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Introduction 

The action potential is an electrical signal that facilitates interneuronal communication. 

Action potentials occur in response to excitatory input which depolarizes the cellular 

membrane and activates voltage-gated sodium channels (VGSCs). These channels set 

the threshold for action potential generation, drive neuronal depolarization, and conduct 

the signal to sites of neurotransmitter release (Hodgkin and Huxley 1952). In doing so, 

VGSCs prove vital to neuronal excitability. This process takes place over milliseconds 

and is shaped by a multitude of factors including both the intrinsic properties of VGSCs 

and extrinsic interactions with additional signaling molecules. While intrinsic factors are 

coupled to neuronal identity, extrinsic factors provide more dynamic systems to 

modulate and refine the electrical signal (reviewed in Catterall 2012; Ahern et al. 2016). 

 

Voltage-Gated Sodium Channel Gating 

Excitable cells respond to and transmit electrical activity. In excitable neurons (Goldin 

2001), vertebrate skeletal (Trimmer et al. 1989; Patlak and Ortiz 1986) and cardiac 

muscle (Balser 1999; Patlak and Ortiz 1985), and endocrine cells (Morinville et al. 2007) 

VGSCs generate the rapid upstroke of the action potential and shape the electrical 

signal. At the negative resting membrane potential, channels are deactivated with 

conduction blocked by the activation gate. In response to depolarization, as with an 

excitatory neurotransmitter activating a ligand-gated ion channel to depolarize a region 

of neuronal membrane, VGSCs activate, conduct a large inward current within hundreds 

of microseconds, and drive the membrane potential toward the sodium reversal 

potential. This constitutes the upward stroke of the action potential (reviewed in Goldin 

http://f1000.com/work/citation?ids=156975&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=155661,2640341&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=156685&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=156685&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=5074623,5074668&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=155136,5074670&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=158361&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=160997,155069&pre=&pre=&suf=&suf=&sa=0,0


 

9 

2003; Armstrong 2006). The transient, fast-inactivating component of VGSC current 

rapidly inactivates within 1-2 milliseconds (Hodgkin and Huxley 1952) with conduction 

blocked by the inactivation gate upon increasing depolarization. VGSC inactivation and 

a slower-activating, hyperpolarizing potassium channel conductance depolarize the 

membrane potential and the action potential concludes (reviewed in Goldin 2003; 

Armstrong 2006). Relief of VGSC inactivation occurs at negative potentials in a voltage- 

and time- dependent manner, setting the frequency at which action potentials can 

occur, and primes the channels for further activation (Hodgkin and Huxley 1952; Kuo 

and Bean 1994a). In some cases an inactivation-resistant persistent sodium current, a 

proportionately small residual current, may remain until channels deactivate (Hotson et 

al. 1979; Stafstrom et al. 1985; Llinás and Sugimori 2012). Certain cell types, such as 

cerebellar Purkinje neurons, also exhibit resurgent VGSC current that possesses its 

own voltage-dependence and kinetics, produced when inactivated VGSCs reopen in 

response to repolarization of the membrane (Raman and Bean 1997). The kinetics of 

voltage-dependent activation, voltage-dependent inactivation, persistent current, and 

resurgent current all distinctly influence the action potential waveform with 

repercussions to excitability. 

 

The action potential threshold is the critical voltage to which the membrane must 

depolarize for an action potential to initiate (reviewed in Platkiewicz and Brette 2010). 

Once the threshold for action potential firing is reached an action potential will fire 

reliably (Noble and Stein 1966). While action potentials are a digital all-or-none signal in 

this regard, the VGSC conductance underlying this phenomenon is influenced by a 

http://f1000.com/work/citation?ids=160997,155069&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=156975&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=160997,155069&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=160997,155069&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=156975,157591&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=156975,157591&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=981548,5029133,5029131&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://f1000.com/work/citation?ids=981548,5029133,5029131&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://f1000.com/work/citation?ids=158987&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=138592&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=5029142&pre=&suf=&sa=0
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number of variables, giving rise to wide-ranging action potential shapes among neurons 

(Bean 2007). VGSC gating, kinetics, and conductance vary between channels based on 

inherent channel identity (Catterall 2012), as will be explored in the next section, as well 

as interactions of these channels with and modifications by other proteins.  

 

Intrinsic VGSC Properties Influencing the Action Potential  

VGSCs in the mammalian brain are heterotrimeric complexes of an α subunit a non-

covalently bound β1, splice variant β1B, or β3 subunit and a covalently bound β2 or β4 

subunit (Messner and Catterall 1985; Hartshorne and Catterall 1981). The α subunit 

contains four (I-IV) homologous domains, each with six (S1-S6) transmembrane 

domains. The intracellular linker between S5 and S6 forms the P loop which comprises 

the channel pore and controls selectivity and permeation. Positively charged S4 acts as 

a voltage sensor with functions related to activation (reviewed in Catterall 2012; Ahern 

et al. 2016). While the α subunit can form a functional unit on its own with voltage 

sensor and pore-forming domains, adjacent β subunits fine-tune voltage-sensitivity and 

gating kinetics, while also directing membrane trafficking of the α subunit (Catterall 

2000; Kazen-Gillespie et al. 2000; Qin et al. 2003; Yu et al. 2003).  

 

Of the nine VGSC α subunits (NaV1.1-1.9), the mammalian central nervous system is 

populated by NaV1.1, NaV1.2, NaV1.3, and NaV 1.6 (Catterall 2012; Goldin 2001), with 

NaV1.6 being the most abundant (Auld et al. 1988). NaV1.1 and NaV1.3 are expressed 

on neuronal soma  (Westenbroek et al. 1989), NaV1.2 almost exclusively in 

unmyelinated axons  (Miyazaki et al. 2014),  NaV1.6 in myelinated axons of mature 

http://f1000.com/work/citation?ids=155209&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=155661&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=1569044,1553905&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=155661,2640341&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=155661,2640341&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=155651,157386,158954,160674&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://f1000.com/work/citation?ids=155651,157386,158954,160674&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://f1000.com/work/citation?ids=155661,156685&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=1537680&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=1584744&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=5029153&pre=&suf=&sa=0
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neurons at the initial segment and nodes of Ranvier  (Boiko et al. 2003; Caldwell et al. 

2000), and NaV1.1, NaV1.3, and NaV1.6 in dendrites (Westenbroek et al. 1989; 

Westenbroek et al. 1992; Caldwell et al. 2000). The differential subcellular distribution of 

these isoforms affects action potential waveform, initiation, propagation, frequency, and 

even back-propagation toward the postsynaptic terminal (Araya et al. 2007), changing 

how signals are integrated. 

 

Each of the α subunits exhibit unique gating properties, voltage-dependence, and 

current profiles, with even more nuanced differences shown in use-dependent 

potentiation or use-dependent reduction of channel current, thereby contributing to 

specialized functional roles (Zhou and Goldin 2004). While these properties are altered 

by affiliated β subunits and post-translational modifications (Johnson et al. 2004; 

Calhoun and Isom 2014), relative characteristic differences between the neuronal 

isoforms have been identified in knockout studies and expression systems. All neuronal 

VGSC isoforms have faster inactivation kinetics then those isoforms expressed in the 

periphery for concise signaling (Savio-Galimberti et al. 2012). The most abundant 

isoform, NaV1.6, (Auld et al. 1988) has depolarized activation and inactivation potentials 

compared to the other three neuronal isoforms (Rush et al. 2005; Chen et al. 2008), 

with use-dependent potentiation suggesting a resistance to inactivation during high 

frequency firing (Zhou and Goldin 2004). These features lend themselves to increased 

excitability at the nodes of Ranvier (Zhou and Goldin 2004). Recovery from inactivation 

is fastest with NaV1.1 and NaV1.6, facilitating action potential initiation and propagation 

at neuronal soma and axons (Qiao et al. 2014), while slower recovery with NaV1.2 and 

http://f1000.com/work/citation?ids=1425037,154727&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=1425037,154727&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=1584744,5029158,154727&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://f1000.com/work/citation?ids=1584744,5029158,154727&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://f1000.com/work/citation?ids=33738&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=1425163&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=161078,4159174&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=161078,4159174&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=16804&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=1537680&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=4475998,1543053&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=1425163&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=1425163&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=3803655&pre=&suf=&sa=0


 

12 

NaV1.3 provides for use-dependent reductions in current and reduced excitability at 

sites where these isoforms are expressed (Qiao et al. 2014; Zhou and Goldin 2004). 

Within the four neuronal isoforms types, NaV1.6 has the largest persistent current that 

increases at more positive membrane potentials, encouraging repetitive firing, while 

NaV1.2 has the least persistent current, slowing high frequency activity (Goldin 2001).  

 

The five mammalian β subunits (O’Malley and Isom 2015) can increase current density 

(Brackenbury and Isom 2011), shift the voltage range over which activation and 

inactivation occur (Yu et al. 2005), enhance inactivation rate, speed recovery from 

inactivation (Chen and Cannon 1995), and alter persistent and resurgent VGSC current 

(reviewed in Calhoun and Isom 2014). In addition, β subunits can receive post-

translational modifications such as phosphorylation and glycosylation that alter channel 

gating (Johnson et al. 2004; Calhoun and Isom 2014). β  subunits, therefore, influence 

many of the key conformational changes that VGSCs undergo during the action 

potential (Brackenbury and Isom 2011; Patino and Isom 2010), with specific 

combinations of α and β subunits contributing to the particular physiological 

characteristics of divergent cell types (Winters and Isom 2016). 

 

The location and density of VGSCs control spatiotemporal features of the electrical 

signal and define the role of that input in neuronal processing (reviewed in Lai and Jan 

2006). VGSC clustering at the axon initial segment and nodes of Ranvier to ensures 

saltatory conduction along the axon (reviewed in Freeman et al. 2016) while VGSCs in 

dendrites enhance back propagation of action potentials (Losonczy et al. 2008; Larkum 

http://f1000.com/work/citation?ids=3803655,1425163&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=156685&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=3502910&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=161694&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=5029658&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=155725&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=4159174&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=161078,4159174&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=161694,158718&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=4159110&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=157647&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=157647&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=3396137&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=28429,4362762,137706,981043&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
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et al. 2007; Gasparini and Magee 2006; Gasparini et al. 2004). The kinetics of sodium 

currents differ immensely between divergent neuron types and even different regions of 

the same neuron (Engel and Jonas 2005). Patch-clamp experiments have 

demonstrated that axonal and somato-dendritic VGSCs differ in their voltage-dependent 

properties. While the explicit mechanisms producing variability in the VGSC signal are 

unknown, hypotheses include different VGSC α and β subunit compositions (Raman et 

al. 1997) at distinct cellular sites. 

 

VGSC subunit identity and composition are intrinsic factors that are coupled to neuronal 

identity and known to influence firing properties of neurons.  These, in addition to spatial 

distribution, influence the electrical behavior of neurons at a base level (reviewed in Lai 

and Jan 2006; Cusdin et al. 2008). We now find that these foundational properties can 

be further refined through protein signaling pathways and post-translational 

modifications (Catterall 2012), adding additional complexity to the electrical 

contributions of VGSCs. 

 

Extrinsic Voltage-Gated Sodium Channel Modulation 

It was once thought that the only point of regulation of the sodium channel signal was 

voltage-dependent gating on a millisecond time scale. Early voltage-clamp studies of 

VGSCs in neurons indicated that VGSCs are not subject to regulation via second 

messenger pathways (Hille 2001). An explanation for this finding is that the techniques 

used in these studies allowed for dialysis of the cytoplasm resulting in the loss or 

dilution of critical signaling components. Nevertheless, these studies led to the 

http://f1000.com/work/citation?ids=28429,4362762,137706,981043&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://f1000.com/work/citation?ids=5029145&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=1574258&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=1574258&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=157647,155970&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=157647,155970&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=155661&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=5148163&pre=&suf=&sa=0
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widespread belief that VGSCs are functionally similar in divergent excitable cell types. 

This picture has since evolved with the identification of second messenger signaling 

cascades that modulate VGSC activity (Cantrell and Catterall 2001). A myriad of 

enzymes, including protein kinases A and C  (Sigel and Baur 1988; Scheuer 2011; 

Murphy et al. 1993), calcium/calmodulin-dependent protein kinase (CAMK) II  (Ashpole 

et al. 2012; Thompson et al. 2017), Fyn tyrosine kinases  (Ahn et al. 2007; Scheuer 

2011), and calcineurin  (Murphy et al. 1993), modify VGSCs, culminating in short- and 

long-term changes to sodium currents (reviewed in Laedermann et al. 2015). Since the 

action potential is the penultimate pathway for neuronal output, VGSCs are strategically 

positioned to serve as an important point of regulation for neuronal signal transduction 

and post-translational modifications to these channels widely contribute to plasticity of 

the signal. 

 

The Convergence of G-Proteins and Ion Channels 

G-protein-coupled receptors (GPCRs) are a large protein family of integral membrane 

receptors (Vassilatis et al. 2003) that sense extracellular molecules such as peptides, 

lipids, or neurotransmitters and in turn activate intracellular signaling pathways by 

regulating the activity of bound heterotrimeric G-proteins (Lefkowitz 

2013). Heterotrimeric G-proteins consist of a Gα subunit that binds and hydrolyzes 

guanosine triphosphate (GTP) into guanosine diphosphate (GDP) and β and γ subunits 

that form an obligate dimer (Wettschureck and Offermanns 2005). In the absence of 

stimuli, GDP-bound Gα and Gβγ associate with the receptor (Sondek et al. 1996). 

Binding of a ligand to the GPCR induces a conformational change that is transduced to 

http://f1000.com/work/citation?ids=1140505&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=159587,4999834,1570404&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://f1000.com/work/citation?ids=159587,4999834,1570404&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://f1000.com/work/citation?ids=155083,3349470&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=155083,3349470&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=1536527,4999834&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=1536527,4999834&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=1570404&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=5029671&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=228805&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=1078033&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=1078033&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=101888&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=1027461&pre=&suf=&sa=0
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the G-protein and promotes the exchange of bound GDP for GTP (Ballesteros et al. 

2001; Shapiro et al. 2002). GTP-bound Gα dissociates and this exposes a new binding 

interface that provides for up to 100-fold higher affinity binding with effector proteins 

than Gα in the GDP-bound state (Skiba et al. 1996). Upon activation, the Gβγ dimer 

also dissociates from the GPCR and diffuses in a membrane-delimited fashion to 

targets (Clapham and Neer 1997). Intrinsic hydrolysis of GTP by the Gα subunit allows 

reassociation of GDP-bound Gα subunit with Gβγ, terminating G-protein signaling and 

thus reforming the heterotrimer (Kleuss et al. 1994). Importantly, both the Gα subunit 

and the Gβγ dimer can mediate intracellular signaling (reviewed in Hamm 1998; 

Clapham and Neer 1997). In humans, there are at least 18 Gα proteins, 5 types of Gβ, 

and 11 types of Gγ that can all combinatorially associate to preferentially activate 

different signaling pathways (Hermans 2003; Robillard et al. 2000). 

 

The activity of GPCRs has been implicated in diverse processes including metabolism, 

development, hormonal homeostasis, and synaptic plasticity (reviewed in Rosenbaum 

et al. 2009; Hoffmann et al. 2008). In many of these processes, signaling cascades 

downstream of GPCRs control neuronal ion channel function. G-proteins dynamically 

modulate ion channels involved in synaptic transmission, exerting widespread effects on 

both voltage-gated calcium (VGCCs) and voltage-gated potassium channels (VGPCs). 

Over twenty neurotransmitters and their corresponding GPCRs have been found to 

modulate VACCs, including noradrenaline  (Bean 1989; Lipscombe et al. 1989; 

McFadzean and Docherty 1989), γ-aminobutyric acid (GABA) (Deisz and Lux 1985; 

Grassi and Lux 1989; Dolphin and Scott 1987), dopamine (Drolet et al. 1997) and 
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acetylcholine  (Beech et al. 1991; Bernheim et al. 1991; Shapiro et al. 1999).  Fifteen 

GPCRs have also been shown to modulate VGPCs, including M2 muscarinic 

acetylcholine (mAChR) (Bünemann et al. 1995), A1 adenosine (Soejima and Noma 

1984), D2 dopamine (Lacey et al. 1988; Saugstad et al. 1996), μ-, δ-, and κ-

opioid  (Grudt and Williams 1993; North et al. 1987), 5-HT1A serotonin (Oh et al. 1995), 

metabotropic glutamate (mGluR) (Saugstad et al. 1996), and GABAB receptors  (Lacey 

et al. 1988) (reviewed in Hille 1992; Yamada et al. 1998). GPCR-induced modulation of 

VGCCs and VGPCs includes the indirect mechanisms of phosphorylation, membrane 

phospholipid interactions, and channel trafficking (reviewed in Zamponi and Currie 

2013; Inanobe and Kurachi 2014). In addition, VGCCs and VGPCs are also directly 

modulated by the Gβγ dimer for reduced neuronal excitability. Gβγ inhibits VGCCs to 

provide negative feedback and terminate further neurotransmitter discharge (Herlitze et 

al. 1996; Ikeda 1996) while Gβγ activation of  G-protein-coupled inwardly-rectifying 

potassium channels (GIRKs) (Lüscher et al. 1997) reduces action potential propagation 

from excitatory inputs and back propagation from soma to synapse (Ponce et al. 1996; 

Liao et al. 1996; Morishige et al. 1996). 

 

Given the structural homology between VGSCs, VGPCs (Stühmer et al. 1989; Tikhonov 

and Zhorov 2005), and VGCCs (Ben-Johny et al. 2015; Yu and Catterall 2003) and the 

positioning of VGSCs as critical targets for the modulation of neuronal excitability, there 

is an auspicious opportunity for G-protein interaction. It is certain that further research 

will reveal additional functional relationships between these two key players in neuronal 

excitability. 
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G-Proteins and Voltage-Gated Sodium Channels 

The first studies of the G-protein modulation of VGSCs were undertaken following the 

identification of several putative phosphorylation sites on the ɑ subunit (Costa et al. 

1982; Costa and Catterall 1984). These studies suggested that the channel can be 

regulated by second messenger pathways that activate phosphorylating kinases. Sigel 

and Bauer, presented the first electrophysiological evidence for G-protein modulation of 

VGSCs by demonstrating that protein kinase C (PKC) activation reduces the amplitude 

of chick brain VGSC currents in a heterologous expression system (Sigel and Baur 

1988). Since these initial observations, complete pathways between GPCRs and 

changes in VGSC output have been described throughout the cortex. VGSCs are 

inhibited by activation of dopamine D1-like receptors (Cantrell et al. 1999), mGluR1 

(Carlier et al. 2006), mAChR M1 (Cantrell et al. 1996), and serotonin 5-HT2A/C receptors 

(Carr et al. 2002). While some studies report a decrease in channel conductance 

without a change to VGSC gating (Cantrell et al. 1999; Cantrell et al. 1996), others 

indicate G-protein interactions substantially shift channel voltage-dependent inactivation 

(Carlier et al. 2006; Carr et al. 2002) to reduce current amplitude. The primary 

biophysical mechanism of G-protein VGSC modulation is phosphorylation downstream 

of protein kinase A (PKA) or PKC, which has been observed in preparations from the 

hippocampus (Cantrell et al. 1999; Cantrell et al. 1996), neocortex  (Carlier et al. 2006), 

and prefrontal cortex (Maurice et al. 2001; Carr et al. 2002). These pathways may 

function as negative feedback loops during periods of intense synaptic transmission to 

halt further neurotransmitter release. One study also gives evidence that VGSCs, like 
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VGCCs and VGPCs, are directly modulated by Gβγ and this interaction increases 

persistent VGSC current of NaV1.1 and NaV1.2  (Mantegazza et al. 2005), though 

additional research is necessary to fully understand the extent and physiological role of 

VGSC Gβγ modulation. Overall, data is amassing for the G-protein modulation of 

VGSCs and the varied roles this plays in intraneuronal signaling. 

 

The Calcium-Sensing Receptor  

The calcium-sensing receptor (CaSR) is a GPCR activated by extracellular calcium 

expressed in many tissues including the nervous system (Leach et al. 2015; Butters et 

al. 1997; Rogers et al. 1997). The CaSR has been studied extensively for its roles in 

maintaining calcium homeostasis in the kidney and parathyroid gland. CaSRs 

expressed on the parathyroid gland sense serum calcium levels and modulate 

parathyroid hormone synthesis and secretion to maintain serum calcium within a 

physiological range (reviewed in Tfelt-Hansen and Brown 2005). In the cerebellum and 

cerebral cortex, the CaSR is expressed at nerve terminals (Chen et al. 2010; Ruat et al. 

1995) where it modulates evoked and spontaneous synaptic transmission (Smith et al. 

2012; Smith et al. 2004).  

 

Previous research in our lab has shown that presynaptic CaSRs decrease release 

probability at excitatory synapses in the neocortex through the regulation of a 

nonselective cation channel (NSCC) (Smith et al. 2004). This function forms a feedback 

loop wherein the CaSR represses a NSCC current as extracellular calcium increases 

and relieves inhibition on the channel when calcium falls (Smith et al. 2004). When 
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calcium falls at the cleft during periods of high synaptic activity, synaptic transmission is 

depressed due to the sensitivity of neurotransmitter release to calcium entry via VGCCs 

(Heidelberger et al. 1994; Schneggenburger and Neher 2000). CaSR activity is also 

reduced in low extracellular calcium, leading the relief of suppression of the NSCC 

conductance. The addition of the NSCC current depolarizes the terminal to allow for 

continued neurotransmitter release.  In our current theoretical model, increased NSCC 

activity may increase action potential duration, prolong calcium entry at the terminal, 

and thus increase release probability. Consequently, the CaSR may operate as part of a 

homeostatic pathway to prevent synaptic failure when extracellular calcium falls 

(reviewed in Jones and Smith 2016). 

 

Calcium-Sensing Receptor Modulators  

The drugs cinacalcet and calindol serve as positive allosteric modulators of the CaSR, 

enhancing its sensitivity to calcium, while negative allosteric modulators NPS 2143 and 

calhex decrease the sensitivity of the CaSR to extracellular calcium (reviewed in Ward 

and Riccardi 2012; Conigrave and Ward 2013). All four drugs exhibit high selectivity for 

the CaSR and are known to possess overlapping though not identical binding sites to 

the seventh transmembrane domain (TMD) of the receptor (Petrel et al. 2004; Magno et 

al. 2011). 

 

Interestingly, cinacalcet, marketed under the name Sensipar, was the first drug of its 

class to be used clinically due to its high sensitivity for the CaSR (Brown 2010). Due to 

the CaSR’s function in the parathyroid, allosteric modulators of the CaSR provide 
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therapeutic promise for disorders of calcium homeostasis (Bräuner-Osborne et al. 

2007). Sensipar treats severe secondary hyperparathyroidism in patients receiving 

hemodialysis treatment for chronic kidney disease (Block and Chertow 2017). In this 

role, cinacalcet acts on parathyroid CaSR targets, thereby decreasing circulating 

parathyroid hormone levels and producing a concurrent decrease in serum calcium 

(Nemeth et al. 2004). Cardiovascular disease, a leading cause of death in patients with 

chronic kidney disease and a risk factor for secondary hyperparathyroidism, results from 

premature cardiovascular aging characterized by vascular calcification on a background 

of hypercalcemia secondary to high levels of parathyroid hormone (Davies and Hruska 

2001). Cinacalcet prevents vascular calcification by reducing parathyroid hormone and 

should consequently reduce the risk of cardiovascular events in patients with chronic 

kidney disease (Marcocci et al. 2009; Valle et al. 2008; Rothe et al. 2011). 

 

A trial called EVOLVE was designed to evaluate if cinacalcet reduced the risk of death 

and nonfatal cardiovascular events among patients with secondary hyperparathyroidism 

who were undergoing dialysis. The trial, published in The New England Journal of 

Medicine in 2012, concluded that while cinacalcet reduced the levels of parathyroid 

hormone effectively, treatment with cinacalcet did not lead to a statistically significant 

reduction in risk of death or cardiovascular events (EVOLVE Trial Investigators et al. 

2012). The results indicated that adverse effects of cinacalcet may undermine its 

effectiveness in the treatment of hyperparathyroidism. A criticism of the EVOLVE trial 

was the high nonadherence rate for cinacalcet-medicated patients due to intolerable 

side effects (Pasch et al. 2017; Moe and Thadhani 2013; Parfrey et al. 2016). 
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Cinacalcet is lipid-soluble, meaning that it readily crosses the blood brain barrier. 

Neurological side effects of cinacalcet include paresthesia, vertigo, severe hearing loss, 

and altered mental status (Borchhardt et al. 2008). Despite its ability to readily diffuse 

into the nervous system and the results of the EVOLVE trial indicating adverse effects 

of cinacalcet in the central nervous system, the effects of cinacalcet in the brain have 

yet to be studied. 

 

In investigating the role of the CaSR in synaptic transmission, we found direct CaSR 

agonists inhibit synaptic transmission (Phillips et al. 2008) and hypothesized that CaSR 

allosteric modulators may have the same effect. We found that allosteric CaSR 

modulators reduced GABAergic transmission between neocortical neurons. The nature 

of this inhibition indicated CaSR-mediated conduction block of the presynaptic action 

potential and this hypothesis was supported by the discovery that CaSR allosteric 

modulators strongly inhibit VGSCs. This finding was immediately relevant to the clinical 

usage of cinacalcet as well as our understanding of the role of the CaSR in the cortex. 

Further examination showed that both allosteric agonists and antagonists of the CaSR 

completely inhibited VGSC current. This inhibition was dependent on a G-protein 

pathway. In Chapter 1, we look at the mechanism underlying CaSR modulator-

regulation of VGSCs, investigating the kinetics of this effect as well as potential effector 

proteins within the pathway. 
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Anandamide and the Calcium-Sensing Receptor 

Endocannabinoids (eCBs) are a family of lipid molecules that target GPCRs and serve 

as key players in synaptic plasticity. The two major cannabinoid-signaling molecules in 

the central nervous system are anandamide (AEA) and 2-Arachidonoylglycerol (2-AG). 

Cannabinoid type 1 (CB1) receptors have been shown to possess the highest sensitivity 

to AEA, however, data support the existence of additional receptors that respond to 

eCBs (reviewed in Castillo et al. 2012; Kano et al. 2009; Katona and Freund 2012; Alger 

2012). We identified AEA as a positive allosteric modulator of the CaSR, acting to 

increase the sensitivity of the receptor to extracellular calcium in the same fashion as 

has been observed for calindol and cinacalcet. Given our finding that CaSR allosteric 

modulators inhibit VGSCS, we hypothesized that AEA may have the same effect on 

VGSCs and neuronal excitability. In Chapter 2, we look at AEA-induced inhibition of 

VGSCs, investigating the effect of AEA on VGSC gating and identifying potential G-

protein pathways that may mediate the response.  

 

Significance of Anandamide in Physiology and Disease-States 

In the canonical pathway for cannabinoid function, eCBs are produced on-demand in 

postsynaptic neurons in response to stimulation then travel in a retrograde fashion to 

targets receptors on the presynaptic component. eCBs function primarily through 

presynaptically expressed CB1 receptors throughout the cortex (Herkenham et al. 

1990). Activation of presynaptic cannabinoid receptors can initiate both short- and long- 

term synaptic depression of excitatory and inhibitory nerve terminals (reviewed in 

Castillo et al. 2012; Kano et al. 2009; Katona and Freund 2012; Alger 2012). Recent 
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work shows that cannabinoid function is more diverse than previously believed. In 

addition to their role as instigators of synaptic depression, cannabinoids have also been 

shown to participate in non-retrograde signaling (Grueter et al. 2010; Chávez et al. 

2010) and signaling via astrocytes (Stella 2010; Navarrete and Araque 2008). 

Furthermore, studies show that eCBs act on as-yet unidentified receptors to contribute 

to these processes of synaptic plasticity (reviewed in Begg et al. 2005). Our work 

addresses one of these off-target AEA effects in the cortex. In Chapter 2, we find that 

AEA produces VGSC inhibition to modulate neuronal excitability in a pathway that may 

contribute to eCB-mediated synaptic depression. This pathway represents a new target 

for eCBs in the cortex as well as a novel physiological mechanism for eCB control of 

intraneuronal signal integration and synaptic transmission. 

 

Importantly, eCBs contribute to a range of physiological processes, including synaptic 

plasticity and learning  (Heifets and Castillo 2009), pain (Guindon and Hohmann 2009), 

metabolism and energy homeostasis (Viveros et al. 2008), and neural 

development (Fride 2008). Dysregulation of the eCB system has been implicated in 

neuropsychiatric conditions such as depression (Huang et al. 2016), autism (Zamberletti 

et al. 2017), schizophrenia (Desfossés et al. 2012), addiction (Parsons and Hurd 2015; 

Volkow et al. 2017), and anxiety  (Ruehle et al. 2012; Hillard 2014; Mechoulam and 

Parker 2013). eCBs have also shown therapeutic promise for Tourette’s 

syndrome (Müller-Vahl 2013), Huntington’s disease (Pazos et al. 2008), epilepsy (Alger 

2004), Alzheimer’s disease (Maroof et al. 2013), depression (Huang et al. 2016), and 

stroke (Hillard 2008).  Advancing our understanding of the many roles of eCBs in the 
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nervous system will enhance our knowledge of disease states and synaptic 

transmission. 

 

Voltage-Gated Sodium Channel Regulation by Allosteric Modulators of the CaSR 

In this introduction I have outlined the characteristics of VGSCs that affect action 

potential waveform with consequences to intraneuronal signal processing. VGSCs 

introduce diversity to action potential shapes across neuronal types via subunit 

composition, direct protein interactions, and post-translational modifications. Next, in 

Chapter 1 of this dissertation, we show that allosteric modulators of the CaSR 

substantially reduce VGSC current.  In a detailed look at the kinetic properties of 

VGSCs, it is shown that CaSR modulators produce a hyperpolarizing shift in steady-

state inactivation of the channels, pushing them into a deeply inactivated state relieved 

only by strong, prolonged hyperpolarization. We establish that this pathway is 

independent of the CaSR but dependent on G-protein signaling. Cumulatively, these 

data indicate an important new pathway for modulating neuronal excitability in the 

cortex.  

 

Following this study, we sought to identify the VGSC modulatory properties of the 

endogenous signaling ligand AEA. In Chapter 2, we show that AEA completely inhibited 

VGSC current also via a change in the inactivation properties of VGSCs. This block of 

VGSC current is also independent of the CaSR but requires G-protein activation. The 

VGSC inhibition also appeared independent of CB1 receptors, indicating a novel site of 
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action of AEA as well as a new G-protein-dependent pathway for VGSCs regulation in 

the cortex.  

 

The findings presented here are exciting in a number of ways. First, they lend further 

support to the idea that VGSCs are subject to dynamic modulation by second 

messenger pathways. Second, they show AEA has actions via the CaSR and 

independent of CB1 receptors in the cortex. And third, they point to the existence of an 

as-yet unexplored eCB-activated pathway for synaptic plasticity in the cortex. 
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Chapter 1.   

Strong G-Protein-Mediated Inhibition of Sodium Channels  
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Summary 

Voltage-gated sodium channels (VGSCs) are strategically positioned to mediate 

neuronal plasticity due to their influence on action potential waveform. VGSC function 

may be strongly inhibited by local anesthetic and antiepileptic drugs and modestly 

modulated via second messenger pathways. Here, we report that allosteric modulators 

of the calcium-sensing receptor (CaSR), cinacalcet, calindol, calhex, and NPS 2143, 

completely inhibit VGSC current in the vast majority of cultured mouse neocortical 

neurons. This form of VGSC current block persisted in CaSR deficient neurons, 

indicating a CaSR-independent mechanism. Cinacalcet-mediated blockade of VGSCs 

was prevented by the guanosine diphosphate (GDP) analog GDPβS, indicating G-

proteins mediated this effect. Cinacalcet inhibited VGSCs by increasing channel 

inactivation and block was reversed by prolonged hyperpolarization. Strong cinacalcet 

inhibition of VGSC currents was also present in acutely isolated mouse cortical neurons. 
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These data identify a dynamic signaling pathway by which G-proteins regulate VGSC 

current to indirectly modulate central neuronal excitability.  

 

Introduction 

Voltage-gated sodium channels (VGSCs) drive the action potential and are integral to 

neuronal function. However, the picture of the action potential as a digital all-or-none 

signal has evolved with the identification of persistent and regenerative types of VGSCs 

that produce variation in the action potential shape between neuronal types (Huang and 

Trussell 2008; Raman and Bean 1997). Additional variation in action potential waveform 

arises from several types of endogenous VGSC regulation including altered inactivation 

by β subunit interactions (Aman et al. 2009), regional variation in sodium channel 

density (Leão et al. 2005), and increased persistent VGSC current arising from the 

inherited β-subunit mutations that influence excitability (Kaplan et al. 2016). These 

indirect mechanisms regulate VGSC signaling and thereby account for action potential 

variation between neurons. However, such effects are stable over short periods of time. 

In contrast, local anesthetics and antiepileptic drugs target VGSCs and rapidly modulate 

action potentials by stabilizing channel inactivation (Kuo and Bean 1994b; Zeng et al. 

2016). In addition, dynamic modulation of VGSCs via calmodulin (Pitt and Lee 2016) 

and G-protein coupled receptors (GPCRs) (Carr et al. 2003) has also been shown to 

contribute to neuronal plasticity. 

 

The calcium-sensing receptor (CaSR) is a GPCR expressed in many tissues, including 

those of the nervous system (Leach et al. 2015). In the cerebral cortex, CaSRs are 
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expressed at nerve terminals (Chen et al. 2010) where they modulate evoked and 

spontaneous synaptic transmission (Phillips et al. 2008; Smith et al. 2012). Here, we 

report that allosteric CaSR modulators (ACMs) reduced GABAergic transmission 

between neocortical neurons and this was attributable to block of VGSCs. Further 

examination showed that both allosteric agonists and allosteric antagonists of the CaSR 

completely inhibited VGSC current. This block of VGSC current was independent of the 

CaSR but required G-protein activation. The CaSR allosteric agonist, cinacalcet, 

inhibited VGSC current by negatively shifting steady-state inactivation of the channels. 

This cinacalcet-induced inhibition was reversed by prolonged hyperpolarization. The 

VGSC inhibition appeared independent of class C GPCRs and occurred through a 

protein kinase A (PKA) and protein kinase C (PKC)-independent pathway. These data 

describe an important new mechanism for modulating neuronal excitability in the cortex.  

 

Results 

Allosteric CaSR Agonists Reduce VGSC Current 

Direct CaSR agonists produced a graded inhibition of synaptic transmission in 

neocortical neurons (Phillips et al. 2008), leading us to hypothesize that cinacalcet, an 

allosteric agonist of the CaSR, would have the same effect. We evoked inhibitory 

postsynaptic currents (IPSCs) by stimulating presynaptic neurons with a theta electrode 

(Figure 1.1A). Application of cinacalcet (10 µM) almost completely eliminated IPSCs 

within 100-200 s (Figure 1.1B; 96 ± 1% (mean ± SEM) block in 8 recordings). In this 

neuron, voltage-clamped at -70 mV, IPSC amplitude ranged from 70-200 pA and 

quantal size was 30-40 pA. The initial effect of cinacalcet, appeared all-or-none and we 

http://f1000.com/work/citation?ids=119997&pre=&suf=&sa=0
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hypothesized this was due to block of the presynaptic action potential leading to the 

coordinated block of multiple presynaptic GABA release sites. Consistent with this 

finding, somatic action potentials were blocked by cinacalcet (Figure 1.1C). We next 

tested if cinacalcet modulated VGSC currents elicited in voltage-clamped neurons (30 

ms step from -70 to -10 mV every 5 s; Figures 1D-1F). Tetrodotoxin (TTX; 1 µM) 

reversibly reduced the rapidly activating and inactivating inward current (peak < 1 ms) 

by 98 ± 1% (n = 6, data not shown), confirming these conditions isolated the VGSC 

current. Application of cinacalcet (10 µM) strongly inhibited the peak VGSC current by 

98 ± 1% (n = 11) and the kinetics of block were described by a single exponential (Ƭ = 

61 ± 8 s) after a delay of 73 ± 9 s (Figure 1.1E). VGSC current inhibition by cinacalcet 

was concentration-dependent (Figures 1.1E and 1.1H) but reversed slowly and 

incompletely with the -70 mV holding potential (Figure 1.1F but see Figure 1.7B). In 

contrast, cinacalcet had no effect on voltage-gated potassium channel current (Figure 

1.1G), showing cinacalcet action is specific to VGSCs. 

 

The concentration-effect relationship for cinacalcet was determined by measuring the 

VGSC current immediately following whole-cell formation after incubation (50-70 min) in 

the drug. This approach was employed because cinacalcet was effective in all 

neocortical neurons (>300 recordings) and because at lower concentrations the slower 

rate of block and current rundown, could have confounded measurement of the IC50. 

VGSC current density (pA/pF) was inversely related to cinacalcet concentration in 

neocortical neurons after 7 to 9 days in culture (IC50 = 2.2 ± 0.6 µM; Figure 1.1H, open 

circles). This was in agreement with the degree of block measured when we examined 
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the time course of inhibition with 1-10 µM cinacalcet (Figures 1.1E and 1.1H, solid 

squares). Taken together these data indicate that allosteric CaSR agonists strongly 

inhibit VGSCs in a concentration-dependent manner in neocortical neurons.  

 

Allosteric CaSR Modulators Inhibit VGSCs by a CaSR-Independent Pathway  

We hypothesized that cinacalcet inhibited VGSCs via the target CaSR and tested this 

idea first by examining if other CaSR modulators inhibited VGSC current. Calindol (5 

µM), another CaSR allosteric agonist, strongly inhibited peak VGSC current (Figures 

1.2A and 1.2D; 97 ± 1% steady-state inhibition, n = 5) elicited as above (see Figure 

1.1E). Next, we tested if the CaSR was the target of these drugs by examining if VGSC 

current was insensitive to cinacalcet in neurons from CaSR null-mutants (Casr-/-)(Chang 

et al. 2008) using the same protocol. Surprisingly, VGSC currents from Casr-/- and wild-

type neurons were equally sensitive to cinacalcet (Figures 1.2B and 1.2D; 100 ± 1%, n 

= 12, P = 0.2). The time constant of the inhibition and latency of the effect of cinacalcet 

were also unchanged. Furthermore, direct stimulation of the CaSR by increasing the 

external calcium concentration to 10 mM, did not change the kinetics of VGSC block by 

cinacalcet (Figure 1.8A and 1.8B). These data indicated that cinacalcet-induced VGSC 

current inhibition is independent of the CaSR.  

 

Upregulation of other similar compensatory proteins could explain why Casr-/- neurons 

responded to CaSR agonists. Thus, we tested the effect of allosteric CaSR antagonists, 

NPS 2143 and calhex, on VGSC currents (elicited as in Figure 1.1E). NPS 2143 (5 µM) 

and calhex (5 µM) strongly blocked VGSC currents (Figures 1.2C and 1.2D; 99 ± 1%, n 

http://f1000.com/work/citation?ids=5065969&pre=&suf=&sa=0
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= 4 and 95 ± 1%, n = 7, respectively). Both agents also inhibited VGSC currents in  

Casr-/- neurons (data not shown). These data show that ACMs inhibit VGSC currents in 

wild-type and Casr-/-, strongly indicating that these effects are not mediated by the 

CaSR.   

 

G-Protein-Mediated Changes to VGSC Current 

To determine if the cinacalcet-induced block of VGSC current relied on G-protein 

signaling within neocortical neurons, we tested the effect of the guanosine diphosphate 

(GDP) analog adenosine 5′-O-2-thiodiphosphate (GDPβS) on the cinacalcet-induced 

response. GDPβS inhibits G-protein cycling by competitively inhibiting the binding of 

guanosine triphosphate (GTP) to G-proteins (Eckstein et al. 1979; Suh et al. 2004). 

Cinacalcet (10 µM) inhibited VGSC current by 90 ± 3% (n = 10), measured 250 s after 

onset of application, with 0.3 mM GTP in the recording pipette solution. In contrast, 

cinacalcet reduced VGSC current by only 8 ± 3% (n = 12, P = 7 x 10-15) at the same 

time point with 2 mM GDPβS in the pipette solution (Figures 1.3A and 1.3B). GDPβS 

also reduced calindol-induced inhibition of the VGSC currents to 29 ± 8 % (n = 6) at 250 

s compared to 66 ± 11% (n = 5, P = 0.02) in the control conditions (Figure 1.3B). The 

block of VGSCs by CaSR allosteric antagonists NPS 2143 and calhex was also G-

protein-mediated. NPS 2143-induced inhibition was reduced from 96 ± 1% (n= 4) 250 s 

following NPS 2143 exposure to 5 ± 13% at the same time point in the presence of 

GDPβS (2 mM) (n = 7, P = 0.0005; Figures 1.3C and 1.3D).  Calhex-induced inhibition 

of VGSC current was reduced from 82 ± 4% (n= 7) at 250 s to 33 ± 10% at the same 

time point in the presence of GDPβS (n = 7, P = 0.0008, Figure 1.3D). 

http://f1000.com/work/citation?ids=1548555,3603298&pre=&pre=&suf=&suf=&sa=0,0
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We asked three questions to address the possibility that the four ACMs inhibited 

VGSCs via GDPβS-sensitive pathways that did not involve G-proteins. First, was 

GDPβS chemically inactivating the ACMs after they reached the intracellular 

compartment? The subsequent action of cinacalcet on VGSC currents was unaffected 

following preincubation with GDPβS (2 mM for 30 min at room temperature) indicating 

that GDPβS was not simply inactivating the ACMs (data not shown). Second, was 

GDPβS interfering with ACM inhibition of VGSC currents because of an action of the 

non-hydrolyzable part of the molecule? Adenosine diphosphate (ADP) is a nucleoside 

diphosphate structurally very similar to GDP involved in cellular energy metabolism and 

extracellular signaling (reviewed in Schwiebert and Zsembery 2003; Maruyama 1991). 

Like GDPβS, adenosine 5′-O-2-thiodiphosphate (ADPβS) is nonhydrolyzable due to an 

oxygen to sulfur switch at the terminal phosphate (Cusack and Hourani 1981; Oldham 

and Hamm 2008) but extremely unlikely to bind to the tight nucleotide pocket of Gα 

(Oldham and Hamm 2008; Lambright et al. 1994). Unlike with GDPβS, ADPβS (2 mM) 

in the pipette did not slow or reduce the inhibition of VGSC current by cinacalcet (n = 8) 

compared to our control condition in recordings with 0.3 mM GTP (n = 12, Figures 1.3E 

and 1.3F). Third, did GDPβS alter VGSC resistance to direct blockers and thus reduce 

the effectiveness of ACMs? To address this question we tested if GDPβS affected the 

actions of other VGSC blockers (Rogawski et al., 2016). VGSC currents were reduced 

by 37 ± 5% and 46 ± 5% by the application of carbamazepine (Figure 1.3G, 100 µM, n = 

7) and phenytoin (100 µM, n = 9) respectively. This effect was unchanged by GDPβS 

(Figure 3G; 32 ± 5% for carbamazepine, n =9; 39 ± 6% for phenytoin, n = 9) indicating 

http://f1000.com/work/citation?ids=305747,5247791&pre=&pre=&suf=&suf=&sa=0,0
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GDPβS was not simply increasing VGSC resistance to direct inhibitors. These 

experiments are consistent with GDPβS inhibiting ACM-mediated inhibition of VGSC 

currents via a GTP-dependent mechanism. 

 

Basal activity of G-proteins has been reported in many systems arising from constitutive 

activity or low basal activation of the GPCR (Seifert and Wenzel-Seifert 2002). We 

hypothesized that non-hydrolyzable GTP analog and G-protein signaling activator 

guanosine 5'-O-[gamma-thio]triphosphate (GTPγS) may accelerate rundown of VGSC 

current in the absence of ACMs if there was basal activity of this signaling pathway. 

VGSC currents were activated with 30 ms steps from -70 mV to -10 mV at 0.2 Hz and 

recordings were made with either GTP (0.3 mM), GDPβS (2 mM), or GTPγS (500 µM) 

in the pipette solution (Figure 1.3H). GTPγS accelerated VGSC rundown compared with 

GTP and GDPβS (Figure 3H, two-way ANOVA with repeated measures, Interaction F 

(68,1768) = 2.13, P < 0.0001). With GTP and GDPβS in the pipette, VGSC currents 

decreased by 36 ± 4% (n = 20) and 34 ± 6% (n = 24) during the first 5 minutes of 

recording whereas the same decrease occurred in 95 s in the presence of GTPγS (n = 

12). These data indicate that the ACM-induced inhibition of VGSC current is 

independent of the CaSR but dependent on G-proteins.  

 

Molecular Targets for G-Protein-Mediated VGSC Inhibition 

To identify potential targets for cinacalcet, we tested if its action was affected by 

antagonists to GPCRs structurally similar to CaSR (Urwyler 2011). VGSC current was 

elicited with 30 ms voltage steps to -10 mV and neurons were perfused with a 

http://f1000.com/work/citation?ids=1094519&pre=&suf=&sa=0
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metabotropic glutamate receptor (mGluR) mGluR1 or mGluR5 blocker (competitive 

antagonist or negative allosteric modulator) for a minimum of 120 s before the 

application of cinacalcet (6 µM) (Figure 1.4A). Perfusion of the blockers continued 

during the application of cinacalcet. None of the mGluR1 and mGluR5- antagonists or 

negative allosteric modulators tested (30 µM 2-Methyl-6-(phenylethynyl)-pyridine 

(MPEP), 50 µM 3-Methoxybenzaldehyde [(3-methoxyphenyl)methylene]hydrazone 

(DMeOB), 150 µM LY 367385, or 500 nM JNJ 16259685 slowed or reduced the 

cinacalcet-induced inhibition (Figure 1.4B). In addition, mGluR1 and mGluR5 agonists, 

(RS)-2-chloro-5-hydroxyphenylglycine (CHPG) (100 µM) and (S)-3,5-

dihydroxyphenylglycine (DHPG, 100 µM), did not inhibit VGSC currents, indicating 

cinacalcet was not activating these receptors (data not shown). Similarly, application of 

glutamate (10 µM; applied in the presence of ionotropic glutamate receptors antagonists 

6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (10 µM) and DL-2-amino-5-

phosphonopentanoic acid (APV) (50 µM) and GABAA receptor antagonist bicuculline 

(10 µM) did not affect VGSC current (Figure 1.4C; n = 9). Next, we tested if cinacalcet 

acted through class C GPCRs GABAB receptors by applying cinacalcet in the presence 

of GABAB receptor antagonist saclofen. Reducing GABAB receptor activity with saclofen 

(500 µM) did not alter the cinacalcet-induced response (Figure 1.4D; n = 6). 

Furthermore, stimulation of GABAB receptors with baclofen (10 µM) did not significantly 

reduce VGSC current in a manner similar to that observed with the application of 

cinacalcet (data not shown). These data indicate that cinacalcet does not inhibit VGSCs 

through the activation of metabotropic glutamate receptors or GABAB receptors.   

 



 

35 

GPCRs can be coupled to a range of different G-protein complexes; the primary families 

being Gi/o. Gq, Gs, and G12 (Neves et al. 2002). Pertussis toxin (PTx) is a specific 

inhibitor of Gi/o signaling (Ui et al. 1986). Pre-incubation with PTX (200 ng/mL) for either 

16-24 (n = 8) or 48-72 hours (n = 6) did not alter the cinacalcet-induced inhibition of 

VGSC currents, indicating that the pathway was mediated by G-proteins other than Gi/o 

(Figure 1.4E and 1.4F).  

 

G-protein-activated phosphorylation of VGSCs by PKA and PKC reduces VGSC current 

by 20 -40% (Cantrell et al. 1999; Carlier et al. 2006; Carr et al. 2002). To test if these 

kinases mediate the cinacalcet-induced reduction in VGSC current, we performed 

whole-cell recordings with PKA- or PKC-specific blockers in the pipette solution (Figures 

1.4G and 1.4H). The cinacalcet effect on steady-state inhibition, latency of action, and 

rate of inhibition of VGSC currents were unaffected by the PKA inhibitor PKI6-22 (20 µM; 

Figure 4F; n = 8). Additionally, PKC inhibitors PKI19-36 (20 µM, n = 4) and chelerythrine 

chloride (10 µM, n = 7) did not affect the action of cinacalcet on VGSC currents (Figure 

1.4H). Furthermore, the broad-spectrum kinase inhibitor staurosporine (100 nM, n = 8) 

was also ineffective in the pipette solution (Figure 1.4H). While the data do not rule out 

the involvement of staurosporine-resistant kinases, they indicate that cinacalcet-induced 

inhibition occurs in a PKA- and PKC-independent manner.  

 

G-protein-dependent modulation can occur directly via Gβγ binding to VGSCs and a 

resultant change in gating properties or via small G-proteins. To test the first hypothesis, 

we blocked Gβγ with the small molecule inhibitor gallein which binds to Gβγ and 
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prevents its interaction with effector proteins (Lehmann et al. 2008; Seneviratne et al. 

2011). Pre-incubation with gallein (50 µM) for 24 hours (n = 11) did not alter the 

cinacalcet-induced inhibition of VGSC currents compared the vehicle control (n= 7; 

Figure 1.5IA and 1.5B). These data, however, do not completely rule out a Gβγ-

dependent mechanism as gallein has been shown to exhibit Gβγ isoform-specific 

inhibition and does not block the Gβγ-dependent effects on N-type voltage-gated 

calcium channels (VGCCs), G-protein-coupled inwardly-rectifying potassium channels 

(GIRKs), extracellular signal-regulated kinase ERK1/2 (Bonacci et al. 2006), or adenylyl 

cyclases ACII, IV, and VI (reviewed in Lin and Smrcka 2011). 

 

To test the second hypothesis that a small G-protein may inhibit VGSCs, we blocked 

the Rho family of small G-proteins with glucosylation via Clostridium difficile (Just et al. 

1995). Rho proteins are GTP-binding proteins that regulate the actin cytoskeleton, 

myosin filaments, and cell cycle progression (Chen et al. 2015). Pre-incubation with C. 

difficile (500 pg/mL) for 24 hours (n = 8) did not alter the cinacalcet-induced inhibition of 

VGSC currents compared the control (n= 11; Figure 1.5C and 1.5D). These data 

therefore indicate that cinacalcet does not stimulate Rho family small G-proteins to 

inhibit VGSCs. This does not discount the action of other classes of small G-proteins in 

this process but removes the possibility of this expansive family of easily 

pharmacologically-targeted proteins. 
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Cinacalcet Promotes Inactivation of VGSC Current 

To determine how cinacalcet inhibited VGSC current, we evaluated the effect of 

cinacalcet on VGSC gating properties. VGSC gating properties were tested in 

neocortical neurons with shorter processes (24 to 48 hours in culture to reduce space 

clamp errors). Activation was studied by eliciting VGSC currents with a series of 10 ms 

voltage steps from -70 mV to between -65 and +40 mV in 5 mV increments at 0.2 Hz 

(Figure 1.6A). Steady-state inactivation was then studied by activating VGSC currents 

with a 20 ms test pulse to -10 mV preceded by a 500 ms conditioning step to between -

140 and -20 mV in 10 mV increments (Figure 1.6C). Cinacalcet (1 µM) was then applied 

until the VGSC current had decreased by ~50% and VGSC current activation and 

inactivation reexamined. In the exemplar, cinacalcet reduced the peak VGSC currents 

by ~50% at voltages above -40 mV (Figure 1.6B). However, strong hyperpolarization 

reversed the inhibition of the VGSC current to only 10% (Figure 1.6D), consistent with 

cinacalcet promoting VGSC inactivation. Average conductance-voltage plots, derived 

from the current-voltage curves, were normalized to facilitate comparison of half-

activation voltages (V0.5). The change in V0.5 (Δ V0.5) for the steady-state inactivation 

was strongly shifted (-11 ± 3 mV) by the application of cinacalcet; the average V0.5 for 

control and cinacalcet were −69 ± 3 mV and −81 ± 5 mV, respectively (Figure 1.6E; n = 

11; P = 0.002).  A smaller Δ V0.5 was seen for activation (Figure 1.6E; -33 ± 1 mV and -

36 ± 1 mV in control and cinacalcet, respectively, n = 15; P = 3 x 10-5). The shift in 

gating confirms that cinacalcet promotes the inactivated state, thereby reducing the 

amplitude of the VGSC current. GDPβS also blocked the hyperpolarizing shift in steady-

state inactivation of VGSCs (Figure 1.6F; ΔV0.5 = -3 ± 1 mV, n = 9; P > 0.05) consistent 



 

38 

with the proposal that cinacalcet inhibits VGSCs by a G-protein-mediated mechanism 

that stabilizes the inactivated state.  

 

Since strong hyperpolarization (-140 mV for 500 ms) only partially reversed the 

inactivation by cinacalcet, we tested if a greater fraction of inhibition was reversible with 

longer hyperpolarizing pulses (Jo and Bean 2011; Karoly et al. 2010). A double-pulse 

protocol (S1 and S2, each -10 mV for 10 ms) was used to elicit VGSC currents (IS1 and 

IS2) in control or after complete block by cinacalcet (10 µM; Figures 1.7A). IS2 was fully 

recovered within <10 ms in control experiments. After full block by cinacalcet, IS2 

recovered to 81 ± 1% of IS1 (pre- cinacalcet application) after a 3 s step to -120 mV 

(Figures 1.7A and 1.7B). The time course of recovery of IS2 was described by a single 

exponential (Ƭ = 841 ± 73 ms; n = 10).  

 

VGSC inactivation could arise from cinacalcet-mediated signals binding preferentially to 

specific channel states (Karoly et al. 2010) and thus be use-dependent. We tested this 

hypothesis by examining the rate of VGSC current inhibition on duration of voltage step 

and the duty cycle of activation. VGSC currents were activated with depolarizing steps 

(5 or 30 ms) at rates of 0.2 - 5 Hz (Figure 1.7C). G-protein mediated modulation of an 

ion channel is a multi-step process that has previously been shown to have complex 

kinetics (see Yakubovich et al. 2005) that can be approximated by the function f(t) =

𝐴𝑒−(𝑡/Ƭ)2
+ B (equation 1). The kinetics of VGSC inhibition by cinacalcet were well-

described by this function, where t represents time, Ƭ the time constant of the inhibition, 

and A and B represent constants (Figure 1.7C). The modest change in time constant at 
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different stimulation frequencies indicated little use-dependent inhibition at rates of 0.2 

Hz – 5 Hz stimulation (Figure 1.7D). In contrast, inhibition was slowed when we 

examined the action of cinacalcet at substantially lower rates of VGSC opening and 

closing (Figure 1.7E).  VGSC currents were elicited by 30 ms depolarizing steps (-70 to 

-10 mV) at a frequency of 0.2 Hz but then paused immediately prior to cinacalcet (10 

µM) application. After the first 200 s of cinacalcet application the voltage protocol was 

resumed revealing that cinacalcet-mediated inhibition of VGSC currents was 

substantially smaller in the absence of the depolarizing steps (60 ± 7 %, n = 7) than in 

control experiments (84 ± 4 %, n = 11; P = 0.006; Figures 1.7E). These data indicate 

that cinacalcet-induced inhibition of VGSC is impaired at very low rates of channel 

activity and hence inhibition is use-dependent. 

 

Ca2+-bound calmodulin (CaM) has been shown to bind to VGSCs and to shift VGSC 

inactivation (Tan et al. 2002; Yan et al. 2017). We hypothesized that increases in 

intracellular [Ca2+] ([Ca2+]i), might accelerate cinacalcet-mediated inhibition of VGSCs by 

facilitating inactivation. Using our standard protocol (Figure 1.1E) we found elevation of 

[Ca2+]i by increasing Ca2+ entry via voltage-gated Ca2+ channels (VGCCs) (Figured 1.8A 

and 1.8B) did not affect the action of cinacalcet on VGSC currents. Attenuating 

intracellular buffering with Ca2+ buffer ethylenediaminetetraacetic acid (EDTA) in pipette 

(Figures 1.8C and 1.8D) also did not change cinacalcet-induced VGSC inhibition. 

Interestingly block of VGCCs with the non-selective VGCC blocker, Cd2+, tended to slow 

the rate of VGSC current block by cinacalcet (Figures 1.8A and 1.8B, P = 0.13). The 

data do not support the hypothesis that Ca2+-bound CaM is accelerates cinacalcet-

http://f1000.com/work/citation?ids=159889,4024535&pre=&pre=&suf=&suf=&sa=0,0
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mediated inhibition of VGSCs but we cannot exclude the possibility that binding 

interactions such as these may contribute to use-dependence. 

 

Cinacalcet Inhibits VGSC Current in Acutely Isolated Neocortical Neurons 

To rule out distortion of the kinetics of action of cinacalcet by voltage-clamp errors or 

long diffusion path lengths arising from neuronal processes, we examined VGSC 

currents in acutely isolated central neurons with short processes (Figure 1.9). VGSC 

currents were elicited with a 5 ms step from -70 mV to 0 mV. Just as in cultured 

neocortical neurons, VGSC currents in neurons isolated from acute neocortical and 

hippocampal slices were strongly and uniformly sensitive to cinacalcet (10 µM); inhibited 

by 91 ± 2% and 95 ± 1% in neocortical (n = 8) and hippocampal (n = 10) neurons, 

respectively (Figures 1.9A and 1.9C). The kinetics of cinacalcet inhibition of VGSC 

currents in these acutely isolated neurons were well described by equation 1 (Figure 

1.9A). The rate of inhibition by cinacalcet was faster in the acutely isolated cells in 

comparison to cultured neocortical neurons (Figure 1.9D). Cinacalcet mediated VGSC 

current inhibition was also reversed by strong hyperpolarization in the acutely isolated 

neurons, with complete recovery achieved by a 1 s step to -120 mV (Figure 1.9B). 

These data indicate that strong cinacalcet-mediated inhibition of VGSC currents 

occurred in both acutely isolated and cultured cortical neurons. 

 

G-protein-mediated inhibition of VGSC currents was described in a subgroup of 

neocortical and hippocampal neurons via activation of muscarinic acetylcholine M1 

receptors (mAChR) and D1-like dopamine receptors (Cantrell et al. 1996; Cantrell et al. 

http://f1000.com/work/citation?ids=1541965,155622&pre=&pre=&suf=&suf=&sa=0,0
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1997). While cinacalcet substantially inhibited VGSC currents in these recordings, the 

dopamine agonist SKF 81297 (1 µM) and mAChR M1 agonist carbachol (20 µM) had no 

effects on VGSC currents in acutely isolated neurons from the neocortex (Figures 1.9A 

and 1.9C) and hippocampus (Figure 1.9C) or in cultured neocortical neurons (Figure 

1.9E), confirming that cinacalcet and these neurotransmitters act via distinct pathways. 

 

Discussion 

VGSCs generate the upstroke of the action potential that has classically been described 

as a digital, all-or-none signal. We have described a new pathway that is apparently 

ubiquitous in neocortical and hippocampal neurons and inhibits VGSCs in a graded 

manner by a G-protein-dependent mechanism. A number of features about this pathway 

are interesting. First, allosteric CaSR agonists stimulate this pathway. Second, this 

pathway appears independent of the CaSR because it is insensitive to external [Ca2+], 

occurs in Casr-/- mutants, and is also stimulated by allosteric CaSR antagonists. Third, 

this GTP-dependent inhibition of VGSCs is not mediated by mGluR1, mGluR5, or 

GABAB receptors, which have strong structural homology with the CaSR. Fourth, this 

form of VGSC modulation is independent of PKA and PKC. Finally, the G-protein-

mediated inhibition of VGSCs shifts steady-state inactivation of VGSCs and this can be 

reversed by prolonged hyperpolarization.  

 

G-protein-mediated regulation of voltage-gated calcium and potassium channels has 

been a major area of scientific interest (Hille et al. 2014; Holz et al. 1986; Pfaffinger et 

al. 1985; Weiss and Zamponi 2015). In contrast, G-protein regulation of VGSCs has 

http://f1000.com/work/citation?ids=1541965,155622&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=4262607,5074075,5074077,5074078&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://f1000.com/work/citation?ids=4262607,5074075,5074077,5074078&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
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received substantially less attention. Earlier studies showed that VGSC currents in the 

neocortex and hippocampus were reduced by ~20-40% through mAChR M1, D1-like 

dopamine receptor, mGluR1, and serotonin 5-HT2A/C receptor activation (Cantrell et al. 

1996; Cantrell et al. 1997; Carlier et al. 2006; Carr et al. 2002). In contrast, our findings 

show near complete inhibition of VGSCs is possible in a large majority of cortical 

neurons and this points to the existence of a signaling pathway that could substantially 

regulate neuronal activity in the cortex. The effectiveness of GDPβS to block the action 

of all four tested ACMs on VGSC currents and GTPγS to accelerate the rate of 

decrease of basal VGSC currents strongly indicate the involvement of G-proteins in the 

pathway (Figure 1.3). These established tools competitively inhibit endogenous ligands 

interacting with the G-protein nucleotide-binding pocket (Lambright et al. 1996; Lu and 

Ikeda 2016; Oldham and Hamm 2007; Suh et al. 2004). Non-hydrolyzable GDPβS 

reduces G-protein activation by GTP despite GPCR activation whereas GTPγS will 

enhance G-protein signaling because it attenuates endogenous nucleotide hydrolysis 

that terminates G-protein activity (Oldham and Hamm 2007). The likelihood of GDPβS 

acting via unidentified G-protein independent pathways seemed low because we 

excluded direct chemical modification of cinacalcet, off-target effects of the terminal 

sulfur atom, and reduced sensitivity of VGSC to direct blockers as causes for GDPβS 

block of cinacalcet-mediated VGSC inhibition (Figure 1.3). Another possibility is that 

cinacalcet blocks VGSCs by directly binding to and stabilizing a slow inactivated state of 

the channel and that GDPβS modulates the high-affinity state to prevent cinacalcet 

binding. The inability of GDPβS to impact VGSC block by phenytoin or carbamazepine 

http://f1000.com/work/citation?ids=1541965,155622,5048202,980074&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://f1000.com/work/citation?ids=1541965,155622,5048202,980074&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://f1000.com/work/citation?ids=1559454,5074097,1571659,3603298&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://f1000.com/work/citation?ids=1559454,5074097,1571659,3603298&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://f1000.com/work/citation?ids=1571659&pre=&suf=&sa=0
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makes this mechanism less likely but does not rule it out. On balance, data point to 

VGSC inhibition by cinacalcet being mediated by G-proteins.  

 

A number of questions remain about the mechanism of inhibition of VGSCs by ACMs. 

What is the identity of the GPCR that mediates the effects of ACMs on VGSCs? We 

found cinacalcet-mediated inhibition was independent of the CaSR and other class C 

GPRCs: mGluR1, mGluR5, and the GABAB receptor (Figures 1.4B and 1.4D). 

Cinacalcet-mediated inhibition of VGSCs was also distinguished from other GPCR-

mediated pathways (mAChR M1, D1-like dopamine receptors, 5-HT2A/C receptor, and 

mGluR1) (Cantrell et al. 1997; Cantrell et al. 1996; Carlier et al. 2006; Carr et al. 2002) 

by its resistance to PKA and PKC inhibition (Figure 1.4H). Furthermore, stimulation of 

mAChR receptors and D1-like dopamine receptors did not reduce VGSC currents in 

cinacalcet-sensitive neurons indicating further separation between the mechanisms 

underlying cinacalcet-mediated and other forms of G-protein-mediated inhibition of 

VGSCs (Figures 1.9C and 1.9E).  

 

VGSCs and  VGCCs share a number of properties (Ben-Johny et al. 2015) and by 

analogy with VGCCs, where G-protein interactions appear complex, there may be 

several sites at which VGSCs are targeted by G-proteins (Proft and Weiss 2015). For 

one, VGSCs include six serine residues on the α subunit of the channel that serve as 

candidate molecular targets for GPCR-activated kinase inhibition of VGSCs (Rossie and 

Catterall 1989; Rossie et al. 1987; Smith and Goldin 1996; West et al. 1991). Another 

possible mechanism for cinacalcet-induced inhibition is the direct action of the Gβγ 

http://f1000.com/work/citation?ids=155622,1541965,5048202,980074&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://f1000.com/work/citation?ids=4102477&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=5074111&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=1575500,159190,5074108,1272810&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://f1000.com/work/citation?ids=1575500,159190,5074108,1272810&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0


 

44 

dimer of the G-protein complex on these channels. This type of G-protein-to-ion-channel 

interaction has been observed with both potassium and calcium channels (Clapham 

1996; Ikeda 1996; Krapivinsky et al. 1995; Navarro et al. 1996). Interestingly, Gβ2γ3 has 

been shown to interact with NaV1.2 at the C terminus and this interaction increases 

persistent sodium channel current in proportion to transient VGSC current in tsA-201 

cells (Mantegazza et al. 2005). Future experiments will address the identity of the major 

players responsible for inhibition of VGSCs by ACMs. 

 

Acting indirectly, cinacalcet promoted VGSC inactivation and so decreased VGSC 

availability at -70 mV. This provides the mechanism of VGSC inhibition by cinacalcet 

(Figure 1.6) and is similar to how other G-protein mediated forms of VGSC inhibition 

occurr (Cantrell et al. 1999; Carr et al. 2002). Prolonged hyperpolarization reversed 

cinacalcet-mediated VGSC modulation (Figure 1.7B and 1.9B), indicating the reduced 

reversibility observed in earlier experiments (Figure 1.1I) did not simply result from 

VGSC loss or rundown. Instead the slow recovery from inactivation following strong 

hyperpolarization may be due to the promotion of slow VGSC inactivation or due to slow 

dissociation of blocking molecules from the fast inactivation state (Karoly et al. 2010). 

Certainly the near-complete relief of ACM-induced inhibition of VGSCs by the G-protein 

signaling blocker GDPβS suggests that this effect is due to an indirect action of 

cinacalcet on VGSCs, in contrast to the use-dependent pore-blockers (Karoly et al. 

2010; Kuo and Bean 1994b). Cinacalcet-mediated inhibition of VGSCs was significantly 

reduced at very low frequencies of VGSC activation (Figures 1.7C and 1.7E) implying 

that low rates of VGSC cycling will attenuate the effectiveness of the G-protein 

http://f1000.com/work/citation?ids=1543828,907593,1561337,1570799&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://f1000.com/work/citation?ids=1543828,907593,1561337,1570799&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://f1000.com/work/citation?ids=161134&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=1541964,980074&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=5048034&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=5048034,1562063&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=5048034,1562063&pre=&pre=&suf=&suf=&sa=0,0
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dependent pathway or conversely that the pathway will become more influential when 

neuronal excitability is increased. As we showed, changes in intracellular calcium did 

not impact cinacalcet-mediated inhibition of VGSC currents. Neither elevating [Ca2+]i by 

increasing Ca2+ entry via VGCCs, attenuating intracellular Ca2+ buffering with EDTA,  

nor decreasing [Ca2+]i by reducing Ca2+ entry via VGCCs  with Cd+ affected cinacalcet-

mediated inhibition of VGSC currents, indicating no substantial CaM-VGSC interaction 

underlying this pathway (Figure 1.8).  

 

What are the other functional implications for this pathway? Multiple lines of evidence 

indicate that VGSC density and gating characteristics are important in shaping action 

potentials within a specific neuron (Bean 2007; Lewis and Raman 2014). VGSC current 

inhibition that relies on slow inactivation has been shown to reduce a neuron’s ability to 

sustain trains of spikes (Carr et al. 2003). We predict that the strong, slow inhibition of 

VGSC by CaSR modulators should have similar effects. In addition to modulating 

general cellular excitability, the pathway may have other important actions. Inhibition of 

VGSCs in a branching axon provides a mechanism by which failures in synaptic 

transmission could be explained (Figure 1.1B). Regulation of action potential 

propagation throughout the axonal arbor has been proposed as an important form of 

synaptic plasticity (Debanne 2004). One such example is in the nucleus of the solitary 

tract where a significant fraction of synapses respond to arginine vasopressin (AVP) by 

switching from a release probability of 0.9 at ~20 release sites in the same axon to a 

complete failure of transmission (Bailey et al. 2006). The simplest explanation for this is 

that AVP acts to cause failure of action potential propagation at a proximal axonal 

http://f1000.com/work/citation?ids=155209,4102526&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=276584&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=140547&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=5074122&pre=&suf=&sa=0
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branch point. Identification of the receptor by which cinacalcet inhibits VGSC current 

may allow us to determine if such a mechanism contributes to synaptic plasticity.   

 

Cinacalcet has been used to treat forms of hyperparathyroidism in an attempt to reduce 

the complications of elevated serum calcium levels (Nemeth and Goodman 2016). 

Despite reducing parathyroid hormone (PTH) levels, cinacalcet did not reduce mortality 

(EVOLVE Trial Investigators et al. 2012). Could harmful off-target effects in neurons 

explain cinacalcet’s apparent lack of efficacy? It may seem unlikely, given that at clinical 

doses cinacalcet serum levels are ~50 nM (Padhi and Harris 2009) so that only ~2% of 

the VGSCs would be blocked (Figure 1.1E). However, similarly small fractions of 

VGSCs are blocked by clinically effective doses of phenytoin (Brodie et al. 1985; Kane 

et al. 2013). Moreover cinacalcet’s high volume of distribution and partition coefficient 

indicate higher brain concentrations due to accumulate are likely. Consequently, we 

cannot dismiss the possibility that clinically important off-target effects of cinacalcet may 

arise from VGSC block. CaSR modulators that are not lipophilic and less likely to cross 

the blood brain barrier are being synthesized and tested clinically (Martin et al. 2014), 

indicating cinacalcet actions in the brain may be important.  

 

In conclusion, we have shown that a broad range of GPCR modulators block VGSC 

currents in a GTP-dependent fashion. The strength of block and reversal by 

hyperpolarization confirm that this mechanism is positioned to regulate neuronal 

excitability under a range of physiological and pathological conditions.     

 

http://f1000.com/work/citation?ids=5074123&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=308005&pre=&suf=&sa=0
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Methods 

Neuronal Cell Culture 

Neocortical neurons were isolated from postnatal day 1–2 mouse pups of either sex as 

described previously (Phillips et al. 2008). All animal procedures were approved by V.A. 

Portland Health Care Health Care System Institutional Animal Care and Use Committee 

in accordance with the U.S. Public Health Service Policy on Humane Care and Use of 

Laboratory Animals and the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals. Animals were decapitated following general anesthetic with 

isoflurane and then the cerebral cortices were removed. Cortices were incubated in 

trypsin and DNase and then dissociated with a heat polished pipette. Dissociated cells 

were cultured in MEM plus 5% FBS on glass coverslips. Cytosine arabinoside (4 µM) 

was added 48 hours after plating to limit glial division. Cells were used between 1 and 

12 days in culture. Homozygous lox Casr, nestin-cre negative females and positive 

males were mated to produce conditional cre Casr-/- mutants (Chang et al. 2008). DNA 

extraction was performed using the Hot Shot Technique (Truett et al. 2000) with a 1-2hr 

boil. Primers used for cre PCR were: Nes-Cre 1: GCAAAACAGGCTCTAGCGTTCG, 

Nes-Cre 2: CTGTTTCACTATCCAGGTTACGG; run on a 1% agarose gel. Primers for 

lox PCR are: P3U: TGTGACGGAAAACATACTGC, Lox R: 

GCGTTTTTAGAGGGAAGCAG. Samples were run on a 1.5% agarose gel for 

identification as Casr-/- or Casr+/+. 

 

 

 

http://f1000.com/work/citation?ids=1601193&pre=&suf=&sa=0
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Acute Isolated Neurons 

Mice postnatal day 11 to 19 were decapitated under anesthesia then brain was rapidly 

dissected and placed in chilled, oxygenated (4 ºC, 95% O2, 5% CO2) choline chloride-

based artificial cerebrospinal fluid (ACSF) and horizontal or coronal slices (400 µm 

thick) were cut with vibratome Leica VT 1200S. Slices were incubated in standard 

ACSF for 1 hour and then treated for 30-40 min with 0.5 mg/ml protease type XIV 

(Sigma Aldrich) in Tyrode’s solution (below) containing only 100 µM of CaCl2. After 

enzyme treatment, slices were rinsed with standard ACSF and mechanically dissociated 

using glass pipettes of decreasing size. Cells were used <1 hour after dissociation. 

 

Electrophysiological Recordings 

Cells were visualized with a Nikon Diaphot, Leica DM IRB inverted microscope, or 

Scientifica SliceScope. Whole-cell voltage-and current-clamp recordings were made 

from cultured neocortical neurons using a HEKA EPC10 USB amplifier or Axoclamp 

200B. Except where stated in the text, extracellular Tyrode’s solution contained (mM) 

150 NaCl, 4 KCl, 10 HEPES, 10 glucose, 1.1 MgCl2, 1.1 CaCl2, pH 7.35 with NaOH. 

Extracellular choline chloride based ACSF (ChACSF) contained (mM) 122 choline 

chloride, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 8 Glucose, 0.8 CaCl2, 4 MgCl2. 

Extracellular standard ACSF contained (mM) 129 NaCl, 3.3 KCl, 25 NaHCO3, 5 

Glucose, 0.4 Na2HPO4, 0.4 KH2PO4, 1 MgCl2, 1.5 CaCl2. VGSC current recordings were 

made using a cesium methane-sulfonate intracellular solution containing (mM) 113 

CsMeSO3, 1.8 EGTA, 10 HEPES, 4 MgCl2, 0.2 CaCl2, 4 NaATP, 0.3 NaGTP, 14 

creatine phosphate, pH 7.2 with TEA hydroxide. In some experiments GTP was 
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replaced with 2 mM GDPβS (Figures 1.3A-D), 2 mM ADPβS (Figures 1.3E and 1.3F), or 

0.5 mM GTPγS (Figure 1.3H). IPSCs (Figure 1.1B) were recorded using a potassium 

chloride-rich intracellular solution containing (mM) 118 KCl, 1 EGTA, 10 HEPES, 4 

MgCl2, 1 CaCl2, 4 NaATP, 0.3 NaGTP, 14 creatine phosphate, 1 QX-314, pH 7.2 with 

KOH. To pharmacologically isolate IPSCs 10 µM CNQX was added to the bath. IPSCs 

were completely blocked by 40 µM gabazine or 10 µM bicuculline indicating that they 

were mediated by GABA. Recordings of action potentials (Figure 1.1C) and potassium 

channel current (Figure 1.1G) were made using a potassium gluconate-rich intracellular 

solution containing (mM) 135 K-Gluconate, 10 HEPES, 4 MgCl2, 4 NaATP, 0.3 NaGTP, 

10 creatine phosphate, pH 7.2 with KOH. To record isolate action potentials 40 µM 

CNQX, 80 µM APV, and 40 µM gabazine were added to the bath. Electrodes used for 

recording had resistances ranging from 2 to 4 MΩ. Voltages indicated have been 

corrected for liquid junction potentials. All experiments were performed at room 

temperature (20-24 °C).  

 

Data Acquisition and Analysis 

Whole-cell voltage-and current-clamp recordings were filtered at 3-5 kHz using a Bessel 

filter, and sampled at 100 kHz. Leak current was subtracted online using a –p/n 

protocol. Rs was compensated by 60-90%. Analysis was performed using Igor Pro 

(Wavemetrics, Lake Oswego, OR). Unless otherwise stated, recordings were only 

included if the rate of baseline rundown was < 10% over 100 seconds. Data values are 

reported as mean ± SEM. Statistical significance was determined using Student’s t-test, 

two-tailed (Microsoft Excel) unless otherwise noted. The action of nucleotide on the rate 
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of VGSC rundown was evaluated using a two-way ANOVA (Graphpad, Prism, version 

6). ANOVA is reported in Table 1.1. 

 

Solution Application 

Solutions were gravity fed through a glass capillary (1.2 mm outer diameter) placed ~1 

mm from the patch pipette tip. Most reagents were obtained from Sigma-Aldrich 

(Darmstadt, Germany). NPS 2143, PKI19-36, staurosporine, saclofen, SKF 81297, 

carbachol, and CHPG were supplied by Tocris (Bristol, United Kingdom). PKI6-22, JNJ 

16259685, and baclofen were supplied by Santa Cruz Biotechnology (Dallas, United 

States). PTx was supplied by Millipore Sigma (Burlington, Massachusetts). Cinacalcet 

was supplied by Toronto Research Chemicals (Toronto, Canada) and TTX by Alomone 

(Jerusalem, Israel). Phenytoin, carbamazepine, and CHPG were dissolved in DMSO 

(final concentration 0.125%). Gallein was dissolved in DMSO (final concentration 

0.05%). NPS 2143, Calhex, MPEP, DMeOB, staurosporine, and chelerythrine chloride 

were dissolved in DMSO  to a final concentration of ≤0.03% DMSO. JNJ 16259685 was 

dissolved in ethanol (final concentration 0.05%). Appropriate vehicle controls were 

performed for all experiments. 
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Figure 1.1. Inhibition of VGSC current by CaSR allosteric agonist cinacalcet. (A) Image 

of whole-cell voltage clamp recording from a cultured neocortical neuron with theta 

electrode used to evoke IPSCs. Scale bar indicates 10 µm. (B) Diary plot showing 

GABA-evoked IPSC amplitude was reduced by application of 10 µM cinacalcet 

(application indicated by horizontal bar). Inset, Representative IPSCs in vehicle control 

(black) and after steady-state effect of cinacalcet (red). (C) Current clamp recordings 

showing action of cinacalcet on response to 100 pA current injections. (D) Image of 

whole-cell voltage clamp recording from a cultured neocortical neuron. Scale bar 

indicates 10 µm. (E) Diary plot of average normalized VGSC current elicited by a 30 ms 

test pulse to -10 mV from a holding potential of -70 mV every 5 s during perfusion of 10 

µM (n = 11), 6 µM (n = 9), or 1 µM cinacalcet (n = 9). (F) Exemplar plot of peak VGSC 

current elicited as in E following application of 10 µM cinacalcet with recovery. Inset, 

Representative VGSC current in control conditions (ctrl, black), at maximal cinacalcet-

induced block (red), and at the point of greatest recovery (blue). (G) Diary Plot of 

average normalized voltage-gated potassium channel current elicited by a 30 ms, 60 

mV depolarizing step every 5 s  during bath perfusion of 10 µM cinacalcet (n = 5). Inset, 

Representative potassium current in control conditions (ctrl, black) and at maximal 

cinacalcet-induced block (red). (H) Concentration-effect relationship for cinacalcet on 

VGSC currents. Left axis, indicates current density following incubation in cinacalcet for 

50-70 minutes at the indicated concentration (open circles). VGSC amplitude was 

measured immediately following whole cell formation with a 30 ms test pulse to -10 mV 

from a holding potential of -70 mV and normalized to measured cell capacitance (n ≥ 10 
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for each group). Data fit with Hill equation with IC50 = 3.5 ± 1 µM cinacalcet and Hill 

Coefficient = 0.98. Right axis, Normalized VGSC current from E 510 s following the 

application of 10 µM (n = 11), 6 µM (n = 9), or 1 µM cinacalcet (n = 9) (solid squares). 

Error bars show mean value ± SEM.   
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Figure 1.2. CaSR allosteric agonists and antagonists inhibit VGSC current in wildtype 

(Casr+/+) and CaSR null (Casr-/-) mutants. (A) Diary plot of average normalized VGSC 

current (elicited as in Figure 1E) during perfusion of 5 µM calindol (n = 5). Inset, 

Representative traces show VGSC current in control (ctrl, black) conditions and after 

steady-state block by calindol (red). (B) Plot of average normalized VGSC current 

(elicited as in Figure 1.1E) during perfusion of 10 µM cinacalcet recorded in Casr-/- 

neocortical neurons (n = 12). Inset, Representative traces show VGSC current in control 

conditions (ctrl, black) and after steady-state inhibition by cinacalcet (red). (C) Diary plot 
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of average normalized VGSC current elicited (as in Figure 1.1E) during bath perfusion 

of 5 µM calhex (blue, n = 7) or 5 µM NPS 2143 (black, n = 4) recorded in Casr+/+ 

neocortical neurons. Inset, Representative traces show VGSC current in control 

conditions (ctrl, black) and after steady-state inhibition by NPS 2143 (red). (D) Bar 

graph summarizing the effects of 10 µM cinacalcet, 5 µM calindol, 5 µM calhex, or 5 µM 

NPS 2143 on VGSC current in Casr+/+ (black) and Casr-/- (red) neocortical neurons. 

Number in middle of bar indicates n for the given data set. Error bars show mean value 

± SEM.   
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Figure 1.3. Allosteric CaSR modulator block of VGSC current is GTP-dependent. (A) 

Plot of average normalized VGSC current (elicited as for Figure 1.1E) during perfusion 

of 10 µM cinacalcet in control conditions (black, n = 10) or with 2 mM GDPβS in pipette 

solution (red, n = 12). Inset, Representative traces show VGSC current baseline in the 

presence of 2 mM GDPβS prior to (ctrl, black) and 250 s after the application of 

cinacalcet (red). (B) Bar graph summarizing the effects of 10 µM cinacalcet and 5 µM 

calindol on VGSC current in control conditions (black) and in recordings with 2 mM 

GDPβS (red) 250 s following drug exposure. (C) Plot of average normalized VGSC 

current (elicited as in Figure 1.1E) during perfusion of 5 µM NPS 2143 recorded in 

control conditions (black, n = 4) and with 2 mM GDPβS (blue, n = 7) in recording 

solution. Inset, Representative traces show VGSC current baseline in the presence of 2 

mM GDPβS prior to (ctrl, black) and 250 s after the application of NPS 2143 (blue).  (D) 

Bar graph summarizing the effects of 5 µM NPS 2143 and 5 µM calhex on VGSC 

current in control conditions (black) and with 2 mM GDPβS (red) after 250 s of drug 

application. (E) Plot of average normalized VGSC current (elicited as in Figure 1.1E) 

during perfusion of 10 µM cinacalcet recorded in control conditions (black, n = 10) and 

with 2 mM ADPβS (red, n = 7) in the recording solution. Inset, Representative traces 

show VGSC current baseline in the presence of 2 mM ADPβS prior to (ctrl, black) and 

250 s after the application of cinacalcet (red).  (F) Bar graph summarizing the effects of 

10 µM cinacalcet on VGSC current in control conditions (black) and in recordings with 2 

mM ADPβS (red) 250 s following drug exposure. (G) Diary plot of average normalized 

VGSC current (elicited as in Figure 1.1E) during perfusion of 100 µM carbamazepine 

(top) or 100 µM phenytoin (bottom) recorded in control conditions (black, phenytoin n = 



 

59 

9, carbamazepine n =7) and with 2 mM GDPβS (red, phenytoin n = 9, carbamazepine n 

=9) in pipette solution. (H) Plot of average normalized VGSC current (elicited as for 

Figure 1.1E) with 0.3 mM GTP (black), 2 mM GDPβS (red), or 500 µM GTPγS (blue) in 

the pipette solution. Error bars show mean value ± SEM. Asterisk indicate probability 

with P**** < 0.0001, P*** < 0.001, and P* < 0.05, student’s t-test, two-tailed. 
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Figure 1.4. Cinacalcet-induced inhibition of VGSC current is not mediated by 

mGluR1,mGluR5, or GABAB receptors nor does it require activation of PKA or PKC. (A) 

Exemplar plot of peak VGSC current (elicited as in Figure 1.1E) during perfusion of 6 

µM cinacalcet. mGluR1 antagonist LY 367385 (150 µM) was applied for a minimum of 

120 s prior to and during the perfusion of cinacalcet. Inset, Representative traces show 

VGSC current in control (ctrl, black) conditions and after steady-state block by 

cinacalcet (red). (B) Bar graph summarizing the effects of 6 µM cinacalcet on VGSC 

current in the presence of mGluR1 or mGluR5 antagonists and negative allosteric 

modulators (30 µM MPEP, 50 µM DMeOB, 150 µM LY, 500 nM JNJ) perfused a 

minimum of two minutes prior to and during cinacalcet perfusion. (C) Diary plot of 

average normalized VGSC current (elicited as in Figure 1.1E) during perfusion of 10 µM 

glutamate (n = 9) in the presence of ionotropic glutamate receptor antagonists CNQX 

(10 µM), APV (50 µM), and bicuculline (10 µM). (D) Bar graph summarizing the effects 

of 6 µM cinacalcet on VGSC current in the presence of GABAB receptor antagonist 

saclofen (500 µM) perfused a minimum of two minutes prior to and during cinacalcet 

application. (E) Plot of average normalized VGSC current (elicited as in Figure 1.1E) 

during perfusion of 10 µM cinacalcet after 16-24 hours (n = 8) or 48-72 hours (n = 6) 

incubation in 200 ng/mL PTx versus control condition (n = 11). Inset, Representative 

traces show VGSC current in control (ctrl, black) conditions and after steady-state block 

by cinacalcet (red) with 48-72 hours incubation in PTx. (F) Bar graph summarizing the 

effects of 10 µM cinacalcet on VGSC current after 16-24 or 48-72 hour incubation with 

200 ng/mL PTx. (G) Exemplar plot of peak VGSC current (elicited as in Figure 1.1E) 

during perfusion of 10 µM cinacalcet in a recording with 5 µM PKC inhibitor PKI19-36 in 
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the recording pipette. Inset, Representative traces show VGSC current in control (ctrl, 

black) conditions and after steady-state block by cinacalcet (red) in recording with PKI19-

36 (H) Bar graph summarizing the effects of 10 µM cinacalcet on VGSC current with 20 

µM PKI6-22, 5 µM PKI19-36, 10 µM chelerythrine chloride, or 100 nM staurosporine in the 

recording pipette. Error bars show mean value ± SEM.  

 

 

 



 

63 

 

Figure 1.5. Cinacalcet-induced inhibition does not show reliance on Gβγ or Rho family 

of small G-proteins. (A) Diary plot of average normalized VGSC current (elicited as in 

Figure 1.1E) during perfusion of 10 µM cinacalcet in 0.05% DMSO vehicle control 

(black, n = 7) and after 24 hr incubation in 50 µM gallein in 0.05% DMSO (red, n =11). 

Inset, Representative traces show VGSC current in control (ctrl, black) conditions and 

after steady-state block by cinacalcet (red) with 24 hr incubation in gallein. (B) Bar 

graph summarizing the effects of 10 µM cinacalcet on VGSC current after 24 hr 
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incubation in gallein (50 µM). (C) Diary plot of average normalized VGSC current 

(elicited as in Figure 1.1E) during perfusion of 10 µM cinacalcet in control (black, n = 11) 

and after 24 hr incubation in 500 pg/mL C. Difficile (red, n = 8). Inset, Representative 

traces show VGSC current in control (ctrl, black) conditions and after steady-state block 

by cinacalcet (red) with 24 hr incubation in C. Difficile. (D) Bar graph summarizing the 

effects of 10 µM cinacalcet on VGSC current after 24 hr incubation in 500 pg/mL C. 

Difficile. Error bars show mean value ± SEM.  
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Figure 1.6. Cinacalcet negatively shifts steady-state inactivation of VGSCs in a G-

protein dependent manner. (A) Representative traces from a protocol used to study the 

voltage-dependence of activation wherein depolarizing steps are made from a -70 mV 

holding potential up to +40 mV at 5 mV intervals in control conditions (left) and at ~50% 
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inhibition by 1 µM cinacalcet in the same cell (right). (B) Single cell current-voltage 

relationship in control conditions (black) and at ~50% inhibition by cinacalcet (blue) fit to 

the Boltzmann equation. (C) Representative traces from a protocol used to study the 

voltage-dependence of channel inactivation wherein test pulse to -10 mV are made 

following a 500 ms prepulse between -120 mV and -20 mV at 10 mV intervals in control 

conditions (left) and at ~50% inhibition by 1 µM cinacalcet in the same cell (right). (D) 

Single cell inactivation curves in control conditions (black) and at ~50% inhibition by 

cinacalcet (blue) fit to the Boltzmann equation and normalized to control data. (E) 

Average activation and inactivation curves in control conditions (black) and at ~50% 

inhibition by cinacalcet (blue). The lines are best fit to the Boltzmann equation 

(activation: V0.5 control = -33 ± 1 mV, V0.5, cinacalcet = -36 ± 1 mV, n = 11, P = 3 x 10-05, 

paired t-test; inactivation: V0.5 control = -69 ± 3 mV, V0.5 cinacalcet  = -81 ± 5 mV, n = 

15, P = 0.002, paired t-test). (F) Average activation and inactivation curves in control 

conditions (black) and at a timepoint at which ~50% inhibition by cinacalcet would be 

expected (blue) in recordings with 2 mM GDPβS. The lines are best fit to the Boltzmann 

equation (activation: V0.5 control =-28 ± 2 mV, V0.5, cinacalcet  = -30 ± 2 mV, n =12, P = 

0.08,  paired t-test; inactivation: V0.5 control =-59 ± 2 mV, V0.5 cinacalcet  = -63 ± 3 mV, 

n = 9, P = 0.054, paired t-test). Error bars show mean value ± SEM.   
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Figure 1.7. Cinacalcet block is use-dependent and recovers following hyperpolarization. 

(A) Representative traces from a double pulse protocol (S1 and S2) used to elicit VGSC 

currents in control (top, black) or after complete block by 10 µM cinacalcet (bottom, red). 

Test pulses S1 and S2 are 10 ms in length and separated by a variable-length recovery 

period at -120 mV. (B) Graph showing double-exponential increase in VGSC current 

amplitude with increased time at -120 mV in control conditions (black) (Ƭ1 = 0.807 ± 

0.055 ms; Ƭ2 = 2583 ± 983 ms, n = 13) and single-exponential recovery of VGSC 

current after full inhibition with 10 µM cinacalcet (red) with increased period at -120 mV 

(Ƭ = 841 ± 72 ms; n = 10). (C) Diary plot of VGSC current elicited by a 5 ms test pulse 

from -70 mV to -10 mV at either 0.2 Hz (black, open), 1 Hz (red, open), 2 Hz (green, 
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open), 5 Hz (blue, open), or 0.2 Hz with pause (average of 7; orange, solid) during 

perfusion of 10 µM cinacalcet. Black line shows fit on 2 Hz data using Equation 1. (D) 

Bar graph summarizing the effect of stimulation frequency on the time constant of 

cinacalcet inhibition of VGSC current by 10 µM cinacalcet. Currents elicited with 30 ms 

(left) or 5 ms (right) steps to -10 mV (E) Bar graph summarizing the effect of 10 µM 

cinacalcet inhibition of VGSC current in recordings with 0.2 Hz stimulation (n = 11) and 

recordings where the activation of VGSCs with a 30 ms, +60 mV step was not made 

until 200 s after drug application (frequency = 0.2 Hz with pause, n = 7). Error bars 

show mean value ± SEM. Asterisk indicates probability with P** < 0.01, student’s t-test, 

two-tailed. 
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Figure 1.8. Cinacalcet inhibition is independent of calcium. (A) Diary plot of average 

normalized VGSC current in cultured neocortical neurons during bath application of 10 

μM cinacalcet in control condition (black; n = 11), in the presence of 50 μM cadmium 

(Cd+; n = 8; blue) to block VACCs, and in the presence of 10 mM extracellular calcium 

(High Ca2+; n = 4; red). VGSC current was measured with 5 ms steps from -70 mV to 0 

mV at 0.2 Hz. (B) Bar graph showing the time constant of the inhibition (Tau) by 

cinacalcet (10 μM) in control conditions (black), in the presence of 50 μM cadmium 
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(Cd+; blue), and in the presence of 10 mM extracellular calcium (High Ca2+; red). (C) 

Diary plot of average normalized VGSC current in cultured neocortical neurons during 

bath application of 10 μM cinacalcet in control condition (1.8 mM EGTA, black; n = 11) 

and with 1.8 mM EDTA in the recording pipette (n = 7; blue). VGSC current was 

measured with 5 ms steps from -70 mV to 0 mV at 0.2 Hz.  Inset, Representative traces 

show VGSC current in control (ctrl, black) conditions and after steady-state block by 

cinacalcet (blue) with 1.8 mM EDTA in the recording pipette. (D) Bar graph showing the 

time constant of the inhibition (Tau) by cinacalcet (10 μM) in control conditions ( n = 11; 

black) and with 1.8 mM EDTA in the recording pipette (n = 7; blue). Error bars show 

mean value ± SEM. 
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Figure 1.9. Cinacalcet inhibits VGSC current in acutely isolated neurons and is 

reversed by strong hyperpolarization. (A) Diary plot of VGSC current in acutely isolated 

neocortical neuron during bath application of 10 µM cinacalcet and 1 µM D1-like 

dopamine receptor agonist SKF 81927. VGSC current was measured with 5 ms steps 

from -70 mV to 0 mV at a frequency of 0.2 Hz. Red line shows Equation 1 fit used on all 

data sets to calculate the time constant of the inhibition. Inset left, Image of acutely 

isolated neocortical neuron during whole-cell patch clamp recording. Scale bar indicates 

15 um.  Inset right, Representative traces show VGSC current in control conditions (ctrl, 

black) and at steady-state inhibition by cinacalcet (red). (B) Representative traces from 

a double pulse protocol (S1, S2; 10 ms at 0 mV) used to elicit VGSC currents in control 

(black) or after complete block by 10 µM cinacalcet (red) (S1 and S2 separated by a 1 s 

recovery period at -120 mV). (C) Bar graph showing steady-state inhibition of VGSC 

current produced by cinacalcet (10 µM), SKF 81927 (1 µM), or carbachol (20 µM) in 

acutely isolated neurons from the hippocampus (blue) or neocortex (red).  (D) Bar graph 

showing the time constant of the inhibition by cinacalcet (10 µM) from recordings of cells 

in the neocortex (red, n = 8) and hippocampus (blue, n = 6) in acutely dissociated slice 

(right) and in cultured cortical neurons (left; black, n = 11). (E) Bar graph showing 

inhibition of VGSC current 250 s following drug exposure induced by cinacalcet (10 µM), 

SKF 81927 (1 µM), or carbachol (20 µM) in cultured neocortical neurons. Error bars 

show mean value ± SEM. 
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Table 1.1. GTPγS accelerated VGSC rundown compared with GTP and GDPβS. Related to Figure 3H. 

ANOVA table SS DF MS F (DFn, DFd) P value 

Interaction 1.162 68 0.01710 F (68, 1768) = 2.127 P < 0.0001 

Time 13.25 34 0.3898 F (34, 1768) = 48.50 P < 0.0001 

nucleotide 5.993 2 2.997 F (2, 52) = 3.708 P = 0.0312 

Subjects 

(matching) 

42.03 52 0.8082 F (52, 1768) = 100.6 P < 0.0001 

Residual 14.21 1768 0.008038   
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Summary 

Voltage-gated sodium channels (VGSCs) are strategically positioned to mediate cellular 

plasticity due to their influence on action potential waveform. Modulation of VGSCs by 

second messenger pathways presents an avenue for dynamic regulation of cellular 

excitability. Here we report that the endocannabinoid anandamide (AEA) completely 

inhibits VGSC current in neocortical neurons. Endocannabinoids(eCBs) and their 

receptors are prolific throughout the cerebral cortex where they have been shown to 

contribute to activity-based synaptic depression. Data show that AEA serves as a strong 

allosteric modulator of the calcium-sensing receptor (CaSR), introducing an intriguing 

new pathway for eCB signaling in the cortex. However, AEA-mediated inhibition of 

VGSCs persisted in CaSR-deficient neurons and when target cannabinoid receptor type 
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1 (CB1) receptors were antagonized, suggesting an off-target CaSR- and CB1- 

independent mechanism. Inhibition of VGSCs was prevented by the guanosine 

diphosphate (GDP) analog guanosine 5′-[β-thio]diphosphate (GDPβs), establishing that 

G-proteins mediated this effect. AEA-induced inhibition of VGSCs was reversed by 

prolonged hyperpolarization, indicating AEA shifts the voltage-dependence of 

inactivation of the channels to reduce current amplitude. These data identify a dynamic 

signaling pathway by which AEA regulates VGSC current to indirectly modulate 

neuronal excitability and synaptic transmission.  

 

Introduction 

Endocannabinoids (eCBs) are a family of lipid molecules that serve as key players in 

synaptic plasticity. Anandamide (AEA) is a major cannabinoid-signaling molecule 

produced endogenously in the mammalian central nervous system mediating effects 

primarily via the cannabinoid type 1 (CB1) receptor (Devane et al. 1992). However, 

pharmacological and knockout studies point to other central AEA receptors with high 

sensitivity to AEA (reviewed in Castillo et al. 2012; Kano et al. 2009; Katona and Freund 

2012; Alger 2012). We have identified AEA as a positive allosteric modulator of the 

calcium-sensing receptor (CaSR), a G-protein-coupled receptor (GPCR) expressed 

throughout the cortex (Chen et al. 2010; Ruat et al. 1995). This high affinity interaction 

indicates additional signaling roles for AEA. Interestingly, allosteric modulators of the 

CaSR have been shown to reduce VGSC current via a G-protein dependent pathway 

and induced hyperpolarizing shift in steady-state inactivation of the channels 

http://f1000.com/work/citation?ids=4257996&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=759029,1464791,4257955,5029904&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://f1000.com/work/citation?ids=759029,1464791,4257955,5029904&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://f1000.com/work/citation?ids=119997,1575734&pre=&pre=&suf=&suf=&sa=0,0
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(Mattheisen et al. 2018). In this study, we sought to characterize the relationship 

between AEA and the CaSR and to identify VGSC modulatory properties of AEA. 

 

In the canonical pathway for cannabinoid function, eCBs are acutely produced in 

postsynaptic neurons in response to stimulation then travel in a retrograde fashion to 

targets receptors on the presynaptic component (reviewed in Castillo et al. 2012; Kano 

et al. 2009; Katona and Freund 2012). The dominant hypothesis is that eCBs function 

primarily through presynaptically expressed CB1 receptors on both GABAergic and 

glutamatergic terminals (Zygmunt et al. 1999). Activation of these receptors initiates 

both short- and long- term synaptic depression of excitatory (Lévénés et al. 1998; 

Maejima et al. 2001; Kreitzer and Regehr 2001b) and inhibitory (Kreitzer and Regehr 

2001a; Yoshida et al. 2002; Diana et al. 2002) synapses. While retrograde synaptic 

depression is the best-characterized eCB system, recent work shows that cannabinoid 

function is more diverse than previously believed. eCBs have also been shown to 

participate in non-retrograde signaling via vanilloid receptor type 1 (TRPV1) channels 

(reviewed in Castillo et al. 2012), signaling via astrocytes (reviewed in Metna-Laurent 

and Marsicano 2015; Navarrete et al. 2014), and long-term potentiation (Carlson et al. 

2002; Chevaleyre and Castillo 2004; Chevaleyre and Castillo 2003).  

 

Our data shows that AEA acts an an allosteric modulator of the CaSR, a GPCR widely 

expressed GPCR at nerve terminals throughout the cortex. The CaSR has been shown 

to decrease release probability at excitatory synapses in the neocortex through the 

regulation of a nonselective cation channel (NSCC) (Smith et al. 2004). This function 

http://f1000.com/work/citation?ids=5349525&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=759029,1464791,4257955&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://f1000.com/work/citation?ids=759029,1464791,4257955&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://f1000.com/work/citation?ids=15292&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=982358,871188,982118&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://f1000.com/work/citation?ids=982358,871188,982118&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://f1000.com/work/citation?ids=846755,5041619,5041622&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://f1000.com/work/citation?ids=846755,5041619,5041622&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://f1000.com/work/citation?ids=759029&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=1468100,1468392&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=1468100,1468392&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=758843,137710,276912&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://f1000.com/work/citation?ids=758843,137710,276912&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://f1000.com/work/citation?ids=1601243&pre=&suf=&sa=0
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forms a feedback loop wherein low extracellular calcium reduces CASR activation and 

relieves NSCC inhibition. The addition of the depolarizing force of the NSCC current 

may increase action potential duration, prolong calcium entry at the terminal, and thus 

increase release probability. Consequently, the CaSR may operate as part of a 

homeostatic pathway to prevent synaptic failure when extracellular calcium falls 

(reviewed in Jones and Smith 2016). The activation of the CaSR by AEA and the 

contribution of this pathway to neuronal signaling have yet to be explored. 

 

Importantly, dysregulation of the eCB system has been implicated in neuropsychiatric 

conditions, such as depression (Huang et al. 2016), autism (Zamberletti et al. 2017), 

schizophrenia (Desfossés et al. 2012), addiction (Parsons and Hurd 2015; Volkow et al. 

2017), and anxiety  (Ruehle et al. 2012; Hillard 2014; Mechoulam and Parker 2013). 

eCBs have also been suggested to have therapeutic promise for Tourette’s 

syndrome (Müller-Vahl 2013) , Huntington’s disease (Pazos et al. 2008), epilepsy (Alger 

2004), Alzheimer’s disease (Maroof et al. 2013), depression (Huang et al. 2016), and 

stroke (Hillard 2008). Understanding the mechanisms of action of cannabinoids in the 

central nervous system will enhance our understanding of disease states and synaptic 

physiology while introducing avenues for new pharmacological therapies. 

 

Data shown here present additional CaSR-independent roles for AEA in the cortex 

through the inhibition of voltage-gated sodium channels (VGSCs). VGSCs drive the 

action potential and are integral to neuronal function (Hodgkin and Huxley 1952). 

Second-messenger pathways downstream of GPCRs have been identified that act on 

http://f1000.com/work/citation?ids=1409471&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=4329592&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=5029914&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=5029916&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=761282,4509321&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=761282,4509321&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=1801723,5029911,2980844&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://f1000.com/work/citation?ids=4308433&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=5029917&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=2926901&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=2926901&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=5029918&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=4329592&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=1468590&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=156975&pre=&suf=&sa=0
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VGSCs and these indirect mechanisms introduce dynamic points of action potential 

regulation (Mattheisen et al. 2018) (reviewed in Cantrell and Catterall 2001). These 

pathways heavily influence neuronal excitability and thereby influence signal processing 

in neuronal networks. Using whole-cell patch-clamp recording, we found that AEA 

completely inhibited VGSC current in neocortical neurons. This block of VGSC current 

was independent of the CaSR but required G-protein activation. Additionally, the VGSC 

inhibition appeared independent of CB1 receptors, indicating off-target effects in the 

cortex. AEA-induced inhibition was shown to be due to a shift in VGSC inactivation as it 

was reversed by prolonged hyperpolarizing voltage steps. Our data, therefore, indicate 

that neuronal VGSCs are strongly regulated by the eCB AEA in a G-protein-dependent 

mechanism. These data indicate an important new pathway for modulating neuronal 

excitability.  

 

Since VGSCs are strategically positioned to serve roles in mediating both long- and 

short-term synaptic plasticity (reviewed in Castillo et al. 2012), determining the extent to 

which these pathways influence signal processing as well as the proliferation of these 

pathways throughout the cortex is pivotal in understanding neuronal networks.  

 

Results 

AEA Activates the CaSR 

While the CaSR and CB1 receptors share little structural homology, alignment has 

shown sequence similarities within the transmembrane domains known to bind allosteric 

modulators. During a targeted screen for CaSR modulators, we determined that the 

http://f1000.com/work/citation?ids=5349525&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=1140505&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=759029&pre=&suf=&sa=0
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CaSR is sensitive to AEA. Human embryonic kidney (HEK) cells were transiently 

transfected with the CaSR and function studied 24 hours later. Intracellular calcium 

([Ca2+]i) was measured in single cells using the Ca2+-sensitive fluorophore X-Rhod1 

after 30 minutes of loading. X-Rhod1’s relatively low affinity means that the 

fluorescence signal is not saturated in these experiments and its red-shift permits clear 

separation of the Ca2+ fluorescence from CaSR-EGFP (enhanced green fluorescent 

protein) signals. When expressed in HEK cells, CaSR activation resulted in a 

concentration-dependent increase in [Ca2+]i. The perfusion of CaSR-expressing HEK 

cells with AEA (10 µM) resulted in a transient increase in fluorescence (F/F0) of 0.36 ± 

0.02 on average (n = 22), indicating a rise in [Ca2+]i (Figure 2.1A). In the same cells that 

responded to AEA, an increase in extracellular calcium ([Ca2+]o) from 1 mM to 5 mM 

produced an even larger increase in [Ca2+]i. Untransfected cells did not respond (n = 6), 

suggesting that the action of AEA was due to an effect on the CaSR. Furthermore, 

GABA, nicotine, glutamate, and the solvent (DMSO, 0.05%) did not increase [Ca2+]i in 

CaSR-transfected cells (data not shown). Taken together, these data support that the 

CaSR is activated by AEA.  

 

AEA shifted the CaSR concentration-effect relationship for [Ca2+]o in CaSR-transfected 

HEK cells similar to the effect of CaSR positive allosteric modulators calindol and 

cinacalcet. F/F0 was measured as described above except basal [Ca2+]o was 0.2 mM to 

attenuate CaSR desensitization (Tfelt-Hansen and Brown 2005). Basal F/F0 was 

measured for 30 seconds in each cell then control Tyrode’s or AEA (5 µM) applied for 

further 90 seconds, eliciting no response at 0.2 mM. Thereafter, [Ca2+]o, alone or 

http://f1000.com/work/citation?ids=5154273&pre=&suf=&sa=0
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together with AEA, was stepped to a test dose between 0.5-50 mM. Cells were washed 

for 5 minutes between applications. Peak F-F0/F0 versus [Ca2+]o  was fitted with the Hill 

equation and revealed that the concentration-effect curve was left-shifted by AEA from 

2.4 ± 0.1 mM to 1.7 ± 0.04 mM with no change in the maximal effect or Hill coefficient 

(1.0 and 2.50 respectively; Figure 2.1B). These data strongly suggest that AEA has an 

allosteric effect on HEK cells transfected with CaSR. In comparison, calindol (5 µM), a 

known allosteric CaSR agonist, shifted the dose-response curve from 2.4 ± 0.1 mM to 

1.8 ± 0.1 mM (Figure 2.1B). 

 

Allosteric modulators of the CaSR have been shown to inhibit VGSC current through an 

as-yet unidentified G-protein or GPCR (Mattheisen et al. 2018). The allosteric 

modulators known to produce this effect, cinacalcet, calhex, calindol, and NPS 2143, all 

share overlapping binding sites centered around an ionic interactions between 

glutamate residue (Glu-837), located on transmembrane domain 7 of the CaSR, and 

negatively charged amino groups of the drugs (Magno et al. 2011; Petrel et al. 2004). 

AEA shifts the dose-response curve for the CaSR to [Ca2+]o similarly to cinacalcet and 

calindol and possesses a positively charged amino group, suggesting a similar affinity 

for the allosteric modulator binding pocket. We tested if AEA also interacts with Glu-837 

by mutating the glutamate to an isoleucine (CaSR-E837I). The average response to 

increasing [Ca2+]o from 1 to 5 mM was retained by CaSR-E837I whereas the response 

to AEA was substantially reduced (Figure 2.1C). These observations support the idea 

that AEA and allosteric CaSR modulators bind to an overlapping site on the CaSR. 

These findings lead us to hypothesize that AEA would also inhibit VGSC current.  

http://f1000.com/work/citation?ids=5349525&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=1600893,3384420&pre=&pre=&suf=&suf=&sa=0,0
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AEA Inhibits VGSCs 

We tested if AEA modulated VGSC currents by stepping voltage-clamped neurons from 

-70 to -10 mV for 30 ms at 0.2 Hz. Tetrodotoxin (TTX; 1 µM) reversibly reduced the 

rapidly activating and inactivating inward current (peak < 1 ms) by 98 ± 1% (n = 6, data 

not shown), confirming these conditions isolated the VGSC current. Application of AEA 

(10 µM) strongly inhibited the peak VGSC current with steady-state block developing 

over 400 to 500 sec (Figure 2.1D). On average, 10 µM AEA reduced peak VGSC by 98 

± 1% (n = 8). The kinetics of block were well described by f(t) = 𝐴𝑒−(𝑡/𝜏)2
 where t 

represents time, Ƭ the time constant of the inhibition, and A and B represent constants, 

with the time constant of inhibition (Ƭ) 198 ± 34 s on average (n = 8). Reversal of the 

AEA-mediated block of the VGSC current was slower and usually incomplete. Taken 

together these data indicate that AEA, much like other allosteric modulators of the 

CaSR, strongly inhibits VGSCs in neocortical neurons. 

 

Anandamide Inhibits VGSCs by a CaSR-Independent Pathway  

Due to its high affinity interaction with the CaSR, we hypothesized that AEA inhibited 

VGSCs by a CaSR-mediated pathway and tested this idea by examining if VGSC 

current was insensitive AEA in neurons from CaSR null (Casr-/-) mutants. Surprisingly, 

VGSC currents from Casr-/- (95 ± 4% steady-state inhibition, n = 4) and wild-type 

(Casr+/+; 98 ± 1%, n = 8) neurons were equally sensitive to AEA (10 µM; Figures 2.2A 

and 2.2B). This finding is unsurprising as other CaSR allosteric modulators were also 
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shown to exert their effects on VGSCs independently of the CaSR (Mattheisen et al. 

2018).  

 

Next, we tested if AEA was blocking VGSCs via CB1 receptors. We applied CB1 

antagonist AM 251 for two minutes prior to and then during AEA (10 µM) application. 

Reducing the activity of CB1 receptors with AM 251 (10 µM) did not alter the steady-

state inhibition of VGSC current induced by AEA (93 ± 2%, n = 5) (Figures 2.2C and 

2.2D) nor did it slow the time constant of the inhibition. These data indicate that the 

inhibition of VGSCs by AEA is independent of CB1 receptors and indicates off-target 

effects of low micromolar AEA concentrations in the cortex with substantial reductions in 

neuronal excitability. 

 

G-Protein-Mediated Changes to VGSC Current 

To determine if the AEA-induced block of VGSC current relied on G-protein signaling 

within neocortical neurons, we tested the effect of guanosine diphosphate (GDP) analog 

guanosine 5′-[β-thio]diphosphate (GDPβS) on the cinacalcet-induced response. GDPβS 

inhibits G-protein cycling by competitively inhibiting the binding of GDP to G-proteins 

(Eckstein, 1979). AEA (10 µM) inhibited VGSC current by 71 ± 7% (n = 8), measured 

250 s after onset of application. In contrast, AEA reduced VGSC current by only 3 ± 3% 

(n = 6) at the same time point with the inclusion of GDPβS (2 mM) in the recording 

pipette (Figures 2.2E and 2.2F; P = 5 x 10-6). These data indicate that AEA action on 

VGSCs occurs via a G-protein intermediate but independently of either the CaSR or 

CB1 receptors. This finding is interesting for two reasons. First, it identifies a previously 

http://f1000.com/work/citation?ids=5349525&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=5349525&pre=&suf=&sa=0
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unknown pathway for the G-protein modulation of VGSCs, indicating a dynamic 

regulation pathway for the control of neuronal excitability. Second, it shows that AEA 

can off off-target effects in the cortex to depress synaptic transmission outside of its 

known CB1-mediated action. 

 

AEA-Induced Inhibition Reversed Via Hyperpolarization 

Given the strong response of VGSCs, we tested if hyperpolarizing pulses could reverse 

guanosine triphosphate (GTP)-dependent block. A double pulse protocol was used to 

elicit VGSC currents in control or after complete block by AEA (10 µM). Within the 

protocol, VGSC current was elicited by two 10 ms steps (S1, S2) to -10 mV separated 

by a variable length recovery period at -120 mV. The time course of recovery following 

full block was described by two exponentials (Ƭ1 = 1.58 ± 0.10 ms, Ƭ2 = 4228 ± 163 ms, 

n = 4). Before AEA application, S2 was fully recovered by 100 ms, after which it 

increased linearly with time stepped to -120 mV. In contrast, after full block by AEA (S1 

= 0), S2 recovered to 107 ± 21% of S1 recorded in control conditions before AEA 

application with a 2 s period at -120 mV (Ƭ1 = 5.0 ± 0.1.4 ms, Ƭ2 = 542 ± 42 ms; n = 3; 

Figure 2.3). The recovery of VGSC current with strong hyperpolarization following AEA 

exposure suggests that AEA pushes the voltage-dependence of inactivation toward 

more negative potentials than under normal physiological conditions. This mechanism 

could have notable repercussions to a neuron’s ability to respond to produce burst of 

action potentials and repetitive firing.  
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Discussion 

AEA is a major nervous system signaling molecule with established roles in synaptic 

plasticity (Zygmunt et al. 1999; Chávez et al. 2010; Lerner and Kreitzer 2012; Puente et 

al. 2011). We have described two important new roles for AEA: AEA as a positive 

allosteric modulator of the CaSR and AEA as a potent inhibitor of VGSCs. While the 

local synaptic cleft concentrations of eCBs during periods of high synaptic activity are 

unknown, basal AEA levels are quite high and reach up to 0.8 µmoles/kg brain tissue 

(Cravatt et al. 2001). This indicates that AEA activation of CaSRs and inhibition of 

VGSCs at the low micromolar level can contribute to eCB-induced signaling via two 

separate mechanisms, proposing exciting new roles for AEA in central neurons. 

 

Here, we identify AEA as a positive allosteric modulator of the CaSR and VGSC 

inhibitor via a G-protein-dependent pathway. AEA was shown to enhance CaSR 

sensitivity to [Ca2+]o, extending the activation range of the receptor (Figures 2.1A and 

2.1B). This interaction required a single glutamate residue (Glu837) (Figure 2.1C) 

shown to be critical for CaSR-allosteric modulator binding (Magno et al. 2011; Petrel et 

al. 2004). Additionally, AEA produced near-complete inhibition of VGSCs (Figure 2.1D) 

which was reversed by long hyperpolarizing steps (Figure 2.3). This data suggests that 

AEA shifts VGSCs into a deeply inactivated state such that fewer channels are available 

to open from resting membrane potential, severely dulling neuronal excitability. 

Interestingly, this inhibition was independent of AEA’s target receptor CB1 (Figure 2.2B) 

and independent of the CaSR (Figure 2.2A). These data show that AEA has strong 

action in the cortex on CaSRs as well as an unidentified cannabinoid receptor for the 

http://f1000.com/work/citation?ids=15292,53453,715893,3612007&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://f1000.com/work/citation?ids=15292,53453,715893,3612007&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://f1000.com/work/citation?ids=4258088&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=1600893,3384420&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=1600893,3384420&pre=&pre=&suf=&suf=&sa=0,0
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inhibition of VGSCs. These interactions may play an important role in eCB-mediated 

synaptic plasticity to further depress neuronal excitability to impede synaptic signaling.   

 

Endocannabinoids, including AEA, are manufactured by a series of enzymes activated 

in response to neuronal firing. They are released from the postsynaptic cells after a 

depolarization and diffuse to adjacent nerve terminals where they activate presynaptic 

receptors and decrease release of neurotransmitter (depolarization-induced 

suppression of excitation; DSE or depolarization-induced suppression of inhibition; DSI). 

While the explicit details of DSI and DSE have yet to be fully elucidated, there are two 

preeminent hypotheses: DSI and DSE can occur via inhibition of N- and P/Q-type 

calcium channels (Mackie et al. 1995; Twitchell et al. 1997; Nogueron et al. 2001; 

Kreitzer and Regehr 2001b; Mackie and Hille 1992) or via increased potassium 

conductance (Deadwyler et al. 1993; Schweitzer 2000) and the activation of g-protein-

coupled inwardly-rectifying potassium channels (GIRKs) (Mackie et al. 1995; Henry and 

Chavkin 1995). Given the data presented here, the activation of the CaSR by AEA as 

well as inhibition of VGSCs by AEA provide other mechanisms by which release of 

neurotransmitter could be reduced by eCBs.  

 

First, AEA may contribute to synaptic depression via stimulation of presynaptic CaSRs 

and consequent inhibition of a CaSR-suppressed NSCC conductance. Previous 

research in our lab has shown that activation of presynaptic CaSRs by extracellular 

calcium decreases release probability at excitatory synapses in the neocortex through 

the regulation of a NSCC (Smith et al. 2004). When extracellular calcium falls during 

http://f1000.com/work/citation?ids=4258053,4258054,5041092,982118,4258051&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0
http://f1000.com/work/citation?ids=4258053,4258054,5041092,982118,4258051&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0
http://f1000.com/work/citation?ids=5041108,4474129&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=4258053,4474206&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=4258053,4474206&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=1601243&pre=&suf=&sa=0
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periods of high synaptic activity, CaSR suppression of a depolarizing NSCC current is 

reduced and the addition of the depolarizing NSCC current to the terminal will prolong 

the action potential, enhance calcium entry into the terminal via voltage-dependent 

calcium channels and continued neurotransmitter release. This may function as a 

homeostatic pathway to prevent synaptic failure when extracellular calcium falls 

(reviewed in Jones and Smith 2016). AEA stimulation of the CaSR may similarly reduce 

terminal depolarization and lead to reduced neurotransmitter release as has been 

observed in eCB-mediated DSI and DSE.  

 

Second, AEA may inhibit VGSCs to further contribute to synaptic depression. DSI has 

been observed in the presence of TTX, indicating that it does not rely on VGSCs and 

subsequent axonal conduction block for expression (Wilson and Nicoll 2001). However, 

TTX-insensitive DSI of miniature inhibitory postsynaptic currents (mIPSCs) has also 

been shown to be more variable than DSI of evoked inhibitory postsynaptic currents 

(eIPSCs) or of spontaneous inhibitory postsynaptic current (sIPSCs) in the absence of 

TTX (Wilson and Nicoll 2001). Moreover, DSI of mIPSCs has not been shown to be 

mechanistically equivalent to the DSI of eIPSCs. Hence, the data do not exclude a role 

for VGSCs in mechanisms of DSI.  

 

AEA-induced VGSC inhibition was independent of the CaSR and CB1 receptors. While 

mechanisms of DSI and DSE are shown to primarily require CB1 receptor activation 

(Ohno-Shosaku et al. 2001; Wilson and Nicoll 2001; Maejima et al. 2001; Kreitzer and 

Regehr 2001b), some studies have indicated a role of other cannabinoid targets in the 

http://f1000.com/work/citation?ids=1409471&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=985184&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=985184&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=3972847,985184,871188,982118&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://f1000.com/work/citation?ids=3972847,985184,871188,982118&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
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suppression of neurotransmitter release (Hájos and Freund 2002; Rouach and Nicoll 

2003; Breivogel et al. 2001) and several lines of data support the existence of additional 

receptors that respond to cannabinoids (Pertwee 2015; Okada et al. 2005; Hájos et al. 

2001). Orphan GPCRs, GPR18 (Rajaraman et al. 2016), GPR55 (Pertwee 2015) and 

GPR119 (Overton et al. 2006), are activated by AEA in nanomolar to micromolar 

concentrations and all three are expressed in the cortex with unexplored roles in 

synaptic transmission. These receptors represent potential targets for AEA in this G-

protein dependent pathway to VGSC inhibition.  

 

AEA has previously been suggested to act as an inhibitor of VGSC current. Similar to 

the data collected here, AEA inhibited VGSCs in both mice synaptosomes (Nicholson et 

al., 2003), preparations of the rat ventricular myocytes (Al Kury et al., 2014b), rat dorsal 

root ganglion (Kim et al. 2005), Xenopus oocytes (Okura et al. 2014), and the frog 

parathyroid gland (Okada et al. 2005), where AEA produced a significant 

hyperpolarizing shift in steady-state inactivation of the channels (Al Kury, Voitychuk, 

Yang, et al. 2014; Kim et al. 2005; Okura et al. 2014; Okada et al. 2005). AEA inhibition 

of VGSC current was similarly insensitive to CB1 antagonist AM 251 (Al Kury, Voitychuk, 

Ali, et al. 2014; Nicholson et al. 2003; Kim et al. 2005) as well as CB2 antagonists AM 

630 (Kim et al. 2005) and SR 144528 (Al Kury, Voitychuk, Ali, et al. 2014). Due to the 

absence of known cannabinoid receptor involvement, the inhibition was suggested to be 

due to direct interaction of AEA and VGSCs (Al Kury, Voitychuk, Ali, et al. 2014; 

Nicholson et al. 2003). Radioligand binding studies using [3H] batrachotoxinin A 20-

alpha benzoate ([3H]BTX-B) displacement at neurotoxin binding site 2 of the VGSC 

http://f1000.com/work/citation?ids=981284,983820,3567144&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://f1000.com/work/citation?ids=981284,983820,3567144&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://f1000.com/work/citation?ids=4885402,5033677,889967&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://f1000.com/work/citation?ids=4885402,5033677,889967&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://f1000.com/work/citation?ids=5033738&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=4885402&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=4719271&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=5033394&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=5033358&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=5033677&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=5033526,5033394,5033358,5033677&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://f1000.com/work/citation?ids=5033526,5033394,5033358,5033677&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://f1000.com/work/citation?ids=5033566,5033414,5033394&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://f1000.com/work/citation?ids=5033566,5033414,5033394&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://f1000.com/work/citation?ids=5033394&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=5033566&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=5033566,5033414&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=5033566,5033414&pre=&pre=&suf=&suf=&sa=0,0
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suggested that AEA can directly interact with VGSCs (Al Kury, Voitychuk, Ali, et al. 

2014; Nicholson et al. 2003). This data, however, does not exclude AEA acting via a 

second messenger pathway. In fact, Okada et al. showed that G-protein activator  

Guanosine 5'-O-(3-thiotriphosphate) (GTP𝛾S) enhances AEA-induced inactivation of 

VGSCs, suggesting a G-protein-dependent mechanism in a preparation lacking CB1 

and CB2 receptors (Okada et al. 2005). These data support the conclusions of our study 

that a novel endocannabinoid pathway exists for indirect VGSC modulation independent 

with alterations in VGSC gating. 

 

In our current understanding of AEA action in the cortex through the activation of CB1 

receptors, the inhibition of VGSCs and stimulation of the CaSR to inhibit NSCCs would 

prove synergistic. Consequently, AEA-mediated VGSC inhibition and CaSR activation 

may serve roles in synaptic plasticity with repercussions to the processes of learning 

(Heifets and Castillo 2009), pain (Sagar et al. 2008; Karbarz et al. 2009; Guindon and 

Hohmann 2009; Calignano et al. 1998; Richardson et al. 1998; Guindon et al. 2006), 

metabolism and energy homeostasis (Viveros et al. 2008), and neural 

development (Fride 2008) over which eCBs express influence. The response of VGSCs 

to AEA that we see here could constitute a lower affinity dampening mechanism within 

the hierarchy of excitation suppression controls that AEA exerts in the brain. These 

results suggest that VGSCs may function as components within the eCB signaling 

pathways for retrograde and/or local suppression of neuronal excitability. 
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Methods 

Neuronal Cell Culture 

Neocortical neurons were isolated from postnatal day 1–2 mouse pups of either sex as 

described previously (Phillips et al., 2008). All animal procedures were approved by 

V.A. Portland Health Care Health Care System Institutional Animal Care and Use 

Committee in accordance with the U.S. Public Health Service Policy on Humane Care 

and Use of Laboratory Animals and the National Institutes of Health Guide for the Care 

and Use of Laboratory Animals. Animals were decapitated following general anesthetic 

with isoflurane and then the cerebral cortices were removed. Cortices were incubated in 

trypsin and DNase and then dissociated with a heat polished pipette. Dissociated cells 

were cultured in MEM plus 5% FBS on glass coverslips. Cytosine arabinoside (4 µM) 

was added 48 hours after plating to limit glial division. Cells were used between 1 and 9 

days in culture.  

 

Homozygous lox Casr, nestin-cre negative females and positive males were mated to 

produce conditional cre Casr-/- mutants (Chang et al., 2008). DNA extraction was 

performed using the Hot Shot Technique (Truett et al., 2000) with a 1-2hr boil. Primers 

used for cre PCR were: Nes-Cre 1: GCA AAA CAG GCT CTAG CGT TCG, Nes-Cre 2: 

CTG TTT CAC TAT CCA GGT TAC GG; run on a 1% agarose gel. Primers for lox PCR 

are: P3U: TGT GAC GGA AAA CAT ACT GC, Lox R: GCG TTT TTA GAG GGA AGCA 

G. Samples were run on a 1.5% agarose gel for identification as Casr-/- or Casr+/+. 
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HEK Cell Culture and Transient Transfection 

HEK 293 cells were maintained in Dulbecco's modified Eagle's medium supplemented 

with 5% fetal bovine serum (FBS). For [Ca2+]i imaging and CaSR expression localization 

experiments, 105 cells were seeded onto 1.2 cm diameter coverglass coated with 0.1 

mg/ml poly-D-lysine in 0.5 mL medium. After one day in culture, cells were transfected 

with plasmid DNA  following mixing with 50µl Opti-MEM® I Reduced Serum Medium and 

2µl LipofectamineTM 2000 (Invitrogen). For Western blotting and co-immunoprecipitation 

experiments, 106 cells were cultured in in each well of 6-well plate. After one day in 

culture, cells were transfected with a mix of plasmid DNA using 250µl Opti-MEM® I 

Reduced Serum Medium and 10µl LipofectamineTM 2000 (Invitrogen) per well. In both 

conditions, the cells were incubated with the mixture for 20 min. The transfection 

medium was replaced with DMEM containing 5% FBS 6 hrs later. Cells were grown for 

another 24 hours. 

 

Plasmid Construction 

The vector containing the whole length WT rat DRG CaSR, pEGFP/CaSR, was a kind 

gift from Dr. Emmanuel K. Awumey of North Carolina Central University. CaSR-E837I 

was engineered using whole length rat DRG CaSR and the QuickChange II XL Site-

Directed Mutagenesis Kit (Stratagene, La Jolla, CA). Casr-EGFP and Casr-E837I-EGFP 

plasmids were obtained by Hind III and BamH I digestion of the EGFP vector and 

respective DNA sequences inserted at the Hind III and BamH I sites of pEGFP-N3 

multiple cloning site to allow formation of EGFP-tagged proteins. Insertion was 

confirmed by sequencing.  
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Measurement of [Ca2+]i response 

[Ca2+]i was measured in HEK cells transiently transfected with Casr-EGFP plasmids or 

empty vector using the fluorescent indicator, X-Rhod-1. Cells were loaded for 30 min at 

37 °C with 2 µM X-Rhod-1 in  Tyrode’s solution, and placed on the stage of an Olympus 

IX70 inverted microscope equipped with an Olympus PlanApo N 60x/1.42 oil-immersion 

objective. Using Semrock BrightLine® TXRED-4040B-OMF-ZERO filter set, X-Rhod-1 

loaded cells were excited at 580 nm with an Osram HLX Xenophot 64625 (12V, 100W) 

light source, and emission at 600 nm was captured by a Hamamatsu ORCA-ER digital 

camera every 2 seconds. Images were processed using Wasabi image software and 

IgorPro. [Ca2+]i was reported as emission fluorescence ratios (F/F0) where F0 is the 

baseline fluorescence. About 20 cells with similar cell surface GFP fluorescence were 

analyzed from a single field. Each experiment was performed on three coverslips. 

 

Electrophysiological Recordings 

Cells were visualized with a Leica DM IRB inverted microscope. Whole-cell voltage-and 

current-clamp recordings were made from cultured neocortical neurons using a HEKA 

EPC10 USB amplifier. Except where stated in the text, extracellular Tyrode’s solution 

contained (mM) 150 NaCl, 4 KCl, 10 HEPES, 10 glucose, 1.1 MgCl2, 1.1 CaCl2, pH 7.35 

with NaOH. VGSC current recordings were made using a cesium methane-sulfonate 

intracellular solution containing (mM) 113 CsMeSO3, 1.8 EGTA, 10 HEPES, 4 MgCl2, 

0.2 CaCl2, 4 NaATP, 0.3 NaGTP, 14 creatine phosphate, pH 7.2 with TEA hydroxide or 

a cesium methane-sulfonate intracellular solution containing (mM) 113 CsMeSO3, 1.8 

EGTA, 10 HEPES, 4 MgCl2, 0.2 CaCl2, 4 NaATP, 2 GDPβS, 14 creatine phosphate, pH 
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7.2 with TEA hydroxide (Figures 2.2E and 2.2F). Electrodes used for recording had 

resistances ranging from 2 to 4 MΩ. Voltages indicated have been corrected for liquid 

junction potentials. All experiments were performed at room temperature (20-24 °C).  

 

Data Acquisition and Analysis 

Whole-cell voltage-and current-clamp recordings were made using a HEKA EPC10 

USB amplifier, filtered at 3-5 kHz using a Bessel filter, and sampled at 100 kHz. Leak 

current subtracted using a –p/4 or –p/5 protocol. Rs was compensated by 60-90%. 

Recordings were only included if the rate of baseline rundown was < 10% over 100 

seconds. Analysis was performed using Igor Pro (Wavemetrics, Lake Oswego, OR). 

Data values are reported as mean ± SEM. Statistical significance was determined using 

Student’s t-test, two-tailed (Microsoft Excel) unless otherwise noted. P values of less 

than 0.05 were considered significant.  

 

Solution Application 

Solutions were gravity fed through a glass capillary (1.2 mm outer diameter) placed ~1 

mm from the patch pipette tip. Most reagents were obtained from Sigma-Aldrich 

(Darmstadt, Germany). TTX was supplied by Alomone (Jerusalem, Israel). X-Rhod-1 

was supplied by Thermofisher Scientific (Waltham, MA, USA). AEA and AM 251 were 

obtained from Sigma-Aldrich (Darmstadt, Germany). AEA was dissolved in 0.0125% 

EtOH and AM 251 in 0.02% DMSO. Appropriate vehicle controls were performed for all 

experiments. 
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Figures 

 

Figure 2.1. AEA activates the CaSR and inhibits VGSCs. (A) Upper trace, F/F0 levels 

versus time in transfected HEK cells increased following AEA (10 µM) application and 

an increase in [Ca2+]o (1 to 5 mM; n = 6). Red traces reflect individual cells on same 

coverslip. Black curve represents average response (n = 6). Application denoted by 

horizontal bars and broken vertical lines. Lower trace, reflects response of 

untransfected cells to AEA and increased bath Ca2+ (n = 6) (B) AEA (5 µM) left shifts the 

CaSR dose-response curve for [Ca2+]o in Casr-EGFP transfected HEK cells (red open 

circles) to a similar degree as CaSR positive allosteric modulator calindol (5 µM, blue 

closed triangles). Untransfected cells were only modestly sensitive to changes in [Ca2+]o 

(black closed squares) and were unaffected by AEA (red open squares). The dose 

response curves for CaSR response to [Ca2+]o are shown in control conditions (black 

closed circles) and with 0.5% DMSO (black open triangles), the vehicle control for AEA. 
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(C) F/F0 versus time in transfected, X-Rhod1-loaded HEK cells following AEA (5 µM) 

application and increased [Ca2+]o (1 to 5 mM). Black curve represents average response 

of 13 cells transfected with CaSR-E837I. Application denoted by horizontal bars and 

broken vertical lines. (D) Plot of average normalized VGSC current elicited by a 30 ms 

test pulse to -10 mV from a holding potential of -70 mV every 5 s during bath perfusion 

of 10 µM AEA. Inset, Representative VGSC current in control conditions (ctrl, black) and 

at maximal AEA-induced block (red). Error bars show mean value ± SEM.   
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Figure 2.2. AEA inhibition of VGSCs is independent of CB1 receptors and CaSRs but 

requires G-protein signaling. (A) Plot of average normalized VGSC current elicited by a 

30 ms, 60 mV test pulse every 5 s during perfusion of 10 µM AEA in wildtype cultured 

neocortical neurons (black, n = 8) and in neocortical neurons prepared from Casr-/- 

mutants (red, n = 4). Inset, Representative VGSC current in control conditions (ctrl, 

black) and at maximal AEA-induced block (red) in neocortical neurons prepared from 

Casr-/- mutants. (B) Graph summarizing the effects of 10 µM AEA  on VGSC current in 

Casr+/+ (black) and Casr-/- (red) neocortical neurons. (C)  Plot of average normalized 

VGSC current elicited as in 2.2A during perfusion of 10 µM AEA in control (black, n = 8) 

and in the presence of CB1 receptor antagonist AM 251 (10 µM) (blue, n = 5). Inset, 

Representative VGSC current in control conditions (ctrl, black) and at maximal AEA-

induced block (blue) in the presence of AM 251. (D) Graph summarizing the effects of 

10 µM AEA  on VGSC current in control conditions (black) and in the presence of AM 

251 (blue). (E) Plot of average normalized VGSC current elicited as in 2.2A during 

perfusion of 10 µM AEA in control (black, n = 8) and in recordings with 2 mM GDPβS in 

pipette solution (green, n = 6). Inset, Representative traces show VGSC current 

baseline in the presence of 2 mM GDPβS prior to the application of AEA (ctrl, black) 

and at the timepoint 250 s after the application of AEA (green). (F) Graph summarizing 

the effects of 10 µM AEA on VGSC current in control conditions (black) and in 

recordings with 2 mM GDPβS (green) 250 s following drug exposure. Number in middle 

of bar indicates n for the given data set. Error bars show mean value ± SEM.   
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Figure 2.3. AEA inhibition of VGSCs is reversed by strong hyperpolarization. (A) 

Representative traces from a double pulse protocol (S1 and S2) used to elicit VGSC 

currents in control (top, black) or after complete block by 10 µM AEA (bottom, red). Test 

pulses S1 and S2 are 10 ms in length and separated by a variable-length recovery 

period at -120 mV. (B) Graph showing double-exponential increase in VGSC current 

amplitude with increased time at -120 mV in control conditions (black) (Ƭ1 = 1.65 ± 

0.231 ms, Ƭ2 = 3880 ± 2520 ms, n = 3) and after full inhibition with 10 µM AEA (red) with 

increased period at -120 mV (Ƭ1 = 2.60 ± 0.721 ms, Ƭ2 = 828 ± 67.9 ms; n = 2). Error 

bars show mean value ± SEM.   
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Summary and Conclusions 

Voltage-gated sodium channels are integral to a number of physiological processes in 

excitable cells, from action potential generation, conduction, and signal integration to 

determining action potential firing patterns by setting the refractory period (Catterall 

2012; Hodgkin and Huxley 1952). The regulation of these channels can alter the 

transmission of cellular signals in response to local stimuli. Neurotransmitters such as 

acetylcholine (Cantrell et al. 1996) and dopamine (Cantrell et al. 1999) have been 

shown to inhibit VGSCs via G-protein pathways. The data presented in this dissertation 

examines new pathways for G-protein modulation of VGSCs by allosteric modulators of 

the CaSR, including the endogenous cannabinoid anandamide, which change the input-

output relationships of cortical neurons. 

 

All of the five allosteric modulators of the CaSR tested exhibited similar mechanisms 

and kinetics of VGSC inhibition. Cinacalcet, calhex, NPS 2143, calindol, and AEA 

reliably produced near-complete VGSC inhibition with slow kinetics (full inhibition 

occurring in 100s of seconds), dependence on G-proteins, and a shift in the steady-

state inactivation of VGSCs (shown with cinacalcet and AEA). Inhibition in all cases was 

shown to be CaSR-independent and AEA-induced inhibition independent of CB1 

receptors, indicating unconventional off-target effects within the cortex. Of the CaSR 

allosteric modulators tested, AEA is the only endogenous ligand. The participation of 

this major cortical signaling molecule in the G-protein-dependent mechanism for VGSC 

inhibition points to a significant physiological role for this pathway in the process of 

intraneuronal signal integration and synaptic transmission. 
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G-Protein Modulation of Voltage-Gated Sodium Channels 

While it was once believed that VGSCs were not subject to regulation by second 

messenger systems (Hille 2001), recent studies have upended prior claims and accrued 

evidence for G-protein modulation of VGSCs in the central nervous system. G-protein-

dependent inhibition of VGSCs occurs downstream of dopamine D1-like (Cantrell et al. 

1999), mAChR M1 (Cantrell et al. 1996), mGluR1 (Carlier et al. 2006), and serotonin 

5HT2A/C (Carr et al. 2002) receptors in the cortex (reviewed in Cantrell and Catterall 

2001). Both the abundance of GPCRs in the cortex (Vassilatis et al. 2003) and the 

strategic positioning of VGSCs to serve roles in the modulation of excitability suggest 

additional opportunities for the G-protein modulation of VGSCs. 

 

The CaSR allosteric modulator pathway for VGSC inhibition is distinct from known 

modes of GPCR VGSC inhibition. First and foremost, VGSCs in cultured neocortical 

neurons that respond to AEA and cinacalcet do not respond to agonists of mAChR M1 

or dopamine D1-like receptors, indicating these are distinct pathways for VGSC 

modulation (Figures 1.9A,1.9C, and 1.9E). Earlier studies showed that VGSC currents 

in the neocortex and hippocampus were reduced by ~20-40% at saturating 

concentrations of mAChR M1, D1-like dopamine receptor, mGluR1, and serotonin 5-

HT2A/C receptor agonists with 84-100% of neurons responding (Carr et al. 2002; Cantrell 

et al. 1996; Cantrell et al. 1999; Carlier et al. 2006; Maurice et al. 2001). In contrast, 

CaSR allosteric modulators produced near-complete VGSC inhibition with low 

micromolar concentrations of ligand in all neurons tested (Figure 1.1E). This indicates 

http://f1000.com/work/citation?ids=5148163&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=1541964&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=1541964&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=1541965&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=5048202&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=980074&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=1140505&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=1140505&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=228805&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=980074,1541965,1541964,5048202,1163512&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0
http://f1000.com/work/citation?ids=980074,1541965,1541964,5048202,1163512&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0
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that the CaSR allosteric modulator pathway has heightened potency on VGSCs and a 

different distribution to other G-protein dependent pathways that modulate VGSCs. 

Furthermore, the known pathways for VGSC modulation by GPCRs thus far (mAChR, 

mGluR1, D1-like, 5HT2A/C) all rely on PKA or PKC (Cantrell et al. 1996; Cantrell et al. 

1997; Carr et al. 2002; Carlier et al. 2006). These kinases phosphorylate serine 

residues in the intracellular loop connecting domains I and II of the VGSC ɑ subunit to 

produce steric interactions that change VGSC availability (Cantrell and Catterall 2001). 

This common theme is one major divergence from the CaSR allosteric modulator 

pathway. Experiments with cinacalcet showed that the G-protein inhibition induced by 

this CaSR allosteric modulator was independent of PKA and PKC (Figure 1.4H). 

Interestingly, the phosphorylation of VGSCs by PKC downstream of mGluR1 (Carlier et 

al. 2006) and 5-HT2A/C (Carr et al. 2002) shifts VGSC inactivation in the hyperpolarizing 

direction, similar to observations with cinacalcet and AEA (Figures 1.6E and 2.3B). In 

this study we targeted PKA and PKC with chelerythryine chloride, PKI6-22, PKI19-36, and 

staurosporine and concluded that neither kinase is involved in the CaSR allosteric 

modulator VGSC inhibition. However, we cannot rule out the involvement of 

staurosporine-resistant kinases. Phosphorylation of VGSCs downstream of AEA may 

still influence this pathway. Collectively, the differences between known GPCR 

pathways for VGSC modulation and the CaSR allosteric modulator pathway detailed in 

this dissertation suggest a novel G-protein-dependent mechanism for the regulation of 

neuronal excitability.  
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CaSR Allosteric Modulators Shift Voltage-Gated Sodium Channels into a Deeply 

Inactivated State 

Upon depolarization, VGSCs move from several closed resting states through a current-

producing open state to one or several inactivated states, where the channels are in a 

stable, non-conducting conformation (Armstrong 2006; Hodgkin and Huxley 1952). 

Recovery from inactivation does not pass through the open state (Kuo and Bean 1994a) 

except in the case of resurgent VGSC current (Lewis and Raman 2014; Afshari et al. 

2004; Raman and Bean 2001). While models vary, some suggested that VGSCs can 

exhibit up to five closed states and at least three inactivation states (Armstrong 2006; 

Armstrong and Gilly 1979). Inactivation states vary in time scale, biophysical 

mechanism, and pharmacological sensitivity (reviewed in Goldin 2003).  

 

VGSCs are capable of fast inactivation, taking place over the timescale of a single 

action potential, and multiple forms of non-fast inactivation with time constants ranging 

from 100 ms to several minutes (Ulbricht 2005). The mechanism of fast inactivation is 

well-studied and occurs when an intracellular linker between domains III and IV forms a 

gate that occludes the channel pore. The slower forms of inactivation have been termed 

“slow,” “intermediate,” and “ultraslow” (Hilber et al. 2001), distinguished by the length of 

depolarization necessary to develop the state. Since the structural basis for slow 

inactivation, unlike fast inactivation, has not been fully resolved and no gate identified, 

all forms of non-fast inactivation are often grouped under the general term “slow 

inactivation.” Slow inactivation is produced by prolonged depolarizations over tens of 

seconds or a series of brief, sequential depolarizations (reviewed in Goldfarb 2012). 
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Slow inactivation is thought to occur by a conformational rearrangement of the VGSC 

outer pore region (Goldin 2003). Mutational studies also implicate long distance 

interactions with other structural regions including involvement of residues in domain IV 

S4 (Mitrovic et al. 2000), IV S6 (Cervenka et al. 2018; Carboni et al. 2005), and II S6 

(O’Reilly et al. 2001) although a comprehensive model is still being built. Regardless of 

mechanism, all forms of slow inactivation decrease VGSC availability and reduce 

repetitive action potential firing and back propagation (Ruff et al. 1988) in a way that is 

dependent on the previous history of neuronal activity (Toib et al. 1998; Mickus et al. 

1999).   

 

Here, we investigated the action of CaSR allosteric modulators on VGSCs gating using 

protocols to look at cinacalcet-mediated changes in activation and inactivation in 

addition to recovery from inactivation after AEA- and cinacalcet- induced inhibition. Data 

showed three important findings relevant to VGSC gating. First, cinacalcet shifted 

steady-state inactivation of VGSCs toward more hyperpolarized potentials (Figures 

1.6E). This reduces VGSC current during depolarization and severely diminishes 

neuronal excitability. Second, prolonged hyperpolarizing pulses recovered VGSC 

current following inhibition by AEA and cinacalcet (Figures 1.7B and 2.3). Slowing of 

recovery from inactivation can result from high affinity binding and slow dissociation of a 

modifier to a preferred channel state or increased stability of an inactivated state (Karoly 

et al. 2010). Third, inhibition by cinacalcet was reduced when VGSCs were not 

activated following application of the drug (Figures 1.7C and 1.7E), indicating channels 

must pass through the open or fast inactivated state for block to occur. 
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Since the effect of cinacalcet is enhanced by VGSCs cycling through different states, 

use-dependence is indicated at low cycling frequencies (Courtney 1975). Use-

dependence occurs in three scenarios: 1) when the ligand has increased affinity for a 

specific state (Hille 1977; Hondeghem and Katzung 1977), 2) when channel opening 

exposes an agonist binding site as is the case with MK-801 and N-methyl-D-aspartate 

(NMDA) receptors (Huettner and Bean 1988; Starmer et al. 1984) or 3) when channel 

activation enhances the shift into a specific state preferred by the modifier such as 

Brilliant blue G binding to the inactivated state of VGSCs (Jo and Bean 2011). In the 

case of allosteric CaSR modifiers, this use-dependence, as well as the delayed 

recovery from inactivation in the presence of both cinacalcet and AEA, suggests 

allosteric CaSR modulators promote a deep inactivated channel conformation occurring 

via either slow modifier dissociation rate or stabilization of a slow inactivation state. 

Slow dissociation and the stabilization of an inactivation state are two fundamentally 

different mechanisms that have qualitatively similar effects on excitability. Slow 

dissociation occurs when modifiers bind with high affinity to a specific state-dependent 

conformation of the channel (Hille, 1977; Hondeghem and Katzung, 1977). Since 

channel state varies during the course of an action potential and activity-induced state 

cycling, drugs that bind preferentially to channel inactivated states slow recovery of 

excitability. Stabilization occurs when a modifiers bind to native slow inactivation states 

and accelerate the time course of development of this state during cycling (Khodorov et 

al., 1976; Zilberter Yu et al., 1991; Balser et al., 1996b; Kambouris et al., 1998; Chen et 
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al., 2000). Notably, the mechanisms of slow drug dissociation and stabilization of 

inactivated states can operate in concert (Nuss et al. 2000).  

 

Since modifier interactions with VGSCs alter channel gating rates such that the rate of 

recovery from fast inactivation can overlap with the rate of recovery from slow 

inactivation and the rate of state-dependent association and dissociation of a modifier 

will also obscure results (Karoly et al. 2010), fast- and slow- state preferring and thereby 

fast- and slow-inactivated state-stabilizing drugs cannot be differentiated. Thus, it is 

difficult to discern if CaSR allosteric modulators push VGSCs into a deeply inactivated 

state via slow modifier dissociation rate or stabilization of a slow inactivation state. 

 

Regardless of mechanism, both cinacalcet and AEA altered VGSC gating to reduce 

overall neuronal excitability. The use-dependent action of cinacalcet implies that the 

CaSR allosteric modulator pathway is most influential when neuronal excitability is 

increased and may be activated during periods of high synaptic activity to reduce action 

potential firing in much the same way as slow inactivation develops during repeated 

depolarizations. This would serve to increase spike threshold, reduce firing bursts, and 

limit back propagation into dendritic regions (Jung et al. 1997; Maurice et al. 2004). 

Importantly, slow-inactivated state preferring drugs, such as the antiepileptic lacosimide 

(Sheets et al. 2008), have been proposed as having distinct therapeutic advantage as 

anticonvulsants (Errington et al. 2008; Lenkowski et al. 2007) and antiarrhythmics 

(Remy et al. 2004). Should CaSR allosteric modulators provide specific modulation of 
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VGSC slow inactivation would be a powerful tool for approaching diseases of 

excitability. 

 

Anandamide Inhibits VGSCs through Direct and Indirect Mechanisms 

Due to its analgesic effect (Clapper et al. 2010; Walker et al. 1999), the action of AEA 

on VGSCs has already come under preliminary investigation. AEA has been shown to 

inhibit VGSCs in the low- to mid- micromolar range (Nicholson et al. 2003) with a 

concomitant hyperpolarizing shift in the voltage-dependence of channel inactivation (Al 

Kury, Voitychuk, Yang, et al. 2014; Kim et al. 2005; Okura et al. 2014). Data show that 

this inhibition was not blocked by CB1 antagonist AM 251 (Al Kury, Voitychuk, Ali, et al. 

2014; Nicholson et al. 2003; Kim et al. 2005), CB2 antagonist AM 630 (Kim et al. 2005), 

CB2 antagonist SR 144528 (Al Kury, Voitychuk, Ali, et al. 2014), or Gi/o signaling 

inhibitor pertussis toxin (PTx) (Al Kury, Voitychuk, Yang, et al. 2014). The absence of 

CB1 or CB2 involvement suggests action on an off-target receptor or direct effect on 

VGSCs. This data is in keeping with the characteristics of the CaSR allosteric 

modulators pathway for VGSC inhibition where we showed that AEA-induced VGSC 

inhibition is independent of CB1 receptors and cinacalcet-induced inhibition is 

independent of the GI/O subfamily of G-proteins (Figure 1.4F). Radioligand studies have 

also shown that AEA reduces [3H] batrachotoxinin A 20-alpha benzoate ([3H]BTX-B) 

binding to VGSCs (Al Kury, Voitychuk, Ali, et al. 2014; Nicholson et al. 2003). This 

indicates that AEA can act directly on VGSCs and provides a plausible mechanism for a 

proportion of AEA-induced VGSC inhibition. However, it does not exclude the possibility 

of off-target effects of AEA on GPCRs or G-proteins and indirect mechanisms of 
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inhibition. Interestingly, all data provided for AEA inhibition of VGSCs shows that 

steady-state inhibition takes place over 5-10 minutes (Al Kury, Voitychuk, Yang, et al. 

2014; Kim et al. 2005; Okura et al. 2014). This rate of inhibition is more characteristic of 

second messenger inhibition than direct interaction with an ion channel (Lohse et al. 

2008; Zerangue and Jan 1998; Linderman 2009). 

 

Our data show that VGSC inhibition by AEA is relieved by the inclusion of G-protein 

signaling inhibitor GDPβS. Thus we concluded that AEA acts via second messengers 

on VGSCs and not via a direct mechanism. A similar indirect mechanism for 

endocannabinoid block of VGSCs has been described. Okada et al. showed that 

VGSCs in the frog parathyroid were inhibited by application of endocannabinoid 2-

arachidonoylglycerol (2-AG) with a time course of 10 s of minutes (Okada et al. 2005) 

similar to previous studies of AEA-induced VGSC inhibition (Al Kury, Voitychuk, Yang, 

et al. 2014; Kim et al. 2005; Okura et al. 2014). 2-AG inhibition was enhanced by the G-

protein activator GTP𝛾S, suggesting a G-protein-dependent mechanism for VGSC 

modulation. Intriguingly, frog parathyroid tissue lacks CB1 and CB2 receptors. 

Furthermore, VGSC currents were not affected by CaSR agonist spermine, indicating 

that this action was also CaSR-independent. As was observed in our study, AEA shifted 

VGSC inactivation and inhibition continued in the presence of PKC inhibitor 

chelerythrine chloride (Okada et al. 2005). These data support the conclusions of our 

study that a novel endocannabinoid pathway exists for indirect VGSC modulation 

independent of PKC with alterations in channel gating. 
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Cumulatively, evidence shows that AEA can produce substantial, physiologically-

relevant modulation of VGSCs. This inhibition can prove important to AEA’s role in 

signal processing and disease states. While AEA has been suggested to act directly on 

VGSCs, other systems demonstrate it can participate in VGSC inhibition via second 

messengers. Neither role, indirect or direct, is exclusive of the other and these actions 

may in fact prove synergistic to AEA function. 

 

Anandamide’s Roles in Synaptic Transmission 

AEA is known to signal primarily through CB1, CB2, and transient receptor potential 

cation channel subfamily vanilloid receptor 1 (TRPV1) receptors (Zygmunt et al. 1999). 

However, AEA has been demonstrated to bind to the GPCRs mAChR M1 and M4, 

adenosine A3, 5-HT1 & 5-HT2, S1P1, GPR18, GPR55, GPR119 with affinities in the 

nanomolar to micromolar range (Pertwee 2015). Furthermore, studies show that eCBs 

act on as-yet unidentified receptors in the cortex (Okada et al. 2005; Hájos et al. 2001) 

(reviewed in Begg et al. 2005). In a screen for modulators of the CaSR, we determined 

for the first time that AEA serves as a positive allosteric modulator of the CaSR with 

unexplored roles in the cortex. Additionally, the data presented in this dissertation 

indicate yet another unknown G-protein target for AEA in the cortex, as the inhibition of 

VGSCs by AEA was shown to be independent of both CB1 and the CaSR. With the 

identification of AEA targets in the brain, we can then fully delineate the roles of this 

eCB in neuronal function. 
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Currently, the best characterized role for eCB signaling in the central nervous system is 

the inhibition of presynaptic release of L-glutamic acid (depolarization-induced 

suppression of excitation; DSE) (Lévénés et al. 1998; Maejima et al. 2001; Kreitzer and 

Regehr 2001b) and GABA (depolarization-induced suppression of inhibition; DSI) 

(Kreitzer and Regehr 2001a; Yoshida et al. 2002; Diana et al. 2002).  While 

mechanisms of DSI and DSE are shown to primarily require CB1 receptor activation 

(Ohno-Shosaku et al. 2001; Wilson and Nicoll 2001; Maejima et al. 2001; Kreitzer and 

Regehr 2001b), some studies have indicated a role of other cannabinoid targets in the 

suppression of neurotransmitter release (Hájos and Freund 2002; Rouach and Nicoll 

2003; Breivogel et al. 2001). Hájos et al. reported that the synthetic cannabinoid agonist 

WIN 55,212-2 inhibited evoked excitatory postsynaptic currents (eEPSCs) in CA1 

pyramidal cells in CB1 receptor knockout mice (Hájos et al. 2001) and the effect was 

insensitive to AM 251 (Hájos and Freund 2002). The research concluded that a 

presynaptic receptor distinct from CB1 or CB2 is present on glutamatergic terminals in 

the mouse hippocampus. In support of this claim, mGluRs-triggered eCB release 

causes short-term depression of excitatory transmission in the CA1 region of the 

hippocampus of both wild-type and CB1 knockout mice (Rouach and Nicoll 2003). 

Furthermore, AEA, but not other cannabinoid agonists, stimulates guanosine 5'-O-

[gamma-thio]triphosphate (GTPγS) binding in brain plasma membranes from CB1 

receptor knockout mice (Breivogel et al. 2001). These data all demonstrate a G-protein-

coupled cannabinoid receptor in the brain other than CB1 that can participate in DSI and 

DSE. 
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Studies show that CB1 receptor-mediated DSI and DSE can occur via inhibition of N- 

and P/Q-type VGCCs (Mackie et al. 1995; Twitchell et al. 1997; Nogueron et al. 2001; 

Kreitzer and Regehr 2001b; Mackie and Hille 1992) and via increased potassium 

conductance (Deadwyler et al. 1993; Schweitzer 2000) and the activation of GIRKs 

(Mackie et al. 1995; Henry and Chavkin 1995). DSI has been observed in the presence 

of VGSC blocker tetrodotoxin (TTX), indicating that it does not rely on VGSCs and 

subsequent axonal conduction block for expression (Wilson and Nicoll 2001). However, 

TTX-insensitive DSI of mini inhibitory postsynaptic currents (mIPSCs) has also been 

shown to be more variable and less robust than DSI of evoked inhibitory postsynaptic 

currents (eIPSCs) or of spontaneous inhibitory postsynaptic currents (sIPSCs) in the 

absence of TTX (Wilson and Nicoll 2001). Moreover, mIPSC DSI has not been shown to 

account quantitatively for eIPSC DSI. Hence, the data do not rule out other mechanisms 

for DSI expression. In our current understanding of AEA action in the cortex through the 

activation of CB1 receptors, the inhibition of VGSCs would prove synergistic. Our data 

show that AEA inhibits VGSCs in low to mid micromolar concentrations. The 

concentration of AEA within synaptic clefts of the cortex during periods of high activity is 

unknown. However, the basal AEA level is quite high and may reach 0.8 µmoles/kg 

brain tissue (Cravatt et al. 2001). This makes it likely that high synaptic concentrations 

of AEA following postsynaptic depolarization can reduce VGSC current and enhance 

DSI. AEA inhibition of VGSCs at the terminal would both limit the ability of additional 

action potentials to invade the bouton and trigger further transmitter release of L-

glutamic acid and GABA. 
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Clinical Significance of an Endocannabinoid Pathway for VGSC Inhibition 

Of the CaSR allosteric modulators tested in this study, AEA is the only endogenous 

ligand. The participation of this major cortical signaling molecule in the G-protein-

dependent mechanism for VGSC inhibition points to a significant physiological role for 

this pathway. eCBs contribute to a range of physiological processes, including synaptic 

plasticity and learning (Heifets and Castillo 2009), pain (Sagar et al. 2008; Karbarz et al. 

2009; Guindon and Hohmann 2009; Calignano et al. 1998; Richardson et al. 1998; 

Guindon et al. 2006), metabolism and energy homeostasis (Viveros et al. 2008), and 

neural development (Fride 2008). Dysregulation of the eCB system has been implicated 

in neuropsychiatric conditions, such as depression (Huang et al. 2016), autism 

(Zamberletti et al. 2017), schizophrenia (Desfossés et al. 2012), addiction (Parsons and 

Hurd 2015; Volkow et al. 2017), and anxiety (Ruehle et al. 2012; Hillard 2014; 

Mechoulam and Parker 2013). Endocannabinoids have also shown therapeutic promise 

for Tourette’s syndrome (Müller-Vahl 2013), Huntington’s disease (Pazos et al. 2008), 

epilepsy (Alger 2004; Alger 2014), Alzheimer’s disease (Maroof et al. 2013), depression 

(Huang et al. 2016), and stroke (Hillard 2008). The addition of an AEA pathway for 

VGSC regulation to these roles and our understanding of eCB systems as they relate to 

disease states.  

 

Mechanisms for Voltage-Gated Sodium Channel Modulation 

G-proteins mediate a number of cellular responses in neurons. Several second 

messenger pathways downstream of G-proteins are well-mapped while others remain to 

be elucidated. Our research shows that G-protein activation by CaSR allosteric 
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modulators inhibits VGSCS, though the participants in this pathway have not yet been 

identified. A number of protein effectors can be activated by G-proteins and these 

proteins can interact with or modify VGSCs to alter their gating and reduce VGSC 

current amplitude. Notably, VGSCs are substrates for phosphorylation (Sigel and Baur 

1988) and other post-translational modifications, interact with calcium and calmodulin 

(Pitt and Lee 2016), and can be directly influenced by the Gβγ dimer (Mantegazza et al. 

2005). 

 

Voltage-Gated Sodium Channel Gating is Sensitive to Phosphorylation 

Protein kinases can modulate VGSC function via electronic interference between 

negatively charged phosphate groups and the channel voltage-sensor (Zhou et al. 

2002). Phosphorylation can also create or disrupt binding sites for interaction with other 

regulatory proteins that modulate VGSCs (Zhou et al. 2002; Shenoy and Lefkowitz 

2011). The large intracellular linker between VGSC ɑ subunit domains I and II contains 

at least five well-characterized phosphorylation sites for PKA (Rossie et al. 1987; 

Rossie and Catterall 1989) and the loop between domains III and IV contains two sites 

for phosphorylation by PKC (Numann et al. 1991; Cantrell et al. 2002). Phosphorylation 

at any of these sites reduces VGSC current (Berendt et al. 2010; Mantegazza et al. 

2005). The known pathways for VGSC modulation by GPCRs thus far (mAChR, 

mGluR1, D1-like, 5HT2A/C) all rely on the activity of either PKA or PKC (Schiffmann et al. 

1995; Cantrell et al. 1997; Carlier et al. 2006; Cantrell et al. 1996; Carr et al. 2002). 

Experiments undertaken in this study show that cinacalcet-induced VGSC inhibition is 

independent of either PKA or PKC (Figure 1.4H) using PKA inhibitor PKI6-22, PKC 
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inhibitors PKI19-36 and chelerythrine chloride, and broad spectrum kinase inhibitor 

staurosporine. However, we cannot rule out the involvement of staurosporine-resistant 

kinases in this pathway. VGSCs also interact with the Src family of tyrosine kinases, 

including Fyn, which enhance sodium channel inactivation via a negative shift in steady-

state inactivation (Hilborn et al. 1998; Ahn et al. 2007). In addition, studies show 

phosphorylation of VGSCs by p38 mitogen-activated kinase (MAPK) (Wittmack et al. 

2005) and Ca2+/calmodulin-dependent protein kinase (CaMK) CaMKII with inhibitory 

action (Tan et al. 2002), indicating VGSCs can interact with a diverse plethora of 

kinases. Phosphorylation of VGSCs downstream of AEA may still be the mechanism of 

neuromodulation for this pathway.  

 

Additionally, dephosphorylation of VGSCs changes channel output. Just as they receive 

phosphorylation, VGSCs are substrates for dephosphorylation by multiple 

phosphoprotein phosphatases (Gershon et al. 1992). The serine phosphatases 

calcineurin and phosphatase 2A have been shown to dephosphorylate VGSCs and 

reduce VGSC current (Gershon et al. 1992; Murphy et al. 1993). The tyrosine 

phosphatase receptor tyrosine phosphatase beta (RPTPβ) shifts the voltage-

dependence of channel inactivation toward hyperpolarized potentials to reduce overall 

VGSC current (Ratcliffe et al. 2000). Phosphorylation and dephosphorylation occur 

downstream of GPCR activation in several established G-protein signaling cascades 

and these processes are known to alter VGSC gating in a manner similar to that 

observed by CaSR allosteric modulators. Phosphorylation and dephosphorylation of 
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either ɑ or β VGSC subunits, therefore, can provide the mechanism for VGSC inhibition 

by CaSR allosteric modulators.  

 

Calcium and Calmodulin Regulate VGSCs 

Through several different processes, many G-protein signaling pathways alter calcium 

concentrations within neurons. In turn, calcium has been proposed to modulate VGSC 

function as means of rapid and dynamic tuning. Yet cells dialyzed with either low or high 

Ca2+ have produced varied, unreproducible experimental results and failed to elucidate 

the mechanism of Ca2+-sensing for VGSCs (reviewed in Ben-Johny et al. 2015). More 

robust, quantitative analysis with Ca2+-photo-uncaging reveal that NaV1.5 does not 

respond to changes in intracellular Ca2+ while NaV1.4 currents are reduced by Ca2+-

photo-uncaging without changes to time course of channel inactivation (Ben-Johny et al. 

2014), indicating that Ca2+ modulation of VGSCs occurs but is isoform-specific. The 

action of calcium on additional VGSC isoforms has yet to be thoroughly investigated 

and the complete picture of Ca2+ regulation of VGSCs unresolved but this ion-to-

channel interaction may be regulated downstream of G-proteins. 

 

Calmodulin (CaM) is a major Ca2+ target, which enables CaM to act as a part of many 

signaling pathways to activate kinases, such as CaMK, and phosphatases, as well as 

act directly on ion channels (reviewed in Ben-Johny et al. 2015). The interaction of CaM 

and Ca2+ drives cellular responses to changes in intracellular Ca2+ and is known to play 

a role in synaptic plasticity (Solà et al., 2001). Biochemical studies show that VGSCs 

directly bind both apo-CaM and Ca2+-bound CaM with an IQ domain of the channel’s C 
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terminus, providing opportunities for both Ca2+-dependent and Ca2+-independent 

binding effects (Gabelli et al. 2014; Herzog et al. 2003; Reddy Chichili et al. 2013; 

Gabelli et al. 2016; Mori et al. 2000; Wang et al. 2014). Coexpression of dominant 

negative CaM (CaM1234) with NaV1.4 channels disrupted Ca2+ regulation and provided 

functional evidence that, along with the accrued structural evidence, established CaM 

as the Ca2+ sensor for VGSCs (Kim et al. 2004; Sarhan et al. 2012).  

 

While it is widely accepted that VGSCs and CaM interact, studies of the functional 

outcomes of this relationship have produced heterogenous and conflicting results and 

no consensus model has been fully ascribed. Deschenes et al., 2002, reported that 

Ca2+-bound CaM produced an inhibitory hyperpolarizing shift in the voltage-dependence 

of steady-state inactivation of NaV1.4 (Deschênes et al. 2002). However, Herzog et al., 

2003, independently reported that while the inactivation properties of NaV1.6 were 

regulated by CaM in a Ca2+-dependent manner, NaV1.4 gating was not. Data further 

indicated CaM regulates the properties of VGSCs in an isoform-specific ways and via 

both Ca2+-dependent and Ca2+-independent mechanisms (Herzog et al. 2003). 

Conflicting conclusions across studies of VGSC-CaM regulation do not allow for 

predictions of VGSC gating behavior as a result of Ca2+ changes downstream of a G-

protein signaling pathway. Nevertheless, the biological implications of CaM-VGSC 

interactions represent an exciting new avenue of research.  

 

CaM involvement in the CaSR allosteric modulator pathway is unlikely as the inhibitory 

response of cinacalcet did not exhibit a dependence on Ca2+. Neither increasing [Ca2+]o 

http://f1000.com/work/citation?ids=156504,156938,5045967,5045999,154775,2279298&pre=&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0,0
http://f1000.com/work/citation?ids=156504,156938,5045967,5045999,154775,2279298&pre=&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0,0
http://f1000.com/work/citation?ids=157447,159340&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=156090&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=156938&pre=&suf=&sa=0


 

116 

to 10 mM or blocking VGCCs with Cd+ altered the kinetics of cinacalcet-induced VGSC 

inhibition (Figure 1.8). However, G-protein signaling pathways can increase [Ca2+]i via 

the manipulation of intracellular [Ca2+] stores, a Ca2+ change that would not be affected 

by an increase in [Ca2+]o or extracellular Cd+. Therefore, CaM involvement cannot be 

ruled out altogether and Ca2+/CaM modulation of VGSCs may still prove vital to this 

VGSC inhibition mechanism, adding another level of physiological depth (reviewed in 

Gabelli et al. 2016). 

 

Further Post-translational Modifications of Voltage-Gated Sodium Channels 

In addition to phosphorylation, post-translational modifications of VGSCs that alter 

channel gating include peptides, phosphoryl groups, ubiquitin moieties and/or 

carbohydrates (reviewed in Laedermann et al. 2015). The addition of any charged 

groups on intracellular or transmembrane domains of the channels modifies VGSC 

intrinsic properties to alter current amplitudes (Zhou et al. 2002). For example, 

glycosylation is known to influence VGSC gating properties (Recio-Pinto et al., 1990; 

Bennett et al., 1997; Zhang et al., 1999; Tyrrell et al., 2001) by interfering with the 

electric field near the gating sensors (Bennett et al., 1997; Cronin et al., 2004).  

 

Post-translational modifications of VGSC β subunits can also alter overall channel 

kinetics. β-subunits regulate α-subunit gating properties by direct steric interactions that 

interfere with the voltage-sensor (Zimmer and Benndorf, 2002). Auxiliary β-subunits are 

themselves substrates for glycosylation (Isom et al., 1992) and phosphorylation 

(Malhotra et al., 2002), which ultimately modulates VGSC function (Johnson et al., 

http://f1000.com/work/citation?ids=5045999&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=5029671&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=160779&pre=&suf=&sa=0
https://www.frontiersin.org/articles/10.3389/fphar.2015.00263/full#B227
https://www.frontiersin.org/articles/10.3389/fphar.2015.00263/full#B20
https://www.frontiersin.org/articles/10.3389/fphar.2015.00263/full#B314
https://www.frontiersin.org/articles/10.3389/fphar.2015.00263/full#B273
https://www.frontiersin.org/articles/10.3389/fphar.2015.00263/full#B20
https://www.frontiersin.org/articles/10.3389/fphar.2015.00263/full#B62
https://www.frontiersin.org/articles/10.3389/fphar.2015.00263/full#B318
https://www.frontiersin.org/articles/10.3389/fphar.2015.00263/full#B134
https://www.frontiersin.org/articles/10.3389/fphar.2015.00263/full#B186
https://www.frontiersin.org/articles/10.3389/fphar.2015.00263/full#B145


 

117 

2004; Johnson and Bennett, 2006). Whether these additional forms of VGSC 

modification play a role in the CaSR modulator pathway is not yet known and requires 

further experimentation (reviewed in Laedermann et al. 2015). 

 

Gβγ Directly Binds VGSCs 

One mechanism proposed for G-protein modulation of VGSCs is direct Gβγ binding and 

alteration of the channels. The first evidence of Gβγ modulation of ion channels showed 

the activation of cardiac VGPCs downstream of mAChRs by Gβγ (Logothetis et al. 

1987). Since that discovery, it has been well-established that the Gβγ dimer interacts 

with ion channels, inhibiting VGCCs (Ikeda 1996) and activating GIRKs (Logothetis et 

al. 1987). The binding of Gβγ to VGSCs has been briefly addressed by Ma et al. (1997). 

The group showed that Gβγ increased persistent VGSC current from NaV1.2 in tsA-201 

cells by slowing channel gating. Gβγ subunits were shown to interact with that C-

terminal site of NaV1.2 (Ma et al. 1997) at a motif proposed to be a consensus Gβγ 

binding sequence (Chen et al. 1995). Consistent with this idea, G-protein β subunits 

immunoprecipitate with sodium channel α subunits from cortical neuron preparations 

(Marin et al. 2001). This is valuable evidence for G-protein modulation of VGSCs 

independent of post-translational modifications. 

 

Determining if Gβγ interaction with VGSCs is responsible for modulation of VGSCs by 

CaSR allosteric modulators requires reliable, specific Gβγ signaling blockers. The small 

molecule Gβγ inhibitor gallein/M119 did not reduce cinacalcet-mediated VGSC inhibition 

in this study (Figure 1.5B). However, this drug shows selectivity for specific Gβγ 
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interactions, the extent of which is not known (Mathews et al. 2008; Bonacci et al. 2006; 

Casey et al. 2010). Therefore, the tools currently available to test this hypothesis are 

insufficient and we cannot verify whether or not Gβγ participates in this pathway. 

Because Gβγ signaling is membrane-delimited, modulation by Gβγ occurs in membrane 

microdomains (Galbiati et al. 2001) that are strategically positioned to affect action 

potential generation in the axon hillock and back-propagation at dendritic branches. 

Such tightly delimited modulation might be critically important for integrative properties 

of the neuron.  

 

Potential G-protein-Coupled Receptors for CaSR Allosteric Modulator Binding 

NPS 2143, calindol, calhex 231 and cinacalcet are structurally related 

phenylalkylamines, containing two aromatic rings connected by a flexible chain with a 

positively charged amino group (reviewed in Jensen and Bräuner-Osborne 2007). 

Studies have revealed calcimimetics and calcilytics target a similar interaction sites in a 

crevice formed by transmembrane domains (TMs) 3, 5, 6, and 7. The binding pocket for 

both calcimimetics and calcilytics of the CaSR involves residues Trp-818, Phe-821, Glu-

837, and Ile-841 located in TM 6 and TM7, with differences observed between each 

compound (Petrel et al. 2004). Critically, all four compounds form ionic interactions 

between their amino groups and negatively charged amino acid Glu-837 located in TM7 

(Magno et al. 2011). A glutamate to isoleucine mutation of this residue abolishes the 

modulatory effect of AEA on the CaSR, suggesting it also requires this interaction for 

binding to the GPCR (Figure 2.1C). Thus, the binding sites for all four compounds are 

largely overlapping but not identical. The shared binding pocket for all five CaSR 
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allosteric modulators points to, though does not prove, the existence of a structurally 

similar binding pocket on a separate GPCR mediating VGSC inhibition. The similar 

binding requirements for these compounds in addition to the similarities in VGSC 

inhibition characteristics of each present a high likelihood that they all exert their effects 

on VGSCs via the same GPCR with structural similarities to the CaSR in the region of 

drug binding.  

 

GPRC6A 

Orphan receptor GPRC6A is the most closely related homologue of the CaSR. It 

responds to L-amino acids and divalent cations (Christiansen et al. 2007; Kuang et al. 

2005; Wellendorph et al. 2005). Negative CaSR allosteric modulator NPS 2143 and 

positive CaSR allosteric modulator calindol both inhibit L-ornithine activation of 

GPRC6A (Faure et al. 2009). While it is unknown if cinacalcet, calhex, or AEA bind to 

GPRC6A, this indicates a binding site on GPRC6A that can accommodate CaSR 

allosteric modulators. This positions GPRC6A as a potential candidate for CaSR 

allosteric modulator-induced inhibition of VGSCs, however, lack of specific inhibitors or 

knockouts makes this hypothesis difficult to test. 

 

Orphan Receptors GPR55, GPR18, and GPR119 

GPR18, GPR55, and GPR119 are three cannabinoid-like orphan GPCRS expressed in 

the central nervous system (Vassilatis et al. 2003; Sawzdargo et al. 1999; Mackie and 

Stella 2006; Pertwee et al. 2010). Little is yet known of the physiological functions of 

these receptors. AEA is identified as a partial agonist of GPR18 with an EC50 of 3.38 µM 
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(Rajaraman et al. 2016), GPR55 with an EC50 of 18 nM (Pertwee 2015), and GPR119 

(Overton et al. 2006). GPR18 serves roles in microglial migration in the central nervous 

system and is suggested to have a sympathoinhibitory role in neurons of the rostral 

ventrolateral medulla (Penumarti and Abdel-Rahman 2014). Research on GPR119 has 

focused on its role in the modulation of insulin release by pancreatic β-cells and of GLP-

1 secretion by gut enteroendocrine cells (Overton et al. 2008). The action of either of 

these receptors in the cortex is not yet known. Lastly, GPR55 activation is known to 

stimulate RhoA, cdc42, rac1 (Sawzdargo et al. 1999), small GTPases associated with 

cytoskeleton regulation. These three GPCRs serve as putative targets for AEA to 

stimulate the pathway for VGSC inhibition. Exploring the role of these receptors in the 

pathway will require the development of knockout mice and/or highly specific receptor 

inhibitors. Without these tools, testing for VGSC inhibition via GPR18, GPR55, or 

GPR119 will be difficult to conclude. 

 

Summary and Conclusions 

In this work, I identify five ligands that inhibit VGSC current via a G-protein pathway. All 

of the ligands are known to act on the CaSR with either negative or positive allosteric 

effects. The action of synthetic modulators of the CaSR, cinacalcet, calhex, NPS 2143, 

and calindol, are characterized in Chapter 1. All produce complete inhibition of VGSC 

current in a dose-dependent fashion. Inhibition was alleviated in the presence of G-

protein signaling inhibitor GDPβS, indicating a G-protein dependent mechanism for the 

modulation of VGSCs. Cinacalcet, calindol, NPS 2143, and calhex exert their effects 

independently of the CaSR, showing an off-target effect of these drugs in the 

http://f1000.com/work/citation?ids=5033738&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=4885402&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=4719271&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=4477847&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=3385057&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=2926993&pre=&suf=&sa=0


 

121 

cortex.  We investigated the identity of the target GPCR by first looking at candidates 

within the class C GPCR family, second, eliminating a class of G-protein with PTx, and 

third, determining the involvement of downstream effector proteins with PKA and PKC 

inhibitors. Using this methodology, data showed that cinacalcet does not act through 

mGluR1, mGluR5, or GABAB receptors. Cinacalcet inhibition of VGSCs also does not 

require Gi/o G-proteins, eliminating a class of G-protein and narrowing the range of 

GPCR candidates. Lastly, cinacalcet inhibition of VGSCs does not require the activation 

of PKA or PKC. These findings leave a number of possibilities for the composition of 

this pathway: Gq, G12, and Gs G-proteins, staurosporine-resistance kinases, 

phosphatases, phospholipases, Gβγ signaling, intracellular calcium-signaling, and a 

multitude of other factors, which were addressed in this discussion. The kinetics of 

cinacalcet-induced inhibition were quantified in-depth. It was shown that cinacalcet 

produces inhibition of VGSC current by shifting the steady-state inhibition of the 

channels toward more hyperpolarized potentials. This inhibition could was completely 

reversed by long hyperpolarizing steps. This finding suggests that cinacalcet pushes 

VGSCs into a deeply inactivated state and may stabilize a slow inactivation state.  

 

In Chapter 2, I show that this type of inhibition is also enacted by endogenous 

cannabinoid anandamide. This is important as AEA is natively present in the cortex and 

establishes that the pathway may play a role in synaptic communication. AEA, as with 

the other CaSR modulators, produced complete inhibition of VGSC current over time. 

This inhibition was relieved with GDPβS and independent of the CaSR. Surprisingly, 

inhibition was also independent of AEA target CB1. Like cinacalcet, AEA shifted 
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inactivation of VGSCs and this inactivation-produced inhibition was completely reversed 

with strong hyperpolarizing pulses. It is highly likely given their commonality as CaSR 

allosteric modulators and the similar manner in which they affect VGSC inactivation, 

that all CaSR allosteric modulators act via the same pathway to reduce VGSC current. 

While NPS 2143, cinacalcet, calhex, and calindol aided in the characterization of this 

pathway, AEA’s participation in this pathway emphasizes the importance to synaptic 

physiology. Here, we establish a pathway from ligand to G-protein to changes in VGSC 

output. This may represent a novel homeostatic mechanism to reduce neuronal 

excitability and possesses therapeutic potential for diseases of excitability. 
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