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Abstract

Intracellular Ca?* is a critical regulator of gene expression, neuronal excitability, and
neurosecretion. Free cytosolic Ca?* is controlled by numerous channels, pumps, and exchangers
in the plasma membrane, endoplasmic reticulum, or mitochondria. In the marine mollusc, Aplysia
californica, ovulation is initiated from the central nervous system by bag cell neurons. Upon brief
synaptic input, these neuroendocrine cells fire a synchronous afterdischarge, starting with an ~5-
Hz, ~1-min fast-phase, then an ~1-Hz, ~30-min slow-phase, that culminates in the Ca?*-
dependent neurohaemal secretion of egg-laying hormone. During the fast-phase, Ca?* rises due to
entry through voltage-gated Ca?* channels. Repetitive opening results in Ca?*-dependent
inactivation (CDI) of the channel, aka use-dependent rundown, which serves as a form of
negative feedback. Our laboratory previously showed that mitochondria sequester voltage-gated
Ca?* influx, although how this influences Ca?* channel function is unknown. Here, | test the
hypothesis that intracellular Ca* handling, by both membrane transport and organelles, controls
CDI. Rundown of isolated Ca?* current was recorded in single cultured bag cell neurons under
whole-cell voltage-clamp using recurring step depolarizations (~70% current remaining at the
end of a 5-Hz, 5-sec train-stimulus). Rundown was significantly decreased by swapping Ba?* for
Ca2" in the external solution, or adding the Ca?* chelator, EGTA, to the intracellular/pipette
solution (both ~90% current remaining). However, blocking either the mitochondrial
Ca2* uniporter or the plasma membrane Ca?*-ATPase significantly increased rundown (both
~60% current remaining). To further understand mitochondrial Ca?* handling, neurons were
loaded with the Ca?* sensitive dye, fura-PE3, and Ca?* liberated from the mitochondria by
collapsing the organelle membrane potential with the protonophore, carbonyl cyanide 4-

(trifluoromethoxy) phenylhydrazone (FCCP). Compared to control, a prior train-stimulus to elicit



Ca2* entry significantly increased the FCCP-induced percent-change in Ca?* (from ~175% to
~450%), and this was prevented by inhibiting the mitochondrial Ca?* uniporter. These findings
suggest that both mitochondrial uptake and plasma membrane extrusion play a key role in CDI
by buffering Ca?* during prolonged influx. Overall, Ca?* dynamics serve as a key regulator of

Ca2* channel function, with the potential to govern Ca?*-dependent processes in general.
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Chapter 1 - Introduction
Ca?* Signaling

Intracellular Ca2* is a critical biochemical signal responsible for the regulation of many
key physiological processes, such as neuronal excitability, gene expression, and secretion
(Clapham 2007; Giorgi et al. 2018). Particularly in the nervous system, Ca?* signaling is not only
essential in the operation of cellular machinery, but the differentiation of neurons into various
sub-types, adding complexity and versatility to brain function (Bollimuntha et al. 2017).
Intracellular Ca* concentration is stringently maintained at low resting levels of 50-200 nM in
mammals and most other vertebrates (Capiod et al. 1989; Johnson et al. 1997) or 200-300 nM in
marine molluscs (Baker et al. 1971; Fisher et al. 1994). This tightly controlled, low concentration
of Ca?* is made possible by a complex array of check points in the form of ion channels,
exchangers, and pumps found in both the plasma membrane and the membrane of intracellular
organelles such as the endoplasmic reticulum, Golgi apparatus, mitochondria, and to some extent,
the nucleus (Brini et al. 2014). As such, Ca?* signals are often a short-lived, transient increase in
cytosolic concentration of a specific magnitude, so as to affect an array of intended Ca?*-sensitive

proteins (Berridge 1998; Van Haasteren et al. 1999).

Ca?* typically exerts an effect by either binding directly to effector proteins, or by pairing
with associated modulatory domains, such as the commonplace protein, calmodulin (CaM)
(Ghosh and Greenberg 1995). One such example of this is the Ca?*-mediated expression of the
proto-oncogene c-fos. Ca?* influx is able to induce c-fos expression via the Ca?* response element
(CRE), which is a sequence in the c-fos gene (Sheng et al. 1990). This is done via the
phosphorylation of the CRE binding protein (CREB) by a Ca®*-CaM-dependent protein kinase

(Bartel et al. 1989; Deisseroth et al. 1998; Sheng et al. 1990).



Interestingly, many modulatory proteins, such as CaM, will form close and/or physical
interactions with L-type Ca2* channels, or other Ca®* sources, in order to allow for an even more
rapid and concerted regulatory response to a spike in free intracellular Ca®* (Catterall 2011).
Thus, in addition to acting on distant targets, Ca%* influx can directly modulate excitability by
interacting with ion channels at the membrane (Kramer and Zucker 1985). For example, Ca?* is
able to directly gate native non-selective cation channels, as well as certain transient receptor
potential (TRP)-family cation channels (Knox et al. 1996; Liman 2003; Lupinsky and Magoski
2006; Zurborg et al. 2007). Ca* also opens certain K* channels, which are abundant in the nerve
terminal and cause hyperpolarization following Ca?* influx, effectively terminating

neurotransmission (Marrion and Tavalin 1998; McManus 1991; Robitaille et al. 1993).

Voltage-gated Ca?* channels

Voltage-gated Ca?* channels are a diverse family of multi-subunit complexes that enable
Ca?" ions to traverse the plasma membrane following a depolarization of the membrane potential
(Ahlijanian et al. 1990; Catterall 2011; Moore and Murphy 2020). Commonly found in skeletal,
smooth, and cardiac muscle cells, in addition to neurons, these channels are made up of al, a2, f,
d, and y subunits with varying structures based on cell type (Bers 2002; Catterall 2011; Tanabe et
al. 1993; Tsien et al. 1988). The typical voltage-gated Ca?* channel is comprised of a pore
forming subunit (a1) as well as several additional subunits (025, and ). The al pore forming
subunit is ~200 kD and organized into 4 repeating transmembrane domains, each with 6
segments. The C-terminal domain contains regions (EF-hand and 1Q motifs) essential for Ca?*-
dependent regulation of the channel and certain protein-protein interaction (Fig. 1) (Ames 2021,
Zamponi et al. 1997). Both the B & & subunits play an integral role in trafficking the channels to

the plasma membrane and regulating the voltage dependence. Additionally, modulation by other
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Figure 1. L-type Ca?* channel structure.

A, The a-subunit consists of 4 transmembrane domains (I-1V) that contain 6 helices (yellow) and
a pore loop (red). The HI-1V linker is the VDI gate. The cytosolic C-terminal domain is
comprised of an EF-hand domain (orange) and 1Q-motif (red). B, The L-type channel is
composed of pore-forming a-subunit with associated - and d-subunits. Modified from Ames
(2021).



proteins and signalling molecules occurs frequently via the 8 subunit (Arikkath and Campbell
2003; Dolphin 2016; Moore and Murphy 2020). Isolation of voltage-gated Ca?* channels from
neurons showed that, unlike those found in muscle cells, the neuronal Ca2* channels consisted of

al, 029, and B subunits but no y subunit (Ahlijanian et al. 1990; Chang and Hoseys 1988).

Ca?* channels can be categorized into 3 distinct families, based on the genes which
encode them: Cav1 (L-type, long-lasting), Cav2 (P-type, Purkinje; N-type, neural; R-type,
resistant to block) and Cay3 (T-type, transient), which in general, are also distinguishable by their
functional and pharmacological attributes (Ertel et al. 2000; Lipscombe et al. 2004). The L-type
Ca?* channels are so named for their “long-lasting” Ca?* currents that show limited steady-state
inactivation during depolarization, which make them key regulators of neuronal excitability and
synaptic transmission (Ames 2021; Catterall 2011; Tsien et al. 1988). Although much of the
literature on Ca?* channels focuses on vertebrates, homologues of Cay1, Ca,2, and Ca,3 have
been identified in various invertebrate species, including molluscs (Spafford et al. 2006; White
and Kaczmarek 1997). However, invertebrate channels are less reliably identified by the
pharmacological means commonly used in vertebrates, but instead are frequently distinguished

by electrophysiological properties (Kits and Mansvelder 1996).

Ca?* dependent inactivation of the Ca?* channel

The inactivation of ion channels is essential to the control of both excitability and the
levels of intracellular Ca?*. For voltage-gated Ca?* channels, inactivation is mediated by two
processes: Ca?*-dependent inactivation (CDI) and voltage-dependent inactivation (VDI) (Cens et
al. 2006; Stotz and Zamponi 2001). VDI is common to all voltage-gated Ca?* subtypes; however,
the exact mechanistic basis of this form of inactivation is not entirely clear. One model proposes

that the S6 segment in the a1 subunit experiences a conformational change in response to



prolonged depolarization — this structural rearrangement exposes a docking site, which in turn
allows the intracellular linker between domains I-11 to act as a hinge-lid-like gate, blocking the
pore in a voltage-dependent manner (Simms and Zamponi 2014). Ca?* entry is also governed by
CDI, which was first discovered in Paramecium and subsequently confirmed in Aplysia neurons
(Brehm and Eckert 1978; Tillotson 1979) and then vertebrate neurons (Akaike et al. 1988).
Contrary to the canonical notion that rapid gating of ion channels can only be initiated by
transmembrane voltage, CDI is capable of quickly turning off Ca?* channels and is totally

dependent on CaM (Ben-Johny and Yue 2014; Simms and Zamponi 2014).

For many voltage-gated Ca?* channels, including L-type channels, the Ca?*-sensing
protein, CaM, is pre-associated with the C-terminus, via an EF-hand region or Isoleucine-
Glutamate domain on the channel (Ben-Johny and Yue 2014; Simms and Zamponi 2014). Ca?*
enters the cell and binds CaM, which turns off the channel in a direct, negative feedback pathway
(Guerini 1997; Lee et al. 1999). In addition, Ca* can bind free cytosolic CaM and then activate
the protein phosphatase, calcineurin, which effectively inhibits the channel by dephosphorylation
(eg, at serine 1928 in mammalian Cay1.2) (Hell et al. 1993; Zuhlke et al. 1999). Collectively,

these processes lead to a faster rate of inactivation due to both CDI as well as cumulative VDI.

Neurosecretion

One of the most essential roles of Ca" is the promotion of neurosecretion, ie, the release
of neurotransmitters. Secretion is triggered by a rise in intracellular Ca?*, and the extent of
secretion is largely dependent on the degree of Ca?* influx (Dodge and Rahamimoff 1967; Katz
and Miledi 1967). Classical neurotransmitters are produced in nerve terminals and packaged into
small, clear vesicles (40-60 nm), that are stored until release (Purves et al. 2001). In contrast,

neuropeptides and hormones are principally synthesized in the soma (Purves et al. 2001). For



peptides, larger pre-propeptides are first translated and then undergo an initial cleavage in the
rough endoplasmic reticulum, where they are then packed into synaptic vesicles in the Golgi
complex as propeptides (Brownstein et al. 1980; Purves et al. 2001). The final cleaving of
propeptides occurs within the vesicle as it travels down the axon to the terminal, or in some
instances to the dendrites or adjacent somatic membrane, to await secretion (Brownstein et al.,

1980; Purves et al., 2001).

Transmitters are released at the terminal when the vesicular and the plasma membrane
fuse (Stdhof 2012). Fusion takes place through the physical interaction of SNARE (soluble N-
ethylmaleimide-sensitive factor attachment protein receptors) complex proteins syntaxin-1 and
synaptosome-associated-protein of 25-kDa (SNAP-25), which are bound to the plasma
membrane, and synaptotagmin-1, which is bound to the vesicular membrane (Jahn and Scheller
2006; de Wit 2010). Secretion is mediated by synaptotagmin acting as the Ca®* sensor
(Meinrenken et al. 2003), where Ca?* binds via an aspartate residue on the C2-domain (Coussens
et al. 1986; Von Poser et al. 1997). The binding of Ca?* allows for synaptotagmin to interact with
the SNARE-complex and membrane phospholipids (Fernandez-Chacon et al. 2001; Pang et al.
2006; Sudhof 2012), which then form a pore to expel the transmitter into the synaptic cleft
(Chapman 2002; Rettig and Neher 2002). In general, only a small fraction of docked vesicles fuse
and release their contents after Ca* influx, suggesting that the rate limiting component of release
is the magnitude of Ca?* influx rather than the availability of release competent vesicles (Wadel

et al. 2007; de Wit 2010).

Remarkably, Ca?* influx to vesicle fusion and transmitter release happens in as little as
100 us for classical transmitters, which is faster than most neuronal action potentials (Sabatini
and Regehr 1996). This is possible as the vesicles and voltage-gated Ca?* channels co-localize in

6



the axon terminal (Bennett 1997; Stanley 1993). Although the secretion of hormones and
neuropeptides utilizes machinery similar to classical neurotransmitters, these vesicles do not co-
localize, or co-localize to a lesser extent, with Ca?* channels, and thus require a larger amount of
Ca2* for secretion (Bicknell 1988; Bicknell and Leng 1981; Peng and Horn 1991; Whim et al.
1997). Many neuroendocrine cells, from both vertebrates and invertebrates, overcome this larger
CaZ*obligation by enhancing the Ca2* current via a PKC mediated pathway (Groten and Magoski
2015; Swartz et al. 1993; Zamponi et al. 1997). For example, in Aplysia bag cell neurons, PKC
induces the recruitment of covert Ca?* channels for insertion into the membrane, resulting in a
substantially greater Ca2* influx and secretory output (Groten and Magoski 2015). The surplus
Ca?* influx also increases Ca?*-induce Ca®* release (CICR) from mitochondria (Geiger and
Magoski 2009), which act in concert to prolong neuropeptide release (Groten and Magoski

2015).

Aplysia californica as a model of neurosecretion and Ca?* handling

My goal is to understand the role of Ca* handling in controlling Ca?* channels from
neuroendocrine cells. In this context, | employed the tractable model Aplysia californica (Fig. 2
A). Aplysia is a shell-less sea snail with a well-defined nervous system; pertinent to this work, are
the bag cell neurons, a group of extensively studied neuroendocrine cells that control
reproductive behaviour (Frazier et al. 1967; Kupfermann and Kandel 1970) (Fig. 2 B). Bag cell
neurons are found in two discrete clusters, each containing 200-300 cells, rostral to the abdominal
ganglion (Fig. 2 A, C). These cells sit at a quiescent membrane potential of ~ -60 mV, but upon
brief cholinergic synaptic input from higher brain regions, enter a sustained (~30 min) period of
activity, termed the afterdischarge (Frazier et al. 1967) (Fig. 3 A). This sustained burst of firing is

synchronous between cells, owing to them being electrically coupled via gap
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Figure 2. Representative Aplysia nervous system and bag cell neuron anatomy (dorsal view).

A, The Aplysia central nervous system is made up of paired buccal, cerebral, pedal, and plural
ganglia, along with a single abdominal ganglion (shown ~10 times life-size). B, The snail is
usually ~15 cm in length and ~5 cm across. As the final act of reproduction, it lays a string-like
mass of fertilized eggs. C, The two bag cell neuron clusters (red) are at the rostral end of the
abdominal ganglia. The neurons extend processes for secretion (fletched endings) to a
neurohemal area where peptides are released into the bloodstream or to receive (boxed ending)
descending synaptic input (green triangle). A-C, Modified from Sturgeon et al. (2018).
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Figure 3. Bag cell neuron afterdischarge and electrical coupling.

A, Line-drawing of the abdominal ganglion depicting how the extracellular recording electrode is
placed over one bag cell neuron cluster, along with the stimulating electrode on the descending
synaptic afferents (left). A transient synaptic stimulus (stim, at bar) to the cluster evokes an
afterdischarge, with typical fast- and slow-phase firing (right); each deflection represents the
activity of all neurons in the cluster. Recording from Magoski unpublished. B, Diagram of both
intra- and inter-cluster electrical coupling between bag cell neurons (left). Sharp electrodes are
inserted into two neurons within a single cluster. The membrane potential recordings (right)
reveal synchronous firing between the cells once an afterdischarge is elicited following
stimulation (at arrow). Modified from Dargaei et al. (2014).



junctions (Dargaei et al. 2014; Kaczmarek et al. 1979) (Fig. 3 B). Throughout the duration of the
afterdischarge, a 36-amino acid neuropeptide, known as egg-laying hormone (ELH) is released
into the blood stream at a neurohemal area adjacent to the clusters (Arch 1972; Chiu et al. 1979).
ELH results in a series of behavioural changes in the animal, culminating in the deposition of

fertilized eggs (Arch 1972; Pinsker and Edward Dudek 1977) (again see Fig. 2 B).

The afterdischarge begins with an ~1 min fast-phase of ~5 Hz firing, followed by a more
prolonged ~30 min slow-phase of ~1 Hz firing (Fisher et al. 1994; Kaczmarek et al. 1982)
(again, see Fig. 3 A). During the fast-phase, Ca* enters through the voltage-gated Ca?* channel,
Apl Cavl (Acosta-Urquidi and Dudek 1981; White and Kaczmarek 1997; Woolum and
Strumwasser 1988; Zhang et al. 2008). This initial Ca?* influx is dispersed throughout the cell,
where it exerts its numerous effects. One such effect is CICR, from both the endoplasmic
reticulum, via ryanodine receptors, which are essentially Ca?*-activated Ca?* channels, and from
the mitochondria, where Ca?* is taken up by the mitochondrial Ca?* uniporter (MCU) and then
released via Na*/H*-Ca?* exchangers (Fisher et al. 1994; Geiger and Magoski 2008; Groten et al.
2016). CICR has been observed in neurons of many species, both vertebrate and invertebrate
(Geiger and Magoski 2008; Lee et al. 2007; Lipscombe et al. 1988; Neering and McBurney 1984;
Richter et al. 2005; Werth and Thayer 1994). The subsequent prolonged Ca?* elevation from
CICR likely contributes to ongoing neuropeptide secretion (Groten and Magoski 2015),
potentially via Ca?*-Syt-SNARE complex interactions (Fernandez-Chacén et al. 2001; Pang et al.
2006; Stidhof 2012). Phospholipase C is also activated, potentially by Ca®* or voltage (Thore et
al. 2005), and by breaking down phosphatidylinositol 4,5-bisphosphate, it generates 1Pz and
diacyglycerol; the latter activates PKC, which then acts as a downstream effector of Ca?* influx

(Wayne et al. 1999).
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Free cytosolic Ca?* is dynamically controlled by vairous of plasma membrane or
organelle channels, pumps, and exchangers. With respect to Ca2* removal, this includes the
plasma membrane Ca?*-ATPase (PMCA), the plasma membrane Na*/Ca2*-exchanger, the
endoplasmic reticulum Ca?*-ATPase (SERCA) and the MCU (Groten et al. 2013) (Fig. 4). In bag
cell neurons, voltage-gated Ca2* influx removal is controlled by the MCU and the PMCA, with
little-to-no contribution from the Na*/Ca?*-exchanger or SERCA (Geiger and Magoski 2008;
Groten et al. 2013, 2016). Additionally, it has been demonstrated that blocking Ca?* extrusion
systems can influence the contribution of the mitochondria to intracellular Ca?* dynamics. Groten
et al. (2016) showed that inhibiting the PMCA using carboxyeosin increased the extent of CICR
by increasing mitochondrial loading. In turn, CICR was drastically reduced by blocking Na*-Ca?*
or H*-Ca?* exchangers on the mitochondria with tetraphenylphosphonium chloride (TPP) (Groten
et al. 2013; Groten et al. 2016) Interestingly, blocking the PMCA did not affect endoplasmic

reticulum dependent Ca?* dynamics in a similar manner (Groten et al. 2016).

One implication of these Ca®* removal systems, which is not well understood, is any
potential effect on the CDI of the voltage-gated Ca?* channel. Preliminary data from Groten
(2015) revealed that repetitive opening of the bag cell neuron Ca?* channel, using a 5-Hz, 1-min
train stimulus of square pulses, lead to modest, but clear use-dependent run-down — ostensibly
CDI (Fig. 5). Moreover, in the presence of carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP), which collapses the mitochondrial membrane potential, and prevents
Ca?* uptake, the same train stimulus resulted in far greater run-down. Groten and Magoski (2015)
also demonstrated that the mitochondria sequestered Ca?* from a train stimulus by measuring the
cytosolic Ca?* concentration using the Ca?*-sensitive dye, fura-PE3. In particular, FCCP caused a

sharp rise in Ca?* concentration, due to the elimination of mitochondrial voltage resulting in Ca?*

11
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Figure 4. Ca?* handling in the bag cell neurons.

A, Time course changes to intracellular Ca®* of a cultured bag cell neuron following a 5-Hz, 60-
sec train-stimulus (at bar) of voltage steps (75-ms pulses, from -80 to 0 mV). Ca?* imaged by
exciting fura at 340 nm and 380 nm, then taking the ratio of light emitted through a 510 nm
barrier filter. Numbers correspond to events outlined in panel B. Based on Geiger and Magoski,
(2008); Groten et al. (2013). B, Cellular mechanisms of Ca?* handling: 1: Ca* enters through the
voltage-gated Ca?* channels opened by stimulation. 2: Ca?* is taken up mainly via the
mitochondrial Ca®* uniporter, which can be antagonized directly with Ru360 or prevented with
FCCP. Ca?* is also removed by the plasma membrane Ca?*-ATPase, which can be blocked by
La®*, CE or high extracellular pH. 3: sequestered Ca?" is released back into the cytosol by
mitochondrial Na*-Ca?* or H*-Ca?* exchangers, which can be stopped by TPP. 4: the released
Ca?* is removed from the cytosol by the plasma membrane Na*-Ca?* exchanger, which can be
prevented by the removal of extracellular Na*. Although bag cell neurons contain endoplasmic
reticulum with 1P3 receptors and a Ca?*-ATPase, which can be blocked by CPA, they do not
handle voltage-gated Ca®* entry. (Courtesy of Dr. NS Magoski)
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Figure 5. Ca* current rundown is increased in the presence of FCCP.

A, Left, Ca?* currents measured from a neuron given DMSO and stimulated with a 5-Hz, 1-min
train-stimulus of 75-ms depolarizing steps under whole-cell voltage-clamp. The shifting band of
traces is due to use-dependent inactivation. With mitochondrial Ca?* uptake, functional, use-
dependent inactivation occurs at a moderate rate. All sweeps are overlaid and the first and last
traces are indicated. Right, in a separate neuron treated with 20 uM FCCP to prevent
mitochondrial Ca®* uptake, the rundown during the train is more prominent than in DMSO, as
indicated by the small Ca?* current magnitude at the last pulse. B, Summary data presenting the
normalized Ca®* current magnitude for each pulse of the train-stimulus in DMSO and FCCP.
DMSO-treated cells (blue) rundown to ~50% of the maximum value during the train while those
in FCCP (red) end at ~30% of maximum. Modified from Groten (2015).
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Figure 6. FCCP-induced rise in intracellular Ca?* is mitigated by Ru360.

A, Left, FCCP causes intracellular Ca?* release by collapsing the mitochondrial membrane
potential. Right, After a large influx of Ca?* from a 5-Hz, 1-min train of 75-ms depolarizing
pulses, the FCCP-induced Ca?* release is greater. 5 mM EGTA was included in all recordings to
prevent CICR. B, Delivering the train-stimulus before FCCP significantly enhances the response
to FCCP. C, Left, In a DMSO-treated neuron, the stimulus-train evokes a substantial Ca?* influx,
followed by rapid a recovery. Right, In a neuron exposed to FCCP, to prevent mitochondrial
Ca?* uptake, the stimulus-train elicits a comparatively small Ca?* influx with a slow

recovery. Inset, FCCP significantly reduces the train-stimulus Ca?* influx compared to DMSO
control. D, Relative to control (left), Ca?* transients to the train-stimulus are markedly smaller in
the presence of intracellular Ru360 (right), a blocker of the MCU. Inset, Ru360 significantly

reduces the change in Ca?" influx during the train-stimulus. A and B, Moified from Groten et al.
(2013); C and D, Modified from Groten (2015).
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leaking out of the organelle. This was significantly increased by loading the mitochondria with
Ca2* using a 5-Hz, 1-min train-stimulus of depolarizing steps prior to administering FCCP (Fig. 6
A, B). Consistent with mitochondria acting as a potential determinant for CDI, both FCCP and
the MCU blocker, Ru360, significantly mitigated the train-stimulus-induced rise in intracellular

Ca?* (Fig. 6 C, D).

Overall, the role of the PMCA and the MCU in Ca?* dynamics opens up the possibility
that these systems may have a role in Ca?*-mediated processes. As such, | will test the hypothesis
that intracellular Ca?* handling, by both membrane transport and organelles, controls Ca?*
channel inactivation. The data presented here show that Ca?* influx and intracellular Ca?*
dynamics are heavily influenced by Ca?* handling proteins and Ca?* reservoirs. The result is a

profound impact on current inactivation, with implications for endo/exocytosis.
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Chapter 2 - Materials and Methods

Animals and cell culture

Adult Aplysia californica (a hermaphrodite) weighing 150-500 g were obtained from
Marinus (Long Beach, CA). Animals were housed in an ~300-L aquarium containing
continuously circulating, aerated artificial sea water (Instant Ocean; Aquarium Systems, Mentor,
OH) at 16-18°C on a 12/12-hr light/dark cycle and fed Romaine lettuce 5 times/wk. For primary
cultures of isolated bag cell neurons, animals were anesthetized by an injection of isotonic MgCl»
(~50% body weight), the abdominal ganglion removed, and incubated for 18 hr at 22°C in
Dispase 11 (13.33 mg/ml; 4942078001; Roche/Sigma-Aldrich; Oakville, ON) dissolved in tissue
culture artificial sea water (tcASW) (composition in mM: 460 NaCl, 10.4 KCI, 11 CaCly, 55
MgCly, 15 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 1 mg/ml glucose, 100
U/ml penicillin, and 0.1 mg/ml streptomycin, pH 7.8 with NaOH). The ganglion was then
transferred to fresh tcASW and the bag cell neuron clusters dissected from the surrounding
connective tissue. Using a fire-polished Pasteur pipette and gentle trituration, neurons were
dispersed onto 35 x 10 mm polystyrene tissue culture dishes (353001/08772A,; Falcon-
Corning/Fisher Scientific, Ottawa, ON) filled with 2 ml of tcASW. Cultures were maintained in
tcASW in a 14°C incubator and used within 1-3 d. Salts were obtained from Fisher Scientific or

Sigma-Aldrich.

Whole-cell, voltage-clamp recording

Voltage-clamp recordings were made using an EPC-8 amplifier (HEKA
Electronik/Harvard Biosciences, St-Laurent, QC) and the tight-seal, whole-cell method.
Microelectrodes were pulled from 1.5-mm external, 1.2-mm internal-diameter borosilicate glass
capillaries (TW150F-4; World Precision Instruments; Sarasota, FL) and had a resistance of 1-2

MQ when filled with intracellular saline (see next paragraph). For recording Ca?* currents,
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pipette junction potentials were nulled, and pipette capacitive currents (4-7 pF) were cancelled
prior to seal formation. Following break-through, the series resistance (2-5 MQ) was
compensated to 70-80% while the neuronal capacitance (300-900 pF) was cancelled. Current was
filtered at 1 kHz by the EPC-8 built-in Bessel filter and sampled at 2 kHz using a Windows-based
compatible personal computer, a Digidata 1550B analog-to-digital converter (Molecular Devices;
Sunnyvale, CA), and the Clampex acquisition program of pClamp software (v10.2; Molecular
Devices). Clampex was also used to set the holding and command potentials. Leak subtraction
was typically performed in Clampex using a “P/4 protocol” from -60 mV with subpulses of
opposite polarity and one-fourth the magnitude of a given test pulse, using a 500-ms subpulse
interval and 500 ms before the test pulse. For measurements of Ca?* current during a 5-Hz, 5-sec
or 1-min train of depolarizing steps, leak current was measured by manually applying a single P/4
protocol, as described above, prior to the train. The leak currents were then subtracted off-line
from the Ca?* currents acquired during the train-stimulus and after the manual P/4 protocol. This
technique was used because there was insufficient time between the depolarizing pulses of the

train to run a recurring P/4 protocol.

Ca?* current was isolated using Ca?*-Cs* -tetraethylammonium (TEA) ASW, as per
tcASW, but with the NaCl and KClI replaced by TEA-CI and CsCl, respectively, and the glucose
and antibiotics omitted (composition in mM: 460 TEA-CI, 10.4 CsCl, 55 MgCl;, 11 CaCly, 15
HEPES, pH 7.8 with CsOH). In some cases, the CaCl, was replaced by equimolar amounts of
BaCl, to measure the Ca?*-dependent inactivation of the voltage-gated Ca* channel, while
maintaining the electrochemical gradient. Whole-cell recordings used a Ca?*-free Cs*-aspartate-
based intracellular saline (composition in mM: 70 CsClI, 10 HEPES, 11 glucose, 10 glutathione,

500 aspartic acid, 5 ATP (grade 2, disodium salt), and 0.1 GTP (type 3, disodium salt), pH 7.3
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with CsOH). Certain experiments were performed with 20 mM of ethylene glycol-bis(f3-
aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA) included in the internal saline. In other
cases, the mitochondrial Ca?* uniporter was blocked by adding the ruthenium amine complex,
Ru360 (500 uM stock in intracellular saline; 50 uM final in pipette; 557440; Sigma-Aldrich), to
the internal solution. To image Ca?* (see next section) under whole-cell voltage-clamp, the
intracellular saline was supplemented with 1 mM fura-PE3 (0110; Teflabs, Austin, TX)

(Vorndran et al. 1995) to passively dye-fill neurons via the pipette.

Imaging of calcium

Most Ca?" imaging was performed using cultured bag cell neurons plated on polystyrene
tissue culture dishes (as per Animals and cell culture). However, in some cases Ca?* was
measured from cells plated onto glass coverslips (#1; 48366045; VWR; Chester, PA) coated with
1 pg/ml poly-L-lysine hydrobromide, (MW: 300,000; P1534; Sigma-Aldrich). Coverslips were
glued with Sylgard silicone elastomer (SYLG184; World Precision Instruments) to holes drilled
out of the bottom of the tissue culture dish. To perform Ca?" imaging, neurons were filled with
fura-PE3 under voltage-clamp in Ca?*-Cs* -TEA ASW for at least 30 min before recording, as

described in the prior section.

All recordings were performed using a TS100-F inverted microscope (Nikon,
Mississauga, ON) equipped with a Nikon Plan Fluor 20X objective (Numerical Aperture = 0.5).
The light source was a 75-W Xe arc lamp and a multiwavelength DeltaRAM V monochromatic
illuminator (Photon Technology International; London, ON) coupled to the microscope with a
UV-grade liquid-light guide. Fura was excited at wavelengths of 340 and 380 nm. The excitation
illumination was controlled by a shutter, which along with the excitation wavelength, was

controlled by a Windows-based computer, a Photon Technology International computer interface,
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and EasyRatio Pro software (v1.10; Photon Technology International). To allow for continuous
Ca2* image acquisition during experiments, the shutter usually remained open. Emitted light from
fura was passed through a 400-nm long-pass dichroic mirror and a 480-550 nm emission barrier
filter before being detected by a Photometrics Cool SNAP HQ2 charge-coupled device camera.
The ratio of the emission following 340 and 380 nm excitation (340/380) was taken to reflect free

intracellular Ca%* (Grynkiewicz et al. 1985), and saved for subsequent analysis.

Most Ca?* measurements were acquired from a somatic region of interest (ROI) at
approximately the midpoint of the vertical focal plane and one-half to three-quarters of the cell
diameter. Camera gain was maximized, pixel binning was set at 2, exposure time at each
wavelength was fixed to ~1 sec, and images (696 x 520 pixels) were averaged 8 frames per
acquisition.

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 (2-4 ul) of a concentrated stock solution (indicated below) 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 bath. Carboxyeosin (CE; 10 mM stock; C-22803;
Invitrogen, Waltham, MA), and carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP;
3 mM stock; 21857; Sigma-Aldrich) all required DMSO as a vehicle. The maximal final
concentration of DMSO was 0.1-0.2% (v/v), which in control experiments as well as prior work
from our laboratory, had no effect on membrane potential, various macroscopic or single channel

current, resting intracellular Ca®*, or Ca* transients evoked by action potentials (Lupinsky and
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Magoski, 2006; Hung and Magoski, 2007; Gardam et al. 2008; Geiger and Magoski, 2008; Tam

et al. 2009, 2011; Hickey et al. 2013).

Data analysis and statistics

Origin (v7.0; Originlab; Northhampton, MA) was used to import and plot ImageMaster
Pro files as line graphs. Raw data was then transferred to Prism (v5; GraphPad Software, San
Diego, CA) for analysis. Analysis of intracellular Ca?* usually compared the steady-state value of
the baseline 340/380 ratio with the ratio from regions that had reached a peak or new steady state
during a response (340/380 peak — 340/380 baseline). Measurements of the baseline were
determined by visually identifying the steady-state and averaging over a 1 min period, 10 sec
prior to the response. Measurements of the peak were identified using the maximum value
function in Excel (v16; Microsoft; Redmond, WA). Percent change of intracellular Ca®* was
calculated by determining the degree of Ca?* release following a stimulus-induced change
(340/380 peak — 340/380 pre-stimulus baseline 340/380) and dividing it by the 340/380 pre-

stimulus baseline.

To quantify Ca?* current magnitude, the peak current of each trace was measured in
Clampfit, a program of pClamp. A pair of cursors, 8 ms apart, were placed 3 ms before current
onset, and the average between these cursors taken as baseline. A second pair of cursors was
placed on either side of the peak evoked current, and the peak was calculated as the difference
between the baseline and absolute peak current. In some cases, data were normalized to cell size
by dividing peak current values by whole-cell capacitance. The degree of Ca?*-dependent
inactivation of Ca?* channels (Ca2* current rundown) over the course of a train-stimulus (see
Results for details) was calculated by measuring the peak change of the first induced current, and

dividing the peak change of each subsequent current by that value. The Ca?* current rundown
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was expressed as a ratio of the initial induced current. Activation curves were produced by
dividing the current elicited at each voltage step by the maximum current elicited during the
protocol, typically +10 mV. This was averaged across cells at a given step voltage, plotted
against that voltage, and fit with a Boltzmann equation in Prism. Activation and inactivation time
constants were acquired by fitting mono-exponential decay functions to the activation and
inactivation components of the Ca®* current in Prism. The activation time period was defined as
the time from the start of the inward current (immediately after the capacitance current) to the
peak inward current. Conversely, the inactivation period was fitted to the range of time from the
peak Ca2* current to the last measurable point before the end of the depolarizing test pulse and
the start of the capacitance artifact. For presentation, traces were selected that best represented
the mean peak Ca?* responses and, when necessary, aligned at the pre-stimulus baselines for each

condition, regardless of their absolute baseline value.

Statistics were performed using Prism and Instat (v3.0; GraphPad Software). Summary
data are presented as the mean + standard error of the mean. The Kolmogorov-Smirnov method
was used to test data sets for normality. If the data were normal, Student’s unpaired t-test was
used to test for differences between two means. To test for differences between multiple normally
distributed means, an ordinary analysis of variance (ANOVA) with a Tukey-Kramer multiple
comparisons test was used. Unless stated otherwise, all statistical comparisons between two

means were two-tailed. Data were considered significantly different at p<0.05.
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Chapter 3 - Results

One of the most essential roles of Ca?* is the regulation and promotion of neurosecretion
(ie, the release of neurotransmitters). The extent of secretion is largely dependent on the degree of
Ca2*influx (Dodge and Rahamimoff, 1967; Katz and Miledi, 1967). This Ca?* entry is modulated
by a process known as Ca?*-dependent inactivation (CDI), first discovered in Paramecium and
subsequently confirmed in Aplysia (Brehm and Eckert 1978; Tillotson 1979), then found to be

universal in vertebrates (Simms and Zamponi 2014).

In order to confirm that cultured bag cell neuron voltage-gated Ca?* current, ostensibly
the Apl Cay1 channel, undergoes CDI, individual neurons were dissociated from the cluster for
single cell recordings (Fig. 7 D, inset). Experiments were performed in a Ca*-Cs*-TEA-based
extracellular solution, with a Cs*-aspartate-based, EGTA-free, no added Ca?* intracellular
solution in the whole-cell pipette (see Materials and Methods, Whole-cell, voltage-clamp
recording for details). TEA and Cs* were used in place of Na* and K*, respectively, which
effectively eliminated and Na* current while also both serving to block K* channels. These
solutions allowed for the recording of isolated Ca®* currents under whole-cell voltage-clamp. As
EGTA is a Ca®* chelating agent, recording without EGTA produced a more physiologically

relevant environment, where Ca?* was allowed to change dynamically.

The voltage-gated Ca?* current in bag cell neurons undergoes Ca?*-dependent inactivation

Ca?* currents were evoked by 200-ms square pulses from a holding potential of -60 mV to
+60 mV in 10-mV increments (n=11); this produced a classical U-shaped current-voltage curve
seen in high-voltage-activated Ca?* channels (Fig. 7 A, B). After normalizing these currents to
the maximum evoked current and plotting against step voltage, channel activation was calculated

using a
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Figure 7. The voltage-gated Ca?* channel undergoes Ca?*-dependent inactivation.

A, Whole-cell voltage-clamp recordings of Ca?* current evoked by 200-ms square pulses from -
60 mV to +60 mV in 10-mV increments. Recordings were performed in Ca?*-Cs* -TEA ASW
external solution, with Cs*-aspartate-based intracellular saline. B, The mean I-V relationship of
peak Ca?* current density. C, Activation curve constructed by normalizing all currents to
maximum current (at +10 mV) and plotting against test pulse voltage. The curve represents a fit
with a Boltzmann function and provides a half-maximal activation voltage (Vo.5) and slope factor
(k) of -9.5 mV and 6.4, respectively. D, Ca?* current evoked from -80 mV with 75-ms pulses to 0
mV at 1 Hz (top) or 5 Hz (bottom) for 60 sec. All sweeps are overlaid and the first and last traces
are indicated. Capacitance artifacts are omitted for clarity. Abscissa applied to both sets of traces.

23



Inset, A cultured bag cell neuron with recording pipette on the left. E,F, Summary data
presenting the mean current rundown during a 1-Hz or 5-Hz train-stimulus for 5-sec (E) or 60-sec

(F). Current is normalized to the first sweep, and curves represent fits with mono, bi, or tri-
exponential functions; time constants are shown adjacent.
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Boltzmann fit. The mid-activation point of the Ca®* current was -9.5 mV in control experiments,
with a k of 6.4 (Fig. 7 C). The extent of Ca?* current rundown was established using 75-ms
square pulses to 0 mV at 1 Hz (n=15) or 5 Hz (n=20) for 5 sec, as well as 60 sec (n=7 and 10)
(Fig. 7 D). These specific frequencies were used to emulate the fast- and slow-phase of the bag
cell neuron afterdischarge (Fisher et al. 1994; Kaczmarek et al. 1982) (Fig. 3 A). Rundown was
defined as the difference in evoked current between the first and each subsequent sweep;
henceforth, rundown will refer to the difference between the first and final sweep. Ca®* current
rundown was more apparent both by increasing the duration and the frequency of the stimulus
(Fig. 7 E, F). Specifically, over 5 sec the 1-Hz stimulus led to ~ 95% of the current remaining,
while at 5 Hz, there was ~ 70% remaining. Over 60 sec, the 1-Hz train-stimulus resulted in ~
85% of the current remaining, whereas at 5 Hz the remaining current was ~ 55%. This suggested

that as the intracellular Ca* concentration rises, the extent of CDI becomes greater.

Ba2*-based external solution reduces the extent of Ca?*-current rundown

It is well-established that Ba?* ions do not have a high affinity for Ca?* effector proteins,
such as calmodulin (CaM), despite being permeable through voltage-gated Ca?* channels
(Branchaw et al. 1997; Veselovskii and Fedulova 1986). As such, Ba?* poorly binds to the
channel-associated CaM and is thus unlikely to cause inactivation. | repeated the experiments
outlined above, with the same intracellular solution, while swapping Ca*-Cs*-TEA for Ba?*-Cs*-
TEA ASW as the extracellular solution. This resulted in a slightly smaller peak current during the
200-ms step protocol (n=11) when compared to the Ca®* control (n=11), supporting that the
ability of Ba®* to pass through the channel was slightly less than that of Ca®* (Fig. 8 A, B).

Interestingly,
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Figure 8. Ba?*-based external solution reduces the extent of current rundown.

A, Whole-cell voltage-clamp recordings of Ba?* current evoked by 200-ms pulses from -60 mV
to +60 mV in 10-mV increments. B, The mean 1-V relationship of peak Ba?* current density is
plotted with peak Ca?* current density (reproduced from figure 4). C, Activation curves
constructed by normalizing to maximum current (at +10 or 0 mV for Ca?* and Ba?", respectively)
and plotting against test voltage. The curves represent a fit with a Boltzmann function and
provides a Vs and k of -20.6 mV and 6.1, respectively for Ba?*; these are right-shifted compared
to Ca®* current. D, Current with Ca?* (upper; reproduced from figure 4) or Ba®* as the charge
carrier and evoked from -80 mV with 75-ms pulses to 0 mV at 5 Hz for 5 sec. First and last
sweeps are overlaid and labeled. Abscissa applies to both sets of traces. E, Summary data
presenting the mean current rundown during the 5-Hz, 5-sec stimulus-train in Ba?*- and Ca?*-
based external saline. Current is normalized to the first sweep, and curves are fit with mono or bi-
exponential functions. A comparison of the normalized current evoked by the final step of the
train-stimulus shows that rundown is significantly more in Ca?* (t2s=4.442; p=0.0001; unpaired
Student’s t-test).
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when normalized to peak current and fit with a Boltzmann function, it was apparent that
activation was at a more hyperpolarized voltage with Ba?* as the charge carrier than control, with
mid-activation points of V12=-20.6 mV and V12=-9.5 mV, respectively (Fig. 8 C). The k value
was smaller in Ba®* at 6.1, compared to the control k of 6.4. Moreover, current rundown was
substantially reduced with Ba?*. The rundown following a 5-Hz, 5-sec train-stimulus was ~9% in
BaZ* (n=8), compared to ~30% in Ca2* control (n=10) (Fig. 8 D, E). This implied that rundown in
the control condition was not simply use-dependent (also known as cumulative inactivation) but

in fact depended, in part, on Ca?* influx potentially interacting with the channel.

Buffering intracellular Ca?* with EGTA reduces the extent of current rundown

Ethyleneglycol Bis(2-Aminoethyl Ether)-N,N,N',N' Tetraacetic Acid (EGTA) is a Ca?*
chelating agent that binds free Ca?* with high affinity (pKa=11.00) (Al-Jobore and Roufogalis
1981). Further, EGTA is able to chelate Ca®* nearly instantaneously when it enters the cell, and
as such, free Ca®* is presumably not able to interact with the channel (Zenisek et al. 2003).
Subsequent experiments were performed with standard Ca*-Cs*-TEA ASW as the external
solution, with Cs*-aspartate internal solution containing 20 mM EGTA. Following the 200-ms
protocol, Ca?* currents evoked in the EGTA condition (n=9) achieved a slightly larger peak
current when compared to the EGTA-free control (n=11) (Fig. 9 A, B). Similar to when Ba?* was
the charge carrier, the Ca?* channel was activated at a more hyperpolarized voltage in the
presence of EGTA than control (Fig. 9 C). Similarly, current rundown was reduced to ~91%
remaining, by EGTA (n=9), substantially less than that of control (n=11) during the 5-Hz, 5-
second train-stimulus (Fig. 9 D, E). This finding is in agreement with Ca?* entry being necessary

for rundown, but further suggests that free Ca?* is required for CDI.
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Figure 9. Buffering intracellular Ca?* with EGTA reduces the extent of current rundown.

A, Whole-cell voltage-clamp recordings of Ca?* current, in the presence of 20 mM EGTA,
evoked by 200-ms pulses from -60 mV to +60 mV in 10-mV increments. Capacitance artifact
removed for clarity. B, The mean I-V relationship of peak Ca?* current density with EGTA is
plotted with the EGTA-free Ca?* current density (reproduced from figure 4). C, Activation curves
constructed by normalizing to maximum current (at +10 mV) and plotting against test voltage.
The curves represent a fit with a Boltzmann function and provides a Vo5 and k of -13.3 mV and
6.6, respectively in EGTA, which is left-shifted compared to EGTA-free (reproduced from figure
4). D, Current evoked from -80 mV with 75-ms pulses to 0 mV at 5 Hz for 5 sec. First and last
sweeps are overlaid and labeled. Abscissa applies to both sets of traces. E, The mean current
rundown during the train-stimulus for 20 mM EGTA and EGTA-free conditions. Current is
normalized to the first sweep, and curves are fit with mono or bi-exponential functions.
Comparison of the final step reveals that the current runs down significantly more in the EGTA-
free condition (t2s=3.871; p=0.0006; unpaired Student’s t-test).
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Blockage of the mitochondrial calcium uniporter increases current rundown

The initial Ca?* influx from the voltage-gated Ca?* channel is handled (effectively
buffered), among other means, by the mitochondria via the mitochondrial Ca** uniporter (MCU)
(Geiger and Magoski 2008; Groten et al. 2013). | sought to establish the influence of
mitochondrial buffering on CDI by blocking the MCU using 50 uM ruthenium 360 (Ru360), a
potent and specific inhibitor of the MCU (Matlib et al. 1998; Zazueta et al. 1999) (Fig. 4 B). To
do so, recordings were taken in Ca*™-Cs*-TEA ASW external with Cs*-aspartate internal solution
containing 50 uM Ru360. The blocker was introduced into the neuron by whole-cell perfusion
for 30 min prior to the start of the experiment. Again, following the voltage-step protocol, evoked
Ca2* currents reached an apparent larger peak in the Ru360 condition (n=10) when compared to
control (n=11) (Fig. 10 A, B). Fitting the normalized data with a Boltzmann revealed a slight
right-shift in the activation curve, with mid activation points of V1,=-6.8 mV and V12=-9.5 mV
for the Ru360 and control conditions, respectively (Fig. 10 C). Current rundown during the 5-Hz,
5-sec train stimulus was increased significantly by Ru360 (n=10), to ~58% of initial current,
compared to the control rundown to ~70% remaining (Fig. 10 D, E). This further supports the
notion that free cytosolic Ca?* promotes CDI, and mitochondrial Ca?* buffering plays a key role
in controlling the amount of Ca?*.

Inhibition of the plasma membrane Ca?*-ATPase increases the extent of current rundown

It has also been previously demonstrated that blocking Ca?* extrusion can influence the
contribution of the mitochondria to intracellular Ca®* dynamics (Groten et al. 2016). One such
system, the plasma membrane Ca?*-ATPase (PMCA), plays a primary role in the removal of
voltage-gated Ca?* influx (Groten et al. 2013). As such, | employed 10 uM of the PMCA

inhibitor, carboxyeosin, to elucidate the role of Ca2*-extrusion in CDI
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Figure 10. Blockage of the mitochondrial calcium uniporter increases current rundown.

A, Whole-cell voltage-clamp recordings of Ca?* current, with 50 pM Ru360 in the intracellular
solution, evoked by 200-ms pulses from -60 mV to +60 mV in 10-mV increments. B, The mean
I-V relationship of peak Ca* current density in the presence of Ru360 is plotted with control
Ca2* current density (reproduced from figure 4). C, Activation curves constructed by normalizing
to maximum current (at +10 mV) and plotting against test voltage. The curves represent a fit with
a Boltzmann function and provides a Vos and k of -6.8 mV and 5.8, respectively for the Ru360
condition, which is slightly right-shifted compared to control (reproduced from figure 4). D,
Current evoked from -80 mV with 75-ms pulses to 0 mV at 5 Hz for 5 sec. First and last sweeps
are overlaid and labeled. Abscissa applies to both sets of traces. E, The mean current rundown
during the train-stimulus for Ru360 and control condition. Current is normalized to the first
sweep, and curves are fit with a bi-exponential function. Comparing the current at the last step
shows that rundown is significantly greater in the Ru360 condition (t26=2.082; p=0.0473;
unpaired Student’s t-test).
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(Gatto and Milanick 1993; Green et al. 1997). Experiments were performed in Ca*™-Cs™-TEA
ASW external with 10 uM carboxyeosin added to the bath for 10 min prior, and standard Cs*-
aspartate intracellular solution. Using the 200-ms step protocol, evoked Ca?* currents reached a
larger peak in the carboxyeosin condition (n=5) when compared to control (Fig. 11 A, B). A
Boltzmann fit of the normalized data revealed a right shift in the activation curve, with mid
activation points of Vi»2=-4.1 mV and V1,2=-9.5 mV for the carboxyeosin and control,
respectively (Fig. 11 C). Similar to Ru360, carboxyeosin (n=5) caused a significantly larger
current rundown than control, with ~ 55% remaining, at the end of the 5-Hz 5-second train
stimulus (Fig. 11 D, E). This bolsters the previous finding that Ca?* extrusion via the PMCA

influences intracellular Ca?* dynamics.

Voltage-gated Ca?* influx loads mitochondrial Ca?* stores in an Ru360-sensitive manner

If the mitochondria are indeed acting as a sink for Ca?* channel-mediated Ca?* influx,
then mitochondrial Ca?* should increase following the train-stimulus and this should be
prevented by Ru360. Neurons were loaded via the recording electrode with 1 mM of the Ca?*-
sensitive dye, fura-PE3 (Vorndran et al. 1995) in the Cs*-aspartate internal solution, and
mitochondrial Ca®* content assessed by using carbonyl cyanide p-
trifluoromethoxyphenylhydrazone (FCCP), a protonophore that collapses the mitochondrial
membrane potential and results in passive leakage of Ca?* out of the organelle into the cytoplasm
(Groten et al. 2016; Heytler and Prichard 1962; Hickey et al. 2010). Under voltage-clamp at -60
mV, neurons were exposed to 3 uM FCCP without prior stimulation or following a 5-Hz 1-min
train stimulus. In control conditions (n=5), there was a moderate increase of ~150% in cytosolic
Ca?* content following the introduction of FCCP (Fig. 12 A, left). When the mitochondria were

pre-loaded with the train-stimulus (n=5), a significantly larger rise in cytosolic Ca?* of ~ 475%
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Figure 11. Inhibition of the plasma membrane Ca®*-ATPase increases the extent of current
rundown.

A, Whole-cell voltage-clamp recordings of Ca?* current, with 10 uM carboxyeosin (CE) in the
intracellular solution, evoked by 200-ms pulses from -60 mV to +60 mV in 10-mV increments.
B, The mean I-V relationship of peak Ca?* current density in the presence of 10 uM CE is plotted
with peak control Ca?* current density (reproduced from figure 4) C, Activation curve
constructed by normalizing to maximum current (at +10 mV) and plotting with test voltage. The
curves represent a fit with a Boltzmann function and provides a Vos and k of -4.1 mV and 5.5,
respectively for the CE condition, which is right-shifted compared to control (reproduced from
figure 4). D, Current evoked from -80 mV with 75-ms pulses to 0 mV at 5 Hz for 5 sec. First and
last sweeps are overlaid and labeled. Abscissa applies to both sets of traces. E, The mean current
rundown during the train-stimulus for CE and control condition. Current is normalized to the first
sweep, and curves are fit with a bi-exponential function. A comparison of the current evoked by
the final step reveals that the current runs down significantly more in the CE condition
(t23=2.386; p=0.0257; unpaired Student’s t-test).
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Figure 12. Voltage-gated Ca?* influx loads mitochondrial Ca?* stores in an Ru360-sensitive
manner.

A, In control conditions, left, 3 pM FCCP induces a large intracellular Ca?* rise in fura-filled
neurons under voltage clamp at -60 mV. Right, A 5-Hz, 1-min train-stimulus increases the FCCP-
induced intracellular Ca?* rise. B, With 50 uM Ru360 in the intracellular saline, left, 3 uM FCCP
causes a Ca?* change similar to control. Right, A 5-Hz, 1-min train-stimulus with Ru360 does not
alter the FCCP-induced Ca?* rise compared to conditions. C, Summary data presenting the mean
percent change in peak 340/380 fluorescence following introduction of FCCP. In the absence of
prior stimulation, the FCCP-induced Ca?* rise is not altered by Ru360; however, the response is
significantly larger when preceded by the train-stimulus, and this augmentation is eliminated by
Ru360 (F318=9.912, p=0.0008, ordinary one-way ANOVA,; *p<0.05, **p<0.01, Tukey-Kramer
multiple comparisons test).
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was observed (Fig. 12 A, right). In the presence of 50 uM Ru360 with no train-stimulus applied
(n=5), a similar increase in cytosolic Ca?* of ~175% occurred compared to control (Fig. 12 B,
left). Conversely, when neurons underwent a train-stimulus prior to FCCP treatment in the
presence of Ru360 (n=4), the resultant increase in cytosolic Ca®* was essentially equivalent to
that of the no-train Ru360 condition (Fig. 12 B, right). By comparing the summary data, it was
evident that following a 5-Hz, 1-min train-stimulus, Ru360 caused a significant reduction in the
increase of cytosolic Ca?*, when compared to control (Fig. 12 C). This advances the notion that
the mitochondria act as a sink for voltage-gated Ca?* influx, playing a key role in intracellular

Ca?* handling.
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Chapter 4 - Discussion
Electrical activity in the nervous system is dependent on varying gradients of ions,

namely, Na*, K*, Ca%*, and CI. Of these, Ca?" is particularly critical thanks to its role in cell
signaling in many processes, such as neuronal excitability and secretion (Clapham 2007; Giorgi
et al. 2018). To affect these physiological processes, Ca?* channels harness the ionic gradient and
act as transducers of changes in the membrane potential to trigger second order signaling within
the cell (Catterall 2011; Tsien et al. 1988; Yang and Berggren 2006). In bag cell neurons, Ca?*
channels mediate part of the upstroke of the action potential (Acosta-Urquidi and Dudek 1981)
which produces Ca?* influx necessary for Ca?*-induced Ca?* release (CICR) (Fisher et al. 1994;
Geiger and Magoski 2008; Groten et al. 2013), secretion (Groten and Magoski 2015; Hickey et
al. 2013), and channel activation (Hung and Magoski 2007; Kaczmarek and Strumwasser 1984;
Lupinsky and Magoski 2006) or inactivation (Dargaei et al. 2015).

Use-dependent rundown was documented in the voltage-gated Ca?* current by Hung and
Magoski (2007) and Groten et al. (2013), but no mechanistic explanation was provided. | now
show that rundown of the Ca?* current is not only use-dependent, but that the current also
undergoes Ca?*-dependent inactivation (CDI) in which the entering free Ca®* interacts directly
with the channel to slow further influx. Furthermore, it is demonstrated that the mitochondria act
as a Ca®* sink during normal Ca?" influx, to modulate CDI and thus play an integral role in
intracellular Ca%* handling.

The bag cell neuron voltage-gated Ca?* current

Bag cell neurons express two distinct Ca?* channel subtypes, which differ in their
molecular structure of the oz subunit (White and Kaczmarek 1997). The research in this thesis is
exclusively with the basal Ca?* channel, Apl-Cav1 (aka BCCa-lII), as opposed to the Apl-Cay2
(aka BCCa-I). The latter is recruited to the membrane by PKC, whereas Apl-Cav1 is not (Zhang
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et al. 2008). The PKC-insensitive Apl-Cayv1 channel is uniformly distributed throughout the
membranes of bag cell neurons and are most similar to the vertebrate L-type channels (Cay1.x),
given that they are broadly expressed in neurons, glia, and muscle (Strong et al. 1987; White and
Kaczmarek 1997). Endogenous Apl-Cayl is relatively slow to inactivate at depolarized voltages
(Deriemer et al. 1985), partially blocked by micromolar levels of nifedipine (Nerbonne and
Gurney 1987), and fully blocked by millimolar quantities of Ni?*, Co?*, Zn*, or verapamil (Hung
and Magoski 2007; Lee et al. 2023).

The ultimate goal of the influx of Ca?* in bag cell neurons is to elicit egg laying hormone
secretion (Fisher et al. 1994; Kaczmarek et al. 1982; Woolum and Strumwasser 1988). Here, I’ve
demonstrated that the Ca?* current has a mid-activation voltage (V12) below 0 mV. This fact,
combined with the relatively steep slope factor of voltage dependence means that even a
moderate depolarization results in Ca®* influx over much of the duration of the action potential.
Similarly, when considering the somewhat slow action potential, with a half width of ~20 ms
(Hung and Magoski 2007), these two factors likely contribute to the high Ca?* elevation needed
to trigger secretion.

The classical U-shaped current-voltage (I-V) curve observed here confirms that
recordings are of a bona fide Ca?* conductance. Isolation of this conductance was possible by
substituting Cs* for K* in both the internal and external solutions and replacing TEA for Na*
externally. Originally, in the squid giant axon, Bezanilla and Armstrong (1972) showed that
intracellular Cs™ blocks the K™ current. Later, Cs* was successfully used to block K* current so to
isolate both Ca?* and Na* currents in Aplysia neurons (Colmers et al. 1982; Dargaei et al. 2014;
Tillotson 1979). The I/V curve shows a strong inward current from -40 mV to +10 mV due to
additional channels opening with each step. From ~ +20 mV and more positive, the current

becomes progressively smaller as Cs* outcompetes Ca?* for channel occupancy and leaves the
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neuron as outward current. For this reason, the reversal potential of the current is more negative

than the theoretical equilibrium potential of ~ +250 mV for Ca?* (Hille 2001).

Use-dependent rundown of the bag cell neuron voltage-gated Ca?* current is largely due to
Ca?*-dependent inactivation

The present experiments show that Ca?* current rundown is frequency dependent, with
rundown increasing both with a higher frequency and longer duration train-stimulus (5-Hz vs 1-
Hz, over 5 sec, ~70% vs 95% remaining; over 1 min, ~55% vs 85% remaining), strongly
suggesting that a larger Ca?* influx results in more current rundown. This is corroborated by
Dargaei et al. (2015) who showed that the Ca?" rise in bag cell neurons to a 5-Hz, 1-min stimulus
train is ~ 3-fold greater than to a 1-Hz stimulus of the same duration. The available literature also
presents similar evidence for frequency dependence (Groten et al. 2013; Groten and Magoski
2015; Hickey et al. 2013) and the magnitude of current rundown (Gardam et al. 2008; Hung and
Magoski 2007). Here, the majority of the total rundown occurred within the first 5 sec of a given
stimulus train, and as such, the 5-sec datasets were used throughout. Similarly, the 5-Hz stimulus
train provided a more comprehensive representation of current rundown compared to 1-Hz.

Further evidence that use-dependence of the Ca®* current is due to Ca*, and not simply
cumulative inactivation, is that using external Ba2* as the charger carrier prevents much of the
rundown seen in control, with ~90% of the current remaining after a 5-Hz, 5-sec train-stimulus
compared to 70% remaining in a Ca®*-based saline. Brehm and Eckert (1978) were the first to
investigate CDI, in Paramecium, and demonstrate that Ba*-based saline resulted in far less
current rundown. This fact was later confirmed in Aplysia neurons (Eckert and Tillotson 1981;
Tillotson 1979), and is now considered an electrophysiological hallmark, including in
mammalian neurons (Budde et al. 2002). It is well established that Ba** permeates Ca?* channels

as well as, or better than, Ca?* (Hagiwara et al. 1974; Tam et al. 2009; Yue and Marban 1990);
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however, Ba** does not inactivate the channel due to its poor affinity for Ca?* effector proteins,
such as calmodulin (CaM) (Branchaw et al. 1997; Veselovskii and Fedulova 1986). The left-shift
of the activation curve observed in the Ba%*-based saline is supported by previous findings from
our lab (Tam et al. 2009), and is likely due to a lesser ability of the divalent charge of Ba?* to
impact the voltage sensor of the channel as compared to Ca?*. The exact mechanism for this
however, remains undetermined (Byerly et al. 1985).

Consistent with the notion that free Ca?* is a requisite for CDI, much of the rundown is
prevented by the Ca?* buffer, ethyleneglycol bis (aminoethylether) tetraacetic acid (EGTA).
Originally implemented in Helix and Lymnaea neurons (Kostyuk and Krishtal 1977) and
subsequently in Aplysia (Eckert and Tillotson 1981; Tillotson 1979), EGTA is now a standard
means to reduce inactivation by adding an exogenous buffer (Budde et al. 2002). Although
EGTA has a relatively higher affinity for Ca** (~200 nM Kd) than ATP or other endogenous
intracellular buffers (uM-mM Kad), it chelates at a much slower rate (uM/sec range) than other
buffers (tens of nM/sec) (Naraghi and Neher 1997). If Ca?* is feeding back directly, by binding to
the channel or an associated protein, or indirectly by binding a more distant effector protein, high
affinity EGTA effectively outcompetes for Ca* in that environment. My findings are consistent
with other Ca?*-based messenger systems, which find that EGTA reduces the efficacy of Ca?* as
a messenger. For example, again in bag cell neurons, adding or increasing EGTA reduced the
frequency of Ca?*-CaM Kinase-activated cation channel opening (Hickey et al. 2010; Hung and
Magoski 2007), Ca?*-influx-induced secretion, presumably via SNARES (Hickey et al. 2013),

and Ca?*-influx-CaM Kinase inhibition of gap junctions (Dargaei et al. 2015).
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Possible mechanism for CDI

Protein phosphatases and protein kinases are a primary means for inactivation of plasma
membrane bound ion channels. In the case of the voltage-gated Ca?* channel, phosphatases, and
in particular the CaM-dependent phosphatase, calcineurin, are thought to limit Ca?* influx in a
Ca2*-dependent manner (Armstrong 1989; Chad and Eckert 1986; Li et al. 2005). In addition to
enzyme action, the predominant mechanistic hypothesis for CDI is CaM-dependent (Hell et al.
1993; Peterson et al. 1999; Ziuhlke et al. 1999): CaM is tethered to the 1Q motif on the C-terminal
tail of the Ca®* channel pore-forming o subunit. When bound to Ca?*, the Ca?*-CaM complex
closes the pore, thus inactivating the channel (Ben-Johny and Yue 2014; Budde et al. 2002; Liu
and Vogel 2012; Van Petegem et al. 2005; Ziihlke et al. 1999; Zihlke and Reuter 1998). The
hypothesis is further bolstered by the fact that free CaM will form close and/or physical
interactions with L-type Ca?* channels, in order to allow for a rapid and concerted response to a
spike in free intracellular Ca?* (Catterall 2011).

The present study shows that bag cell neuron CDI is at least dependent on a rise in
intracellular Ca?*, as evidenced by the EGTA experimental data. In addition, the results of the
extracellular Ba?* condition are consistent with CDI being CaM dependent, in so much that,
unlike Ca?*, Ba?* fails to activate CaM (Chao et al. 1984). For example, a direct assay of a small-
conductance Ca?*-activated K* channel shows that intracellular Ba?* does not gate like Ca?*,
because it fails to properly bind/activate the CaM associated with the channel (Cao and Houamed
1999; Xia et al. 1998). Thus, the decrease in rundown observed with Ba?* as the charge carrier
could be attributed to the non-participation of CaM.

As mentioned previously, the bag cell neuron channel in question is the basal Apl-
Cav1/BCCa-Il, which has a very similar 1Q motif to that of the human Cay1.2 channel used by
Zuhlke et al. (1999) and Van Petegam et al. (2005) to demonstrate how CaM binds to the Ca?*
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channel. Seemingly all 1Q residues interact with CaM, while specific aromatic residues act as
anchors to presumably keep CaM in position at all times. The fact that the Aplysia and human
channels share 82% homology in the core of the 1Q motif, and 100% homology in the aromatic
anchors, supports the hypothesis that CDI in bag cell neurons is CaM-dependent (White and
Kaczmarek 1997). Analogously, Aplysia CaM differs from its human counterpart by only 3 out of
149 residues (ie, 98% similarity).

Mitochondrial Ca?* handling as a regulator of CDI

The mitochondria are known to take up voltage-gated Ca?* influx in a number of neuronal
species, such as dorsal root ganglion (DRG) (Werth and Thayer 1994), sympathetic (Peng 1998),
crayfish motor (Tang and Zucker 1997), higher-order sensory (calyx of Held) (Billups and
Forsythe 2002), and hippocampal neurons (Chamberland et al. 2019; Katsenelson et al. 2022;
Marland et al. 2016), as well as several neuroendocrine cells including, chromaffin cells
(Herrington et al. 1996) and gonadotropes (Kaftan et al. 2000). Thus, understanding the basis of
the mitochondrial role in CDI has general implications for neuronal function.

Previous work from our laboratory (Groten et al. 2013, 2016) indicates that, based on the
rate of recovery following a 1-min train-stimulus, bag cell neuron voltage-gated Ca?* influx is
handled by two principal transport proteins. The dominant factor is the mitochondrial Ca?*
uniporter (MCU), which is sensitive to Ru360, while there is a lesser contribution from the
plasma membrane Ca?*-ATPase (PMCA), which is sensitive to La** and carboxyeosin (CE). The
remaining free Ca?* is presumably buffered by other cytoplasmic components, which are
currently undefined. Uncertainty of these components notwithstanding, we have previously
confirmed that the cytoplasmic buffering is not sensitive to the sarcoendoplasmic reticulum Ca?*-
ATPase (SERCA) blocker, cyclopiazonic acid (CPA), high-levels of extracellular Na* to prevent

Na*/Ca®" exchange, or bafilomycin, which halts Ca* uptake by acidic stores (Groten et al. 2013,
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2016). Accordingly, Groten et al. (2013) showed Ca?* influx following a train-stimulus loads into
the mitochondria, as evidenced by an increase in the carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP)-induced Ca?* response. This finding is confirmed here (Fig. 12 A),
where the FCCP-induced Ca?* liberation was increased following a train, and subsequently
prevented by including Ru360 in the pipette. Parenthetically, | find that blocking the MCU does
not impact basal mitochondrial Ca?*, suggesting the reagent is acting by preventing uptake rather
than altering metabolism or steady-state Ca®* release.

Under the appropriate conditions, following a 1-min train-stimulus with no intracellular
EGTA, the Ca?* taken up by the mitochondria is released back into the cytosol (via CICR) and
then pumped out of the cell by the Na*/Ca?* exchanger and the PMCA (Groten et al. 2013). That
stated, it is unlikely that this phenomenon plays a role in the CDI observed here over the 5-sec or
1-min train-stimulus, as mitochondrial CICR has been shown to develop only ~1 min after the 1-
min train-stimulus and does not occur at all following a 5-sec train-stimulus (Groten et al. 2013,
2016).

Given figure 5, which shows that collapse of the mitochondrial membrane potential with
FCCP results in greater Ca?* current rundown over a 1-min train-stimulus, and the data presented
in figure 10, which shows that inhibiting the MCU with Ru360 results in greater rundown over 5
sec, it appears that CDI is governed, at least in part, by mitochondrial uptake of Ca?".
Paradoxically, as shown in figure 6, when the mitochondrial sink is removed with either FCCP or
Ru360, the Ca®* elevation evoked by a 1-min train-stimulus is reduced by about half. At first
glance, one might expect a larger Ca?* elevation, given that the entering Ca?* has nowhere to go,
but the buildup of cytosolic Ca** must be large and fast enough to quickly inactivate the channel,

such that CDI curbs Ca?* influx much faster than when the mitochondrial sink is in play.
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While mitochondrial Ca?* handling has been demonstrated to play a role neuronal
processes like firing rate (Katsenelson et al. 2022), synaptic transmission (Billups and Forsythe
2002), post-tentanic potentiation (Tang and Zucker 1997), and endocytosis (Marland et al. 2016),
there are few examples indicating an impacting on CDI, save for in cardiomyocytes (Sanchez et
al. 2001), cerebellar granule (Budd and Nicholls 1996), chromaffin (Herndndez-Guijo et al.
2001), and amarcrine (Sanchez et al. 2001) cells.

Ca?* handling by the PMCA as a regulator of CDI

Although often given less attention in the literature, the PMCA also handles voltage-gated
Ca2" influx in the DRG, to regulate afterhyperpolarization and excitability (Ghosh et al. 2011;
Usachev et al. 2002), Purkinje neurons, to influence hindlimb coordination (Empson et al. 2010),
hippocampal neurons, which controls miniature EPSP amplitude and paired pulse facilitation
(Jensen et al. 2007), as well as in retinal neurons (Krizaj and Copenhagen 1998; Zenisek and
Matthews 2000). In bag cell neurons, the CE experiments from the present work appear to be a
rare, if not the only, report of the PMCA influencing CDI. Given that the mitochondria,
compared to the PMCA, have a much greater role in Ca?* clearance in bag cell neurons, it is
enigmatic as to why the two mechanisms appear to have nearly the same impact on CDI.
Remarkably, blocking the PMCA increases loading of the mitochondria by a train-stimulus
(Groten et al. 2016); as such, one might expect less CDI in the presence of CE. A simple
explanation may be a matter of proximity: presumably, the PMCA is closer to the channel (as
they are both plasma membrane-bound) than the mitochondria, so despite the PMCA being a less
effective clearance mechanism, it can have a similar impact on CDI in the short term (< 5-sec).

In an attempt to clarify these paradoxical findings, | performed the seemingly obvious
experiment of exposing the cells to CE and Ru360 simultaneously, but it consistently killed the

neurons. CE in general appeared to be somewhat toxic to the cells, either directly through its
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action on the PMCA or perhaps due to an off-target effect. The alternative PMCA blocker, La%*,
was not feasible because at the effective concentration, it would block the Ca?* current. Similarly,
| also tried to short-circuit the PMCA with a high-pH external saline, but that again had an off-
target effect on the Ca®* current, in that it actually decreased CDI and altered the current-voltage
relationship.
Possible physiological impact and future directions

By studying the dynamics of intracellular Ca2* handling, and their impacts on CDI, | am
able to draw several conclusions that may have implications for bag cell neuron function and
neuroendocrine cells in general. The mitochondria and PMCA regulate the extent of Ca?* influx
through the Apl-Cav1 voltage-gated Ca?* channel. Without their involvement, CDI would
dominate Ca?* channel function, resulting in less overall Ca?* influx and potentially reduced
excitability, suppressed Ca?*-dependent gating of other channels, and importantly, less secretion.

To further elucidate the role and impact of CDI, future experiments might investigate the
role for CDI in use-dependent changes in other key neuronal functions such as secretion. As
secretion is known to be very sensitive to the extent of Ca?* influx (Hickey et al. 2013), it stands
to reason that manipulation of the rundown may result in impactful changes to the degree of
peptide secretion. In this scenario, one could monitor the cellular capacitance under whole-cell
voltage-clamp; any increase in membrane capacitance would indicate a proportional increase in
membrane area, and thus, secretion. Other continuations of this work should be done to examine
the effect of CDI on electrical coupling of bag cell neurons. As the bag cell gap junctions have
been shown to be inhibited in a CaM kinase-sensitive manner (Dargaei et al., 2015), | would
expect to see less Ca?*-dependent inhibition of junctional conductance when run-down is

increased by Ru360 or other means. This would have implications for how electrical coupling is
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regulated during the continuous firing (and Ca?* influx) of the afterdischarge, and electrically

coupled systems as a whole.
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