracellular G4, G proteins, temperature, osmolarity, mechanical, etc.) and non
selectively pass NaK®, and in some cases €#e.g TRPV1) across the plasma membrane
(Montell et al, 1985; Partridget al, 1994; Caterinat al, 1997; Clapham, 2003). In doing so,
these channels both alter membrane excitability and contféid@pendensignalingpathways,
like secretion (Clapham 200Geigeret al, 2009). A more nottraditional method for plasma
membrane C4 entry occurs via Catransporters, such as the M@e’* exchanger. Under its
normal mode of operation, this protein passeSsihta and C4" out of the intracellular space.
However, under some conditions, the exchanger can operate in reverse mode, p&&sitig Ca
the cell, while extruding NgBlaustein, 1999). While exceptional, this phenomenon can occur
physiologically, and, for example, causes actidgpendent plasticitytéahe crayfish
neuromuscular synapse (Zhoeigal, 2001).

Following the depletion of Gafrom the endoplasmic reticulum (ER), channels on the

plasma membrane open and confer a period &EfBrmeability known as capacitive or store
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operated C4 influx (see Figure 3)Hoth and Penner, 1992Jhis C&* entry pathwayas

primarily been studieth cells of the immune system aistpresumed to provide a bolus of’Ca

to replete the ERHoth and Penner, 199Parekh, 2003). Storeperated C4 influx is

ubiqutous in norexcitable cells, such as erythrocytes and lymphocytes, but has a variable
presence in excitable cells (Prakriya and Lewis, 2003). These currents are-vulgggendent

and sensitive to dor tri-valent cations and SK86365 (Babat al, 20(; Merrittet al, 1990).

Two types of channels have been proposed to underlie theogpierated current: a low
conductance Cachannel called Orai and a larger conductancé’-garmeable TRP channel
(Trepakoveet al, 2001; Albert and Larg@002; Prakiya and Lewis, 2003; Yeromiet al.,

2006). The mechanisby whichstoreoperated C& channels activateemained elusivéor a

long time theories included vesicular release of channels, a diffusible messenger from the ER, or
a physical interaction betwa ERIP; receptors and plasma membrane channels (Pattetrsbn
1999; Maet al, 2000; Smanet al, 2004). Recently, the ER membrane protein, stromal
interaction molecule 1 (STIM1), was identified as the integral link between the depletion of ER
C&" and channel activatio®TIM-1 uses an Efiand to sense €ain the ER lumen (Luilet al,
2006; Luiket al, 2008).Depletion of C4' initiates the oligomerization of STIM1, which

triggers a physical interaction with Orai at membr&iejunctions to initite channel activation
(Luik et al, 2008; Pennat al, 2008).

Contrary to prior opinion, storeperated C# influx is present in many neurons,
including rat dorsal root ganglion cells, squid olfactory receptor neurons, and the bag cell
neurons (Clemenet al, 1992;Piper and Lucero, 1999; Usachev and Thayer, 1R86hoeiet
al., 2006) The purpose of stom@perated C& influx in most neurons and neuroendocrine cells

remains largely unclear (Putney, 2003). As the principle role of-sfmeeted CH influx is to
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replenish the ER Géstores, it may play a facilitatory role in maintaining signaling
mechanisms mediated by ER?Ceelease. Alternatively, stom@perated C# influx could
directly regulate neuronal function. For example, in adrenalnchffin cells,it triggers
exocytosis (Fomina and Nowycky, 1999). Stoperated C& influx also provides a voltage
independent means of €anflux, which may be advantageous following voltagad C&'-
dependent inactivation of €achannels.
Intracell ular Ca** release

In addition to plasma membrane®ahannels, cellular organelles also providé'Csee
Figure 3). The primary intracellular €astore in most neurons is the ER. This organelle consists
of a prominent intracellular membrane system wigigh form close appositions with other
intracellular organelles, such as the mitochondria, as well as the plasma membrane (Berridge,
1998; Rizzuteet al, 1992, 1998: Verkhratsky, 2002). ER*Ceelease can occur following the
neurotransmitter activatiorf &-protein coupled metabatropicceptors. After receptor
activation, a G r o t -subumit digsociates from a heterotrimerip®tein complex and
activates target enzymes, such as phospholipase C (8irabn1991). Activated phospholipase
C cleaves the plasma membrane lipid, phosgyiatiositol 3,5bisphosphate (PHp, into 1P; and
DAG (Simonet al, 1991). While DAG activates PKC (Takatial, 1979a,b), IPdiffuses into
the cytosol where it binds to inositol 1,4rposphate receptors §#®) on the ER to cause €a
liberation. C&" release from the ER can also be initiated by tHé-Gependent opening of
ryanodine receptors (RyR) duringCénduced C&'-release (CICR) (Montel, 2005; Bareoal,
2006). CICR enhances or augments an initidl €ignal, and was discovered in miescells,
where it contributes to excitatiasontraction coupling (Endet al, 1970;FranzintArmstrong

and Jorgensen, 19pMNeuronal CICR was first observedAplysia(Gorman and Thomas, 1980)
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and subsequently found in several other systems, includir{yleering and McBurney, 1984)
and bullfrog neurons (Smitt al, 1983; Lipscombet al, 1988).

ER C&", whether liberated through CICR, metabotropically, or pharmacologically, has
been shown to initiate and potentiate the exocytosis of both classttalowreleasing
vesicular pools. Iiplysiabuccal neurons, Gafrom ryanodinesensitive stores enhances
acetylcholine release (Chamestal, 2001). CICR also potentiates insulin secretion from
p a n c r edld, and serbtonin from leech Retziusimoms (Kang and Holz, 2003; Truetaal,
2004). ER C& can also prime vesicular stores, as seen in the thapsigarigimced, 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 cytosofitsmalingby
releasing C4 through a process analogous to CICR (Friel and Tsien 1994; Werth and Thayer
1994; Tang and Zucker 1997; Colegr@teal 2000a; Leeet al, 2007; Geiger aniagoski,

2008). Mitochondrial C& release is initiated when voltagated C&' influx entersinto the
mitochondria (Kirichoket al, 2004; Baughmast al, 2011). Subsequently, Eas slowly
released from the mitochondria into the cytosol by #G&" and/or H/C&* exchanger (see
Figure 3)(Carafoliet al, 1974; Paltyet al, 2010, 2012). Like the ER, mitochondrial CICR
transduces brief periods of €anflux into prolonged CH signals, and can mediate several
forms of activitydependent plasticityncluding posttetanic potentiation of synaptic
transmission (Tang and Zucker, 1997; Gafclracoret al, 2006; Leeet al, 2007) and changes

in gene expression (Kim and Usachev, 2009).
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Ca’* removal systems

While most research has focused on the ingmme of C& sources, buffering systems
are equally impactful in shaping the temporal and spatial patterns of intracelltilaF@wing
C&”" influx, active transport across the plasma membrane and intracellular sequestration by
organelles or C&-binding proteins strongly buffers cytosolic £4Figure 4) (Berridge, 1998;
Meldolesi, 2001; Kinet al, 2005a). The plasma membrané@eansport system consists of the
plasma membrane €aATPase (PMCA) and the RiC&*-exchanger (Clapham, 2007; Kiet
al., 2005a; Friel and Chiel, 2008). The PMCA is traditionally described as a slow extrusion
mechanism that has high affinity for €and functions optimally at low levels of cytosolic’ta
(Blaustein and Lederer, 1999). Conversely, th&Gia&* exchanger isypically a fast transporter
that operates primarily during bouts of high cytosoli¢’C¢&anchezArmass and Blaustein,

1987; Blaustein and Lederer, 1999; Jebal, 2003). Therefore, the PMCA is believeddotor
prominently duringelatively small C& loads, while the NaC&* exchanger handles
comparatively larger Galoads (SancheArmass and Blaustein, 1987; Jesiral,, 2003). By
controlling cytosolic C& signaling these systems can strongly influencé@ependent
processes in neurons. Foraexple, the PMCA regulates synaptic efficacy at the parallek-fiber
Purkinje neuron synapsEripsonret al, 2007. Likewise, the plasma membrane*tGe
exchanger has been shown to influence neurotransmission, as knockout mice display altered
synaptic plastity, spatial learning, and memory (Jestral.,, 2003).

Cytosolic C&" removal also occurs through sequestration by various intracellular
organelles including the sarcoplasmic/endoplasmic reticullthAJePase (SERCA) and acidic
organellegRizzuto and Pzzan, 2006; Friel and Chiel, 2008)oreover, substantial evidence

indicates that the mitochondria are a crucid'®@moval system in neuronthile the
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Figure 4. Mechanisms of G4 removal in neurons.

Intracellular C&" is removed by multiple dtinct C&* handling systems. @his extruded across
the plasma membrane through the plasma membraid\TRase (PMCA) and N&C&"
exchanger (NCX). Ca can also be sequestered in intracellular organelles such as the
mitochondria and ER. G&entry intothe mitochondria is favoured by the mitochondrial
membrane potential and occurs through &Galective ion channel termed the mitochondrial
C&" uniporter (MCU). The ER sequesters’Oaith the sarco/endoplasmic reticulum®Ga
ATPase (SERCA).
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mitochondria are best known f&P production, their ability to sequester’Caas actually
establ i shed pr icohamiosmotic theoty daviewdd in Caramli, 2082k The
thermodynamic basis for €auptake into these organelles is derived ftbmelectron transport
chain, which produces a steep-180 mV) electrical gradient across the inner mitochondrial
membrane by pumping‘Hbut of the mitochondrial matrixqunter and Pfeiffer, 199@Gunter
and Gunter, 1994). This negative membrane poidatiaurs the movement of €zons down
their electrochemical gradient into the matrix (Gunter and Gunter, 1994).

Cd"* entershe mitochondria through a &aselective ion channel on the inner
mitochondrial membrane termed the mitochondrid" @aiporter(MCU) (Kirichok et al,, 2004;
Baughmaret al, 2011). Using electrophysiological recordings from single mitochontga, t
MCU was characterized as a*Gaelective, persistent current that shows inward rectification at
depolarized potentials (Kirichakt al., 2004). Importantly, the MCU is not permeable to other
cations, such as Nand Md"*, when C4& is present, even at nanomolar levels. This ensures that
the mitochondrial membrane potential is not dissipated by the presence of these other, more
abundantntracellular cations. Work with isolated mitochondria demonstrated tfau@take
through the MCU requires high extnaitochondrial C& (~puM) and grows noiinearly in
relation to increasing Ga(Gunter and Gunter, 1994). At the time, such high deffalar C&*
concentrations were thought to only occur during pathological conditions. Consequently,
mitochondrial C&" uptake was not considered to be physiologically relevant. This was refuted
with the finding that mitochondria are often closely loaadizo regions of CAentry in the
plasma membrane or intracellular organelles, where microdomains of HigbdBaentration
exist (Montercet al, 2000; Rizzuteet al, 1992, 19982012). Direct evidence for mitochondrial

Cd" uptake has been demonstrhtssing many techniques, includirgay microanalysis
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(Pivavoraveet al, 1999, exogenous indicator dyes (Babcatlkal, 1997; Billups and Forsythe,
2002) and mitochondrially targeted geneticahycoded calcium indicators (Rizzwatal., 1992;
Monteroet al, 2000). These studies have demonstrated that, in association with plasma
membrane CA influx, the C&* concentration in thenitochondria increases up tarallimolar
level and subsequently declines back to resting concensdfrzutoetal., 1992; Babcoclet
al., 1997;Monteroet al, 2000).

Due to their low affinity, high capacity &auptake properties, the mitochondria typically
function when C# influx is substantial, as seen during extended action potential firingtfWer
and Thayer, 1994; Herringtat al, 1996). Through its influence on cytosolic’Ga
mitochondrial C& uptake can alter secretion and ion channel modulation. For example, at the
calyx of Held synapse, presynaptic mitochondria rapidly remove veifaige C&* influx, and
in doing so, maintain synaptic transmission by accelerating recovery from synaptic depression
(Billups and Forsythe, 2002). Additionally, mitochondriafQauffering can sustain voltage
gated C&' currents by preventing the negativedback inhibition of C& channels by C&-
dependent inactivatiotHernandezGuijo et al, 2001;Sanchezt al., 2001).

Intracellular signaling pathways and the bag cell neuron afterdischarge

The bag cell neuron afterdischarge is initiated by cholinergiqaptidergic inputs
(Helleret al, 1980; White and Magoski, 2012). As the afterdischarge begins, multiple
intracellularsignalingpathways activate and enhance membrane excitability and the capacity for
peptide secretion. These include DARBLC, cAMP/PKA,and C4'/CaM/CaMK (Figure 5)

(Conn and Kaczmarek, 1989beRemeret al, 1985a,p. 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 (Keereket al, 1978,1980, 1982 PKA depress the delayed
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Figure 5. Signalingpathways engaged during the bag cell neuron afterdischarge.

Top Sample extracellular recording of a bag cellme afterdischargd&ottom Time-dependent
changes in thactivity of intracellularsignalingpathways during the afterdischarge. The
schematic occurs with approximately the same time course as the afterdischarge recording
presented in the top pan€&” rises sharply at the onset of the afterdischarge and remains
elevated throughout, due to the function of voltggeed C&" channels and intracellular €a
release (Fishest al, 1994; Michel and Wayne, 2002; Geiger and Magoski, 2008). The decay in
C&"* concentration over time is likely due to the function of @auffering systems and reduced
action potential firing as the afterdischarge progresses into the slow phased&tahéa994;
Grotenet al, 2013). The rise in intracellular Eengages th€&* sensor, calmodulin (CaM),
and ativates CaM kinase (CaMK) (De@neret al, 1984, 1985c). Phosphoinositide turnover
results in the production of diacylglycerol (DAG) and inositol X#igphosphate (i} (Fink et

al., 1988). Within 5 min, PKC actiwtincreases and is sustained over time (Wagtrad, 1999.
CAMP levels rise dramatically within the first few min but subsequently dedfiaenfjareket

al., 1979.
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rectifier voltagegated K currentsand an Atype K current(Kacmareket al, 1978; Kaczmarek
and Strumwasser, 1981; Strong and Kaczmarek, 1986; Quatttadkil994). This results in a
progressre action potential broadening (Kaczmarek and Strumwasser, 1984) and is thought to
facilitate neurotransmitter release by increasing the degree?binflax per action potential
(Bourque and Renaud, 1985; Whim and Kaczmarek, 1998). cgigffalingalso uwveils a
region of negative slope in the steady state cuwreltdge relationship (Kaczmarek and
Strumwasser, 1984). This likely occurs through a Rieédendent effect on a neelective
cation channel (Wilson and Kaczmarek, 1993; Kaczmarek and Strumwig&4), Lastly,
CAMP speeds organelle transport, and induces vesicle engorgement at putative hormone release
sites, presumably to prepare for peptide secretion (Forstlér1987; Knoxet al, 1992).
Ca”" and the regulation of bag cell neuron excitabity

The onset of the afterdischarge is associated with a large and sustained increase of
intracellular C&" (Fisheret al,, 1994; Michel and Wayne, 2002). This*Csignal has several
crucial functions in regulating ion channels and triggering secretalowing voltagegated
C&" influx at the onset of the afterdischarge, the bag cell neuron membrane depolarizes to a
plateau potential of approximateB0 to-40 mV, from where sustained action potential firing
begins (Fisheet al, 1994; Kupfermann angandel, 1970). Evidence suggests that this is caused
by the activation of Ca-dependent noselective cation currents (Wilset al, 1996; Lupinsky
and Magoski, 2006; Hung and Magoski, 2007; Hickegl, 2010). Of particular importance is a
voltage andC&*-dependent noselective cation channel, which is necessary for afterdischarge
production (Wilsoret al, 1996). Intracellular GAengages the cation channel by increasing its
open probability and shifting the activation voltage to hyperpolarizezhpats (Lupinsky and

Magoski, 2006). It is hypothesized that an initiaf Gaflux from voltagegated C&" channels
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activates this, and other cation channels, via CaM and/or CaMK to sustain the dféeg#isc
(Lupinsky and Magoski, 2006; Hung and Magoski, 2007). Consistent with this, CaMK inhibitors
reduce the magnitude of €aactivated plateau potentials in cultured neurons and prevent
afterdischarge production in intact bag cell neutdasters (DefRemeret al, 1985c; Hung and
Magoski, 2007).

Like other neurons, free intracellularCin the bag cell neurons is governed by the
balance between €zentry and removal systems. Presently, much more is known about’he Ca
sources than Garemoval systemin these cells. The primaspurce of C& during the
afterdischarge is voltaggated C& channels, which are the main determinant of the height and
width of the action potentials (Acostirquidiand Dudek, 1981; Fishet al, 1994; Michel and
Wayne, 202). Additionally, there is substantial evidence that other sources contribute to
cytosolic C&" signalingduring the afterdischarge. Using“Gaensitive microelectrodes, Fisher
et al (1994) showed that intracellular Caemains elevated throughout thgerdischarge,
despite a reduction in the number of action potentials with time. Moreover, they demonstrated
that intracellular C4 increases during the afterdischarge even after extracelllddh&abeen
substituted with B3, which was attributed tBa’*-induced C&' release from intracellular stores
(Fisheret al, 1994). Accordingly, Cd imaging from bag cell neurons in the intact cluster during
an afterdischarge revealed that intracellulaf @mains elevated well after the removal of
extracelllar C&£* (Michel and Wayne, 2002).

Intracellular C&' release could be provided by the numerou&-€antaining organelles
that are present in bag cell neurons, including acidic stores and an-seuditive store (Knox
et al, 1996; Jonast al, 1997;Kachoeiet al, 2006). C&" could also be derived from CICR via

the ER or mitochondria, which has been observed in s#lagirode stimulated cultured bag cell
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neurons (Geiger and Magoski, 2008). Alternatively, intracellular organelles could altericytosol
Ccd&" signalingcircuitously, by activating the stomperated CH influx pathway in the bag cell
neurons (Kachoest al, 2006).

Intracellular C&' release may control membrane excitability during the afterdischarge.
The pharmacological liberation o&€ from either the mitochondria (Hickest al.,2010) or ER
(Knox et al.,1996) activates neselective cation currents which cause membrane depolarization.
Moreover, IR which increases during the afterdischarge, liberatésféan the ER and evokes
ahyperpolarizing current by engaging“Gaependent Kchannelsink et al, 1988;Fisheret
al., 1994).

Ca**-dependent peptide secretion from bag cell neurons

The rise in intracellular Gaduring 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 (Loechnhal, 1990, 1992b; Michel and Wayne, 2002;
Hatcher and Sweedler, 2008). Several prior studies indicate that pepteleosetom the bag
cell neurons requires €a Lowering extracellular CGa after the start of the afterdischarge
disrupts the release of ELH (Loechmemal, 1990). Similarly, inhibiting Cd channels after the
start of the afterdischarge attenuates Ekldase (Loechnest al, 1992b). Also, the degree of
ELH secretion from the abdominal ganglion following depolarization with high extracelltilar K
is attenuated in Gafree extracellular saline (Arch, 1972). Similar properties have been
demonstrated fordg cell neurons in cell culturkn vitro, the peptides expressed by bag cell
neurons are preserved (Chiu and Stumwasser, 1981; Hatcler2005), and mass

spectrometry has revealed ELH release from cultured bag cell neurons subsequent to action
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potental firing (Figure 6B) (Hatcheet al, 2005; Jeet al, 2007). C&'-dependent secretion has
also been examined in cultured bag cell neurons using capacitance tracking from single cultured
bag cell neurons recorded under whed voltageclamp (Hickeyet al., 2013). Triggering Ca
entry with afterdischarghke stimuli elicits changes in membrane capacitance that have the
properties of Cd-dependent peptide vesicle exocytosis. Specifically, the capacitance responses
areattenuated by replacing exteh@e’* with B&®*, blocking C&" channels, buffering
intracellular C&" with EGTA, and disrupting synaptic vesicle recycling witletylmaleimide
(Figure 6A) (Hickeyet al.,, 2013).

Intracellular C&" release may trigger peptide secretion in the bag ealiams. A
significant proportion of ELH secretion occurs subsequent to the afterdischarge and is
independent of extracellular EgWayneet al, 1998; Michel and Wayne 2002). Consistent with
this, there is a weak relationship between afterdischarge alugatd the volume of subsequent
egg deposition an indicator of peptide release (Dudalal, 1979). Recently, Hickegt al
(2013) examined the involvement of intracellulafGsiores on secretion using capacitance
tracking recordings from cultured bagll neurons. Pharmacological liberation of Cieom the
mitochondria, but not ER, elicited a large capacitance elevation (Figure 7). As the response was
shown to be sensitive to Eauffering with EGTA, it appears that mitochondria’Caiggers
eX0C)osis.

The role of PKC and C&* 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 ¢Failk 1988;
Hurleyet al, 1997;Wayneet al, 1999. Consequently, within 5 min of afterdischarge initiation,

both the C&"-dependent (Apl 1) and Gaindependent (Apl Il) PKC isoforms dfplysiaare
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Figure 6: Stimulusevoked secretion measured from single cetiusag cell neurons using
capacitance tracking and mass spectrometry.

A) Cultured bag cell neurons are whalell voltageclamped at a holding potential €0 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 wittiza Bmin train of 75

ms pulses from80 mV to 0 mV causes an elevation in membrane dap@e. The change in
membrane capacitance is attributable to an increase in surface area that occurs during vesicle
exocytosis lfised. The gap during the train is due to the tracking software being incompatible
with the large change in membrane condumgoroduced by the depolarizatidmiddle, A high
intracellular concentratior20 mM) of the C&" chelator, EGTAmarkedly reduces the train

evoked capacitance respondRight In another neuron, the addition of & Ni**, a common
voltagegated C& channel blocker, prevents the change in capacitance to the train. Modified
from Hickeyet al (2013).B) The detection of gptide release from a cultured bag cell neuron
with mass spectrometrizeft, Peptide release is assessed by placing single collectwlg bear

the primary neuritefRight 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 Hatcheet al (2005).
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Figure 7: The liberation ofc&"* from the mitochondria, but not the ER, causes apparent
secretion in cultured bag cell neurons.

A,B) Upper, Capacitance tracking under whalell voltageclamp at80 mV. Depleting

mitochondrial C& storeswith2@ M FCCP produce ®nimmembran@si ent el
capacitance. FCCP releases mitochondridf &y collapsing the mitochondrial membrane
potential.Lower, Liberating C&" from the ER with2@ M o f *tAfRase®lacker,

cyclopiazonic acid (CPA), does not change membrane capacitancartifént at the beginning

of the trace is due to the addition of the di@gD) Strong intracellular Ga buffering by EGTA

markedly attenuates the rise in capacitance elicited by mitochondfialeBsse with FCCP.

All panels modified from Hicket al (2013).
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engagedSossiret al, 1993; Waynet 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 (Loechnet al, 1990; Waynet al, 199). Consistent with this, PKC
inhibition strongly reduces total ELH release during the afterdischarge (Loexthalerl992a;
Wayneet al.,, 1998b) It has yet to be determined how PKC might influence secretion in the bag
cell neurons. One possibility that PKC directly modulates the secretory process itself, to alter
the efficacy of peptide release. For example, PKCpcamote peptide secretion by augmenting
thereadily releasable pool, peptide vesicle trafficking, or thé-6ensitivity of secretioGillis
et al, 1996; Yanget al, 2002; Zhwet al, 2002) Such a mechanismay be present iAplysia
sensory neurons, whepfiosphonimeticsof SNAP-25 facilitatesynaptic transmission,
presumably by enhancing vesicular dockindgusion with the membrane (Houelaatal,
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 increaseaantion potential heightQonnet al, 1989a,p. 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
manne similar to DAG (Castagnet al, 1982; DefRemeret al, 1985a,bHurleyet al., 1997)

The influence of PKC on action potential height is attributable to adawihreefold
increase in the magnitude of voltagated C&' current (DeRemeret al, 1985b) Typically,
protein kinases modulate Exurrent by directly regulating ion channels residing in the plasma
membrane. Thisypically manifests as a result of changes in the singfé &&nnel open
probability (Dzhuraet al, 2000; Dolphin, 2003) nithebag cell neurons, the mechanism of Ca

current modulation is unique. Using singleannel recordings, Stromg al (1987) showed that
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under resting conditions, there is a single, constitutively present vajtige C& channel, Apl
Ca/l, with a smallinitary conductance. Following PKC activation, a normally covert, larger
conductance, voltaggated C&' channel, termed Apl G2, is unmaskedStronget al.,, 1987;

Connet al, 1989b) The appearance of Apl ¢2ain single channel recordings and the result
enhancement in voltaggated C& current is the consequence of a rapid (minutes)-PKC
dependent Cé channel insertionimmunocytochemistry and membrane protein biotinylation
assays showthatte i on c d subunitaf AphCge isUocalized 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) (&tradx 1992; Whiteand Kaczmarek,
1997; Whiteet al, 1998; Zhangt al, 2008).

While not common,apid 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 (Maret al, 2003; Taiet al, 2011). Although augmentezi’*
channel trafficking/insertion has been implicated in regulating synaptic transmtitsson,
requiresa period of hours to days (Bauedral, 2009; Hendricket al, 2012). Thereforet i
remains unknown whether neurons can employ a dynanmiccBannel pool to quickly boost
output on a time scale of min. AsCahannel abundance determines synaptic strength (Hoppa
et al, 2012; Shengt al, 2012), changes in membranéGzhannel aburehce mediated by Apl
Ca2 recruitment could greatly facilitate secretion from the bag cell neurons and serve a crucial
function during the afterdischarge.

On the study of bag cell neurongn vitro
Initially, bag cellneurons were studied situor in vivo (Kupfermann and Kandel, 1970;

Pinsker and Dudek, 1977; Arch972), but were latezxaminedn vitro by triturating single
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Figure 8. PKC activation causes the recruitment of Ap|Zt the plasma membrane.

A) Cultured bag cell neurons immunolabellgith an antibody against an extracellular epitope
(Inse) of Apl Ca2. As cells are not permeabilized prior to labelling, all ApjZabellingis
resident to the plasma membrane. PKC activation with TPA (also known as PMA) results in
greater Apl Cg2 immunolabellingn the plasma membrane of the soma and neuRtighi
relative to untreated cell& €ff). Modified from Zhanget al. (2008).B) Western blots showing
the abundance of Apl Ghand Cg in the plasma membrane with and without prior activatio
of PKC. After PKC activation with TPA, Apl G2, but not Apl Cgl, channel abundance
increases in the membrane. Modified from Zhahgl (2008).C) Conceptual model for the
recruitment of Apl C& by PKC based on prior publications (Stratal, 1987 White and
Kaczmarek, 1997; Zhareg al, 2008). At rest only the basal Apl dachannel is in the
membrane, while Apl Ga is localized intracellularly. After PKC activation Apl 2arapidly
associates with actin and inserts into the plasma membrane.
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neuwonsfrom intactabdominal ganglion tisswento culture dishes (Kaczmarekal., 1979;
Kaczmarekand Strumwasset981). The study oflissociated neurons offemany advantages
overthein situ preparationFor exampleit isolatestheintrinsic membrangropertesof the
neurondrom presynaptic influence@Vhite and Magoski, 2IP) andthe extensivgap junction
couplingof the clustefDargaeiet al, 2014, 201} It alsofacilitatesthe use ofntracellular
fluorescendyes, such as the Eandicator furaPE3, asells are not enclosed by the connective
tisste sheatlor other neurons/gliaof the @dominal gangliom. Moreover,single cellvoltage
clamp experimentaould bedifficult in situ, asthe extensive electrical coupling of thag cell
neuroncluster would result ipoorvoltage contralHowever, by virtue oseparabn from the
ganglion, the properties tfiese neurons are likely to Qeferent In cell culture, neurons may
demonstrate different el@ophysiological propertiedue tochanges in ion channel expressan
increa®d input resistance in absencerércellulargap junctionsAlso, cultured neurons are
not bathechemolymph, and therefore are not expaseophic factors and hormones.

In order forin vitro studies to provide meaningful information, it is important for the
properties of cultured bag cell neurons to be similar to thesitu or in vivo conditions. This
appears to be the case s®veraklectrophysiologicahnd biochemical properties of the bag cell
neuronsFor example, botim vitro andin situ, theaction potentials anmediated by voltage
gated C&' channels, antheir magnitude/duratioare modulated bpPKA and PKC(Acosta
Urquidi andDudek 1980 Kaczmaeketal., 1980;Kaczmarekand Strumwasset 981,
Kaczmareletal., 1982;DeRiemeret al, 198%; Connet al, 1989a,bZhanget al.,2008).
Moreover, asn situ, the complement of peptide products derived from the ELH precursor
protein are expressed ¢altured neurons anare releaed in response to stimulation (Arch,

1972; Hatcheet al, 2005; Hatcher and Sweedler, 2008)portantly, hein vitro preparation
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has proven useful for elucidating bag cell neuron physialogitu. For example, single charine
recordings from isolated bag cell neurons allowed for the identification and characterization of
the nonselective cation channel thabs later shown tmediatethe afterdischargm situ
(Wilson and Kaczmarek, 1993; Wilsehal, 1996. Moreover, usig anin vitro preparation,
White and Magoski (2012) identified and characterized acetylcholiaélady input transmitter
for the bag cell neuron$Vith this pharmacological and physiologidatiowledgeacquiredn
vitro, they subsequentlyemonstrate that acetylcholine is the primary input transmitter that
initiates the afterdischarge 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 result®xamine twasignalingpathways that are active during the
afterdischarge: Gaand PKC. Relatively little is understood about the systems that govern
intracelular C&* dynamics in the bag cell neurons. Thus, my first objective is to (ie Ca
imaging to dissect the interplay betweerf Gaurces and Garemovalsystems during
afterdischargdike activity in cultured bag cell neuroridy second objectives to explore the
influence of PKC on secretion in the bag cell neurdmsintriguing, but untested possibility is
that PKC facilitates peptide release through the recruitment of Agl&@annels and/or a direct
modulation of the secretory proses will assess the influence of PK§ measuring secretion
with capacitance tracking in cultured bag cell neuramder wholecell voltageclamp.
Hypothesis 1:I hypothesize that Garemoval systems influence the magnitude and teahpor
patterns of intracellular Gain the bag cell neurons
Hypothesis 2:I hypothesize tha®KC enhances voltaggated C&" entry andbotentiates

secretion through the recruitment of Apl,Z&hannels to the plasma membrane.
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Chapter 2. Materials and Methods

Animals and cell culture

Adult Aplysiacalifornica (a hermaphrodite) weighing 158D0 g were obtaineddm
Marinus (Long Beach, CA). Animals were housed irb&90-1 aquarium containing
continuously circulating, aerated artificial sea water (Instant Ocean, Aquarium Systems, Mentor,
OH) at 1416°C on a 12/1:h light/dark cycle and fed Romaine lettuce 5 time®k. For
primary cultures of isolated bag cell neurons, animals were anesthetized by an injection of
isotonic MgC} (D50% body weight), the abdominal ganglion removed, and incubated for 18 hr
at 22°C in neutral protease (13.33 mg/ml; 165859, Roche Diagsidsdianapolis, IN)
dissolved in tissue culture artificial sea water (tcASW) (compositionMn 460 NaCl, 10.4
KCI, 11 CaC}, 55 MgC}, 15 HEPES, 1 mg/ml glucose, 100 U/ml penicillin, and 0.1 mg/ml
streptomycin, pH 7.8 with NaOH). The ganglion wasittransferred to fresh tcASW and the
bag cell neuron clusters dissected from the surrounding connective tissue. Usiygphsired
Pasteur pipette and gentle trituration, neurons were dispersed onto 35 x 10 mm polystyrene tissue
culture dishes (catald®B353001; Falcon, UltiDent, Staurent) filled with 2 ml of tcASW.
Cultures were maintained in tcASW in a 14°C incubator and used wibid. Balts were
obtained from Fisher Scientific (Ottawa, ON) or SigAldrich (St. Louis, MO).

Sharp-electrode, curretrclamp recording

Currentclamp recordings were made using an AxoClamp 2B amplifier (Molecular
Devices; Sunnyvale, CA) and the shatpctrode, bridgéalanced method. Microelectrodes
were pulled from 1.2 mm external, 0.9 mm internal diameter borosititads capillaries
(IB120F4; World Precision Instruments, Sarasota, FL) and had a resistanc@d 15Mq wh e n

filled with 2 M K-acetate plus 10 mM HEPES and 100 mM KCI (pH 7.3 with KOH). Recordings
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were performed in normal artificial sea water (hAASW; cosifpmn according to tcASW but
lacking glucose, penicillin, and streptomycin)Na’-free ASW (sfASW) where Nawas
replaced wittN-methytD-glucamine (NMDG). For some experimettie extracellular Ca
concentration in the nASW external was increaseddduare a higiCa'* solution by equimolar
replacement of Cagfor MgCl, (16.5 mM CaCland 49.5 mM MgG). All neurons used had
resting potentials 050 to-60 mV and action potentials that overshot 0 mV in response to
depolarizing current injection. Cemt was delivered with a S88 stimulator (Grass, Warwick,
MA). Voltage was filtered at 3 kHz using the Axoclamp binlBessel filter and sampled at 2
kHz using an IBM compatible personal computer and a Digidata 1322A acadbgjtal
converter and the @mpex acquisition program of pClamp software (10.2, Molecular Devices).
Whole-cell, voltageclamp recording

Voltageclamp recordings were made using an EBP&nplifier (HEKA Electronics,
Mahone Bay, NS) and the tigheal, wholecell method. Microelectrags were pulled from 1.5
mm external, 1.2 mm internal diameter borosilicate glastarégs (TW150F4, World
Precision Instruments) and had a resistancedf 1IMq when fi |l l ed with intr
recording, pipette junction potentials were nulled, and subsequent to seal formation, pipette
capacitive current were cancelled. Baifitate membrane capacitance tracking (see below),
series resistance and whalell capacitance were usually not compensated. However, when
recording C&' current the series resistance52 MY) was c o mA0% whsleatheed t o 7 C
neuronal capacitance cant was cancelled. Current was filtered at 1 kHz by the-&Bailt-in
Bessel filter and sampled at 2 kHz as $rarpelectrode, currentlamp recording Clampex
was also used to set the holding and command potentials. Leak subtractioff farrtemtswas

typically performed in Clampex using a P/4 protocol fr@® mV with subpulses of opposite
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polarity and ondourth the magnitude in the time gap between test pulses. For measurements of
C&”* current during a #z, 1-min train of depolarizing steps, leaurrent was measured by

applying a second train after blasl C&* channels with Ni* (Hung and Magoski, 2007). The

leak currents were then subtracted from th& @arrents acquired prior to Niblockade. This
technique was usdgkcause there was iriSaient time between the depolarizing pulses of the

train to run the/4 protocol.

C&”* current was isolated using €eCs'-tetraethylammonium (TEA) ASW, as per
tcASW, but with the NaCl and KCI replaced by TEAand CsCl, respectively, and the glucose
ard antibiotics omitted (composition inivh 460 TEACI, 10.4 CsCl, 55 MgGJ 11 CaC}, 15
HEPES, pH 7.8 with CsOH)n some cases, the NaCl was not replaced by TEA to allow for
Na'/C&* exchanger activityln other experiments, the extracellulaCeoncentation was
increased to produce a higle* solution by equimolar replacement of Cafor MgCl, (16.5
mM CaChb and 49.5 mM MgG)). Wholecell recordings used a Gaspartatdased intracellular
saline (composition in M: 70 CsClI, 10 HEPES, 11 glucose,dlQtathione, 5 ethyleneglycol bis
(aminoethylether) tetraacetic acid (EGTA), 500 aspartic acid, 5 ATP (grade 2, disodium salt;
A3377, SigmaAldrich), and 0.1 GTP (type 3, disodium salt; G8877, Sigxttaich), pH 7.3
with CsOH).Certain experiments were pemmed with EGTA excluded from the internal saline.
In other cases, the intracellular Naovided by disodiurATP was removed by substituting
dipotassiureATP salt (grade 2, A8937, Sigr#ddrich) in the internal solution. To image €a
(see below) under vahe-cell voltageclamp, the intracellular saline was supplemented with 1
mM fura-PE3 (0110; Teflabs, Austin, TXYfrndranet al, 1995)to dyefill neurons via passive

dialysis.
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Capacitance tracking

As an indicator of secretion, membrane capacitancetrmaked under wholeell
voltageclamp using the timelomain method in Clampekéher and Marty, 1982; Gillis, 1995)
From a holding potential 680 mV, pulses of 10éns duration and 2hV amplitude were
delivered at 0.2 Hz. The voltage step evokeditageindependent current responses, consisting
of a fast transient component (reflecting capacitive current) followed by a sttzdady
component (reflecting membr dnoghe2Om¥Wr e\ p . ( Gh e
was calculated as the difearce between the steashate currentl{) near the end of the step and
the baseline currenty] prior to the stepp I= Iss- Ip. The membrane time constab} (as
derived by fitting a single exponential to the transient current. The charge duringnisient
current Qi) was determined by integrating the area aldgMer the period of the transient
current. A correction factoy), to account for the settling time during the step, was calculated
as:Q¢ = | XThelotal chargeQ) was then dtermined byQ; = Q. + Q.. The total resistance
(Ry) was calculated aR; = Vap pwhile access resistand®y] was derived fromR, = Ux
V/Q:. These were used to calculate membrane resistRag@$:Rm = R; - Ra. Finally,
membrane capacitanc€,() was determined fronC, = Q:x Ri/ V ®Ry. To increase the
accuracy and improve the sigriatnoise ratio, current traces were cumulatively averagdd (5
pulses per calculation). TR80 mV holding potential was chosen to avoid the activation of any
voltagegated C& channels during the 2@V step.

For the 5Hz, 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, duringlhhd.@min train,
the stimulus waterrupted every ~10 sec to briefly (~1 sec) apply test pulses to assay the

development of exocytosis. Intermittent test pulses were not used duringathe Esec
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stimuli because, unlike the 4fin stimulus, the former were shorter and at a fastquéecy,
meaning interruption of acquisition would disrupfQaflux 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 anksta; 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 wer@parant differences in drift magnitude between
experimental conditions.

Imaging of calcium and mitochondrial membrane potential

Most C&" imaging was performed using cultured bag cell neurons platedlgstyrene
tissue culture dishes (as plamimals anctell culturd. However, in some cases Cand
mitochondrial membrane potential were measured from glelted onto glass coverslips (no. 1;
48366045; VWR) coated with 1 pg/ml pelylysine hydrobromide, MW: 300,000 (P1534;
SigmaAldrich). Coverslips werglued with Sylgard silicone elastomer (SYLG184; World
Precision Instruments) to holes drilled out of the bottom of the tissue culture dish.

To perform C4' imaging, furaPE3 was introduced either by dialysis via the wiueli
pipette (1 mM) during vadtgeclamp recordings or by pressure injecting (10 mM) with sharp
electrodes using a PMIOO pressure microinjector (Dagan, Minneapolis, MN). Fura pressure
injection was used in cells to measure stperated C& influx or voltagegated C4' influx in
theneurites. Stor@perated influx recordings were performed irf ‘cfeee ASW (composition as
per tcASW but with added 0.5 mM EGTA and the glucose and antibiotics omittedj'tN&a
free ASW (composition as per Edree ASW but with Nareplaced with NMIB). For fura

pressure injections, microelectrodes (as$isrpelectrode, currentlamp had a resistance of
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1520 Mq when the tip WwRESthenbdckiileddwitmBiMKICI. 10 mM f ur
Injections required 120 200ms pulses at 5200 kPa to fill the neurons with an optimal

concentration of dye, similar to that seen when fura wagsdidlvia wholecell conditions (see

Wholecell, voltageclamp 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 UM J-aggregate forming lipophilic cation (3T T3168;

Invitrogen; Eugene, OR) (Smilet 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 atment.

All Ca?* and JG1 imaging was performed using a TSI®thverted microscopeNfkon,
Mississauga, ONequipped with a Nikon Plan Fluor 20X (numerical aperture (NA = 0.5), Nikon
Plan Fluor 20x odimmersion (NA = 0.75), or Plan Fluor 40X oil immemsiobjective (NA =
1.3). The light source was a-¥8 Xe arc lamp and a multiwavelength DeltaRAM V
monochromatic illuminator (Photon Technology International, London, ON) coupled to the
microscope with a UMjrade liquidlight guide. For fura, excitation walengths were 340 and
380 nm. JEL 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 EasyRRtio software (1.10, Photon Technology
International). To allow for continuous €amage acquisition during experiments, the shutter
usually remained open. For -IOmeasurements, loss of fluorescence was apparent with
frequenct light exposure. TherefotBe shutter was left closed, aside for brief (~1 sec) excitation
periods. Emitted light from fura was passed through ardf@ongpass dichroic mirror and a

480550 nm emission batrrier filter before being detected by a Photometrics Cool SNAP HQ2
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chargecoupled device camera. The ratio of the emission following 340 and 380 nm excitation
(340/380) was taken to reflect free intracellulaf‘G6&rynkiewiczet al, 1985), and saved for
subsequent analysis. ICfluorescence was emitted to the camera througtbaltehroic mirror

and a 590 emission filter. ICaccumulates in mitochondria in proportion to the mitochondrial
membrane potential. With membrane poterdigbendent dye aggregation the fluorescence
emission shifts from the green to red (Smigal, 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 C&" measurerants were acquired from a somatic region of interest (ROI) at
approximately the midpoint of the vertical focal plane andlad&to threequarters of the cell
diameter. Camera gain was maximized, pixel binning was seaatl2xposure time at each
wavekngh was fixed to ~1 sec tacquireratiometricimages (696 x 520 pixelgyvery 2 sec
During C&" measurements from neurites, pixel binning set to 4, exposure time at each
wavekngth was fixed to ~1.5 sefor an acquisition rate of 1 ratiometric imagd&X 260
pixels) every ~3 sec. For JCimaging from the neurites, settings were the same dsr@aging
from the neurites, except that the image acquisition was much less frequent (1 image every ~ 30
sec). Images used for presentation were producedraft@ving the mean background signal
(measured in cefree 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 garaging of calwim and mitochondrial membrane potentidlp

visualize the mitochondria, cells were stained with 500 nM MitoTracker Red CMXRG$ (I,



46

Invitrogen) in DMSO for 30 min. Mitochondria were imaged either in living cells, or after
fixation and immunolabellingsee below).

Neurons were processed for dgging hormone (ELH)mmunolabellingoy first
draining the dish of all fluid except for the contents of the gbaggm well, and new solutions
delivered by Pasteur pipette directly onto the cells. Neuronsfixecefor 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) Tritor2X0 (BP151; Fisher) in fix and washed
twice with phosphate buffered saline (PBS; pasition in mM: 137 NaCl, 2.7 KClI, 4.3
NaHPOy, 1.5 KHPOy; pH 7.0 with NaOH). Neurons were blocked for 60 min in a blocking
solution of 5% (v/v) goat serum (G9023; Sigdlarich) in PBS. The primary antibody, rabbit
ant-rELH immunogammaglobulin (IgG) (kdly 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 washédwéswith PBS. The secondary antibody, goat-anti
rabbit IgG conjugated tAlexa Fluor 488 (A11008; Invitrogen) was applied at 1:200 in
blocking solution and incubated in the dark for 2 h. Neurons were then washesbwith
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 neuronslabelled with MitoTracker and arELH 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 (LysAsp-Glu-Leu) (ab50601; AbCam, Cambridge, MAan antibody that has

been successfully usedrfihis purpose in a range of animal species, includplgsia(Lyles et
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al., 2006; Zhang and Forscher 200&igada-Cunhaet al, 2010;006 S u | dt al,\ 2@l 2

Pierrotet al, 2013). Neurons were processed for immunolabelling using the same procedure as
ELH. Rat antiKDEL IgG, was applied at 1:200 in blocking solution. The secondary antibody,
goat antirat 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 newsing the serum rabbit anti
ApMCU antibody (se&Vestern blotting for ApMClibr antibody details). This primary antibody
was applied at 1:50 in blocking solution. The secondary antibody, goatbbii AlexFluor

488, was applied at 1:200 in blocking salatand incubated in the dark for 2h.

Conventional fluorescence images of stained neurons were acquired using the Nikon
TS1006F microscope equipped with a Nikon Plan Fluor 20x, 40x, or 100x (NA = 1:3) oll
immersion objectives. For imaging of KDEL, ELH, aAgdMCU immunolabelling(Alexa-488),
neurons were excited with light supplied by aWHg 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 baar filter. For MitoTracker Red labelling, neurons were excited
with light passed through a 53%0 nm excitation filter. Fluorescence was emitted to the
eyepiece or camera through a 528D nm bandpass filter. Images (1392 x 1040 pixels) were
acquired athe focal plane of either the neurites or soma using a Pixelfly USB camera (PCO
TECH, Photon Technology International) and the Miktanager (1.4.5; Vale lab, UCSF)
plugin for ImageJ (1.43; Research Services Branch, Nation Institute of Health; Bethegda, MD
with 1002000 ms exposure times.

Confocal fluorescence images of the bag cell neuron soma were acquired with a Quorum
Wave FXX1 spinning disk confocal system (Quorum Technologies Incorporated; Guelph, ON)

equipped with a 40x (NA = 0.95) objective. Bation light was provided by a laser line and
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emitted light was passed through a Yokogawa &8Uspinning disk head (Yokogawa; Calgary,

AB) and an emission filter wheel before detection with a Hamamatsu Ore@@E&DMcamera
(09100613); (Hamamatsu Photonid3ridgewater, 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 exded with light provided by a 491 nm laser line while the emitted light was
passed through a 537 nm bandpass emission filter. MitoTracker Red was excited with a 568
nm laser and emission light passed through a@0nm bandpass emission filter. Usthis

method, stacks of ~380 horizontal optical sections (512 x 512 pixels) & fim 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 portiothefsoma 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 somato 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 »s@fwaaiven
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{d pm/pixel) in the zaxis of the vertical optical section, while the

pixel density in the horizontal plane (x or y axis) was 0.23 pum/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 C&* uniporter

PutativeAplysiamitochondrial C&" uniporter sequences were identified using the
University of California Santa Cruz Sea Hare Genome Browser (http://genome.ucsc.edu/
September 2008 Broad 2.0/aplCall assembly) by @ymg the BLASFlike alignment tool

KM accession

(BLAT) using a published MCU sequence from zebrafi3ar(o rerio, GenBan
number: NP_001070793.1) as the query sequence. This yielded 1 predicted\pbsiaMCU
sequence. The putativelysiaMCU sequene (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 werAphsiagenome sequence of

interest and the zebrafish M(Qadotein sequence (NP_001070793.1).
PCR of full-length ApMCU sequence

Abdominal ganglia were dissected fraplysiaand the bag cell neuron clusters
removed. Clusters were snfipzen in liquid N and homogenized in lysis solution from a
Norgen Total RNAsolation 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 wit h-8820nBicR&daborggarids, c DNA s
Mississauga, ON) using a mixture of p@lyand random hexamer primers. Forward and reverse
strand primers against the region up and downstream of the ApMCU coding sequence were used
for PCR ampl i fi caiCCGGOAATTAAAATEBGCTGC PICTAMEG ;. rseedv e
pr i meCCAAAGAGTCGTAACAAACGACAACA-3 6 ) . PCR amplification
performed with a Techne Touchgene Gradient Th

cDNA as template, 40 pmol of the forward and reverse ApMCU primers, iTaqTM DNA
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Polymerae (1708870; BicRad 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 (coffgrosition in

mM: 40 trisHCI, 20 acetic acid, 1 EDTA, pH 8.0 with Na@Bbtained with ethidium bromide.
Fragments of interest were excised from the gel, purified with an UltraClean® GelSpin® DNA
extraction kit (12400; MO BIO Laboratories Inc, Carlsb@d) and sequenced by

GénomeQuébec (Montréal, QC) using an Applied Biosystems 3730xI DNA Analyzer. The
ApMCU sequence was published in the GenBYrdatabase (accession number KR733104).

ApMCU amino acid sequence analysis, phylogenetic tree generation,camain architecture

The ApMCU amino acid sequence was translated from the nucleotide sequence and
aligned using multiple sequence comparison bydggectation (MUSCLE) (Edgar, 2004) with
the default settings in Jalview 291 (2.8; Waterhatsa., 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 homologuesXenopus tropicaligNP_001123699)] Danio rerio (NP_001070793.1Mus
musculugNP_001028431.2}lomo sapiengNP_612366.1)Cavia porcellus
(XP_003473827.1)Cricetulus griseugXP_003503811.1Bo0s taurugNP_001193031.1),
Canis lupus familiarigXP_546160.3)Sus scrofgdXP_001925861)1 Gallus gallus
(XP_426497.2)Qreochromis niloticugXP_003441057.1)Apis florea(XP_003695703.1),
Drosophila melanogastgNP_729173.1)Strongylocentrotus purpuratXP_787049.2), and

Caenorhabditis elegan€CD61802.1).

The ApMCU protein was exanaa for protein domains known to be present in other

MCU homologues. Specifically, 2 transmembrane segments, @miedomains, and a
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mitochondrial targeting sequence. Transmembrane segments of ApMCU were predicted using
TMHMM Server v. 2.0. (http://www!les.dtu.dk/services/ TMHMMY/). 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 _fdynihsthy,
coiled-coil domainswere identiied 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 totdrenldal region
(CysTEAEHDLRRLRDPL) coveringamino acid residues 316 to 329 predicted to be located in
the mitochondrial matrix. The custemade antibody was generated in New Zealand white
rabbits by Pacific Immunology Corp. (Ramone, CA). With the serum ApMCU antibody, tissue
level expression in thebdominal ganglion was examined using the following method. Adult
Aplysiaabdominal ganglia (with bag cell clusters attached) were homogenized in lysis buffer
containing 150 mM NacCl, 50 mitis(hydroxymethyl)aminomethasteCl (Tris) (pH 7.5), 10
mM ethyleneliaminetetraacetic acid (EDTA), 1% Tritor200, 1 mM
phenylmethanesulfonylfluoride (PMSF) and 0.01% Protease Inhibitor Cocktail (S8820 Sigma
Aldrich) with a PowerGen handheld homogenizer (Fisher Scientific). The homogenates were
centrifuged 20,000xgd4fC f or 30 mi nutes. Fifteen e€g of
separated on a discontinuous Spdyacrylamide gel (12% resolving, 4% stacking) and
electroblotted onto a polyvinylidene difluoride (PVDF) membrane-(&24 BioRad). The
membranes were washfat 5 min in PBS ¢omposition in mM: 150 NaCl, 10 Na2HPO4, pH
7.2 with NaOH and then blocked in PBS/0.1% Twe2® with 3% skim milk powder (w/v) for 1

hour. The membranes were then incubated with ApMCU antibody at a dilutioBOgf ih
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PBS/Tween overnlg at £C with gentle horizontal shaking. This was followed by 4 x 5 min

washes at room temperature in PBT and incubation with%0Q0 dilution of Alexa Fluor 647

goat antirabbit secondary antibody {21244, Invitrogen). After 4,-Bnin washes in PBS/Tvea

and one wash in PBS, the membranes were i mage
4000 System (BioRad).

Double-stranded RNA treatment

Knock down of ELH or ApMCU expression was performed by incubating cultured bag
cell neurons in long doubistrandedibonucleic acid (dsRNA) (Firet al, 1998; Bhargavat al.,
2004). The ApMCU (466 bp) and ELH (464 bp) dsRNA were produced as folbd@iéA
fragments encodingplysiaELH (accession # NM_001204741.1) or ApMCU (KR733104) were
PCRamplified seperately usjnan iTag DNA polymerase kit (178870; BicRad Laboratories)
andgens peci fic pri me-€CGACAABAGEAGACTOR &ATT CGACANB N;j;
ELH r e +RAGGTESAGCAGACTGAC GCCAGAAG3 Nj; ApMCUS-f or war d,
TCCCAGAC AGTGGGAGATTTCGTCASZ'; ApMCU reverse, STCGGGGAAGATGTATTC
CTGCTTGG3 ée)xt ended on the 5N ends with a T7 RNA
ACTATAGGGAGA). As a negative control, a 4%(p dsRNA was prepared directed against the
5Nj untrans| at e NHotophthglinuwindescdn}rétimoracid ceptor (@ccession#
AY847515) usi ng -AACATTGEACCG ATCETABAG3 N}, T NMver se, 5N
GTTGGGTTCCGTACTGAGGAS3 Nj) , again extended on the 5N e
PCR was performed on 50@ of the bag cell neuron cluster cDNA, startinthviive cycles of
melting at 95°C for 30sec, annealing at 6& for 30sec, and elongation at 7€ for 50sec,
followed by 30 cycles of PCR with melting at 95 for 30sec, annealing at 7Z for 30sec,

and elongation at 72 for 50sec. The PCR pduct was agarosgelpurified with the



53

UltraClean GelSpin DNA extraction kit and used to synthesize sense and antisense cRNA in the
same reaction mix with TRNA polymerasd4 h at 37°C) from a MEGAscript RNAI kit

(AM1626; Life Technologies, Burlington,XD). Reactions were treated with DNasel and RNase
(both from the MEGASscript kit) for b at 37°C and column purified according to the

MEGASscript kit protocol. Bag cell neurons were first cultured in the absence of dsSRNA
overnight at 14C and then bath imbated at 14C in the presence of 368D0 ng/mIidsRNA for

an additional 34 d. This method of long dsRNA inhibition has proven successful in

both Aplysiasensory neuronsleeetal., 2009 andmotorneurondgrom the related mollusc,

LymnaedvanKestereretal., 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-@ pl) of concentrated stock solution was mixed with a larger volume
of saline (~100 pl) that was initially removed from the bath, and this mixture was then pipetted
back into the battNi?* block of C&* currents was achieved by adding NiQ\I6136; Sigmj
Tetraphenylphosphonium chloride (TPP; 218790, Sigwalaich), tetrodotoxin citrate (TTXT-
550; Alomone labs, Jerusalem, Is)aghs dissolved in water as a vehicle. Phorbeir2istate
13 acetate (PMA; P8139; Sigrddrich), latrunculin B (Lat B; L528; SigmaAldrich), H-7
(17016; SigmaAldrich), bafilomycin A (B1793, SigmaAldrich), carboxyeosin (CE) (22803;
Invitrogen), carbonyl cyanide-@rifluoromethoxy) phenylhydrazone (FCCP; 21857; Sigma
Aldrich), cyclopiazonic acid (CPA; C1530, Sigmédrich or 239805, Calbiochem), and
ruthenium360 (Ru360; 557440, Calbiochem) all required DMSO as a vehicle. The maximal

final concentration of DMSO was 0.4@b5% (v/v) which, in control experiments as well as prior
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work from our laboratory, had no effect onmarane potential, various macroscopic or single
channel current, resting intracellular’Gar C&* transients evoked by action potentials
(Lupinsky and Magoski, 2006; Hung and Magoski, 2007; Garelaah, 2008; Geiger and
Magoski, 2008; Tanet al, 2009 2011; Hickeyet al, 2013).
Data analysis and statistics

Origin was used to import and plot ImageMaster Pro files as line graphs. Analysis of
intracellular C&" usually compared the steadiate value of the baseline 340/380 ratio with the
ratio from regpns that had reached a peak or new steady state (340/380 $4@i880
baseline). Measurements of the baseline and peak regions were determined by eye-or with 5
point adjacenaveraging in Origin. During circumstances wheré'@aduced C4&'"-release
(CICR) was present, area was deduced by integrating the region above shienphes baseline
from 1- to 11-min posttrain. Measurements began atin posttrain to avoid including the
initial recovery phase and capture peak CICR. The rate3fr@aoval wa 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 catgpiecovery to baseline. The percentage
recovery at 5 min was calculated by determining the degree?6f&aoved after the train
stimulus or stor®@perated C3 influx (340/380 peald40/380 at 5 min pogieak) and dividing it
by the peak rise during tmesponse (340/380 pegkestimulus baseline 340/380). The ptain
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 t&ino&s**
decay and, therefore, is inversely proportional to the recovery rate. To plot the raté of Ca

removal as a function of intracellular €athe slope ([340/38Q)/ of the postrain decay period



55

was determined at sequential time points using ExcelMictpsoft; Redmond, WA). A fitted

slope was measured from the initial point of Gecay postrain 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 C&* decay raterersus 340/380 ratio was produced and fit with a polynomial function in
Excel. Only traces that provided fits with>0.9 were used for further analysis. Multiple
polynomial fits were used to make an average polynomial function describing the dataset. Th
mitochondrial rate component (B was discerned by subtracting the rate of decay measured in
FCCP (Rccp from the rate of decay in the absence of FCCR.(R.

To quantify C&" 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 wholecell capacitance. Activation curves were produced by dividing the current
elicited at each voltage step by the maximum current elicited duringdtexpl. 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 activatnd inactivation components of the
C&” 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 wastted to the range of time from the peak’Ceurrent 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 fashioA'a=zient. To
produce group datahé¢ average height of 10 seriallyoked action potentials was calculatéd.
guantify membrane capacitan€dampfit was used to compare the average value during a

steadystate baseline of 30 sec to 1 min, with either the peak respalimving a train of
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depolarizing stimuli or the average value from a region that had reached peg0Ofeeé.

Average values were determined by eye or by setting cursors on either side of the range of
interest and calculating the mean of those datsipaChange was expressed as a percent change
of the new capacitance over the baseline capacit&ocg@resentation, traces were selected that
best represented the mean peak’ Gacapacitance responses and then aligned at the pre
stimulus baselines faach condition regardless of their absolute baseline value.

Thelabellingdi st ri buti on of -HDELwadquantfiédénrimageeld and C
from vertical crossections (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 paRghery.
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 um from the leftmost or rightmost
region of the cell. For the top and bottom poles, ROIs captureediwn spanning between the
apparent membrane edge and 5 pum 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 lefthtiggop, 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 * standardfetve mean. The Kolmogorev
Smirnov method was used to test data sets for normlality. t he dat a wer e nor ma
paired or unpairettest (with the Welch correction as required) was used to test for differences
between two meang&or paired comp&ons between two means that were not normally
distributed, aVilcoxon matched pairs test was uséd.test for differences between multiple

normally distributed means, a standard-aragy ANOVA with a Tukey multiple comparisons
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test was used to test. Ha data were not normally distributed, a Mafthitney U test was used

for two means, while aKruskava | | i s ( KW) ANOVA with Dunnédés mu
was used for multiple meang&or paired comparisongtween multiple means that were not

normally distributed, a Friedmaapea¢d measures ANOVAvith Dunns multiple comparisons
testwasusedcFi sher 6s exact test was usecckengmups.est f ol
Unless stated otherwise, all statistical comparisons between two means waaievData

were considered significantly different at p<0.05.

Model development

A model of intracellular Cd dynamics was constructed to examine the interaction
between voltaggated C4&" entry, plasma membrane axtrusion by the plasma membrane
Ccd* ATPase (PMCA), and mitochondrial €dluxes. The model was adapted from the
functions and parameters that describe a similar phenomenon involving stevakediCa*
dynamics and mitochondrial €aelease in bullfrog sympathetic neurons (Colegreival,
2000a,b).

Plasma membrane Gaflux:

Jntiux = Kinfiux ([C&T; - [C&) (1)
Jomca = Vinax, ucal [1 + (EGo, pucal [C]) ™ PVA 2
Jextru= Vimax, extd [1 + (EGso, extns/ [C&Ti ) ™ & (3)
Jom= Jnfux + Jomica + 4

Where ux is the rate of C& influx across the plasma membrangyk refers to the Ca
permeability of the membrane, and faard [C&*]. are the intracellular and extracellular’ta

concentrations, respectively. To producé’@aflux in the model, ku Was transiently
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increased and then reduced manuaklyicdis the rate of plasma membrane efflux by the
PMCA, Vinax, pmcais the maximal rate of efflux by the PMCA, ECpmcais the C&"
concentration at whichspca is half of Vinax, pmca, and nemca is the Hill coefficient that controls
the sensitivity of duca to changes in cytosolic €aln 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 teitndgg, - the rate of
plasma membrane €aextrusion by residual Garemoval systems. M extdS the maximal rate
of extrusion, EG, exiuis the C&" concentration at whichudiis half of Vinax, extru @nd Nexqruis the
Hill coefficient. Jm is the net plasma membrane®Ciux and is determined by the combined
function of plasma membrane €anflux (Jniu) and efflux (dumca & Jexiry)-

Mitochondrial C&" dynamics:

Juptake Kmax, uptakd C&'Ti / 1+ (EGoo, uptakd [C&];) ™ P2 (5)
U ( PR a&1.0-1.0/[1.0 + (Knin / [Ca]5) ™ ™) (6)
Jetease= U [C&T) Vimax, reeasd (1+ EGyo, reteasd [C&'Tm) (7)
It = Juptake+ Jelease ®)

WhereJ,piakelS the rate of mitochondrial ébsequestratiommax, uptakelS the mitochondrial
uptake rate constant and represents the limiting slope at high cyto§6[i<EC§@, uptakedescribes
the C&* concentration at which uptake is hatbximal, andpareis the Hill coefficient. The

f act of7,), dés¢ifettze inhibition of mitochondrial €aextrusion by cytosolic G4
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Kinni is the C&" concentration at which inhibition dfeasds haltmaximal anchini, describes
the sensitivity of inhibition to cytosolic €2V max releasds the maximal ratef C&* release from
the mitochondria and &G reeasdS the concentration of mitochondrial C4Ca’"]m) at which
efflux rate is half oV ma, releasedmito iS the net CH flux of the mitochondria.

Exogenous Ca buffers:

Jeata = kot [CaB] - kon[C&] [B] ©)
whereJegra is the rate of free cytosolic €aemoval by EGTA (Nowycky and Pinter, 199R)x
andk,, are the reverse and forward reaction constants, respectiveB},ifkxhe concentration of

the C&"-EGTA complex, [C&]; is the concentration of cytosolic €aand B] is the

concentration of free EGTA. Values fkyi andk,, (Table 1) were taken from Naraghi (1997),
whereas [CB] and B] were calculated from the total EGTA concentration using MaxChelator
(http://maxchelatortanford.edu/CaEGTANIST.htm).

Collective C&" dynamics:

d[Ca’*]i/dt = Jpm + Jmito + JeGTA (10)
d[C&*]m/dt = Jito/ 2 (11)
whered[Ca®*]i/dt is the rate of change in cytosolic Cal[Ca’*]./dt is the rate of change of
mitochondrial C&, and o9 is the ratio of effective mitoc¢
value was taken from estimates in bullfrog sympathetic neurons (Coleggral/e2000b). The
components describing mitochondriaIZCaptake (EGo,uptake@Nd Niptakd Were mae in

accordance with measurements from isolated mitochondria (Gunter and Pfeiffer, 1990; Gunter
and Gunter, 1994; Colegroe¢ al, 2000b). All other parameter values (see Table 1) were within
an order of magnitude of those estimated from bullfrog sympeatheurons (Colegrovet al.,

2000b). The only tim@&ependent component of the model was the transient change in plasma
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membrane C& permeability (ksux) to produce CA influx; all other parameters were active
throughout each simulation. Differentmlquat i ons wer e solved numeric
method written in MATLAB (7.6; MathWorks, Natick, MA) with a tingtep of 75 ms to

produce graphical outputs of total cytosolic and mitochondridl Geer time.
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Chapter 3. Results } Mitochondria and the plasma membrane C&'-

ATPase control activity-dependent C&* dynamics in bag cell neurons

The processes which underlie leteym changes in excitability and secretion during the
afterdischarge are controlled by intracellulaf CRresently, relatively lig is understood about
the systems that dictate activitgpendent Ca dynamics in the bag cell neurons. | addressed
this by measuring Gafrom furaPE3loaded cultured bag cell neurons recorded under whole
cell voltageclamp (Figure 9AInse). Unless tated otherwise, all neurons were recorded with a
Cs'-based internal solution and a’G&s"-TEA external solution to isolate €aurrents. C%
and TEA were substituted for Kand N4, respectively (se@/holecell, voltageclamp
recordingin Materials ard Method}. Voltagegated C4' influx was initiated by delivering a5
Hz, 5sec train of 75ms depolarizing steps fror80 to 0 mV. During the Sec train, there was a
simultaneous rise in intracellular €ahroughout the soma and primary neurites, ditheo
activation of voltageyated C&' channels (n=7). Theeurites represent the correlates of the
neurosecretory endings vivo (Frazieret al, 1967; Kaczmarekt al, 1979; Hatcheet al, 2005,

Hatcher and Sweedler, 2008; Hicketyal, 2013).Notably, the evoked Ca 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 @msponses measured in these the two regions
reached statistical significanceigBre 9B,Lef). Following the end of the stimulus, €devels

declined exponentially to baseline due to the function 6f émoval systems. Like Gainflux,

the C&" recovery process occurred at a much greater rate in the neurites than the soma (Figur

9A). The rate of CH clearance was quantified by fitting the posiin C&* decay phase with a

monoexponenti al decay function, from which

a
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Figure 9. Afterdischargelike stimuli elicit C&* influx in the ®ma and neurites of cultured bag
cell neurons.

Measurement of free intracellular € cultured bag cell neurons using 340/380 fBEB

fluorescence under whokll voltage clamp a80 mV. Unless stated otherwise, all cells were

recorded in a Cs andTEA-based external and a @sased intracellular solutioA) Inset

Phase contrasLéft) and fluorescencdrfgh) images of a furdoaded neuron and the somatic

and neurite region of interest (ROI) used for data collectionHx 5-sec train of 78nmssteps

from -80 to 0 mV causes a €aise in both the soma.éfi) and neuriteRigh?). C&* then

recovers exponentially to petimulus baseline. The €anflux magnitude and the rate of pest

train C&" removal is noticeably greater in the neurites tihensoma. Subsequently (after line

break), applying a-biz, 60sec train causes large and similarly size@ @sponses in the soma

(Left) and neuritesRighy). Intracellular C&" then returns to baseline exponentially, but with a

faster rate in the neues than the som8) The peak change in 340/380 during thees [eft)

but not the 6&ec train Righ) is significantly larger in the neurites than the soma (paired

St ud etestfar Both)YC) The exponenti al decay tiGd constan
recovery phase after the (heft) and 66sec train Righ, is significantly larger in the soma vs

the neurites (Wilcoxon matched pairs test and

subsequent bar graphs, data represents the meaM £TBENn-value (number of cells) is
indicated within the bars.
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Figure 9C Leff), the time constant of recovery after thees train was significantly larger in the

soma than the neurites.

The afterdischarge begins with a fast phase of action potentigl (-5 Hz for ~1 min),
and progresses into a slow phase of ~1 Hz firing for ~30 min (Kaczrebe¢k1982; Fisheet
al., 1994). To mimic this period of activity, neurons were giverHz 560-sec train. Initially,
intracellular C&" rose more slowlyri the soma than the neurites, but eventually reached a
similar peak value by the end of the train (Figure 9A). Subsequenfiyr&tavered to pre
stimulus baseline levels in an exponential fashion, but again, with a significantly faster rate in the
neuries than the soma (Figure 9A, &yhi). Collectively, our results demonstrate that
mimicking an endogenous action potential firing pattern is effective at triggering promirfént Ca
influx throughout the bag cell neurons. Additionally, thé'Gasponses ithe soma and neurites
were similar, but occurred at different rates. Unless stated otherwise, all subsedtient Ca

measurements were acquired from somatic regions of interest.

My initial Ca®* measurements were acquired using an intracellular saline dogtttie
Cd"* chelator, EGTA (5 mM) (Naraghi, 1997). As this buffer alters free intracellufdr Ca
compared trairevoked C4' responses in the soma using a pipette solution with or without
EGTA. Again, in the presence of EGTA, application ofldZ 1-min train produced a large,
transient rise in intracellular €Zollowed by an exponential decline, with recovery to baseline
in 510 min (n=8) (Figure 10A,eff). With 0 mM intracellular EGTA, excitation also resulted in
a large C# transient; however, prolonged C#' plateau, often marked by a delayed peak, now
followed the initial recovery (n=6) (Figure 10Rjgh?). This C&" plateau long outlasted the

duration of the stimulus and slowly returned to baseline withiaQLthin.
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Figure 10.An afterdishargelike stimulus induces a secondary’Case that is sensitive to the
C&* 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 loddéaravand the somatic

ROI used for data collectioheft, Under standard recording conditions, with 5 mM intracellular
EGTA, a 5Hz, I-min train causes a large rise in’Ctollowed by a rapid recovery to the pre
stimulus baselineRight In the absencef intracellular EGTA, there is a prolonged*Cplateau
subsequent to the initial influx that greatly outlasts the stimulus duration, and is indicative of
Ca*-induced C4& release (CICR)Lower, Traces depict 300 overlaid €&urrents from each

pulse b 0 mV of the imin train stimulus in either 5 or 0 mM intracellular EGTB).Left, The
percentage change in 340/380 from baseline to the peak response during the train stimulus is
significantly | arger in 5 mM EGTet).RightThkeus 0 mM
plateau area measured from 1 min after stimulation to 11 mirtnaasistimulus is significantly
larger in the absence of intracellular EGTA (ManihitneyU test).
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Similar C&* responses were originally described a&"@aduced C4' release (CICR) in dorsal
root ganglion neurons, bullfrog sympathetic neurons, adrenal chromaffin cellsplsd

neuron R15 (Gorman and Thomas, 1980; Friel and Tsien, 1994; Herratgibnl 996;
Colegroveet al, 2000a). Removing intracellular EGTA alsignificantly reduced the peak
percentage change in intracellulaCduring the train stimulus compared with 5 mM EGTA
(Figure 10B Left). This is likely due to enhanced Calependent inactivation of voltagmted

C&* channels and an increase in iegiC& " 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 Mémnmey U test).
The C&" plateau magnitude and duration was quantified by measuring the area above baseline
between 1and 11-min posttrain (10min total). Measurements began ahin posttrain to
capture the peak pesgin C&" response and avoid including the initial decay phase. The
presence of the Gaplateau in 0 mM EGTA was reflected by a significant increase in post

stimulus train area from11 min (Figure 10BRighi).
The posttrain Ca®* plateau is caused by mitochondrial C& release

In many neurons, it is common for brief periods of action potential firing to evoke
prolonged CICR from intracellular stores with #am characteristics as the Elateau shown
in Figure 10 (Gorman and Thomas, 1980; Sretthl, 1983; Neering and McBurney, 1984;
Tang and Zucker, 1997; Let al,, 2007). Such responses have vesfiablished roles in
mediating activitydependent plaity in neurons, and as such, are potentially quite relevant to
bag cell neuron function during the afterdischarge. Traditionally, CICR occurs when voltage
gated C& influx triggers subsequent Eaelease from the ER, via ryanodine receptors
(Berridge,1997). To determine whether CICR from the ER contributed to thetppastC& "

plateau, cyclopiazonic acid (CPA), a sarcoplasmic/endoplasmic reticultir\TBase
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(SERCA) inhibitor, was used to deplete the ER of ®afore stimulation (Seidlest al, 1B9;
Kachoeiet al, 2006; Gardamet 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 uM CPA (n=7) presented a similar®Cplateau magnitude as inmol conditions (n=8)

and recovered to primulus baseline with a comparable time course (Figure 14, CPA

did not significantly alter the pos$tain plateau area from 1 to 11 min (Figure 11B).

In addition to the ER, the mitochondria are capabieleasing C& into the cytosol
following prior C&" influx. This form of mitochondrial CICR can be disrupted by
tetraphenylphosphonium (TPP): an inhibitor of the mitochondrial ©&ahangers (Wingrove
and Gunter, 198@aradjovetal., 1986;Leeetal., 2013. To determine whether the observed
Cd " plateau was due to mitochondrial’Ceelease, 100 pM TPP was applied to cells 30 min
before stimulation. In contrast to the®plateau seen in control conditions (n=6), T&®osed
neurons (n=8) presentedpositrain C&" response consisting of a rapid exponential recovery
indistinguishable from that seen in 5 mM intracellular EGTA (Figure Miédle). This was
apparent from the significantly reduced ptyain plateau (411 min) area in TPP (Figure 11B,
Middle). TPP had this effect without altering the peak rise iff @aring stimulation (control

peak % @: 127.5 N 7.4, n=6; TPP peak % o: 127

In neurons and other excitable cells, mitochondridl @deag occurs primarily through
the function a N8C&* exchangerRaltyet al, 2010, 2012 The exchanger passes cytosoli¢ Na

into the mitochondria in exchange for®Gaand as such, can be disrupted by reducing
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Figure 11.The posttrain C&" plateau isprevented by an inhibitor of mitochondrial ¢a
exchangers and requires intracellulai’ Na

A) Left A poststimulus C&' plateau is evoked by at3z, 1-min train of depolarizing steps
under voltage clamp. Intracellular EGTA is absent (0 mM) to allowCf@R. Left, Treatment
with CPA, to inhibit SERCA and prevent ERCeelease, does not affect the ptsin stimulus
Cd " plateau @ark tracd when compared with DMS®eated neurondight trace). Middle, The
prolonged C#' plateau in control conditiorlight trace) is substantially smaller in 100 pM TPP,
an inhibitor of mitochondrial G4 exchangersdark trace. Right Similar to TPP, the train
evoked C& plateau is reduced when the concentration of intracellul&a([Na‘];) was lowered
by performingwhole-cell recordings with an internal solution lacking'N&) TPP Middle) and
low intracellular N& (Righi), but not CPA I(eft), significantly reduces the pestin C&" plateau
area relative to control (al | tetspGnPuanmarys o n s
figure presenting the treatments used to target differefitr@aoval and release systems in the
bag cell neuronsThe PMCA is inhibited by either carboxyeosin (CE) of L& he plasma
membrane N4C&" exchanger is disrupted by replagiextracellular Nawith the charge
substitute TEA or NMDG. C&" uptake into the mitochondria is disrupted by collapsing the
mitochondrial membrane potential with the protonophB@CP ¢arbonyl cyanide 4
(trifluoromethoxy) phenylhydrazoheor inhibitingthe MCU with Ru360. Mitochondrial C&
release via Cd exchangers is inhibited by TR low intracellular N&([Na'];) . Lastly, the
SERCA pump, which sequesters’Ciato the ER, is inhibited bgPA.

ma d
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intracellular N& (Carafoliet al, 1974; Castaldet al, 2009).Normally, the pipette internal
solution contains 10 mM Ndrom disodium ATP (se®holecell, voltageclamp recordingn
Materials and Methodfor details). When intracellular Navas removed from the internal
recording solution (n=14) cells showed aiceably smaller postrain C&* plateau than in the
presence of Na(n=14) (Figure 11ARighi. The difference in G plateau magnitude between
these conditions reached statistical significance (Figure RIjBj.

Voltage-gated C&"influx is cleared by mitochondrial Ca** uptake

Because the mitochondria releasé'Gallowing stimulation, it is likely that these stores
first sequestered &aduring the train. Indeed, mitochondria are an essentfdlr€moval
system, particularly when €zconcentrationsre substantially higher than at rest (Herrington
al., 1996). To test whether the mitochondria are central to the removal of voieegeCa"
influx, mitochondrial C&" uptake was eliminated with carbonyl cyanidérifluoromethoxy)
phenylhydrazoneHCCP). This protonophore collapses the mitochondrial membrane potential
and thus, prevents €auptake into the organelle (Heytler and Prichard, 1962; Babebak
1997). The ability of FCCP to influence the mitochondrial membrane potential in thelbag c
neurons was confirmed using the fluorescence indicatet, Jhis membrane permeable,
lipophilic cationic dye preferentially accumulates in energized mitochondria, where it forms
fluorescent aggregates in proportion to the mitochondrial membrandigb{8mileyet al,
1991; Buckman and Reynolds, 2001). Following ax80 bath application of 10 uM JC,
fluorescence became apparent throughout the neurites and soma of cultured bag cell neurons.
The thin nature of the neurites allowed for the visutibneof JG1 puncta which presumably are
mitochondria, or clusters of these organelles (Figure 12A). However, within 5 min of exposure to

20 uM FCCP, the abundance of-1@uncta and their fluorescence intensity decreased
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Figure 12.Mitochondria remoe voltagegated C4&' influx after an afterdischargéke stimulus.

A) A distal neurite of a cultured bag cell neuron loaded with 10 uM.:J&dye that aggregates

in energized mitochondria atfidorescesn proportion to the mitochondrial membrane potanti
Prior to FCCP exposure, JCpuncta show intense fluorescence throughout the neurite. Dashed
outline represents the ROI used for analyBjC) 5-min bath application of 20 uM FCCP, a
protonophore, significantly reduces-1Qluorescence (measuredarbitrary units) in the neurite
(paired St D®ematic &4 measuremnests flom neurons recorded with 5 mM
intracellular EGTALeft, In DMSO, cytosolic C# transients evoked by at$z, 1-min train are
followed by rapid recovery to baselirRight, Pretreatment with FCCP slows the pastin C&*
recovery.Inset The time constant of pestin C&* recovery is significantly enlarged by FCCP
(unpair e dtesS.E)WpperReldiwe C& clearance rateR), calculated from the decay
phag of C&" transients shown iD, as a function of 340/380 ratio. Fitted polynomial lines are
plotted overtop of the data points. The difference between the cdrigl.l and FCCPRrccp

fits produce the estimated mitochondrial uptaRg;§. Lower, Polynomial fit lines forRcontroh

Recep andRpj representing averaged removal rates from multiple neurigafilomycin A

(baf), which prevents Gauptake by acidic stores, does not alter fi@nh C&* removal, or the

Cd* decaytimeconstantiise) (unpaired Studentods t test).
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substantially (Figure 12B). Experiments were performed with and without simultaneous whole
cell voltageclamp and presented similar effects of FCCP ol Jldorescence. For the summary
figure, the data sets from both expeental conditions were combined. As shown in Figure 12C,
the total JEL 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"@amoval following a 8Hz, 1-min
train. EGTA (5 mM) was included in the pipette solution to eliminate mitochondrfar€ease
and allow for isolated measurement of voltageéed C4' influx and removalAgain, under these
conditions, application of the train stimulus produced a large, transient rise in intracelfilar Ca
due to the activation of voltaggated C&" channels, followed by an exponential decline, with
recovery to baseline inB50 min (n=10)Initial observations showed that some neurons treated
with 20 uM FCCP had a reducedCéise during the train stimulus. To prevent this from
impacting quantification of Garemoval, additional FCGReated neurons were stimulated with
5-Hz, 1-min train d 175 ms pulses to enhance’Cflux and match the peak levels seen in
controls. Cells that presented peak’Gamplitudes comparable to control were used in
measuring the percentage recovery. Thus, unsurprisingly, péaknflax was not significantly
different between DMSé@reated and selected FC&EPr e at ed neur ons ( DMSO pe
135.4 N 8. 8, n=10; FCCP peak % o 340/ 380: 162
test). However, relative to DMS@®eated cells, neurons stimulated afteOar@n exposure to
FCCP presented a slower®eecovery (Figure 12D), as indicated by a significantly larger
decay time constant (Figure 12IDse). These findings are consistent with the effects of FCCP
in other systems, and indicate a role for mitochimh@€&" clearance (Friel and Tsien, 1994;

Werth and Thayer, 1994).
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From the decay of these €aransients, the relative rate of apparent mitochondrial
uptake (Ri;) was determined by subtracting the rate of'@moval in FCCP conditions (Bcp
from the total C4" removal rate (Rw) at corresponding 340/380 ratio values (Be¢a analysis
and statisticsn Materials and Method®r details). Figure 12BJpper) displays the relative
cytosolic C&" removal rate, normalized to peak rate, against #0¢380 ratio for the
representative traces in Figure 12D, along with fitted polynomial functions. Fits from multiple
neurons were used to produce averagegiRRow, and Ry values which indicated that
mitochondrial C&" uptake occurred over a widenge of C4", both near resting levels and at
peak values during stimulation, with a steep increase in removal rate with increaSitfgjdime
12E,Lowey. In contrast, the nemitochondrial C& buffer, represented as&n had a
shallower slope over ¢hsame range, indicating the presence of a relatively sléiw&aoval
mechanism (Figure 12Epwer).

FCCP also collapses other stores with proton gradients, including lysosomes, endosomes,
and secretory vesicles (Goncaletsl, 1999; Christenseet al, 2002). To assess whether these
systems contribute to the removal of voltagged C4' influx, bag cell neurons were exposed to
bafilomycin A, a H-ATPase inhibitor that prevents the sequestration f Baacidic stores
(Bowmanet al, 1988; Goncalvest al, 1999). Earlier work demonstrated that bafilomycin A is
effective in bag cell neurons, as it causes a slow, steady increase in cyto$ailimCia distinct
from the responses to other liberating agents (Kaatadi, 2006; Hickeyet al, 2010) Pre
treatment with 100 nM bafilomycin A (n=6) did not alter the gesin C&* 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 bishulusdecay time constant

(Figure 12F]nse).
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The mitochondria typically sequester’Cuaia the mitochondrial G4 uniporter (MCU)
on the inner mitochondrial membrane (Kirichetkal, 2004). This C4-selective ion channel is
inhibited by ruthenium red (Rasst al, 1973) or ReB60 (Matlibet al., 1998; Kirchoket al.,
2004). To test the role of the MCU in the removal of voliggeed C&' influx, neurons were
treated with 50 uM RB60. Several studies have demonstrated the8@us not readily
membrane peneable (Demaurest al, 2009); thus, R&860 was including in the pipette solution
and administered via wheleell dialysis for 15 min. In control neurons recorded with 5 mM
EGTA internal (n=8), a &z, 1-min train produced a large Eaise followed by a exponential
recovery to baseline (Figure 13keft). In other cells, dialysed with R860, the 8Hz, 1-min
train elicited a transient rise in €ahat was noticeably reduced, in a manner similar to that seen
with FCCP treatment (n=9). Therefore, some3®@-treated neurons were delivered a train
stimulus that was longer thasnin, in order to enhance €anflux and match the peak €a
levels seen in controls. Despite this, the peak train evok&dr@lax remained significantly
smaller in Ru360 (Figue 13B). In addition to reducing voltagated C&' influx, Ru-360
caused a very apparent slowing of the figih C&* removal rate (Figure 13Righ?). This was
reflected in the summary data, showing that the exponential time constarit oéi@aval wa

significantly larger in ReB60 than in control (Figure 13Agse).

Central to the notion that the mitochondria buffer voltggeed C&' influx is that there is
an increase in mitochondrial €after stimulation. In addition to preventingCaptake FCCP
causes the liberation of stored mitochondriad"GBriel and Tsien 1994; Zenisek and Matthews
2000; Geiger and Magoski, 2008). Thus, the amount of mitochondrfi&ld@aing was assessed
by measuring the magnitude of Ceelease following FCCP trement, with or without a prior

train stimulus. TPP was applied to both DM8&@ated and FCCReated cells, to ensure that
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Figure 13.Voltagegated C4' influx loads mitochondrial G stores and requires a f360-
sensitive mechanism for its removal

A) Left In control conditions, a-Biz, I-min train produces a large rise in’Collowed by a

rapid recovery. 5 mM EGTA was included in all recordings to prevent CICR and isolate the
posttrain C&* decay phase. Dialysing cells with 50 pM-B60, an mhibitor of the MCU,

results in a smaller traiavoked C&' rise, and a markedly slower pesimulus C4" recovery.

The cell shown in the sample record was stimulated for longer than 1 min to size match with
controls.Inset Ru-360 significantly increasebe posttrainC&'d ecay ti me constant
to control (unpaired MankVhitney U test)B) Ru-360 significantly reduces the peak change in
Cd&'influx during the train G teft RGCP (28 M) elemapes i r e d
C&" in neurons recorded undeoltage clamp at80 mV. Cells are bathed in 100 pM TPP to

prevent potential release of mitochondriaf Gaa exchangerRight FCCRinduced C&'

release after a large influx of €drom a tmin train stimulus is increased) Train stimulation,
beforeFCCP application, significantly enhances the peak percentage chandé ip&@aFCCP
inducedC&'l i berati on ( dutespai red Studentos
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no physiological mitochondrial Garelease followed the train. As per prior work suggesting the
mitochondria of altured bag cell neurons contain“at rest (Jonast al, 1997; Gardaret al,
2008; Geiger and Magoski, 2008; Hicketyal,, 2010), bath application of 20 uM FCCP
increased cytosolic Gawithin 5 min (n=6) (Figure 13Q,efi). If a train stimulus wasddivered
before FCCP (n=6), the €aelease signal was significantly increased by 40%, consistent with
voltagegated C4' influx enhancing the amount of €atored in the mitochondria (Figure 13C

Right D).

The disruption of mitochondrial Ca** buffering is associated with enhanced use

dependent inactivation of C&" current

Although mitochondrial C4 uptake shapes the magnitude and temporal properties of
voltagegated C&' influx, its influence on bag cell neuron function is unclear. As mitochondria
contol intracellular C&', they have the potential to influence’Gedependent processes,
including ion channel modulation and/or secretion (Hattal, 2000; Billups and Forsythe,

2002; Hernandeguiko et al, 2001;Demaurexet al, 2009. Interestingly, inraddition to

slowing C&* removal, disrupting mitochondrial €auptake with either FCCP or RR60

appeared to influence tragvoked C4' influx. Thus far, the effect of FCCP on €influx was
overcome by prolonging the pulse duration during the traiorder to demonstrate the influence

of FCCP on C# influx, these experiments were repeated by stimulating neurons with a standard
5-Hz, 1-min train of 75ms depolarizing steps. In control neurons, the train elicited a robfist Ca
response, followed byrapid decay to baseline (n=8) (Figure 14&ft). Conversely, neurons

bathed in 20 uM FCCP, to disrupt mitochondriafQaptake, presented a peaklCaflux that

was less than 50% of the magnitude seen in control (n=6) (FigureRigi®). Subsequentlythe

posttrain C&* removal occurred very slowly. For comparison, the prior data set demonstrating
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Figure 14.Agents which prevent mitochondrial €&uffering reduce voltaggated C4' influx
during an afterdischargée stimulus.

A) Left In reponse to a &z, 1-min train of 75ms depolarizing pulses, there is substantial Ca

influx in a DMSGtreated neuron, followed by rapid recovery to-gtiemulus baselineRight, In

another neuron, exposed to 20 uM FCCP, to prevent mitochondfialitake the 5Hz, 1-min

train of 75ms depolarizing pulses elicits a comparatively smafl @dlux and a slow post

stimulus C4' recovery.Inset FCCP significantly reduces the peak trairf Gaflux compared to

DMSO control ( un p B)iRelativk to8dnot(efly €0 sanstents teashiz,) .

1-min train are markedly smaller in the presence of 50 uM intracelluleB@uinset Ru-360

significantly reduces the peak changeif'@an f | ux during the train sti

t test).Summary data for R&B60 experiments are reproduced from the data set presented in
Figure 13B.
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the influence of R860 on C4' influx was also included (taken from Figure 13B). Like FCCP,

Rw-360 significantly attenuated the peak trairf Gaflux relativeto control (Figure 14B).

The reduction of traievoked C&influx by either Ru360 or FCCP indicates that
mitochondrial C&" buffering could influence voltaggated C&" channels. To examine this
directly, C&" currents were recorded under whokgl voltage-clamp during the B4z, 1-min
train of 75ms depolarizing steps fror80 to 0 mV. Leak currents were determined following the
train by delivering a secondrin train after full C&" channel blockade with 10 mM fi(Hung
and Magoski, 2007). Train &acurrents were leak subtracted and are presented in Figure 15A.
In neurons where mitochondrial €aiptake was active (DMS®eated), voltaggated C&'
currents underwent moderate wpendent inactivation, which began within the first few pulses
and contiued for the remainder of the train stimulus (n=8) (Figure 1®#). Next, C&"
currents were measured from cells after mitochondrial @atake was disrupted with 20 pM
FCCP. Under these conditions,’Caurrent magnitude depressed substantially byttieof the
train stimulus (n=7) (Figure 15/&Righi. This was reflected as a substantially greater rate of Ca

current inactivation in FCCP relative to control conditions (Figure 15B).
Identification of a putative mitochondrial Ca®* uniporter in Aplysia

The work thus far indicates that the mitochondria have a substantial influence on
intracellular C&" and appear to regulate the function of voltggeed C&' channels.
Considering this, | sought to identify the molecular components involved with mitdhalon
C&" uptake in the bag cell neurons. Recently, the protein comprising the ion conducting

component of the MCU was identified in mammals (de Steftai, 2011; Baughmaat al.,
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Figure 15.The disruption of mitochondrial €abuffering isassociated with enhanced use
dependent inactivation of Ezcurrent.

A) Left C&* currents measured from a neuron given DMSO and stimulated wittiza Bmin
train of 75ms depolarizing steps (300 total) under whtd# voltageclamp. Traces depict all
300 overlaid C& current sweeps for the entire train. The shifting band of traces is due to use
dependent inactivation. With mitochondrial®aptake functional, usdependent inactivation
occurs at a moderate rate. Capacitance and tail currents dteddion clarity.Right In a
separate neuron treated with 20 pM FCCP to prevent mitochondfialitake, the rumlown
during the train is more prominent than in DMSO, as indicated by the snfatt@eent
magnitude at the last (#300) pul8.Summarydata presenting the normalized’Ceurrent
magnitude for each pulse of théHz, 1-min train in DMSO and FCCP. Current was quantified
by measuring the trace area (nA*ms) and dividing it by the largest valug{aaring the

train (typically the firspulse). DMSGtreated cells (blue line) ratiown 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; Bondarenket al., 2014). Whether this protein is present in molluscs and functions to
regulate mitochondrial Gauptake is unknown. Bickt al (2012) established that MCU
homologues are found in most eukaryotic taxa, including invertebrates. Moreover, our findings,
show thathe MCU inhibitor, ReB60, slows the removal of €anflux. This provides evidence

that the MCU may be presentAplysiaand the bag cell neurons.

By searching the University of California, Santa CAystysiacalifornicagenome with
the zebrafish@anio rerio) MCU as the input sequence (3essilico identification of Aplysia
mitochondrial C&" uniporterin Materials and Methodfor details), a single predicted partial
sequence was identified and tentatively designated ApMCU. PCR primers were theediesig
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 16&p\Wdarit
contains a predicted protein domain architecture that is consistent with the conserved structure of
other MCU homologues (Figure 16B, C, D) (Baughretal, 2011; deStefargt al, 2011; Bick
et al, 2012). Specifically, ApMCU has a linker regithat is flanked by two transmembrane and
coiled-coil domains. The linker is enriched with acidic residues and contains theomskrved
DIME (Asp-lle-Met-Glu) motif (Figure 16BC, D). Theamino acidresidues of the linker and
DIME motif are of particulaimportance, as they have been shown to be necessary*fer Ca
permeability and R60 sensitivity of the human MCU (Baughmetral., 2011; de Stefarat
al., 2011). The majority of mitochondrial proteins, including the MCU, are encoded by nuclear
genes andequire 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&rminal mitochondridargeting sequence (Omura, 199®)ichis found in
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A. fiorea (honey bee)
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B Aplysia MCU (ApMCU); 293 AA
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D. melanogaster TNFMTWMGLGLMSVQFGILARLTWWEYSWDIMEPVTYFVTYGTTMAMYAYYCVTKR
A. floria ANIFIWVCLVLMSIQFSGLARLTWWEYSWDIMEPVTYFVNYGTTMALFIYEFVLTKQ
S. purpuratus TNAYVWGGLGFMAVQFGLLARLTWWEYSWDIVEPITYFVTYGTATAAYSYYVVTRQ
H. sapiens TTLVLWGGLAYMATQFGILARLTWWEYSWDIMEPVTYFITYGSAMAMYAYFVMTRQ
A. californica TNRLSWLGLGMMGLQFGILARLTWWEYSWDIMEPVTYFVTYGTSMAMFAYEVLTKQ
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Figure 16.A putative MCU sequence iaplysia californica

A) Phylogenetic tree of MCU homologues fréplysiaand select veebrate and invertebrate
speciesAs shown in the upper portion of the tree, ApMCU is most similar to h@uetoin

other invertebrate®) The predicted ApMCU amino acid (AA) sequence contains the hallmark
domains seen in most MCU homologs (Betkal., 2012), including a linker with the DIME

motif, flanked by two transmembrane segments (TM1 and TM2), andlemiledomains

(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 (Baughmetral, 2011; Raffaelleetal., 2013; Murgia and Rizzuto,
2015). The linker is predicted to form a portion of the pore and provides the acidic residues
required for C&-permeation. The serine in the vicinity of the DIME motifsgbconfers ReB60
sensitivity in the human MCUWD) Multiple amino acid sequence alignment of the
transmembrane (TM1 and TM2), and linker regions of the MCU #pigsiaand several other
species. Note the conservation in the linker region and DIME nwotifCJ Carter identified and
sequenced ApMCU to fulength and created the phylogenetic tree in A. | performed alignment
analysis, protein domain identification, and assembled the figure.
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MCU sequencesndis predicted to be iApMCU.

ApMCU is expressed in theAplysianervous system and influences the removal of voltage

gated C&" influx in the bag cell neurons.

To assess the protein expressi-ApMCUpVWias Ap MCU,
raised against a region of the ApMCUt&minus (seéntibody production and western blotting
for ApMCUin Materials and Methodor details). First, the antibody was used to probe for
ApMCU content in the nervous system tissue of the abdominal ganglion. Western blotting with
U-ApMCU revealed a single protein band of the size predicted for ApMCU (~34 kDa) (Figure
17B). Preabsorbing h eApMCU 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 I mApMEGWprimdbye | | i ng cu
antibodyfollowed by goat antrabbit Alexa Fluor488 secondary antibody (seemunolabelling
and live cell stainingn Materials and Methods After processing, cultured bag cell neurons
reveal ed -ApaNbQuU indnanolabellihg throughout both the soma and nesirit
consistent with the expression of ApMCU in these cells (Figure 17C).
Experimental evidence suggests that the removal of vetjagel C4' influx in the bag
cell neurons requires mitochondrialCaptake via the MCU, as it can be disrupted by either
FCCP or Ru360. If ApMCU is involved in the regulation of €adynamics in the bag cell
neurons, a reduction in the expression of this protein would slow the removal aff in a
manner similar to R360 or FCCP. To test this, the expression of ApM@s$ knocked down
by a 3d incubation of cultured bag cell neurons in 300 ng/ml double stranded RNA encoding
ApMCU (seeDoublestranded RNA treatmemt Materials and Method®&r details). dSRNA

treatment reduces protein expression by initiating RNA ieterice again@&ApMCU mRNA
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Figure 17.The MCU is expressed #plysianervous system tissue and regulates the removal of
voltagegated C4' influx in the bag cell neurons.

A) To probe for the expression of ApMCUAmplysiat i ssue, a cust-om anti boc
ApMCU) was raised against a 14 amino acid sequence in-teertinus B) Left lanes Western

bl ots of abdominal gangl i o-ApMEBU mimaeyiamibodyr oduc e d
(1:500), and Alexa Fluor 647 (1:15008Bcondary antibody. Blots show a single protein band of

the size expected for the predicted ApMQightlanes Pr eabsor-ApMCWb n of t he
antibody with the antigenic ApMCU peptide prevents the appearance of the protein band in

western blotsC) Culturedb ag c el | neuron I mmunol alAgMCUed f or
and 1:200 Alexa Flue#88).Upper, phase contrast image of a cultured neukomer, the

neuron from th&Jpperp a n e | s-ApM@U imrgundlhbelling in the soma and primary

neuritesD) Left, A control neuronl{ght trace) (incubated in 300 ng/ml dsRNA corresponding to

the 56 untranslated region of t Ré&flunandrapidr et i no
C&* removal following a 8Hz, 1-min train. A neuron exposed to ApMCU dsRNda(k trace

(300 ng/ml) to lower ApMCU expression, has a slower-ash C&* removal relative to

control.Inset The efficacy of postrain C&* removal was determined by measuring the recovery

area [340/380 units (U) * sec (t)] above baseline betweeernti®f the train and 10 min later

(shaded regionRight The posttrain recovery area after incubation in ApMCU dsRNA is

significantly larger than control (unpaired Mawhitney U test). Dr. CJ Carter performed the
Western blotting for ApMCU.
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(Fireet 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 tAglysiagenome and transcriptomeuftd no sequences with

significant similarity. Neurons were recorded in the presence of intracellular EGTA to prevent
CICR and isolate the Garemoval process. Applying atz, 1-min train to control neurons
produced a large Garesponse and a rapid exgmiial recovery to baseline after the stimulus
(n=24) (Figure 17Dl eft). Conversely, cells treated with ApMCU dsRNA presented a slowed
posttrain C&* recovery (n=20) (Figure 17efi). To quantify the rate of Garemoval, the
posttrain recovery areab@mve baseline was measured. The time frame used for this analysis
spanned from the end of the train terhth posttrain and was welsuited to capturing the initial

and later phases of pesain C&" recovery (Figure 170nse). As presented in Figuré’D

(Righd, the postrain recovery area is significantly enlarged in the ApMCU dsRNA treatment

regime, indicating a slower pestin C&* removal under these conditions.

Ca”* removal by the plasma membrane C&" ATPase controls activitydependent C&*

dynamics in the bag cell neurons

Although the results strongly suggest that the mitochondria are the predominant buffer
for voltagegated C4' influx, a residual contribution from other systems must exist, given the
slow recovery even in the presence of FCEBst cells use the higaffinity, low-capacity
PMCA to extrude C& across the plasma membrane (Sangheaass and Blaustein, 1987;
Blaustein and Lederer, 1999; Jesiral, 2003; Thomas, 2011). The role of this pump in
removing voltagegated C4' influx was tested with carboxyeosin, a PMCA inhibitor (Gatto and
Milanick 1993; Gatteet al, 1995; Shmigoét al., 1998). Again, recordings were performed with

EGTA in the internal solution, to prevent CICR and isolate-pra@it C&* removal.
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Carboxyeosin hadmsignificant influence on the pstimulus C4" concentration (340/380

DMSO: 0.34 N 0.01, n=10; 340/380 carboxyeosin
p>0.05). Delivering a&z, 1-min train produced a peak €aise in carboxyeositreated

neurons that was not statistically different from cells in control conditions (Figure 18A,C).

Intriguingly, in carboxyeosin, the €adynamics after the stimulus were temporally complex and

long outlasted the duration of the initial stimulus, seemingly@keR. After an early posgtain

recovery, intracellular CAprogressively increased to a peak i8 in, and then slowly

returned to baseline in 42D min (Figure 18ARigh{. Relative to control, carboxyeosin

exposure significantly enlarged the plateaea above baseline (Figure 18I2ft).

The role of the PMCA on traimduced C&" dynamics was confirmed by utilizing a ron
pharmacological method of inhibition. €axtrusion by the PMCA requires the concomitant
transport of protons into the cytosoldaran be disrupted by extracellular alkalizatibiggli et
al., 1982; Thomast al, 201). This is a standard technique for preventing PMCA activity, and
has been successfully employed in other neuronal prepardtisashe\et al.,, 2002; Shutoet
al., 2013) Experiments were performed to examine the impact of increasing extracellular pH,
from 7.8 to 8.8, on trakevoked C&' signals. As with carboxyeosin, increasing pH to 8.8 had no
significant effect on the prstimulus C&' concentration (340/380 pH& 0.28 + 0.01, n=7;
340/380 pH 8.8: 0.32 £ 0.02, n=6; unpaired Makihitney U test, p>0.05). Cells bathed in pH
7.8 showed a transient surge irf0during the train and then a standard recovery to baseline
(n=7) (Figure 18Bleft). Conversely, neuronmimersed in pH 8.8, to hinder the PMCA,
presented a robust and protracted p@h C&" elevation that was indistinguishable from that

seen in carboxyeosin (n=6) (Figure 1&8ghi). The plateau area above baseline betweamd
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Figure 18.Inhibiting the plasma membrane €#&TPase slows Garemoval and rescues the
large postrain C&" plateau in the presence of intracellular EGTA.

A) Measurements of Gafrom neurons recorded under standard conditions, in the presence of
the exogenous Ghchelator EGTA. Left, A 5-Hz, 1-min train elicits a large rise in intracellular
C&”, after which C& decays to basal levels within ~5 mRight, In a neuron treated for ~10

min with 10 uM carboxyeosin (CE), to disrupt the PMCA, a train elicits a transiéhti€athat

is slightly smaller than control. After the train, intracellulafGaartially recovers, but then
transitions into a prolonged elevation. The goain C&* signal peaks within ~2 min and
subsequently returns to near basal levels after ~20Bjireft, In normalpH external (pH=7.8),

a 2min train produces Gainflux and a subsequent exponential decay to baseline after
stimulation.Right, In contrast, a cell bathed in higid external (pH=8.8), to inhibit the PMCA,
displays not only an initiaCa* influx during the train, but is followed by a sustained’Ca
elevation, like that seen in carboxyeogi).Summary data showing the peak change in 340/380
fluorescence ratio from baseline during the train. Neither carboxydasinrfor highpH

extenal Righ) significantly alter the mean peak change in 340/380 during the train, relative to
control (unpaired St udWhitneydJdesttrespeetisety). and unpair
D) Compared tahe respective control, carboxyeosireff) and highpH external Righ)

significantly augment the plateau areal(Lmin) (unpaired ManfwVhitney U test and unpaired
onetailed MannWhitney U test, respectively).
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11-min posttrain was significantly increased in pH 8.8, relative to pH 7.8 (Figure R&Dy).
Like carboxyeosin, pH 8.8 did not significantly alter the peak traffi @aponse (Figure 18C,

Righd).

The PMCA-dependent postirain Ca®* plateau is mediated by C&' release from the

mitochondria

The delayed C& peak and prolonged €zelevationthat is unveiled in the absence of
PMCA activity may represent intracellular Caelease, as it has similar kinetics and magnitude
to the CICR that occurs when recordings are performed in the absence of intracellular EGTA.
However, postrain C&" dynamts in carboxyeosin or highH external is also influenced by
reduced removal of voltaggated C&' influx. Thus, | dissected the contribution of intracellular
Cd” release to the positain C&* plateau seen in carboxyeosin by treating neurons with TPP. As
a control, | first discerned the impact of TPP orf‘@aflux and removal in the absence of
carboxyeosin, when PMCA activity was not altered. As there is no appargnef@ase under
these conditions, TPP would not be expected to influentedgaamics Indeed, in response to
a 5Hz, 1-min train, TPPtreated neurons did not present a significantly different{paist
plateau area (Figure 19A) or peak trairf Gaflux relativetoHO cont r o | ( p@ak @34

1.03 N 0.076, n=8:0.q340/n3860 Tumm:aiad.esdl78StNident 6

Next, the influence of TPP on tragvoked C& dynamics was examined when the
PMCA was rendered inactive. As expected, in the presence of 10 uM carboxyeosin, the train
resulted in a large Ghinflux signaland a delayed Gplateau (n=12) (Figure 19B).
Conversely, delivering a train to neurons given both carboxyeosin and 100 uM TPP, resulted in a

Cd* response that decayed exponentially to baseline levels after the train (n=15) (Figure 19B).
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Figure 19. The carboxyeositlependent pogtain C&" plateau is mediated by Eaelease from
the mitochondria.

A) In control conditions (BD), a neurorshows a rapid exponential recovery to baseline after a
5-Hz, 1-min train (ight trace). Another neuron, exposéd 100 uM TPP for 30 mindark trace

to inhibit mitochondrial C& exchangers, presents a péedin C&" response and postin C&*
decay that is essentially indistinguishable from contnslet,With the PMCA active, TPP does
not significantly altethe posttrain C&* plateau area (11 min postrain) relative to control
(unpaired SB)indhe presénee oftcarthoxysosin (CE)mib train evokes a large
post train C& elevation(light trace). Conversely, in 100 pM TPP and carboxyiapthere is a
similar trainevoked C&' influx, but subsequently, areturns quickly to pratimulus baseline
without an ensuing Gaelevation ¢lark tracd. The transient decrease in the 340/380 ratio in the
latter portion of the recording is an arteffaaused by a brief, incidental closure of the shutter.
Inset With carboxyeosin, the Gaplateau area is significantly reduced by TPP (unpaired

St ude nt ©)PBisrapting thesAMLA using highH (pH=8.8) l(ight trace) results in a post
train C&* elevation that is eliminated by TPBafk tracd. Inset,In high-pH external, TPP

significantly reduces the plateau area compared teptigalone (Welch corrected unpaired
Studentds t test).
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The carboxyeosidependent Ca elevation was reduced underskeconditions, as indicated by
the significantly smaller plateau area in T#€ated neurons (Figure 18se). | also examined

the influence of TPP on the pesain C&* plateau produced when PMCA activity was prevented
with extracellular alkalizationConsistent with prior observations, in pH 8.8 external the train
elicited a robust pogtain C&" plateau (n=8) (Figure 19C). In contrast, cells bathed in pH 8.8
and given TPP showed no padisin C&" elevation (n=8) (Figure 19C). This was confirmed by
the summary data, showing that TPP significantly reduced tfiep@@eau in higkpH (Figure

19C,Inse).

Inhibiting the PMCA enhances the involvement of mitochondrial C&" uptake in response

to voltagegated C&" influx

The ability of PMCA inhibition to recue CICR despite the presence of intracellular
EGTA indicates an interplay between?Cimflux, mitochondrial C&" dynamics, and plasma
membrane C4 extrusion. The involvement of €aremoval systems is known to be adaptive to
the C&" requirements of #cell. For example, the inhibition of one*Celearance system has
been shown to increase the contribution of other, formerly less engaged, removal
mechanisms (Zenisek and Matthews, 2000; Ktral, 2005a). This presumably reflects a
compensatory propsy that ensures Gahomeostasis. Thus, a potential explanation for the
phenomenon is that PMCA disruption make$'@zlux more available for mitochondrial €a
uptake and store loading during stimulation. As such, | examined whether the removal of
voltagegated C&' influx by the mitochondria is augmented when the PMCA is inhibited. If this
occurs, then carboxyeosin should increase the sensitivity ofrp@sC&* decay to the
disruption of mitochondrial Gasequestration with FCCP. In the followiegperiments,

recordings were performed in the presence of intracellular EGTAtRasC&* removal was
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isolated from CICR by treating neurons with 100 uM TPP. Additionally, a low (hanomolar)
FCCP dosage was used, to avoid the rundown of vetjatgsl C&' current that occurs at
micromolar concentrations.

DMSO-treated neurons were first delivered-B5, 1-min train as a control. After full
recovery of C4' to baseline, cells were given 200 nM FCCP for ~10 min and then delivered a
second Imin train (n=1). As displayed in Figure 20A.éft), posttrain C&* 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 Gainflux and an exponential recovery to baseline (Figure Zigh).

Delivering the second train, after FCCP, still produced prominefitiGfux, but the C&'

removal was substantially slowed (n=10) (Figure 2Rfghi). Importantly, the influence of

FCCP on postrain C&" removal appeared more potent than in the absence of carboxyeosin. To
guantify this difference, | determined the degrewltiich FCCP enhanced the pastin

recovery area above baseline. Figure 20B shows that the ratio «fgnsecovery area

between FCCP and control conditions was significantly larger in the presence of carboxyeosin.
Using the decay of the train €aesponses, | also evaluated the influence of carboxyeosin on the
apparent rate of mitochondrial €aptake (Ri) as a function of intracellular €a(seeData

analysis and statistids Materials and Methodfor details). Ry (i.e.the FCCPsensitive rate
component) was discerned by subtracting the residual removal rate in FE&&h {iem the

removal rate in control conditions {R). Figure 20C displays the relationship between these rate
components and intracellular €én the absence (Figure 201ft) and presence (Figure 20C,

Middle) of carboxyeosin. In DMSO, mitochondrial €aptake occurred throughout the range of
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Figure 20.Disrupting the PMCA enhances mitochondrial involvement in the removal of
voltagegated C4' influx after a train.

A) Left, Applying a 5Hz, 1-min train to a control cell elicits an increase in cytosoli¢'Ca
followed by an exponential recovetight trace). After disrupting mitochondrial Gauptake

with 200 nM FCCP for ~10 min, a second train produces a similarly si@édnBux as in the
absence of FCCP, but the pastin C&" recovery is slowedd@ark trace. All experiments were
performed in TPP to isolate the Caemoval process and eliminate CIARset The efficacy of
posttrain C&* removal was determined by amuring the recovery area [340/380 units (U) * sec
(t)] above baseline between the end of the train andihdater (shaded regiorfRight, In a
carboxyeosin (CEjreated cell, a train producesCflux and a subsequent recoveliglt

trace). After the addition of 200 nM FCCP (still in carboxyeosin), a second train evokés Ca
influx that recovers to baseline very slowtlatk tracg. B) The ratio (2/1) of postrain recovery
area between the second train (2) in FCCP and the first train (1) in DMssgDifgcantly
enhanced by carboxyeosi nC)C&Elparance rate &), aceudted St u d e
from C&" transients in panel A, as a function of 340/380 ratio. Fitted polynomial functions are
plotted overtop of the data pointsft, In theabsence of carboxyoesin (control), the rate df Ca
clearance (d(340/380)/dt) has a moderatgd¥er the range of GameasuredMiddle, In
carboxyeosin, R; constitutes a large fraction of the totafCelearance rate over the entire’Ca
range Right Ry curves replotted from thieeftandMiddle panels. In carboxyeosin (CE)nRis
larger than DMSO control (cntl) and increases more steeply with changes in intracelftilar Ca
(340/380). Ryt curves were replotted from theftandMiddle panels.
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C&* measured, and increased with intracellulaf*Qigure 20CLeft). In carboxyeosin, the
mitochondrial C&" uptake rate was larger and increased more steeply to changes in intracellular

c&”* (Figure 20CMiddle andRight).

Hindering the PMCA enhances thedegree of C&" stored in the mitochondria

following a train stimulus

Our results suggest that PMCA inhibition enhances the contribution of the mitochondria
to the removal of voltaggated C&' influx. Consequently, carboxyeosin should increase the
Cé&* load in the mitochondria after stimulation. | assessed the amount of mitochondfial Ca
loading by treating bag cell neurons with FCCP, subsequent-téza Bmin train. All neurons
were given 100 uM TPP to ensure that mitochondridl @as not releasedaiC&" exchangers
following stimulation. In neurons exposed only to DMSO, delivering 200 nM FCCP after a train
produced a slow rising &asignal (n=8) (Figure 21A,eff). Conversely, in neurons that were
continuously bathed in 10 uM carboxyeosin, apph20§ nM FCCP after the train resulted in
markedly greater Galiberation (n=11) (Figure 21/Righ?). Indeed, compared to DMSO
control, the peak FCGRduced C& response was significantly augmented by carboxyeosin

(Figure 21B).

Carboxyeosin appears tadlitate the degree of mitochondrial C#oading by voltage
gated C&' influx. However, it is possible that carboxyeosin alters the F@€#endent Ca
signal by preventing its extrusion from the cytosol or augmenting mitochondfialogeing
under baal conditions, without prior voltaggated C&' influx. Thus, as a control, FCG#&oked
Cd" release was measured in the presence and absence of carboxyeosin, without prior train

stimulation. Cells were also given 100 uM TPP to keep all conditions cartsigth the prior
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Figure 21.Blocking the PMCA increases the loading of the mitochondrial &are by voltage
gated C&' influx.

A) Left, After recovery from a 41z, 1-min train in DMSO, application of 200 nM FCCP
produces a small Garesponse dut the liberation of stored mitochondrial CaRight, In 10

UM carboxyeosin (CE), delivering FCCP following a train elicits a comparatively largér Ca
signal. TPP (100 pM) was present in both conditions to ensure that the mitochontiriab@a
was notreduced by postrain C&* release. Line breaks omit a portion of thé'Gaflux signal
during the train in order to emphasize the FCCP resp8)de.comparison to DMSO controls,
the peak change in FC@/duced C4' release following the train is sigiténtly larger in cells
given carboxyeosin (Wel ch C)ubeftDeliceting200nvhpai r ed
FCCP to a DMS&exposed neuron, without a prior train stimulus, produces a relatively small
Cd" increaseRight, In another cell exposed tarboxyeosin, FCCP elicits a Eaignal that is
not substantially different from control. As per panels A and B, TPP was included in both
experimental condition®) The peak change in €ao FCCP is not significantly different
between DMSO and carboxy@ogonditions when a prior train stimulus is not given (unpaired
Studentds t test).



92

experiments. In carboxyeosin (n=5), thé Qalease signal to FCCP did not reach statistical

significance compared to controls (n=5) (Figure 21C,D).

A model of intracellular Ca** dynamics recapitulates the influences of EGTA and the

PMCA on activity-dependent C&* dynamics

The results indicate that CICR in the bag cell neurons is highly sensitive to the function
of secondary Ca removal systems.e. EGTA and the PMCA) wich operate alongside the
mitochondria to lower cytosolic &a Intracellular C&' is governed by the concerted action of
multiple C&" sources and Gaextrusion/buffering systems. Therefore, | discerned whether a
simple rate model of Gadynamics consting 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 stimeubusked changes in cytosolic €and CICR

in the other system&riel and Tsien 1994; Colegroet al, 2000b).

A model was constructed that consisted of extracellular, intracellular, and mitochondrial
compartments (Figurg2, Inse) (seeModel developmerih Materials and Method#or details).
Cc&" influx across theplasma membrane was mediated fy,J while plasma membrane €a
efflux was controlled byalica and Jyr, reflecting the function of the PMCA and residuafCa
extrusion systems respectively. The movement &f g and out of the mitochondrial
compartment is represented kyiskeand Jkicase respectively. Lastly, CGAbuffering by the
exogenous (A chelator EGTA is accounted for bys}a. Transiently increasing the plasma
membrane influx rate constati,fuy), to replicate voltaggated C&" influx, produced a fast

increase in cytosolic G§ followed by a rapid recovery and a prolonged cytosolf¢ Ca
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Figure 22.A model of intracellular C& dynamics demonstrates the sensitivity of mitochondrial
Ce”* release to the Ghchelating agenEGTA.

A) The model of intracellular Gadynamics consists of extracellular, cytosolic, and
mitochondrial compartmentiée). Jniux corresponds to plasma membrané*@aflux while
Jemea and iy represent the PMCA and residual plasma membrafies@usion systems,
respectively. haedenotes mitochondrial é?auptake and deaseSignifies C&' release into the
cytosol by mitochondrial Gaexchangers. Cytosolic €abuffering by the exogenous €a
chelator, EGTA, is determined by its forwdkd,) and reverse k) rate constants. All model
presentations were derived using functions and parameter values (Table 1) consistent with the
relevant literature (seddodel developmerih Materials and Methodfor details). Train stimulus
induced C&'influx is simulated in the model by transiently increasing the iBfux rate
constant Kinux). In the absence of EGTA, evokingCflux causes a rise in €aand a
subsequent Céplateau @ark trace. The cytosolic C& response in the presenceEBTA
slightly reduces peak €influx magnitude and blunts mitochondrial CICIRyit trace). B) In

the absence of cytosolic EGTA, mitochondriafOacreases then falls as Tia released into
the cytosol dark tracg. In the presence of cytosolic EGT#e magnitude of mitochondrial
Cc& " influx after stimulation is attenuatelight trace). Mr. JT Rebane created the model under
the supervision of myself, Dr. Magoski, and Dr. G. Blohm.
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plateau (Figure 22Adark trace. Over the same time period, mitoctuvial C&* rapidly

increased and decayed to4stenulus levels (Figure 22Blark tracg, corresponding to the
uptake and release phases of cytosolft’,Gaspectively. First, | sought to address the sensitivity
of CICR to intracellular EGTA. The effeatd EGTA on CICR could be due to competition with
mitochondrial uptake for Gainflux, causing a reduction in mitochondrial loading and
subsequent release, or by EGTA binding th& @s.it is extruded. Inclusion of an EGTA
component in the model causesraall reduction in the peak cytosolicCdse during influx,
while strongly reducing CICR (Figure 22hght trace). Thisin silico result is comparable to
that observeth vitro (see Figure 10). In the EGTFéontaining conditions, peak mitochondrial
C&* levels were reduced following cytosolic Cinflux, and consequently, decayed to-pre
stimulus C4' levels at a faster time course than in the absence of EGTA (FiguréitaB,

trace).

My experimental evidence shows that preventing PMCA function withoggeosin is
able to rescue CICR despite the presence of EGTA. This was attributed to enhanced
mitochondrial C&" uptake and store loading with PMCA disruption. | examined if a similar
phenomenon could be recapitulated with th&" @eodel. Figure23A,B shows simulated changes
in cytosolic and mitochondrial aresulting from a transient increase in the plasma membrane
Ccd* permeability coefficient (kix). When all components of the model are active (including
the PMCA and EGTA), a brief activation of¢y produced a rise in cytosolic €afollowed by
a rapid C4&" removal (Figure3A, light trace). In parallel, cytosolic Ca influx caused
mitochondrial C&" concentration to grow, after which it returned to basal levels due to the

function of the C& release parameterdd.s) (Figure23B, light trace). The impact of blocking
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Figure 23.A model of C&" dynamics recapitulates the influence of PMCA activity on CICR.

A) The model of intracellular Gadynamics consists of extracellular, cytosaéingd

mitochondrial compartmentinge). All simulations are performed in the presence of the EGTA
component and use the same parameters and values as Figure 23y¥ithnttional (ight

trace), a transient change i elicits a rise in cytosoli€a* and an ensuing recovery phase
that contains a small €ashoulder. In another simulation, wheggida was eliminated,

triggering the samekux produces a slightly larger cytosolic Caise and a prominent €a
plateau, similar to that seen physigically during carboxyeosin treatmeB). Changes in
mitochondrial C&" concentration in response to cytosoli¢ Gantry in the presence and absence
of Jrmca function.Compared to simulations when all components are functibght {race),
eliminatingJemca (dark trace leads to a greater increase in mitochondrid’ @ading by C&"
influx. C) Cytosolic C&" influx and release when the PMCAwd») is not functional, and the

rate of mitochondrial G release (dieasd 1S eliminated, to mimic the eftt of TPP. Relative to
when it is activelight trace), eliminating JLease(dark trace, prevents the Gaplateau seen

when $ucais off. D) Corresponding changes in mitochondriafQa the absence ofyca
function, but with altered mitochondrial €aelease (deas). The decay of mitochondrial &a

that occurs when the.dasds functional light trace) is prevented after the latter is inactidaik
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 wich eliminated. Under these conditions, transiently
activating kqux resulted in large cytosolic €ainflux that wa followed by a substantial pest
stimulus C&' elevation (Figure 23Adark tracd. Simulated mitochondrial Gaconcentration
showed that eliminating PMCA function produced greater loading of the store?binflla

(Figure 23Bdark tracd. The contribtibn of mitochondrial CH release to the cytosolic €a
signal was demonstrated by repeating the same simulationygthalf. As depicted in Figure
23D, eliminating mitochondrial Garelease had no influence on the initial increase in
mitochondrialC&* but prevented its subsequent reduction. In turn, thetpmiatC&"* plateau,

seen in the absence @fsda, Was no longer present (Figure 23C), indicating that it was derived

from mitochondrial C# release.



Table 1. Parameter values used in the nael of intracellular Ca®*

Definition Model variable Value
Rate constant for PM &ainflux Kinfiux 5 x 10° (sh)
Extracellular C&" concentration [Cae 11 mM
[Caz*]i at half maximal rate of PMCA extrusion ECso pmca 378.8 nM
Hill coefficient for PMCA extrusion N pMCA 1.8
Maximal rate of PMCA extrusion V max, PMCA 28 nM/s
[Caz*]i at half maximal rate of residual extrusion ECso, extru 378.8 nM
Hill coefficient for residual extrusion N extru 1.8
Maximal rate of residual extrusion V max, extru 7 nM/s
[C&®"]; at haltmaximal rate of mitochondrial uptake ECso,uptake 10 uM
Hill coefficient for mitochondrial C& uptake N uptake 2
Rate constant for mitochondrial €aiptake K max, uptake 10.3 (8
[Ca™]m at haltmaximal rate of release ECso, release 307 nM
Maximal rate of mitochondrial Garelease V max, release 24.8 nM/s
Mitochondrial to cytosolic effective volume ratio ) 2
[Ca™]i at haltmaximal release inhibition Kinhib 500 nM
Hill coefficient for release inhibition N inhib 6
Dissociation constant of EGTA Kd, ecTA 180 nM
Forward rate constant of EGTA Kon 2.7x16M*ost

Reverse rate constant of EGTA Koff 0.5 st
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Chapter 4. Results I Separate C&"* sources are regulated by

distinct Ca®* handling systems

Thus far, the PMCA and mitochondria have been established as important mechanisms
for removing voltagegated C4' influx. Another C&" handling system thianay be involved is
the plasma membrane N@&* exchanger, which trades extracellular' @ intracellular C&"
(Blaustein and Lederer, 1999; Kiet al, 2003), and can be eliminated in the bag cell neurons by
replacing extracellular Navith TEA (Knoxet al, 1996). Given that the standard recording
conditions used extracellular TEA, rather tharf Naested the effect of using extracellular'Na
in lieu of TEA on the rate of voltaggated C& removal (Figure 24A). Again, recordings were
performed inhe presence of intracellular EGTA, to isolaté Gamoval from CICR. Compared
with TEA (n=6), adding extracellular Nén=7) did not significantly alter the magnitude of the
Cd'riseduringa®z,mi n train (TEA peak "Me@k 267 4p:9 18 01 ¢
22.3, n=7; p>0.05, un psimuiueCGh’ décayuimescansténs(Figuret e s t )

24B), or the percentage recovery at 5 min after pedk(Emure 240.

In addition to the mitochondria, the ER is the other primary intracelluf&rsBare in
neurons (Berridget al, 2002), and has been found to remove volgaged C4' influx in
neurons and neuroendocrine cells (Fietral, 1998; Kimet al, 2003) To explore a role for the
ER in C&* removal, bag cell neurons were given 20 pM of the SERCA inhibitor, CPA (Seidler
et al, 1989). Interestingly, postain C&" kinetics were not affected by the presence of CPA
(n=6) versus control (n=7) (Figure 24&)PA did not alter the peak rise inCauring

~

stimulation (DMSO peak % o : 174.3 N 20.4, n
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Figure 24. Removal of voltagejated C& influx does not require the K& exchanger or the
ER.

A) Left, Theinclusion of N4 (dark trace rather than TEAlight trace) in the extracellular

saline, to permit N4C&* exchanger activity, has no effect on the rate &f @moval following

a 5Hz, 1-min train stimulusRight Treatment with 20 uM CPA, to inhibit &auptake into the

ER by the SERCA, does not alter®*Ceemoval after a train stimuluB) Neurons treated with 20

OM FCCP show significantly | arger exponenti al
(reproduced from Figure 12D), whereas cells in the presence of extracell{jlar Maposed to

CPA do not have significantly differentivaues (al |l compari sontest).usi ng
C) FCCP significantly reduces the percentage recovery at 5 mistrposstimulus (Mann

Whitney Utest) whereas neither extracellular'™Mar CPA has an effect (both comparisons

using unpaired Studené test).tFCCP data was acquired from the data set presented in Figure
12D.
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unpaired St ud e-atimdus C& decagtsne donstarit (Figuref24B3, or the
percentage recovery to baseline following stimulation (Figure 24C).
Disrupting mito chondrial Ca®* uptake does not increase the contribution of the SERCA or
Na'/Ca’* exchanger to the clearance of voltaggated C&” influx

Under normal conditions, the ER and'K&e&’* exchanger appear to have little apparent
contribution to the removal ofotagegated C4' influx in the bag cell neurons. | next tested
whether inhibiting the dominant €aemoval systems could change the involvement of the ER
and N&/C&* exchanger. To do sbassessed the contribution of these systems when
mitochondrial C&" uptake was disrupted by FCCP. Under these conditions, exchanging
extracellular N&(n=7) for TEA (n=8), or pretreatment with CPA (controh=8; CPA,n=28)
remained ineffective at influencing pesain stimulus C& removal (Figure 28). Poststimulus
decay time constants (Figure 25B) and percentage recoveries at 5 min (Figure 25C) were not
substantially changed by including extracellulaf Napretreatment with CPA.
Inhibiting the PMCA does not change the contribution of the ER to the removal of vthge

gated C&" influx

| subsequently examinedhether disrupting PMCA activity with carboxyeosin could
enhance the sensitivity of petsain C&* removal to SERCA inhibition with CPA. As my earlier
work showed that PMCA inhibition produces CICR, for thesgeriments neurons were bathed
in 100 pM TPP to prevent this process and isolate-ppat C&* removal. Consistent with my
previous results, in the presence of carboxyeosirHa, 8-min train elicited voltagejated C&'
influx and a subsequent recoydo baseline (n=7) (Figure 26A). In other neurons given both
carboxyeosin and 20 uM CPA, pséimulus C&" 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@¥4 -exchanger remain
ineffective at removing voltaggated C4' influx.

A) The inclusion of extracellular NgLeff) or pretreatment with 20 pM CPARigh?) does not

substantially influenc€&’* removal following a 84z, 1-min train, despite the presence of

FCCPB)For neurons pretreated with FCCHRan the exp
Cd”* recovery are not significantly altered by the inclusion of extracelluldoNexposure to

CPA (unpai r tedan®dMamWhatmey WBtest, respectively)C) Summary of mean

percentage recovery at 5 min ptrstin stimulus. In the presence of FCCP, the inclusion of

extracellular N&( unp ai r e dtes8) ar ttiecapplication of CRMann-Whitney Utest)

do not significantly change the percentage recovery at 5 mirtraast
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Figure 26. PMCA disruption does not change the involvement of ER Gatake during post
train C&" removal.

A) In comparison to 10 uM carboxyeosin (CH)rae (ight trace), a neuron delivered both
carboxyeosin and 20 pM CPA (to preventOaptake into the ER by the SERCA) shows very
similar C&" influx and C&" removal in response to aHi, 1-min train. TPP (100 uM) was
present in both conditions to pent CICR and isolate the pesain C&* removal.Inset Post
train C&* decay was quantified by measuring the recovery area above baseline between the end
of the train to 1@min later (shaded region) Graph showing the rate of €aemoval
(d[340/380]4t) plotted as a function of intracellular 4340/380) for the C& responses in
panel A and fitted with polynomial functions. The totafQ@moval rate in carboxyeosin B

is not substantially different than the®Ceemoval rate in carboxyeosinusl CPA (R + cpa
across the range of €aneasuredC) Sample trace showing tragvoked C&' influx and
removal with highpH external (pH=8.8) to inhibit the PMCAdht trace). In highpH, CPA
does not change the pealk’Ciaflux or C&* removal elicied by the traindark tracd. TPP was
included in both experimental conditiom). In the presence of carboxyeoskreft) or highpH
(pH=8.8) Right), CPA does not significantly alter tip@sttrain recoveryarea (unpaired
Studentbés t test for both).
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Welch corrected unpaired St ude fitodcentrationtusdsrt , p <0 .
these conditions is likely due to the release of stored ERb@aCPA (Kachoieet al, 2006).

Despite this, the train elicited €anflux and a subsequent Eaemvery 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 gosin recovery area was not significantly different

between carboxyeosin alone and carboxyeosin plus (ER#ire 26D Left). The relationship

between the rate of €aremoval and intracellular Gawas evaluated using the pdsiin C&*

decay phases of the data presented in Figure 26A@aeanalysis and statisties Materials

and Methodsor details).The rate of C& removal across the range of"Cmeasured was not
substantially different between carboxyeosigdfRand carboxyeosin plus CPA{R:cpa

(Figure 26B). Next, the same experiment was performed, but using extracellular alkalization to
inhibit the PMCA. Again, 100 uM TPP was included to prevent CICR. Cells exposed to both
high-pH external and 20 pM CPA (n=5) showed a gosin C&* decay phase that was

comparable to that seen in highl external alone (n=6) (Figure 26C). In the presenceght hi
pH-external, CPA did not significantly change the goain recovery area above baseline

(Figure 26D Righ{).

Store-operated C&" influx refills the ER Ca?* store and is primarily cleared by the SERCA

It is somewhat surprising that the ER and/®a* exchanger have little apparent
influence on the removal of voltagmted C4' influx in the bag cell neurons, as these
components have dominant roles in other systems (Féealy 1998; Kimet al., 2003;
Berridge, 2002). In neurons, multiple Caourcs exist and can occupy distinct cellular regions
and interact with unique &asignalingcomplexes (Augustinet al, 2003). Consequently, it may

be possible that the ER and¥a&* exchanger interact with and influence othef'Gaurces
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instead of voltge-gated C&" channels. A prominent Easource in the bag cell neurons is store
operated C4 influx (Kachoeiet al, 2006). Here, storeperated influx was evoked to determine
if it is regulated by C4 removal mechanisms distinct from the systems thatlte voltagegated
C&" entry. To measure stemperated CH influx, bag cell neurons were fufdled by sharp
electrode pressure injection rather than recorded under walbleoltage clamp. This was
possible because ER depletion and saperated C& influx do not significantly alter the
membrane potential, and therefore do not require voltage clamp (Katlade2006). Store
operated influx was activated by depleting the ER &f @ith 20 pM CPA. During this time,
neurons were bathed in €dree medium (Seidlest al, 1989). After depletion and washout of
CPA, the addition of Caback to the bath caused a rapid rise in intracellul&f &aa result of
Cc&" influx through depletioractivated stor@perated channels (Figure/2) A second
appication of CPA after influx and recovery elicited another rise in intracellul&r (E&ure

27A); however, its magnitude was significantly smaller than the first (Figure 27B). These results
indicate that storeperated C# influx refills the ER via the BRCA.

To determine the degree of Caemoval by the SERCA, the recovery from peak store
operated C4 influx was measured in the presence and absence of CPA. After ER depletion,
washout of CPA and addition of extracellula’Tavoked a transient rise @&’* followed by an
exponential decay, typically reaching pnélux baseline within 10 min (Figure 28Agft). If
CPA remained in the bath after depletiorX7), storeoperated influx was similar in size
compared with controlsE17); however, C4 recovery slowed dramatically, often requiring
well over 15 min for full return (Figure 28Agft). Furthermore, in CPA, following a brief

initial recovery, C4' levels often decayed to a new baseline atd @mcentration higher than
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Figure 27. The storeoperated C& influx pathway refills the ER Gastore in the bag cell
neurons.

A) Addition of 20 pM CPA depletes ER &an a cultured bag cell neuron pressimjected with
fura-PE3. Because neurons are not recorded under voltage clammal Net-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 extracelltiae€idts in an

elevation of intracellular G4 Delivering CPA a second time again evokes &'@ae, albeit

smaller than the first, indicating partial repletion of the €#sitive storeB) The magnitude of

Cd " release to the second CPA exposure, after-sqpeeated influx, is significantly smaller than

the response elicited during the frstGPM duced depl etion (unpaired
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Figure 28 The removal of storeperated CZ influx, but not voltagegated C&' influx, is
sensitive to SERCA activity.

A) Left Washout of CPA, before additi of extracellular Cd, speeds the recovery of influx
back to baseline. Sto@perated Cd recovers at a slower rate in the presence of GRA(
trace). Both neurons were previously depleted irf'deee ASW with 20 pM CPARight C&*
influx similar in size to stor®perated influx, caused by a shoiiti train stimulus under whole
cell voltageclamp at-80 mV in the presenceldrk trace and absencdight trace) of CPA. CPA
has little effect on postain C&" recoveryB) Left, Mean percentage chamin C&* during
storeoperated C4 influx and the train C& influx are not significantly different within and
between conditions (p>0.05, Kruskalallis oneway ANOVA). Middle, CPA significantly
increases the mean stasperated C4 influx decay time onstant (Welch corrected unpaired
St u d etest) ushas no significant effect on sipatched voltaggated C&' influx (unpaired
St u d etest).Right The percentage recovery at 5 min after peak stpegated CZ influx is
significantly greatewi t h pri or CPA washout ( Wetdst).ilhecor r ect

percentage recovery at 5 min after the short train stimultisi@ex is not significantly altered
by CPA.
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pre-influx levels.

The relative contribution of a given buffering systentytosolic C&' removal changes
with the magnitude of the €asignal. For example, small €anflux is typically handled by the
high-affinity systems, such as the PMCA or SERCA pump, whereas largeinflax engages
low-affinity uptake mechanisms, Bkthe mitochondria (Herringtaet al, 1996). Consequently,
the effect of CPA on the recovery of voltagated C4' influx may have gone undetected, as the
Cc&* dynamics during a-biz, 1-min train are large and rapid in comparison to stgrerated
c&" influx. Therefore, | produced voltaggted C&' influx that was sizednatched to the
average storeperated influx, and tested its sensitivity to CPA (control n=10; CPA n=18). Ca
was measured from fuilaaded bag cell neurons recorded under wielevoltageclamp. A
brief (3-15 sec) 8Hz train of depolarizing steps frof0 to 0 mV elicited C& response
magnitudes that were not significantly different than those during-spmeated influx (Figure
28A, B). Despite having a similar absolute magnitudstassoperated influx, voltaggated
C&" influx had a dramatically faster exponential recovery (Figure 28A,B,C). Moreover, the
handling of voltagegated C&" influx showed little apparent sensitivity to CPA, and rapidly
declined to prestimulus levels (Fjure 28AB,C).

Role for the mitochondria, but not the PMCA or Na'/Ca?* exchanger, in storeoperated
Ca®" influx

In other systems, mitochondria have been shown to be functionally coupled to store
operated influx (Gilabert and Parekh, 2000; Parekh, 200@&xefore, influx was measured after
20 min pretreatment with 20 uM FCCP, to collapse the mitochondrial membrane potential.
Compared with control$8), FCCPRtreated neurons (n=9) had a significantly reduced peak

percentage change in response to bathiagijun of C&" after CPAinduced depletion (Figure



108

29A Left, B). Furthermore, exposure to FCCP reduced the percentage of cells presenting a
measurable influx signal. In the DMS&ated group, 8 of 9 cells showed a response, whereas
after FCCP, influx wasbserved only in 9 of 24 neurorns<(0 . 0 2, Fi sherdés exact
contribution of acidic stores to the removal of stoperated influx was tested by delivering 100
nM bafilomycin A (Figure 28, Righ9. Incubation in bafilomycin A (n=20) before the atut
of extracellular C& did not change the peak stasperated influx (Figure 2. Additionally,
bafilomycin did not significantly alter the percentage recovery at 5 mirpgeadt C4" compared
with control (=16) (Figure 2&). Contributions from the &I/C&* exchanger and the PMCA
were examined by including extracellular NMDG in lieu of Idad 20 pM carboxyeosin,
respectively. NMDG was used to inhibit the 'l 2e?* exchanger (Blaustein and Lederer, 1999;
Zhanget al, 2004), rather than TEA, becauseATBEocks K’ currents and would depolarize bag
cell neurons in nowoltageclamped conditions (Hagiwara and Saito, 1959; Kaczmarek and
Strumwasser, 1984). Carboxyeosin was used to inhibit the PMCA duringpgienated influx.
Again, SERCA function was inbited by 20 uM CPA following prior ER depletion. Blocking
the Nd/C&* exchanger (Nan=12; NMDG n=7) or the PMCA (control n=12; carboxyeosin
n=16) did not significantly alter the percentage recovery at 5 min (Fig@e 29

CICR is removed by plasma membrae extrusion via Nd/Ca”* exchange and the PMCA

Despite identifying a role for the SERCA in removing SOCI, evidence fort@adling

by the N&/C&* exchanger was still lacking. Previously, Knetxal (1996) demonstrated that the
removal of intracellulaCa* release was strongly regulated by the presence of extracelldlar Na

Thus, | examined the principle €aemoval systems which govern tramoked CICR to
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Figure 29. Storeoperated CH influx is reduced in magnitude by FCCP but is not apparently
influenced by acidic stores, the PMCA, or thé/ga’* exchanger.

A) Left Neurons exposed to 20 pM FCCP before the addition of extracelllla(d2ak trace
causes a reduction in stesperated influx relative to contrdight trace). Right, Exposurego

100 nM bafilomycin A (baf) before the addition of extracellulaf"Gdark tracd does not
influence the size or recovery of staperated C& influx. Neurons were previously depleted in
Cd*-free ASW with 20 pM CPAB) Treatment with FCCP significdgtreduces the peak €a
influx after the addition of extracellular €gLeft), whereas bafilomycin has no effect (both
comparisons using MarAwhitney Utest).C) CPA pretreatment significantly reduces the
percentage recovery from peak’S@eproducedrbm Figure 28B) whereas incubation with
bafilomycin, carboxyeosin (CE), or extracellular NMDG does not (all comparisons using
unpaired Studentbés t test).
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discern if the N8C&* exchanger might be involved. Experiments were performed with EGTA
excludedrom the internal solution in order to permit CICR. The contribution of tHéQ¥&"
exchanger was tested by substituting extracellulafdtaTEA. In contrast to its ineffectiveness
in removing voltageyated or stor@perated CH influx, extracellulaiNa’” substantiallyreduced

the time to recovery from peak CICR (Figure 30&ft) compared with TEA. However, the
posttrain stimulus area from 1 to 11 min was not significantly different betweéaMhTEA
conditions (Figure 3B). This likely occurred beause the first stage of CICR is marked by the

rising C&" plateau, which was not significantly different in magnitude between TEA ahd Na

cnditions (TEA external e xpteearkn a% ,:p e8abk. 3% Rp:2 . 709

p>0.05, ManAWhitney Utest). Nevertheless, the area from 11 to 21 minpast stimulus,
where the recovery from peak is most prominent, was significantlyemrakxtracellular Na
(Figure 30B).

Even in the presence of TEA, when the' igat* exchanger was inhibited, CICR
recovery still occurred, albeit at a slower rate, indicating involvement of another removal system.
To determine whether the PMCA was resgible, 2 mM extracellular 134, a common PMCA
inhibitor (Carafoli, 1991; Herringtoat al, 1996; Zenisek and Matthews, 2000), was applied at
the peak of trairevoked CICR, while in the presence of extracellular TEA! balted CICR
recovery (1=7), wherea in control cells (n=8) Gastill returned to baseline (Figure 30A,
Middle). As with the N&-replacement experiment, the paistin stimulus area from 1 to 11 min
was not significantly different in I*4treated neurons, whereas the area from 11 to 2paosin
train stimulus was significantly enhanced (Figure 30C). The source specific involvement of the
Na'/C&* exchanger may be related to the difference between the rapid, large \galtageCa

influx, and the slow, moderately sized CICR from the nfitowlria. To assess this, | examined
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Figure 30. Mitochondrial C&" release is removed by the @& ‘exchanger and the PMCA.

A) Recordings in the present figure are performed in the absence of intracellular EGTA in order
to measure CICRLeft, In the alsence of extracellular N&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®ta

(dark trace) during the onset of CICR occludes recovéight A train, followed by a prolonged
step depolarization a0 mV evokes a Gainflux similar to CICR (at break, a portion of the
C&influx is omitted). The recovery of this €anflux plateau is insesitive to the replacement

of extracellular N&(dark trace for TEA (light trace). For this experiment, neurons are

pretreated with 100 M TPP to prevent any influence of mitochondrfdlr€laaseB) The post

train plateau area from 1 to 11 min duringC®lis not significantly different between Nand

TEA condi ti ons (testnloweverdghe aréatirandlé to 21Grsn istsignificantly
larger in TEA (ManAWhitney Utest).C) In the presence of TEA, the application of 2 mM'La
during CICR (tanhibit the PMCA) does not alter the pdsdin stimulus area from 1 to 11 min
(MannWhitney U test), but significantly increases the area from 11 to 21 min (Welch corrected
St ude nt D) RKeplacing exsatejlular Navith TEA does not significantlglter the post

train stimulus area during the steastgte depolarization induced Cinflux plateau from time
1-11minor1312 1 ( St test®Nbotld).s t
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whether a voltaggated C4" influx plateau, that was similar in amplitude and kinetics to CICR,
was sensitive to extracellular NaNeurons were stimulated with a&, 1-min train stimulus
from -80 mV; however, unlike control conditions, cells were immediately voltdeyaped at a
potential ranging from10 to-20 mV for the remainder of the recandi Holding at a
depolarized potential produced a stead§’ @lux comparable to that elicited during CICR. As
with rapid, train stimulusnduced voltageyated C4' influx, the inclusion of extracellular Na
(n=5) had no apparent effect on the recovépe slow, persistent voltaggated C&" influx
plateau compared with controls (n=5) (Figure 3BAghi). The postrain stimulus areas from 1
11 min, and 121 min were also not significantly different between TEA antiéxsernal
conditions (Figure 30D)

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

reticulum is abundant in select regions

My results suggest that voltageted C&' influx is regulated by the function of the
PMCA and mitochondria, but not the ER. Corsedy, storeoperated C# 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 C& measuremes 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 samanethods 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 andrbwth cones

allowed for the visualization of discrete oval or4lde 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 fluoresce® 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 neuritesl, outlined region of a distal neurite and its growth cone displayed in pa2ehB.

thin portion of the bag cell neuron showing oval andsbdped puncta similar in morphology to
mitochondria (scale bar = 2 un8, phase contrast imagethie 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 €ridontage image of a

fixed cultured bag cell neuranmmu no | abed DELd twd twhi sUu-EDEL at t he
1:200; AlexaFluor 488 2° 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
throughaut the soma and neuritels.a distal neurite and its growth cone displayed ig,[phase
contrast image of the neuron in @). Area magnified from box 1 in panel C showing a mesh

like ER morphology throughout the central (c) and distal peripheral (paidarhthe growth

cone.
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