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Abstract

The neuromodulatory inward current (/,,) generated by crab Cancer borealis stomatogastric ganglion neurons is
an inward current whose voltage dependence has been shown to be crucial in the activation of oscillatory activity
of the pyloric network of this system. It has been previously shown that /, loses its voltage dependence in
conditions of low extracellular calcium, but that this effect appears to be regulated by intracellular calmodulin.
Voltage dependence is only rarely regulated by intracellular signaling mechanisms. Here we address the
hypothesis that the voltage dependence of [, is mediated by intracellular signaling pathways activated by
extracellular calcium. We demonstrate that calmodulin inhibitors and a ryanodine antagonist can reduce I,
voltage dependence in normal Ca®", but that, in conditions of low Ca?", calmodulin activators do not restore Iw
voltage dependence. Further, we show evidence that CaMKIl alters I, voltage dependence. These results
suggest that calmodulin is necessary but not sufficient for I, voltage dependence. We therefore hypothesize that
the Ca®"/calmodulin requirement for I, voltage dependence is due to an active sensing of extracellular calcium
by a GPCR family calcium-sensing receptor (CaSR) and that the reduction in /, voltage dependence by a
calmodulin inhibitor is due to CaSR endocytosis. Supporting this, preincubation with an endocytosis inhibitor
prevented W7 (N-(6-aminohexyl)-5-chloro-1-naphthalenesulfonamide hydrochloride)-induced loss of I, voltage
dependence, and a CaSR antagonist reduced /,, voltage dependence. Additionally, myosin light chain kinase,
which is known to act downstream of the CaSR, seems to play a role in regulating /,,, voltage dependence. Finally,
a GBy-subunit inhibitor also affects I, voltage dependence, in support of the hypothesis that this process is
regulated by a G-protein-coupled CaSR.

Key words: activity; calcium sensing receptor; calcium-dependence; central pattern generation; crustacean;
stomatogastric

(s )

Neurons and neuronal networks display many forms of activity, of which oscillatory activity is crucial in many
vital functions such as heartbeat, digestion, and locomotion. The state in which a neuron exists is often
determined by its neuromodulatory environment. Recent studies have shown that many neuromodulators
that enable oscillatory activity in neurons do so by activating voltage-gated inward currents that express a
negative slope conductance. Such voltage gating is normally an intrinsic property of the ion channels
themselves and is only rarely mediated by a separate signaling pathway or molecule. Here we characterize
what we believe is a novel voltage dependence mechanism that involves active extracellular calcium
sensing by a dedicated receptor, and intracellular calcium-dependent processes that modulate the voltage
kdependence of this current. /

ignificance Statement

March/April 2016, 3(2) e0038-16.2016 1-19


http://orcid.org/0000-0002-5969-5631
http://orcid.org/0000-0002-6183-3175
http://dx.doi.org/10.1523/ENEURO.0038-16.2016

eMeuro

Introduction

Neuromodulators enhance the flexibility of neural
networks by multiple mechanisms. These include the reg-
ulation of intrinsic properties (i.e., pre-existing conduc-
tances; Benson and Levitan, 1983; Kiehn and Harris-
Warrick, 1992a,b; Harris-Warrick et al.,, 1995; Galbavy
et al.,, 2013), modulating synaptic properties (Johnson
et al., 1993a,b,1995; Zhao et al., 2011; Bitencourt et al.,
2015; Béhm et al., 2015), reconfiguring participating neu-
rons within the network (Hooper and Moulins, 1989; Fé-
nelon et al., 1998; Lieske et al., 2000), and modulating
plasticity and even modulation itself (Mesce, 2002;
McLean and Sillar, 2004; Zhou et al., 2007; Pawlak et al.,
2010; Lawrence et al., 2015). Another important mecha-
nism of the regulation of neuronal excitability is the mod-
ulation of leak currents (Bayliss et al., 1992; Erxleben
et al., 1995; Talley et al., 2000; Cymbalyuk et al., 2002; Xu
et al., 2009), and of the ratio of leak current to pacemaking
current amplitude (and not just the pacemaking current
amplitude), as is the case in the regulation of pacemaking
activity in the pre-Botzinger complex (Del Negro et al.,
2002). The regulation of inward currents whose current—
voltage relationship (/-V) curve contains a region of neg-
ative slope (i.e., negative conductance) often plays a
major role in the control of excitability and pacemaking
activity (Nowak et al., 1984; Freschi, 1989; Trimmer, 1994;
Haj-Dahmane and Andrade, 1996; Zholos and Bolton,
1996; Shiells and Falk, 2001; Xu et al., 2009; Zhao et al.,
2010). Such a negative conductance region can be ap-
proximated well by an -V curve with linear negative con-
ductance (Zhao et al., 2010; Bose et al., 2014). When this
region occurs in the voltage range of oscillatory activity,
neuromodulatory regulation of these currents can be
thought of as the regulation of leak currents (Haj-
Dahmane and Andrade, 1996; Zhao et al., 2010; Bose
et al., 2014). Recently, it was demonstrated that the neg-
ative conductance region of the I~V curve of any inward
current acts to destabilize the neuronal resting state, thus
pushing the membrane potential away from the resting
voltage, without the need that the ionic current be nonlin-
ear around the resting potential (Bose et al., 2014). The
negative conductance of an /-V curve is normally gener-
ated by an interaction of voltage-dependent ion channel
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gating and a depolarized equilibrium potential. However,
other mechanisms that produce negative conductance
exist, such as the voltage-dependent magnesium
blockade of the NMDA receptor (Nowak et al., 1984).
Additionally, there are few examples that describe
voltage-dependent mechanisms mediated by intracellular
signaling pathways (Zholos and Bolton, 1996; Nawy,
2000; Shiells and Falk, 2001).

Here, we use the stomatogastric ganglion (STG) of the
crab Cancer borealis to explore how the voltage depen-
dence of a neuromodulator-activated current is controlled.
This system enables unambiguous cell-type identification
and is a practical system for studying negative slope con-
ductance as a mechanism of neuromodulator-induced os-
cillatory activity (Zhao et al., 2010; Bose et al., 2014).
Specifically, we examine the voltage dependence of the
modulator-activated inward current (/). This current is
thought to be the primary mechanism by which a set of
peptide neuromodulators activate the oscillatory activity of
the pyloric network (Swensen and Marder, 2000, 2001),
thanks to its region of negative slope conductance (Zhao
et al., 2010). /,, was characterized originally as an inward
current activated by proctolin, whose voltage dependence is
sensitive to extracellular calcium, in the absence of which Iy,
becomes linear (Golowasch and Marder, 1992b). The au-
thors suggested a mechanism similar to that of the NMDA
receptor (Nowak et al., 1984) to explain the nonlinear prop-
erties of the current: a voltage-dependent block of the chan-
nel by extracellular calcium (rather than magnesium). A later
study (Swensen and Marder, 2000) found that when ex-
posed to the calmodulin inhibitor N-(6-aminohexyl)-5-
chloro-1-naphthalenesulfonamide hydrochloride (W7), I
amplitude was enhanced and its voltage dependence
seemed to be altered, suggesting a modulation of the cur-
rent by calmodulin. The main hypothesis that we address
here is that the voltage dependence of I, is mediated by an
extracellular activation of a calcium-sensing mechanism me-
diated by a calcium-dependent intracellular signaling path-
way.

Materials and Methods

Animals

Male crabs of the species C. borealis were purchased
from local fisheries, housed in saltwater aquaria at
8-12°C, and randomly picked. The animals were anesthe-
tized on ice for at least 30 min prior to dissection. The
stomatogastric nervous system (STNS) was dissected out
and pinned on Sylgard dishes, as previously described
(Maynard and Dando, 1974; Selverston et al., 1976). The
isolated STNS was continuously perfused with chilled
saline solution (12-14°C), which was composed of the
following: 440 mm NaCl, 11 mm KCI, 13 mm CaCl,, 26 mm
MgCl,, 5 mm maleic acid, and 11 mm Trizma base, and
was adjusted to a pH of 7.4-7.5. For low-calcium solu-
tions, MgCl, was added in equimolar amounts to com-
pensate for reduced calcium levels. In all experiments,
STG neurons and neuropil were exposed by desheathing
and pinning down the surrounding connective tissue. Un-
less otherwise noted, all data reported here were obtained
from lateral pyloric (LP) neurons. Concentrations of cal-
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cium at or below a concentration of 2 mm were found to
depolarize LP cells (mean resting potential, from —48.9 =
2.1to —34.2 = 2.1 mV; n = 9; paired Student’s t test (f4,
= —15.2, p = 3.6 X 107 7])? and decrease their input
resistance (mean measured at —50 mV; from 9.4 = 1.8 to
5.4 + 0.7 M(; n = 9; t test: tg = 3.5, p = 0.008)". To
attenuate this effect, low-calcium saline solution was sup-
plemented with 0.5% bovine serum albumin (BSA). This
prevented low calcium-induced depolarization (mean
resting potential in low-calcium condition: no BSA, —26.0
+ 2.1 mV (n = 5); low calcium level plus 0.5% BSA, —45.1
* 2.4 (n = 7); Student’s t test: t3q = 5.8, p = 1.77 X
107%°), but this treatment had no significant effect on
input resistance (median input resistance in low-calcium
condition: no BSA, 5.5 MQ; low calcium level plus 0.5%
BSA, 6.0 MQ (n = 7); Mann-Whitney rank sum U test: U =
12, p = 0.4139. Therefore, all low-calcium experiments
were supplemented with 0.5% BSA, except for R568
experiments. R568 was used to test the role of the
calcium-sensing receptor (CaSR), but R568 is known be
activated by amino acids (Conigrave et al., 2007) and
albumin hydrolysates (Nakajima et al., 1962). Because the
STG neuropil is known to contain active peptidases (Cole-
man et al., 1994), which may release these compounds,
BSA was not used when R568 was tested.

Electrophysiology

Extracellular recordings were made using Vaseline
wells built around lateral ventricular or dorsal ventricular
nerves, and with one stainless steel wire inserted in each
well and one outside, both connected to an A-M Systems
Model 1700 Differential AC Amplifier. Ground electrodes
were either AgCI pellets (Molecular Devices) or chloride-
coated silver wires (coating was obtained by inserting the
silver wire in bleach for =15 min). All intracellular record-
ings, unless otherwise stated, were obtained with an Ax-
oclamp 2B Amplifier (Molecular Devices) and digitized
with a Digidata 1322A or 1440 Digitizer (Molecular De-
vices) and recorded onto a PC with a Microsoft Windows
operating system using the pClamp 9 or 10.4 software
suite (Molecular Devices). Currents were recorded in two-
electrode voltage clamp (TEVC) and passively filtered us-
ing an RC filter at a 4 KHz cutoff frequency before
digitization. Microelectrodes were pulled on a Sutter P-97
Puller with resistances of 15-25 M) for the voltage re-
cording electrode (ME1) and 10-20 M() for the current
passing electrode (ME2). All recording solutions consisted
of 0.6 M K,SO, plus 20 mm KCI.

Neuromodulators

Proctolin and crustacean cardioactive peptide (CCAP)
were used to elicit /, as shown before by Swensen and
Marder (2000; see below). Proctolin was purchased from
American Peptide or Bachem. CCAP was initially pur-
chased from American Peptide, but in winter 2013 to
spring 2014 this peptide did not produce /,; values that
were comparable to those reported in the literature (Sw-
ensen and Marder, 2000) and to our own previous results.
Thus, all CCAP data from 2013-2014 were omitted, and
CCAP used after that was obtained from Bachem. All
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other neuromodulators were obtained from Sigma-
Aldrich.

Solutions and drugs

W7, tetraethylammonium (TEA), dynasore, 1-(5-
iodonaphthalene-1-sulfonyl)-1H-hexahydro-1,4-diazepine hy-
drochloride (ML-7), picrotoxin (PTX), Gallein, and fluphenazine
came from Sigma-Aldrich. Bis(2-aminophenoxy)ethane-
N,N,N’,N’-tetra-acetic acid-acetoxymethyl ester (BAPTA-AM),
tetrodotoxin (TTX), GTPvS, and sometimes W7, came from
Tocris Bioscience. Calmidazolium, dantrolene, ryanodine, and
pertussis toxin A protomer came from Enzo Life Sciences.
CALP1 (sequence, VAITVLVK) and BSA came from Fisher Sci-
entific. N-[2-[[[3-(4-chlorophenyl)-2-propenyllmethylamino]
methyllphenyl]-N-(2-hydroxyethyl)-4-methoxybenzenesul-
phonamide (KN-93) came from EMD Biosciences. All chemi-
cals were aliquoted in either distilled H,O or DMSO and frozen
until use.

Measurement of I,

Unless otherwise stated, all recordings of /,,, were made in
the following standard recording saline solution: normal
Cancer saline plus 0.1 um TTX (to block sodium currents), 20
mmM TEA (to block potassium currents), 10 um PTX (to block
synaptic currents), 5 mm CsCl (to block the H-current), and
200 um CdCl, (to block calcium currents). R568 experiments
omitted CdCl, as the combination of low calcium without
BSA and CdCl, depolarized cells, and reduced viability (data
not shown). In some cells, spontaneous oscillations were
observed under these conditions. When this happened, TTX
and PTX concentrations were transiently raised to 1 and 30
um, respectively, until oscillations stopped or were attenu-
ated. Then, a normal solution was resumed for at least 20
min prior to the measurement of /.

Both proctolin and CCAP were bath applied at 1 um for
a volume of 5-10 ml at a perfusion rate of 3-4.5 ml/s. We
also tried to use local pressure application of the peptides
but found the responses to be too variable, and they were
not used here for analysis (data not shown).

All I, recordings were obtained in TEVC. A holding
potential of —40 mV was used to prevent contamination
from low-threshold activated potassium currents (Golow-
asch and Marder, 1992a). Figure 1A illustrates the proce-
dure used to obtain /,,. The voltage was ramped from a
holding potential of —40 mV, up to +20 mV, down to —80
mV, and back to —40 mV at 75 mV/s. The descending
ramp was used to build /-V curves and to determine Iy,
properties because it has been shown that the measure-
ment of /,, on descending ramps is less sensitive to ramp
speed than ascending ramps (D. Fox, personal commu-
nication). These ramps were repeated every 35-45 s until
no further changes in leak current were observed. At this
point, the average of the last three to five ramps was
defined as the control ramp (Fig. 1A, black trace). The
average of three to five ramps at the peak of the response
to neuromodulator was measured (Fig. 1A, red trace). The
control currents were subtracted from the currents in the
presence of neuromodulator, and this difference in cur-
rent (Fig. 1A, blue trace) was defined as /. Any data that
did not show a reversal of at least 50% of the /,,, maxi-
mum level upon washing were discarded.
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B Control (13 mM CacCl,)
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80 60  -40 201
s Amplitude

Current (nA)

Figure 1. Modulator-activated /, measurement and quantification. A, Proctolin (1 um)-induced /y,, in LP neuron. Top, Voltage ramp
protocol. Middle, Current in control ramp (black trace) and at the peak of the response to proctolin (red trace). Bottom, Difference
current (blue trace) obtained by subtracting control currents from currents measured in proctolin. Only currents evoked during
descending voltage ramps were considered (blue trace). B, I-V curves of I, in normal saline solution (13 mm CaCl,, black trace) and
low-calcium saline solution (2 mm CaCl,, blue trace). Changes in slope between —75 and —20 mV are used as a measure of /,, voltage
dependence. Amplitude at —15 mV is taken as a measure of /,, activation. Note that /, in normal saline solution is close to maximal
at this voltage, and there is minimal difference between normal calcium and low-calcium conditions.

Iy quantification

The following two features of /,,, were quantified from the
I-V curves throughout: voltage dependence and activa-
tion level. Activation was quantified as the amplitude of
the current at or near its peak (i.e., at —15 mV), and
voltage dependence was quantified as the slope of the -V
curve between —75 and —20 mV (Fig. 1B). A value of —15
mV was chosen to estimate activation levels because, at
this voltage, the amplitude of /,, was not sensitive to
changes in extracellular calcium [-1.2 = 0.3, —2.7 = 0.9,
—2.1 = 0.2, and —1.5 = 0.5 nA, for calcium concentra-
tions of 13, 6, 2, and 1 mwm, respectively; one-way ANOVA
for calcium concentrations on the second application (see
rationale below): F3 5o = 2.37, p = 0.10].° As described in
the Results section, this enabled good separation of the
effects of various agents on activation from those on
voltage dependence. Additionally, this voltage is far
enough from the estimated I, reversal potential (mean =
SD, +10.8 = 9.8 mV, n = 43) to allow a reliable measure-
ment of the current. In most of our experiments, /,, did not
reverse with the protocol used. The reversal potential was

estimated only from currents that did reverse, and there-
fore this average reflects an underestimate of the [y,
reversal potential, even though it is more depolarized than
previous reported estimates (i.e., —2.9 = 14.7 mV; Golo-
wasch and Marder, 1992b).

In order to evaluate the effects of pharmacological
agents on signaling pathways potentially involved in /y,
activation by proctolin or CCAP, multiple applications of
the peptides on each preparation were required. There-
fore, we examined the effect of application number on /,,
amplitude and slope. Under normal calcium conditions,
we observed that the first application was significantly
larger at —15 mV' and had a significantly more negative
slope? than the next four applications (Table 1). Amplitude
or slope showed no significant differences from one an-
other for applications two to five. Therefore, we used
application two as our control application for all data
reported here. However, in contrast to normal calcium
conditions, when proctolin-induced I, was measured in 2
mm CaCl, (a low-calcium solution), the amplitude re-
mained unchanged during applications two and three, but

Table 1: Effect of proctolin application sequence on maximum amplitude and slope in normal calcium saline solution

Application 1 Application 2 Application 3 Application 4 Application 5

Ampl (nA) Slope (nS) Ampl (nA)  Slope (nNS) Ampl (nA)  Slope (nNS) Ampl (nA)  Slope (NS) Ampl (nNA)  Slope (nS)
(n=17) n=17) n=7) n=17) (n=17) (n=17) n=17) n=17) (n=05) (n=05)
—-28*+06+ —-41*+10 -13*x03 -—-17=*4 -15+03 -17*x5 -11*+03 -12=*3 -10+x03 -12*6
All data were obtained from LP neurons. Ampl, Amplitude.

#Tukey’s test, p < 0.05 vs application 2.

Table 2: Effect of proctolin application sequence on maximum amplitude and slope in low-calcium saline solution
Application 2 Application 3 Application 4 Application 5 Application 6

Ampl (nA)  Slope (nNS) Ampl (nA)  Slope (nS) Ampl (nA) Slope (nS) Ampl (nA) Slope (nS) Ampl (nA) Slope (nS)
(n =3) (n=3) (n=23) (n=3) (n =23 (n =23) (n=3) (n=3) (n=23) (n=23)
-21*+*09 +26 10 —-16=*=0.7 +283*x11 —-11 =06+ +19*x5 —-0.8=* 0.6+ +22 6 —0.7 = 0.5%x +18*6

Data are reported as the mean = SEM. First application was not included as it was performed in normal calcium conditions. All data obtained from LP neu-

rons. Ampl, Amplitude.

#Tukey’s test, p < 0.05 vs application 2 of same calcium condition. ##Tukey test’s, p < 0.01 vs application 2 of same calcium condition.
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dropped significantly with subsequent applications,”
while slope remained stable for applications two to five'
(Table 2). Therefore, low-calcium experiments were sta-
tistically analyzed with analysis of covariance (ANCOVA),
a mixture of ANOVA and linear regression with drugs
understudy as independent factors, and application num-
ber as the covariate. This method assumes that the de-
sensitization rate can be predicted by application number,
which we find to be true in low-calcium conditions, and is
not affected by drug condition. As a consequence of this,
post hoc testing could not be performed. This was not
required for R568 data as only the first application in the
low-calcium condition was used.

Statistics and data analysis

All calculations of I,,, and measurements of difference
currents and leak subtractions were performed with the
pClamp version 9 or 10.4 (Molecular Devices) family of
software. All data were digitally filtered after acquisition
using an eight-pole Bessel filter with a cutoff frequency of
320 Hz. Data were reduced so that the currents measured
during a voltage ramp were divided into 1 mV bins (of
~13.3 ms each). These data were stored in Microsoft
Excel files for databasing and graph making. All statistics
were performed with SigmaPlot 11, except for those anal-
yses that required ANCOVA, which were performed with
IBM SPSS Statistics 22. Some data were found to be not
normal and/or not homoscedastic. For this reason, for
two-group comparisons, Mann-Whitney rank sum tests
were run. In multiple-group comparisons that failed nor-
mality/equal variance testing, the dependent variable was
ranked, and statistics were run on this rank score. All data
after this transformation passed either an equal variance
test (F test, SigmaPlot) or Levene’s test (SPSS). If data
passed normality testing (Shapiro-Wilk test, p > 0.05)
after a transformation, statistical testing was performed
on the ranked dependent variable. If data failed normality
testing after transformation, all statistical testing was per-
formed on the original data. No data failed equal variance
testing after rank transformation. All graphs making com-
parisons between conditions show the average = SEM,
unless noted otherwise. For the majority of experiments,
controls and drug applications were performed on alter-
nating days to reduce any biases. Table 4 summarizes the
statistical tests (normality, type of test, and post hoc
power) and the conditions used in all of the data reported.

Results

The reduction of the voltage dependence of [, in low-
calcium conditions (Fig. 1B) was originally interpreted by
Golowasch and Marder (1992b) as the removal of a
voltage-dependent extracellular block of the modulator-
activated channels by calcium (similar to the voltage-
dependent effect of magnesium on NMDA channels;
Nowak et al., 1984). Swensen and Marder (2000) ob-
served that the calmodulin blocker W7 enhanced I, in
a voltage-dependent manner and concluded that a
calmodulin-dependent pathway was likely involved in Iy,
activation. An alternate interpretation of those results is
that the current was not enhanced but instead lost voltage
dependence, in a manner similar to the loss of voltage
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dependence in a low-calcium saline solution, thus ex-
plaining why the current was enhanced more at —80 mV
than it was at —40 mV (Swensen and Marder, 2000). As
calmodulin is a ubiquitous calcium sensor, we hypothe-
sized that calmodulin may mediate [/, voltage depen-
dence. According to this model, in normal calcium
conditions, high levels of calcium influx through calcium
channels, or perhaps through I, itself, would keep cal-
modulin in a relatively activated state. This activated cal-
modulin would either bind directly to the channel itself or
modify /, channels indirectly via calmodulin-activated
proteins from a voltage-independent to a voltage-de-
pendent state. When extracellular calcium is reduced,
there is less activated calmodulin and therefore reduced
voltage dependence. We therefore predicted that full -V
relations in the presence of calmodulin inhibitors should
reveal a reduced voltage dependence.

The calmodulin inhibitor W7 reduces proctolin and
CCAP-induced I, voltage dependence

To test the hypothesis that activated calmodulin mediates
I\ voltage dependence, we measured /y, in the presence
and absence of the calmodulin inhibitor W7, predicting
that W7 should increase I, slope in a dose-dependent
manner. As shown in Figure 2, Ai and Aii, proctolin-
induced [y, exhibited a negative slope when measured
before W7 exposure (black trace). However, at both 10 um
W7 (Fig. 2Ai,Aii, red trace) and 100 um W7 (Fig. 2Ai,Aii,
blue trace), this slope becomes increasingly more posi-
tive. When these experiments were repeated at various
concentrations of W7, it was found that W7 increased
proctolin-induced /,, slope in a dose-dependent manner.
A one-way repeated-measures ANOVA showed that W7
significantly changed the /; slope (F4 1) = 15.972, p =
6.96 X 107 %). A post hoc Tukey’s test showed that these
changes were significant at concentrations of =10 um
(Fig. 2Aiii). Interestingly, a one-way repeated-measures
ANOVA showed that W7 changed proctolin-induced I,
amplitude at =15 mV (F, 15y = 3.243, p = 0.035%). How-
ever, this appeared to be a biphasic effect, because post
hoc tests revealed that only at a concentration of 10 um
was the amplitude significantly different from that of con-
trols, but not at higher concentrations (data not shown).
We also replicated these results for 1 um CCAP (control
slope = —0.013 =+ 0.003 uS; 33 um W7 slope = —0.003
+ 0.003; paired Student’s t test (t5) = —2.625, p = 0.047,
n = 6'; see also Fig. 8). In contrast, no significant effect on
amplitude at —15 mV was found for CCAP-induced Iy,
(paired Student’s t test: t) = —0.435, p = 0.681,n = 6™),
but concentrations of W7 <33 um were not tested for
CCAP-induced /y,. The findings for CCAP-activated I,
support the hypothesis that activated calmodulin medi-
ates I, voltage dependence.

The calmodulin inhibitor calmidazolium reduces I,
voltage dependence

Although W7 increases neuromodulator-induced Iy,
slope, and it has been shown to inhibit calmodulin-
dependent effects in other crab species (Peracchia,
1987), it is known to also have nonspecific effects on
calmodulin-activated proteins and calmodulin-like pro-
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Figure 2. The effect of calmodulin inhibitors on /,, voltage dependence. Left, Proctolin-induced /,, at different concentrations of W7.
Ai, Representative I-V curves of a W7 experiment. Aii, Averaged -V curves across W7 experiments. Aiii, Quantification of W7 data.
A one-way repeated-measures ANOVA showed that W7 changed the proctolin-induced /y, slope (F4 1) = 15.972, p = 6.96 X 107°9),
Error bars indicate the SEM. Tukey’s test; xp < 0.05; *+xp < 0.001. Right, Proctolin-induced /,,, in different concentrations of
calmidazolium (CDZ). Bi, Representative -V curves. Bii, Average I-V curves from all calmidazolium experiments. Biii, Quantification
of all calmidazolium data. A one-way repeated-measures ANOVA showed that calmidazolium significantly altered Iy, slope (F(5 o) =
4.846, p = 0.028"). However, no significant post hoc pairwise differences were observed. Tukey’s post hoc test, p < 0.05. Error bars

indicate the SEM. Data are from LP neurons.

teins. For example, W7 has been shown to directly inhibit
calmodulin-activated proteins themselves, such as myo-
sin light chain kinase (MLCK), independent of calmodulin
activity (Inagaki et al., 1986; Saitoh et al., 1987), and it has
been used both to purify (Todoroki et al., 1991) and to
inhibit (Millward et al., 1998) other EF-hand domain pro-
teins. Thus, having no known direct assay for calmodulin
function in this system, we decided to use structurally
different calmodulin inhibitors, and selected non-naph-
thalene—sulfonamide calmodulin inhibitors fluphenazine
and calmidazolium. The D,/D, receptor antagonist, and
calmodulin inhibitor, fluphenazine appeared to be toxic to
our cells at concentrations far below those required for
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calmodulin inhibition (1 mwm) in crayfish muscle (Sedimeier
and Dieberg, 1983; n = 3; data not shown). Calmidazo-
lium showed no toxic effects and increased I, slope in
a dose-dependent manner (Fig. 2Bi,Bii). A one-way
repeated-measures ANOVA showed that calmidazolium
significantly altered /, slope (F3 o = 4.846, p = 0.028"),
although post hoc analysis did not show specific concen-
tration effects (Fig. 2Biii). This is consistent with the hy-
pothesis that activated calmodulin mediates /,,, voltage
dependence. Interestingly, a one-way repeated-measures
ANOVA test showed that calmidazolium also significantly
altered Iy, amplitude at —15 mV (F3q = 6.382, p =
0.013°). This reduction in I, amplitude is consistent with
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Table 3: Drugs that affected I, slope
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Drug name [Drug] [Ca]
w7 0 um 13 mm
0.1 um 13 mm
1 um 13 mm
10 um 13 mm
100 um 13 mm
Calmidazolium 0 um 13 mm
0.1 um 13 mm
0.3 um 13 mm
0.0 um 13 mm
Dantrolene 0 um 13 mm
3.3 um 13 mm
CALP1 0 um 2 mm
1 um 2mm
10 pm 2 mm
50 um 2 mm
KN-93 0 um 13 mm
Low dose 13 mm
High dose 13 mm
Pertussis toxin 0 pg/ml 13 mm
0 ng/mi 2 mm
10 pg/ml 13 mm
10 pg/ml 2 mm
GTP~S 0 mm 13 mm
0mm 2 mm
10 mm 13 mm
10 mm 2 mm
Gallein 0 um 13 mm
1 um 13 mm
3 um 13 mm
ML-7 0 um 13 mm
0.1 um 13 mm
1 um 13 mm
10 um 13 mm
Dynasore, W7 0,0 um 13 mm
0, 33 um 13 mm
33, 0 um 13 mm
33, 33 um 13 mm
R568 0 um 13 mm
0 um 2 mm
10 um 13 mm
10 pm 2 mm

Neuromodulator n I slope (nS)
Proctolin 12 -21.7 = 3.7
Proctolin 5 —-13.5+ 4.2
Proctolin 6 —11.2 = 2.4%
Proctolin 6 —11.4 + 3.9
Proctolin 6 +13.1 = 3.4sxx
Proctolin 6 —-20.4 = 10.6
Proctolin 2 —-18.7 = 111
Proctolin 6 +1.6 =14
Proctolin 4 +43 49
Proctolin 6 —-8.1 +3.2
Proctolin 6 +1.6 = 1.9%x
Proctolin 11 +18.2 49
Proctolin 4 +10.2 = 6.4
Proctolin 4 +28.2 + 3.8
Proctolin 2 +23.5+94
Proctolin 7 —21+42
Proctolin 5 +0.8 +5.8
Proctolin 2 +16.6 = 2.2
Proctolin 7 -3.1+29
Proctolin 6 +14.4 + 3.1
Proctolin 7 +15=*+29
Proctolin 6 +21.5 = 3.1
Proctolin 9 -22+29
Proctolin 8 +11.5 = 3.1
Proctolin 5 —6.7 4.0
Proctolin 4 +15.2 + 4.4
Proctolin 9 —-54+16
Proctolin 9 +1.5 + 1.9%
Proctolin 9 +0.7 = 2.8
Proctolin 12 -42 *+1.5
Proctolin 12 +1.7 = 2.3«
Proctolin 10 +4.5 + 1.4
Proctolin 7 +3.1 = 2.4
CCAP 18 -11.3+1.3
CCAP 6 —0.4 *+ 2.3k
CCAP 6 -12.6 = 2.3
CCAP 6 —-7.7 £ 2.3t
Proctolin 10 —-0.7+ 45
Proctolin 6 +16.5+ 5.9
Proctolin 4 +17.3 = 7.2%
Proctolin 4 +36.9 = 7.2%

Data are reported as the mean + SEM. All data were obtained from LP neurons.

Tukey’s test/t test p value vs control: #p < 0.05, **p < 0.01, *+xp < 0.001; Tp < 0.05 vs W7 alone; $p < 0.05 vs low-calcium control.

that observed for proctolin-induced /,,, at 10 um concen-
tration of W7 shown previously. All three experiments (W7
on both proctolin and CCAP-activated /,,, and calmida-
zolium on proctolin-activated /,,), however, showed a
consistent inhibitory effect on slope, supporting the hy-
pothesis that activated calmodulin mediates both
proctolin- and CCAP-induced /, voltage dependence.

The calmodulin agonist CALP1 does not restore Iy,
voltage dependence in low calcium

As the preceding results suggested that activated cal-
modulin mediated the voltage dependence of /y,, we
predicted that calmodulin agonists should be able to
restore I, voltage dependence in a low-extracellular
calcium solution. We applied the calmodulin activator
CALP1, a membrane-permeable peptide that locks the
EF-hand domains of calmodulin in the “on state,” thus
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bypassing the requirement for calcium (Manion et al.,
2000), with the prediction that this should make the /Iy,
slope more negative in low-calcium solutions. Two hour
incubations of CALP1 at 1 um (n = 4), 10 um (n = 4), and
50 um (n = 2) showed no significant effect on proctolin-
induced I, slope (one-way ANOVA: F; 1 = 1.077, p =
0.387)° or amplitude (one-way ANOVA: Fg 4 = 0.437,
p = 0.729)% in a low-calcium saline solution (Table 3).
Similarly, when this experiment was repeated with over-
night incubations in 50 um CALP1 (n = 3), no difference
was observed compared with control solutions (n = 2) for
either slope (Student’s t test: f; = 0.44, p = 0.689)" or
amplitude (Student’s f test: t5 = 0.777, p = 0.494°). We
do not have a satisfactory explanation for these results at
this point, except that CALP1 may not be effective in
crustaceans or that, once calmodulin is dislodged from
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Table 4: Statistical tests
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Letter, experiment name

2 Low-calcium effect on RMP Normal
° Low-calcium effect on Ry, Normal
© BSA effect on low calcium-induced depolarization Normal
9 BSA effect on low calcium-induced effects of Ry, Non-normal
¢ Effect of low calcium on Iy, amplitude Normal
f Effect of application number on Iy, amplitude in normal calcium Normal
9 Effect of application number on slope in normal calcium Normal
" Effect of application number on Iy, amplitude in low calcium Normal
| Effect of application number on slope in low calcium Normal
1 W7 effect on proctolin-induced Iy slope Normal
K W7 effect on proctolin-induced Iy, amplitude Normal
W7 effect on CCAP-induced Iy slope Normal
™ W7 effect on CCAP-induced Iy, amplitude Normal
" Effect of calmidazolium on proctolin-induced Iy, slope Normal
© Effect of calmidazolium effect on proctolin-induced Iy, amplitude ~ Normal
P Effect of CALP1 (2 h) on proctolin-induced Iy, slope Normal
9 Effect of CALP1 (2 h) on proctolin-induced Iy, amplitude Normal
" Effect of CALP1 (overnight) on proctolin-induced Iy slope Normal
S Effect of CALP1 (overnight) on proctolin-induced Iy amplitude Normal
t Dantrolene effect on proctolin-induced Iy, slope Normal
Y Dantrolene effect on proctolin-induced ly; amplitude Normal
" KN-93 effect on proctolin-induced ly, slope Normal
X KN-93 effect on proctolin-induced Iy, amplitude Normal
Y Effect of gallein on proctolin-induced ly, slope Normal
% Effect of gallein on proctolin-induced Iy amplitude Normal
a2 Effect of NPS-2143 on proctolin-induced ly, slope Normal
@ Effect of NPS-2143 on proctolin-induced ly; amplitude Normal
8 ML7 effect on proctolin-induced Iy, slope Normal
ad VL7 effect on proctolin-induced Iy, amplitude Normal
@ Effect of dynasore on W7’s reduction of ly, voltage dependence ~ Normal
af Effect of dynasore on effect of W7 on I, amplitude Normal
29 R568 effect on proctolin-induced Iy, slope Normal
ah R568 effect on proctolin-induced Iy, amplitude Non-normal

Data structure (distribution)

Type of test Power (« = 0.05)

Two-tailed paired t test 1.00
Two-tailed paired t test 0.84
Two-tailed t test 1.00
Mann-Whitney rank sum test 0.17:
One-way ANOVA 0.30
One-way ANOVA, post hoc Tukey’s tests 0.81
One-way ANOVA, post hoc Tukey’s tests 0.81

Calcium = 0.05
Application = 0.90
Interaction = 0.59
Calcium = 0.94
Application = 0.05
Interaction = 0.13
One-way repeated-measures ANOVA, post hoc Tukey’s tests ~ 1.00

One-way repeated-measures ANOVA, post hoc Tukey’s tests  0.54

Two-tailed paired t test 0.50

Two-tailed paired t test 0.05

One-way repeated-measures ANOVA, post hoc Tukey’s tests  0.62

One-way repeated-measures ANOVA, post hoc Tukey’s tests ~ 0.78

Two-way repeated-measures ANOVA, post hoc Tukey’s tests

Two-way repeated-measures ANOVA, post hoc Tukey’s tests

One-way ANOVA 0.07
One-way ANOVA 0.05
Two-tailed t test 0.10
Two-tailed t test 0.10
Two-tailed paired t test 0.91
Two-tailed paired t test 0.77

One-way repeated-measures ANOVA, post hoc Tukey’s tests ~ 1.00

One-way repeated-measures ANOVA, post hoc Tukey’s tests ~ 1.00

One-way repeated-measures ANOVA, post hoc Tukey’s tests ~ 0.56

One-way repeated-measures ANOVA, post hoc Tukey’s tests  0.13

One-way repeated-measures ANOVA, post hoc Tukey’s tests ~ 0.57

One-way repeated-measures ANOVA, post hoc Tukey’s tests ~ 0.06

One-way repeated-measures ANOVA, post hoc Tukey’s tests  0.95

One-way repeated-measures ANOVA, post hoc Tukey’s tests ~ 0.71

Two-way ANOVA, post hoc Tukey’s tests W7 = 0.99
Dynasore = 0.55
Interaction = 0.26
W7 = 0.88
Dynasore = 0.10
Interaction = 0.17

Two-way ANOVA, post hoc Tukey’s tests

Two-way ANOVA, post hoc Tukey’s tests Calcium = 0.86
R568 = 0.89
Interaction = 0.10

Two-way ANOVA, post hoc Tukey’s tests Calcium = 1.00
R568 = 1.00

Interaction = 0.70

All data obtained from LP neurons. RMP is resting membrane potential, Rin is input resistance.

#Post hoc power calculation performed for t test.

the receptor because of the low-calcium condition, it
cannot be reactivated by CALP1 (see Discussion).

Intracellular calcium effects

Our hypothesis that calcium-activated calmodulin medi-
ates /, voltage dependence can be tested (indirectly) by
lowering the intracellular calcium concentration, with the
prediction that this will reduce activated calmodulin level
and in turn decrease /, voltage dependence (i.e., in-
crease the /I, slope).

The calcium chelator BAPTA-AM does not alter |,,, or
the transient high-threshold potassium current

In order to lower intracellular calcium concentrations, we
tried both incubating preparations in 30 um membrane-
permeable calcium chelator BAPTA-AM for 2 h (n = 6),
and overnight (~18 h) at 30 um (n = 3) and 100 um (n = 5).
In all of these experiments, no significant changes in I,
slope or amplitude were observed (data not shown). Sur-
prisingly, we also saw no change in the high-threshold
potassium current (/yx)- /1x is dominated by a large Ca-
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dependent potassium current (Graubard and Hartline, 1991;
Golowasch and Marder, 1992a) and was thus expected to
be greatly affected. We conclude that BAPTA-AM may be
ineffectual in these cells (cells may lack the intracellular
esterases or BAPTA may be locked in the wrong intracellular
compartment after de-esterification) or its buffering capacity
may be too small to handle the large influx of calcium in this
system. These observations are consistent with similar ob-
servations in C. borealis cardiac ganglion neurons in which
lutk was also unaffected by BAPTA-AM (Ransdell et al.,
2012). Our attempts to inject BAPTA directly into a different
cell type, the pyloric dilator, PD, cell by iontophoresis (n = 3)
produced inconsistent and inconclusive results, presumably
because of the effects of current injection on /,;1«, such as
those reported by Golowasch et al. (1999).

The ryanodine receptor antagonist dantrolene reduces
Iy voltage dependence

We found that incubation with the ryanodine receptor
antagonist dantrolene, a known inhibitor of ryanodine
receptors in crustaceans (Olivares et al., 1993; Porras
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Figure 3. The ryanodine antagonist dantrolene reduces /,, volt-
age dependence. A, Representative /-V curve of the proctolin-
induced I, before (black trace) and after (red trace) application
of 3.33 um dantrolene. B, Averaged /-V curves of all dantrolene
experiments. C, Quantification of dantrolene data shown in B. A
paired two-tailed Student’s t test showed that dantrolene signif-
icantly increased proctolin-induced /y, slope (¢, = —4.230, p =
0.008"). #p < 0.05. Error bars indicate the SEM. Recordings are
from LP neurons.

et al., 2001) was effective in changing the I, slope. As
ryanodine receptors mediate calcium-induced calcium re-
lease (Zhao et al., 2001), incubation in dantrolene was
expected to lower intracellular calcium levels and thus
reduce /, voltage dependence. Indeed, incubation in 3.33
uM dantrolene reduced proctolin-induced |/, voltage de-
pendence (Fig. 3). Figure 3A shows a representative ex-
ample, and Figure 3B shows the averages from a set of six
experiments. A paired two-tailed Student’s t test showed
that dantrolene significantly increased I, slope (ts =
—4.230, p = 0.008%; Fig. 3C). This is consistent with the
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hypothesis that calcium-activated calmodulin is neces-
sary for I, voltage dependence. Dantrolene also signifi-
cantly decreased [, amplitude at —15 mV (paired
Student’s t test: t) = —3.502, p = 0.017"). These results
are consistent with our previous calmodulin inhibitor re-
sults, which suggest a dual role for intracellular calcium
and calmodulin in the regulation of I, voltage depen-
dence and activation.

Role of calmodulin-activated kinases in I, voltage
dependence

In order to determine whether calmodulin-activated pro-
teins play a role in I, voltage dependence, we investi-
gated inhibitors of calmodulin-activated kinases and
phosphatases. In fact, the best known case of voltage
dependence mediated by an intracellular signaling cas-
cade is that of “on” bipolar cells of dogfish retina that was
described by Shiells and Falk (2000) and appears to
require the activation of CaMKIIl. Therefore, we first ex-
amined the effects of the membrane-permeable CaMKI|
inhibitor KN-93, an inhibitor that has been successfully
used in crayfish neurons (Uzdensky et al., 2007). We
predicted that KN-93 should reduce I, voltage depen-
dence. As shown in Figure 4, A and B, KN-93 applied for
~2 h reduced proctolin-induced /,;, voltage dependence
in a dose-dependent manner. Figure 4A illustrates the
gradual increase in slope observed 50 min after washout
(solid green trace) and then 110 min after washout
(dashed green trace) from KN-93 application. For statis-
tical analysis, due to the low sample number, these
groups were divided into a control condition, a “low-
dose” KN-93 condition consisting of the combined data
forKN-93at2 um(n = 1), 4 um (n = 1), and 5 um (n = 3),
and a “high dose” KN-93 condition corresponding to the
combined data for KN-93 at 10 um (n = 1) and 20 um (n
=1). A one-way repeated-measures ANOVA showed that
KN-93 significantly increased proctolin-induced /,, slope
(Fo5) = 46.24, p = 5.96 X 10~*"). A post hoc Tukey’s test
shows that both the low-dose (p = 0.004) and high-dose
(p = 0.002) conditions were significantly different from
control and from one another (p = 0.043). On the other
hand, a one-way repeated-measures ANOVA also showed
that KN-93 significantly decreased the amplitude of
proctolin-induced I, at =15 mV (F, 5y = 34.09, p = 0.001),*
with a post hoc Tukey’s test showing that both the low dose
(o = 0.013) and high dose (p = 0.003) conditions were
significantly different from control and from one another (o =
0.034). Combined with the finding that a CaMKII-like enzyme
has been identified in the stomatogastric nervous system of
crustaceans (Withers et al., 1998), our results suggest that
CaMKII plays a dual role in both /,,, voltage dependence and
activation.

The calcium-sensing receptor hypothesis

The results reported so far are clearly not consistent with
the original hypothesis of Golowasch and Marder (1992b)
of an extracellular voltage-dependent block of /,, chan-
nels by calcium. Instead, it indicates a clear role of extra-
cellular calcium mediated by a calmodulin-dependent
mechanism.
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Figure 4. The CaMKIl inhibitor KN-93 reduces /,, voltage de-
pendence. Proctolin-induced |/, at different concentrations of
KN-93. For statistical analysis, KN-93 was grouped into a low-
dose (2-5 um) and a high-dose (10-20 um) group, in addition to a
control group (0 um). A, Representative I~V curves for a KN-93
experiment. B, Averaged /-V curves for all KN-93 experiments.
C, Quantification of data shown in B. A one-way repeated-
measures ANOVA showed that KN-93 significantly increased
proctolin-induced /y, slope (F, 5y = 46.239, p = 5.96 X 1074w,
Recordings are from LP neurons.

Slope (uS)

We hypothesized that the activation by extracellular
calcium of CaSRs, which are known to require binding of
activated calmodulin for their stable expression on the cell
surface (Huang et al., 2010), might explain the voltage
dependence of /,. CaSRs are known to be G-protein-
coupled receptors of the metabotropic glutamate recep-
tor family (Conigrave et al., 2007; Conigrave and
Hampson, 2010; Huang et al., 2010), and we propose that
the activation of such a G-protein-coupled CaSR provides
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a voltage dependence signal to /, (see Fig. 10). Accord-
ing to this model, in a low-calcium saline solution, the
CaSR ligand is missing, which leads to the observed loss
of voltage dependence. This would also explain the loss
of voltage dependence in the presence of calmodulin
inhibitors, which are known to destabilize the receptor
and lead to its subsequent endocytosis (Huang et al.,
2010). Below, we test this hypothesis.

The By-subunit inhibitor gallein decreases Iy,
voltage dependence

The CaSR is a member of the (class 3/C) G-protein-
coupled metabotropic glutamate receptor family, typically
associated with G, or G; signaling (Conigrave et al., 2007;
Conigrave and Hampson, 2010; Huang et al., 2010). No
commercially available inhibitors of G, are currently avail-
able. Thus, we targeted G; by using the G./G; inhibitor
pertussis toxin as well as the nonhydrolyzable GTP deriv-
ative GTPyS and detected no changes in the slope of /,
(Table 3). Similarly, we saw no evidence that G; was
involved, because the pertussis toxin did not produce
changes to the I, slope (Table 3). To test the possibility
that the GBy-subunits may be involved, we examined the
effects of the inhibitor gallein and found that it significantly
reduced the proctolin-induced I/, voltage dependence
(Fig. 5A,B). As shown in Figure 5, A and B, increasing
concentrations of gallein increased proctolin-induced Iy,
slope in a dose-dependent manner (Table 3). A one-way
repeated-measures ANOVA showed that this effect was
statistically significant (F, 15y = 4.445, p = 0.029Y), with
concentrations of 1 um already at saturation level (Fig.
5C). Importantly, this modulation appeared to be indepen-
dent of I, activation, because a one-way repeated-
measures ANOVA showed that gallein did not significantly
change I, amplitude at =15 mV (Fp 1 = 2.337, p =
0.129%). These results suggest that /,, voltage depen-
dence may be modulated by G-protein-coupled recep-
tors, specifically via By-subunits of heterotrimeric
G-proteins.

The specific CaSR antagonist NPS-2143 reduces Iy,
voltage dependence

If Iy voltage dependence is due to signaling by CaSR,
then the specific CaSR antagonist NPS-2143 should in-
crease I, slope in a dose-dependent manner. As shown
in Figure 6, A and B, NPS-2143 applied in the presence of
normal calcium levels increased proctolin-induced Iy,
slope. A one-way repeated-measures ANOVA showed
that NPS-2143 significantly altered proctolin-induced Iy,
slope (F 0 = 3.314, p = 0.029%; Fig. 6C, Table 3). In
contrast, a one-way repeated-measures ANOVA showed
that NPS-2143 did not significantly alter /,, amplitude at
=15 mV [Fyy 00 = 1.085, p = 0.388%). These results are
consistent with the hypothesis that /,, voltage depen-
dence is mediated by active detection of extracellular
calcium by a CaSR.

The MLCK inhibitor ML-7 reduces I, voltage
dependence

MLCK is inhibited by W7 independently of calmodulin
(Inagaki et al., 1986). It is involved in both muscarinic (So
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Figure 5. The GBy-subunit inhibitor gallein increases /,,, slope.
A, Representative /-V curves of proctolin-induced /,,, in gallein.
B, Averaged |-V curves of proctolin-induced /, for all gallein
experiments. C, Quantification of the data shown in A. B, A
one-way repeated-measures ANOVA showed that gallein signif-
icantly increased proctolin-induced Iy slope (Fi, 1¢) = 4.445,p =
0.029Y). Error bars indicate the SEM. Tukey’s test, *p < 0.05.
Recordings are from LP neurons.

and Kim, 2003) and noradrenergic (Aromolaran et al.,
2000) activation of sodium-permeable voltage-gated
cationic currents in mammalian smooth muscle and
bradykinin-induced reductions in manganese influx (and,
presumably, intracellular calcium) in endothelial cells
(Takahashi et al., 1997). However, most importantly,
MLCK has been proposed to act downstream of CaSR
signaling (Conigrave et al., 2007). For these reasons, we
measured proctolin-induced /,, in the presence of the
specific MLCK inhibitor ML-7, which is known to be ef-
fective in other crustacean systems (Yamamoto et al.,
1998; Chen et al., 2012). Our prediction was that, if MLCK
mediates CaSR signaling, we should observe a dose-
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Figure 6. The specific CaSR antagonist NPS-2143 increases I,
slope in a normal calcium condition in LP neurons. A, Represen-
tative -V curves showing the effect of NPS-2143 (NPS) at dif-
ferent concentrations on proctolin-induced /. B, Averaged -V
curves of all NPS-2143 experiments. C, Quantification of all
NPS-2143 data. A one-way repeated-measures ANOVA showed
that NPS-2143 significantly altered proctolin-induced /,, slope
(Fu00 = 3.314, p = 0.029%). Error bars indicate the SEM.
Tukey’s test, *p < 0.05.

dependent increase in I, slope. As shown in Figure 7, A
and B, ML-7 increased proctolin-induced /I, slope in a
dose-dependent manner. A one-way repeated-measures
ANOVA showed that ML-7 significantly increased
proctolin-induced /y; slope (F3 26 = 7.503, p = 8.92 X
10743 Fig. 7C, Table 3), which is consistent with our
hypothesis that CaSR mediates /,,, voltage dependence.
A post hoc Tukey’s test showed that this was significant
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Figure 7. The MLCK inhibitor ML-7 reduces the voltage depen-
dence of I, in LP neurons. A, Representative -V traces of
proctolin-induced I, in the presence of various concentrations
of ML-7. B, Averaged /-V traces for all ML-7 experiments. C, A
one-way repeated-measures ANOVA showed that ML-7 in-
creased proctolin-induced /y, slope (F(3 o) = 7.503, p = 8.92 X
107429, Error bars indicate the SEM. Tukey’s test: #p < 0.05; #xp
< 0.01; =##p < 0.001.

at concentrations as low as 0.1 um (o = 0.024). ML-7 also
appeared to reduce proctolin-induced /[, amplitude at
high concentrations. A one-way repeated-measures
ANOVA showed that ML-7 decreased proctolin-induced
Iy amplitude at —15 mV (Fg,6 = 4.468, p = 0.012%),
with a post hoc Tukey’s test showing that this inhibition
was significant only at concentrations of =1 um (p =
0.035; data not shown).
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Preincubation in the endocytosis inhibitor dynasore
prevents W7-induced reduction in voltage
dependence

If the loss of I, voltage dependence in W7 is due to the
loss of CaSR signaling due to receptor endocytosis
(Huang et al., 2010), then the blockade of endocytosis is
expected to prevent W7-induced reductions in /, voltage
dependence. To test this, we constructed a 2 X 2 exper-
imental design using CCAP to induce Iy,. I, was mea-
sured in the presence of a 33 um concentration of the
endocytosis inhibitor dynasore (cell-permeable dynamin
inhibitor; 1C5, for human Dyn1 and Dyn2, ~15 um; Macia
et al., 2006) and an effective concentration of W7 (i.e., 33
um; Fig. 2). A two-way ANOVA for factors W7 and dyna-
sore showed a significant increase in CCAP-induced Iy,
slope with W7 (as also observed with proctolin-induced
Iwi Fig. 2A; W7: F435 = 14934, p = 512 X 1074
dynasore: F( 50y = 4.317, p = 0.046; interaction: F 3, =
2.109, p = 0.156). The weak significance of the dyna-
sore condition in this ANOVA originates entirely from the
effect of dynasore in the presence of W7 (Fig. 88,C, green
vs red: post hoc Tukey’s test, p = 0.003; Table 3). CCAP-
induced [, shows a markedly increased slope in the
presence of 33 um W7 alone (Fig. 8A-C, red) compared
with control (black traces; post hoc Tukey’s test, p <
0.001; Table 3). However, in contrast to W7 alone, and
consistent with our prediction, when cells were preincu-
bated in 33 um dynasore, and then exposed to 33 um W7
in the presence of dynasore (Fig. 88,C, green), no signif-
icant difference was observed when compared with dy-
nasore alone (Fig. 8B,C, blue): post hoc Tukey’s test, p =
0.129 (Table 3). Note that incubation in dynasore alone
(Fig 8A-C, blue) had no significant effect on I, slope
compared with control (o = 0.624; Table 3). These results
indicate that incubation in dynasore prevents W7-induced
loss of voltage dependence of /. Although we did not
expect a change in CCAP-induced amplitude at —15 mV,
a two-way ANOVA for factors dynasore and W7 showed
that W7, but not dynasore, produced significant changes
in Iy, amplitude (W7: F4 35, = 8.738, p = 0.006; dynasore:
F1,32) = 0.0001, p = 0.991; interaction: F 35y = 1.472, p
= 0.234%). However, a Tukey’s test showed that this
effect arose only from a significant difference between
dynasore and W7 preincubated with dynasore (p =
0.011), while the other treatments did not significantly
contribute to this trend.

The specific CaSR agonist R568 reduces /,,, voltage
dependence

Because we observed an increase in the proctolin-
induced /\,, slope in the presence of the CaSR antagonist
NPS-2143, we predicted that incubation in the specific
CaSR agonist R568 should decrease or leave the slope
unaltered in normal calcium, but should make the slope
more negative (restore voltage dependence) in low-
calcium conditions. In contrast to our expectations, 10 um
R568 increased both proctolin-induced /,,, slope and am-
plitude in both normal and low-calcium conditions (Fig.
9A,B). A two-way ANOVA for factors R568 and calcium
showed significant changes in proctolin-induced /,, slope
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Figure 8. The endocytosis inhibitor dynasore prevents W7-induced increases in I, slope in LP neurons. CCAP-induced /,, was
measured before (black) and after exposure to the following: 33 um W7 for 45-65 min (red); dynasore for 45-80 min (blue); 20 min in
33 um dynasore, then 45-60 min in 33 um dynasore plus 33 um W7 (green). A, Representative I~V curves of W7 effect (top) and
dynasore effect (bottom). B, Average /-V curves of all experiments. C, Average slope of CCAP-induced /,, from data in B and two-way
ANOVA for the effects of factors dynasore and W7 on slope (W7: F(5 50 = 14.934, p = 5.12 X 10~%; dynasore: Faao =4317,p =
0.046; Interaction: Fy 55 = 2.109, p = 0.156%). Post hoc Tukey’s comparisons on slope: (1) W7 only vs control (o < 0.001); (2)
dynasore only vs control (o = 0.624); (3) dynasore only vs dynasore plus W7 (p = 0.129); and (4) W7 only vs W7 plus dynasore (p =

0.03). Post hoc Tukey’s test: #p < 0.05; **xp < 0.001.

(calcium: Fy 50, = 8.560, p = 0.008; R568: F(; o) = 9.295,
p = 0.006; interaction: F; o0y = 0.0324, p = 0.859%9; Fig.
90C). Instead of the slope decreasing as expected, a post
hoc Tukey’s test showed that in a normal calcium condi-
tion, the proctolin-induced I, slope increased upon ex-
posure to R568 instead (p = 0.047). Likewise, in a low-
calcium condition, R568 increased proctolin-induced [y,
slope (p = 0.041; Fig. 9C, Table 3). These results are
consistent with the hypothesis that CaSR modulates /y,
voltage dependence, but are inconsistent with the pre-
dicted direction of this modulation (see Discussion). In
contrast with our expectation that /,, amplitude should
not be affected, a two-way ANOVA for factors R568 and
calcium showed significant changes in proctolin-induced
I\w amplitude at —15 mV (calcium: F; o) = 18.301, p =
3.67 x 10™%; R568: Fi20 = 23.447, p = 9.87 X 1075
interaction: F; 50 = 5.962, p = 0.0243"). A post hoc Tukey
test showed that the amplitude change was not significant
in the normal calcium condition (p = 0.091) but was
significant in the low-calcium condition (p < 0.001; data
not shown).
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Discussion
The voltage dependence of ion channels is most com-
monly due to the properties of a voltage sensor embed-
ded in the structure of the ion channels themselves.
Exceptions to this mechanism are the voltage-dependent
block of NMDA channels by magnesium (Ascher et al.,
1988), a CaMKIl-mediated phosphorylation of cGMP-
activated channels in dodfish retinal bipolar cells (Shiells
and Falk, 2001), calcineurin-mediated voltage depen-
dence in salamander bipolar cells (Snellman and Nawy,
2002), and activation of G-proteins in mammalian smooth
muscle (Zholos and Bolton, 1996). Here we report evi-
dence that a calmodulin-sensitive pathway activated by
extracellular calcium-sensing receptors may constitute
a novel mechanism of voltage dependence of the
neuromodulator-activated /,, in crab STG neurons.
Previous findings showed that extracellular calcium
regulates the voltage dependence of [, in a manner
analogous to the voltage-dependent magnesium block
of NMDA channels (Golowasch and Marder, 1992b).
Subsequently, the calmodulin inhibitor W7 was found to

eNeuro.sfn.org



New Research 14 of 19

A Voltage (mV) Voltage (mV)
80 -60 -40  -20 _ 80___-60 __ -40 __ -20
— 7’ r T T T
— — 7
..................... :/ | —
.....
‘‘‘‘‘‘‘‘‘ _/,-—\\——'_"'
........ o 34 -3 . K
— Control < — R568, normal Ca"™* =
* LowCa™" £ * R568, low Ca"™* | £
= 9 — Wash, normalCa’" 61 =
— Wash c =
S o
S - o] 3
B Voltage (mV) Voltage (mV)

-80 -60 -40 -20

80 _ 60 _-40 _ -20 |

_3-
<
£

— Control, normal Ca"*, n = 10| -6- g

— R568, normal Ca'*, n =4 =
O

9

-0.02 - Control R568

10 6 4 4

IIIIIIIIIII 'I'I

FFFEE
T
izt
.. Control, low Ca'* , n=6 o S
~R568, low Ca", n = 4

++
M Normal Ca

++
Low Ca

Figure 9. The CaSR agonist R568 increases proctolin-induced /, slope in LP neurons. Proctolin-induced /,, was measured in the
presence (red) or absence (black) of 10 um CaSR agonist R568 in either 13 mm CaClI2 (solid) or 2 mm CaCl2 (striped). A, Left,
Representative /-V curves of proctolin-induced /,, in 13 mm CaCl2 (black solid), 2 mm CaCl2 (black dotted), and 13 mm CaCl2 (green
solid) after a 1 h wash. Right, Representative /-V curves of proctolin-induced /,, in the presence of 10 um CaSR agonist R568 in normal
(13 mwm) calcium (red solid), low (2 mwm) calcium (red dotted), and then in normal calcium after 1 h wash from R568 (green solid). B
Left, Averaged -V traces of all proctolin-induced /,,, experiments in normal calcium in the presence (red solid) or absence (black solid)
of 10 um R568. Right, Averaged I~V traces of all proctolin-induced /,,, experiments in a low-calcium condition in the presence (red
dotted) or absence (black dotted) of 10 um R568. C, Quantification of I, slope. Two-way ANOVA for factors R568 and calcium
showing significant changes in proctolin-induced /y,, slope (calcium: F 5o = 8.560, p = 0.008; R568: F(; ,q) = 9.295, p = 0.006;
interaction: Fy 5o = 0.0324, p = 0.859%9). Error bars indicate the SEM. Tukey’s test: #p < 0.05; ##+#p < 0.001.

affect I, amplitude and perhaps voltage dependence
(Swensen and Marder, 2000). Based on this, we pre-
dicted that activated calmodulin is directly or indirectly
involved in the generation of [/, voltage dependence
(Fig. 10, summary diagram). We hypothesized that the
influx of calcium regulates calmodulin activity. This
would explain the reduction of voltage dependence in
low-extracellular calcium conditions. This was sup-
ported by our observations that calmodulin inhibitors
reduced proctolin-induced /I, voltage dependence (Fig.
2). Also supporting this is the finding that the ryanodine

March/April 2016, 3(2) e0038-16.2016

receptor antagonist dantrolene similarly decreased I,
voltage dependence (Fig. 3), presumably by reducing
intracellular calcium release. More indirect support was
provided by inhibitors of calmodulin-activated proteins
KN-93 and ML-7 (Figs. 4, 7, 10), which are capable of
reducing I, voltage dependence. Unexpectedly, we
found that, although /,, voltage dependence in the
presence of normal calcium can be reduced by inhibi-
tors of calmodulin, voltage dependence cannot be re-
stored in low-calcium solutions by calmodulin
activators (e.g., CALP1). These results led us to con-
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Figure 10. A model for CaSR-mediated regulation of /,, voltage dependence. According to this model, /,,, channels are activated by
a neuropeptide receptor using a pathway (not shown here) independent from the depicted voltage dependence pathway. The voltage
dependence of I, is regulated by G-protein-coupled CaSRs. Calmodulin (CaM) stabilizes the receptor on the membrane, and
inhibitors of calmodulin lead to CaSR endocytosis. Green boxes and blunt-ended lines show agents that inhibit the indicated paths.
Arrows indicate activating pathways. Intracellular calcium release via ryanodine receptors is part of the source for calmodulin
activation, and both CaMKII and MLCK inhibit voltage dependence.

clude that calmodulin is necessary but not sufficient to
give rise to I, voltage dependence.

A new hypothesis: the calcium-sensing receptor
hypothesis

We propose that calcium-sensing receptors actively mon-
itor extracellular calcium activity and regulate I, voltage
dependence via a separate pathway than its neuromo-
dulator-dependent activation pathway (Fig. 10). We are
aware that this hypothesis does not represent a complete
understanding of the mechanism of calcium-dependent
voltage control of I, but identifies what we believe are
major players in this system. We expect this hypothesis to
constitute a framework for understanding our results and
for a more detailed examination of these ideas and their
implications in the future. A related mechanism has been
proposed for the regulation of activation of leak currents
in other systems (Lu et al., 2010). According to this hy-
pothesis, when extracellular calcium is lowered, CaSR
signaling to /, is reduced, and /,,, voltage dependence is
consequently decreased. This is supported primarily by
the finding that the CaSR antagonist NPS-2143 inhibits /,,,
voltage dependence (Fig. 6). Further, consistent with ex-
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isting views of CaSR function (Huang et al., 2010), we
claim that calmodulin antagonist-induced loss of voltage
dependence is due to CaSR endocytosis, which is sup-
ported by our observation that endocytosis inhibitors pre-
vent W7-induced reduction in voltage dependence (Fig.
8). Although all our data were collected in LP cells, we
predict that CaSR may play a similar role in modulating /y,
in all other neurons of the pyloric network since all display
the peptide-induced current /I, (Swensen and Marder,
2000), at least one additional identified neuron (the PD
neuron) has been shown to lose voltage dependence in
low-calcium conditions (Zhao et al., 2010), and Swensen
and Marder (2000) showed that some additional uniden-
tified neurons also show I, linearization in low-external
calcium conditions.

Interestingly, the specific CaSR agonist R568 (Nemeth
et al., 2001) did not restore I, voltage dependence in
low-calcium conditions, as expected (Fig. 9). In the ab-
sence of a positive control for R568 in crustaceans, one
possible explanation consistent with a model of CaSR-
mediating voltage dependence would be homologous de-
sensitization of CaSR (Gama and Breitwieser, 1998), with
agonist-dependent phosphorylation and B-arrestin inter-
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actions as a possible mechanism (Pi et al., 2005; Mudo
et al., 2009; Bandyopadhyay et al., 2010; Lu et al., 2010;
Vysotskaya et al., 2014; Vizard et al., 2015), although
CaSRs in other systems are noted for their resistance to
desensitization (Grant et al.,, 2011; Breitwieser, 20183;
Conigrave and Ward, 2013). According to our model, the
inability of R568 to restore voltage dependence in low-
calcium conditions suggests that strong stimulation of
CaSR by R568 could lead to endocytosis of the receptor
and loss of voltage dependence. Future studies should
test the effects of R568 in low-calcium conditions on
CaSR after the inhibition of endocytosis or of G-protein
receptor kinases with the expectation that this should
lead to the restoration of /,,, voltage dependence.

Is CaSR signaling required for stable expression of
neuromodulator-activated /,,?

We have observed that the desensitization of proctolin-
and CCAP-induced |/, is significantly faster in low-
calcium compared with normal calcium conditions
(Table 2). One possible explanation is that a minimum
amount of CaSR signaling may be required to stabilize /,
channels and their activation by neuromodulators. It is
unclear, however, whether this would occur at the level of
neuromodulator receptors, second messenger pathways,
or the I, channels. In agreement with I, requiring acti-
vated CaSR signaling is the finding that the inhibition of
MLCK, a suspected CaSR second messenger (Conigrave
et al., 2007), reduced I\, amplitude. However, NPS-2143,
a CaSR antagonist, would then be expected to reduce Iy,
activation, something we did not observe. Further, gallein,
which is known to reduce plasma membrane expression
of CaSR and phosphoinositide hydrolysis in response to
CaSR agonists in other systems (Grant et al., 2011),
should, in this case, reduce /,, amplitude. We have in fact
observed an inhibiting effect of gallein on I, but this was
not statistically significant. Unfortunately, without a direct
assay for CaSR, we cannot determine directly whether
gallein is affecting CaSR receptor expression. An indirect
means for assaying this in future studies would be to
survey the ability of NPS-2143 to alter /,, voltage depen-
dence at different gallein concentrations.

Is voltage dependence a target for meta-
modulation?

The findings that voltage dependence may be modulated
by a G-protein-coupled CaSR, together with the finding
that the GBy inhibitor gallein reduced Iy, voltage depen-
dence, implicating the G-protein By-subunit in the regu-
lation of I, voltage dependence, suggests that voltage
dependence itself could be a target of neuromodulation.
Consistent with this is the observation of Zhao et al.
(2010) that the negative linear slope region of the -V
curve of Iy, is all that is required to induce oscillatory
activity in this system. This observation was used to claim
that /,, in these cells is a pacemaker current (Zhao et al.,
2010). This indicates that oscillatory activity could be
regulated by modulation of the voltage dependence, in
addition to the activation levels, of a current. Voltage
dependence has been shown to be a target of second
messenger pathways before, albeit in a nonoscillatory
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system (Zholos and Bolton, 1996; Nawy, 2000; Shiells and
Falk, 2001; Snellman and Nawy, 2002). Therefore, it would
be interesting to examine the comodulation in this system
in further detail to see whether voltage dependence itself
could be the direct target of neuromodulation.

To conclude, the novel role for extracellular calcium
reported here adds another layer of complexity to the role
of calcium in the regulation of neuronal activity. Besides
its ubiquitous role as intracellular second messenger of
calcium, there is mounting evidence that calcium plays an
increasingly important role as an extracellular ligand. Not
only does calcium regulation play a vital role in parathy-
roid (Ho et al., 1995; McGehee et al., 1997; Pi et al., 2005),
bone (Kameda et al., 1998), intestine (Cheng et al., 2002;
Conigrave et al., 2007; Grant et al., 2011), and kidney
function (Aida et al., 1995), but increasingly also in the
modulation of neuronal activity (Mudo et al., 2009; Ban-
dyopadhyay et al., 2010; Lu et al., 2010; Vysotskaya et al.,
2014; Vizard et al., 2015).

What is the physiological role of CaSR in the
stomatogastric ganglion?

As Zhao et al. (2010) have suggested, the negative slope
conductance region of I, controls the oscillatory charac-
ter of these neurons. Thus, local extracellular calcium
concentration changes could create a gradient of activity
from tonic spiking at low concentrations, where I, is less
voltage dependent, to the classic triphasic pyloric slow
rhythm at normal calcium concentrations, in which nega-
tive slope conductance is present. Thus, the crucial ques-
tion is: do extracellular calcium levels change significantly
for CaSR activity to be affected? In contrast to verte-
brates, in invertebrates extracellular calcium can vary dra-
matically during molting (Ziegler et al., 2000; Ahearn et al.,
2004). On the other hand, in other systems, CaSR has
been proposed to inhibit synaptic release when extracel-
lular calcium levels are high through a presynaptic mech-
anism. In this mechanism, CaSR inhibits a nonselective
cation current in normal calcium conditions, but when
local extracellular calcium drops, disinhibition of this cur-
rent compensates for the expected drop in synaptic re-
lease probability (Phillips et al., 2008; Jones and Smith,
2016). In mammals, local external calcium is known to
vary significantly under different conditions, both normal
and pathological, as follows: reductions of up to ~30%
are observed after 30 s of stimulation in cerebellum (Nich-
olson et al., 1978; Nicholson, 1980); reductions of >50%
are observed during seizure activity in cerebral cortex
(Heinemann et al., 1977); overall depletion occurs in hip-
pocampus (Rusakov and Fine, 2003); and significant de-
creases occur in dorsal root ganglion (Galvan et al., 1979).
Furthermore, in agreement with the activity of neurons
being controlled by external calcium concentration, is the
finding that CaSR is expressed in neurons in hippocam-
pus (Mudo et al., 2009; Kim et al., 2014; Bai et al., 2015;
Dong et al., 2015), cerebellum (Kapoor et al., 2008), cortex
(Kapoor et al., 2008; Phillips et al., 2008; Vyleta and Smith,
2011), striatum after experimentally induced stroke (Noh
et al,, 2015), and sensory neurons (Vysotskaya et al,
2014). If similar changes in external calcium levels were
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demonstrated in the STG, then CaSRs could indeed reg-
ulate pyloric activity by modifying the level of I, voltage
dependence.

Finally, it is possible that CaSR functions as a sensor of
amino acid level fluctuations, as it is known to do in the
mammalian intestine (Conigrave and Ward, 2013). This
would add another level of modulation of the pyloric
network that has not yet been explored.

References

Ahearn GA, Mandal PK, Mandal A (2004) Calcium regulation in
crustaceans during the molt cycle: a review and update. Comp
Biochem Physiol A Mol Integr Physiol 137:247-257. CrossRef
Medline

Aida K, Koishi S, Tawata M, Onaya T (1995) Molecular cloning of a
putative Ca(2+)-sensing receptor cDNA from human kidney.
Biochem Biophys Res Commun 214:524-529. CrossRef Medline

Aromolaran AS, Albert AP, Large WA (2000) Evidence for myosin
light chain kinase mediating noradrenaline-evoked cation current
in rabbit portal vein myocytes. J Physiol 524:853-863. Medline

Ascher P, Bregestovski P, Nowak L (1988) N-methyl-D-aspartate-
activated channels of mouse central neurones in magnesium-free
solutions. J Physiol 399:207-226. Medline

Bai S, Mao M, Tian L, Yu Y, Zeng J, Ouyang K, Yu L, Li L, Wang D,
Deng X, Wei C, Luo Y (2015) Calcium sensing receptor mediated
the excessive generation of B-amyloid peptide induced by hypoxia
in vivo and in vitro. Biochem Biophys Res Commun 459:568-573.
CrossRef Medline

Bandyopadhyay S, Tfelt-Hansen J, Chattopadhyay N (2010) Diverse
roles of extracellular calcium-sensing receptor in the central ner-
vous system. J Neurosci Res 88:2073-2082. CrossRef Medline

Bayliss DA, Viana F, Berger AJ (1992) Mechanisms underlying excit-
atory effects of thyrotropin-releasing hormone on rat hypoglossal
motoneurons in vitro. J Neurophysiol 68:1733-1745. Medline

Benson JA, Levitan IB (1983) Serotonin increases an anomalously
rectifying K+ current in the Aplysia neuron R15. Proc Natl Acad Sci
U S A 80:3522-3525. Medline

Bitencourt RM, Alpar A, Cinquina V, Ferreira SG, Pinheiro BS, Lemos
C, Ledent C, Takahashi RN, Sialana FJ, Lubec G, Cunha RA,
Harkany T, Koéfalvi A (2015) Lack of presynaptic interaction be-
tween glucocorticoid and CB1 cannabinoid receptors in GABA-
and glutamatergic terminals in the frontal cortex of laboratory
rodents. Neurochem Int 90:72-84. CrossRef Medline

Boéhm C, Pangalos M, Schmitz D, Winterer J (2015) Serotonin atten-
uates feedback excitation onto O-LM interneurons. Cereb Cortex
25:4572-4583. CrossRef Medline

Bose A, Golowasch J, Guan Y, Nadim F (2014) The role of linear and
voltage-dependent ionic currents in the generation of slow wave
oscillations. J Comput Neurosci 37:229-242. CrossRef Medline

Breitwieser GE (2013) The calcium sensing receptor life cycle: traf-
ficking, cell surface expression, and degradation. Best Pract Res
Clin Endocrinol Metab 27:303-313. CrossRef Medline

Chen ZF, Wang H, Matsumura K, Qian PY (2012) Expression of
calmodulin and myosin light chain kinase during larval settlement
of the Barnacle Balanus amphitrite. PLoS One 7:€31337. CrossRef
Medline

Cheng SX, Okuda M, Hall AE, Geibel JP, Hebert SC (2002) Expres-
sion of calcium-sensing receptor in rat colonic epithelium: evi-
dence for modulation of fluid secretion. Am J Physiol Gastrointest
Liver Physiol 283:G240-G250. CrossRef Medline

Coleman MJ, Konstant PH, Rothman BS, Nusbaum MP (1994) Neu-
ropeptide degradation produces functional inactivation in the
crustacean nervous system. J Neurosci 14:6205-6216.

Conigrave AD, Hampson DR (2010) Broad-spectrum amino acid-
sensing class C G-protein coupled receptors: molecular mecha-
nisms, physiological significance and options for drug
development. Pharmacol Ther 127:252-260. CrossRef

March/April 2016, 3(2) e0038-16.2016

New Research 17 of 19

Conigrave AD, Ward DT (2013) Calcium-sensing receptor (CaSR):
pharmacological properties and signaling pathways. Best Pract
Res Clin Endocrinol Metab 27:315-331. CrossRef Medline

Conigrave AD, Mun HC, Brennan SC (2007) Physiological signifi-
cance of L-amino acid sensing by extracellular Ca(2+)-sensing
receptors. Biochem Soc Trans 35:1195-1198. CrossRef Medline

Cymbalyuk GS, Gaudry Q, Masino MA, Calabrese RL (2002) Bursting
in leech heart interneurons: cell-autonomous and network-based
mechanisms. J Neurosci 22:10580-10592. Medline

Del Negro CA, Koshiya N, Butera RJ Jr, Smith JC (2002) Persistent
sodium current, membrane properties and bursting behavior of
pre-Botzinger complex inspiratory neurons in vitro. J Neurophysiol
88:2242-2250. CrossRef

Dong S, Li G, Zheng D, Wu J, Sun D, Yang F, Yu X, Li T, Sun A, Liu
J, Zhong X, Xu C, Lu F, Zhang W (2015) A novel role for the calcium
sensing receptor in rat diabetic encephalopathy. Cell Physiol
Biochem 35:38-50. CrossRef Medline

Erxleben CFJ, deSantis A, Rathmayer W (1995) Effects of proctolin
on contractions, membrane resistance, and non-voltage-
dependent sarcolemmal ion channels in crustacean muscle fibers.
J Neurosci 15:4356-4369. Medline

Fénelon VS, Casasnovas B, Simmers J, Meyrand P (1998) Develop-
ment of rhythmic pattern generators. Curr Opin Neurobiol 8:705-
709. Medline

Freschi JE (1989) Proctolin activates a slow, voltage-dependent
sodium current in motoneurons of the lobster cardiac ganglion.
Neurosci Lett 106:105-111. Medline

Galbavy W, Safaie E, Rebecchi MJ, Puopolo M (2013) Inhibition of
tetrodotoxin-resistant sodium current in dorsal root ganglia neu-
rons mediated by D1/D5 dopamine receptors. Mol Pain 9:60.
CrossRef Medline

Galvan M, Bruggencate GT, Senekowitsch R (1979) The effects of
neuronal stimulation and ouabain upon extracellular K+ and Ca2+
levels in rat isolated sympathetic ganglia. Brain Res 160:544-548.
Medline

Gama L, Breitwieser GE (1998) A carboxyl-terminal domain controls
the cooperativity for extracellular Ca2+ activation of the human
calcium sensing receptor. A study with receptor-green fluorescent
protein fusions. J Biol Chem 273:29712-29718. Medline

Golowasch J, Marder E (1992a) lonic currents of the lateral pyloric
neuron of the stomatogastric ganglion of the crab. J Neurophysiol
67:318-331. Medline

Golowasch J, Marder E (1992b) Proctolin activates an inward current
whose voltage dependence is modified by extracellular Ca®*. J
Neurosci 12:810-817. Medline

Golowasch J, Abbott LF, Marder E (1999) Activity-dependent regu-
lation of potassium currents in an identified neuron of the stoma-
togastric ganglion of the crab Cancer borealis. J Neurosci 19:
RC33.

Grant MP, Stepanchick A, Cavanaugh A, Breitwieser GE (2011)
Agonist-driven maturation and plasma membrane insertion of
calcium-sensing receptors dynamically control signal amplitude.
Sci Signal 4:ra78. CrossRef Medline

Graubard K, Hartline DK (1991) Voltage clamp analysis of intact
stomatogastric neurons. Brain Res 557:241-254. Medline

Haj-Dahmane S, Andrade R (1996) Muscarinic activation of a
voltage-dependent cation nonselective current in rat association
cortex. J Neurosci 16:3848-3861. Medline

Harris-Warrick RM, Coniglio LM, Barazangi N, Guckenheimer J,
Gueron S (1995) Dopamine modulation of transient potassium
current evokes phase shifts in a central pattern generator network.
J Neurosci 15:342-358.

Heinemann U, Lux HD, Gutnick MJ (1977) Extracellular free calcium
and potassium during paroxsmal activity in the cerebral cortex of
the cat. Exp Brain Res 27:237-243. Medline

Ho C, Conner DA, Pollak MR, Ladd DJ, Kifor O, Warren HB, Brown
EM, Seidman JG, Seidman CE (1995) A mouse model of human
familial hypocalciuric hypercalcemia and neonatal severe hyper-
parathyroidism. Nat Genet 11:389-394. CrossRef Medline

eNeuro.sfn.org


http://dx.doi.org/10.1016/j.cbpb.2003.10.012
http://www.ncbi.nlm.nih.gov/pubmed/15123199
http://dx.doi.org/10.1006/bbrc.1995.2318
http://www.ncbi.nlm.nih.gov/pubmed/7677761
http://www.ncbi.nlm.nih.gov/pubmed/10790163
http://www.ncbi.nlm.nih.gov/pubmed/2457087
http://dx.doi.org/10.1016/j.bbrc.2015.02.141
http://www.ncbi.nlm.nih.gov/pubmed/25747709
http://dx.doi.org/10.1002/jnr.22391
http://www.ncbi.nlm.nih.gov/pubmed/20336672
http://www.ncbi.nlm.nih.gov/pubmed/1479442
http://www.ncbi.nlm.nih.gov/pubmed/6574497
http://dx.doi.org/10.1016/j.neuint.2015.07.014
http://www.ncbi.nlm.nih.gov/pubmed/26196379
http://dx.doi.org/10.1093/cercor/bhv098
http://www.ncbi.nlm.nih.gov/pubmed/26021702
http://dx.doi.org/10.1007/s10827-014-0498-4
http://www.ncbi.nlm.nih.gov/pubmed/24668241
http://dx.doi.org/10.1016/j.beem.2013.03.003
http://www.ncbi.nlm.nih.gov/pubmed/23856261
http://dx.doi.org/10.1371/journal.pone.0031337
http://www.ncbi.nlm.nih.gov/pubmed/22348072
http://dx.doi.org/10.1152/ajpgi.00500.2001
http://www.ncbi.nlm.nih.gov/pubmed/12065312
http://dx.doi.org/10.1016/j.pharmthera.2010.04.007
http://dx.doi.org/10.1016/j.beem.2013.05.010
http://www.ncbi.nlm.nih.gov/pubmed/23856262
http://dx.doi.org/10.1042/BST0351195
http://www.ncbi.nlm.nih.gov/pubmed/17956310
http://www.ncbi.nlm.nih.gov/pubmed/12486150
http://dx.doi.org/10.1152/jn.00081.2002
http://dx.doi.org/10.1159/000369673
http://www.ncbi.nlm.nih.gov/pubmed/25547907
http://www.ncbi.nlm.nih.gov/pubmed/7540673
http://www.ncbi.nlm.nih.gov/pubmed/9914238
http://www.ncbi.nlm.nih.gov/pubmed/2586815
http://dx.doi.org/10.1186/1744-8069-9-60
http://www.ncbi.nlm.nih.gov/pubmed/24283218
http://www.ncbi.nlm.nih.gov/pubmed/217484
http://www.ncbi.nlm.nih.gov/pubmed/9792684
http://www.ncbi.nlm.nih.gov/pubmed/1373762
http://www.ncbi.nlm.nih.gov/pubmed/1347561
http://dx.doi.org/10.1126/scisignal.2002208
http://www.ncbi.nlm.nih.gov/pubmed/22114145
http://www.ncbi.nlm.nih.gov/pubmed/1720995
http://www.ncbi.nlm.nih.gov/pubmed/8656279
http://www.ncbi.nlm.nih.gov/pubmed/880984
http://dx.doi.org/10.1038/ng1295-389
http://www.ncbi.nlm.nih.gov/pubmed/7493018

leuro

Hooper SL, Moulins M (1989) Switching of a neuron from one net-
work to another by sensory-induced changes in membrane prop-
erties. Science 244:1587-1589. Medline

Huang Y, Zhou Y, Wong HC, Castiblanco A, Chen Y, Brown EM,
Yang JJ (2010) Calmodulin regulates Ca2+-sensing receptor-
mediated Ca2+ signaling and its cell surface expression. J Biol
Chem 285:35919-35931. CrossRef Medline

Inagaki M, Kawamoto S, Itoh H, Saitoh M, Hagiwara M, Takahashi J,
Hidaka H (1986) Naphthalenesulfonamides as calmodulin antago-
nists and protein kinase inhibitors. Mol Pharmacol 29:577-581.
Medline

Johnson BR, Peck JH, Harris-Warrick RM (1993a) Amine modulation
of electrical coupling in the pyloric network of the lobster stoma-
togastric ganglion. J Comp Physiol A 172:715-732.

Johnson BR, Peck JH, Harris-Warrick RM (1993b) Dopamine in-
duces sign reversal at mixed chemical-electrical synapses. Brain
Res 625:159-164. Medline

Johnson BR, Peck JH, Harris-Warrick RM (1995) Distributed amine
modulation of graded chemical transmission in the pyloric network
of the lobster stomatogastric ganglion. J Neurophysiol 74:437-
452. Medline

Jones BL, Smith SM (2016) Calcium-sensing receptor: a key target
for extracellular calcium signaling in neurons. Front Physiol 7:116.
CrossRef Medline

Kameda T, Mano H, Yamada Y, Takai H, Amizuka N, Kobori M, Izumi
N, Kawashima H, Ozawa H, lkeda K, Kameda A, Hakeda Y,
Kumegawa M (1998) Calcium-sensing receptor in mature oste-
oclasts, which are bone resorbing cells. Biochem Biophys Res
Commun 245:419-422. CrossRef Medline

Kapoor A, Satishchandra P, Ratnapriya R, Reddy R, Kadandale J,
Shankar SK, Anand A (2008) An idiopathic epilepsy syndrome
linked to 3q13.3-g21 and missense mutations in the extracellular
calcium sensing receptor gene. Ann Neurol 64:158-167. CrossRef
Medline

Kiehn O, Harris-Warrick RM (1992a) Serotonergic stretch receptors
induce plateau properties in a crustacean motor neuron by a
dual-conductance mechanism. J Neurophysiol 68:485-495.

Kiehn O, Harris-Warrick RM (1992b) 5-HT modulation of hyper-
polarization-activated inward current and calcium-dependent out-
ward current in a crustacean motor neuron. J Neurophysiol 68:
496-508.

Kim JY, Ho H, Kim N, Liu J, Tu CL, Yenari MA, Chang W (2014)
Calcium-sensing receptor (CaSR) as a novel target for ischemic
neuroprotection. Ann Clin Transl Neurol 1:851-866. CrossRef
Medline

Lawrence JJ, Haario H, Stone EF (2015) Presynaptic cholinergic
neuromodulation alters the temporal dynamics of short-term de-
pression at parvalbumin-positive basket cell synapses from juve-
nile CA1 mouse hippocampus. J Neurophysiol 113:2408-2419.
CrossRef Medline

Lieske SP, Thoby-Brisson M, Telgkamp P, Ramirez JM (2000) Re-
configuration of the neural network controlling multiple breathing
patterns: eupnea, sighs and gasps [see comment]. Nat Neurosci
3:600-607. CrossRef Medline

Lu B, Zhang Q, Wang H, Wang Y, Nakayama M, Ren D (2010)
Extracellular calcium controls background current and neuronal
excitability via an UNC79-UNC80-NALCN cation channel com-
plex. Neuron 68:488-499. CrossRef Medline

Macia E, Ehrlich M, Massol R, Boucrot E, Brunner C, Kirchhausen T
(2006) Dynasore, a cell-permeable inhibitor of dynamin. Dev Cell
10:839-850. CrossRef Medline

Manion MK, Su Z, Villain M, Blalock JE (2000) A new type of Ca(2+)
channel blocker that targets Ca(2+) sensors and prevents Ca(2+)-
mediated apoptosis. FASEB J 14:1297-1306. CrossRef

Maynard DM, Dando MR (1974) The structure of the stomatogastric
neuromuscular system in Callinectes sapidus, Homarus america-
nus and Panulirus argus (Decapoda Crustacea). Philos Trans R
Soc Lond B Biol Sci 268:161-220. Medline

McGehee DS, Aldersberg M, Liu KP, Hsuing S, Heath MJ, Tamir H
(1997) Mechanism of extracellular Ca2+ receptor-stimulated hor-

March/April 2016, 3(2) e0038-16.2016

New Research 18 of 19

mone release from sheep thyroid parafollicular cells. J Physiol
502:31-44. CrossRef

McLean DL, Sillar KT (2004) Metamodulation of a spinal locomotor
network by nitric oxide. J Neurosci 24:9561-9571. CrossRef Med-
line

Mesce KA (2002) Metamodulation of the biogenic amines: second-
order modulation by steroid hormones and amine cocktails. Brain
Behav Evol 60:339-349. Medline Medline

Millward TA, Heizmann CW, Schafer BW, Hemmings BA (1998)
Calcium regulation of Ndr protein kinase mediated by S100
calcium-binding proteins. EMBO J 17:5913-5922. CrossRef Med-
line

Mudo G, Trovato-Salinaro A, Barresi V, Belluardo N, Condorelli DF
(2009) Identification of calcium sensing receptor (CaSR) mRNA-
expressing cells in normal and injured rat brain. Brain Res 1298:
24-36. CrossRef Medline

Nakajima S, Iwasaki S, Obata K (1962) Delayed rectification and
anomalous rectification in frog’s skeletal muscle membrane. J Gen
Physiol 46:97-115. Medline

Nawy S (2000) Regulation of the on bipolar cell mGIluR6 pathway by
Ca?*. J Neurosci 20:4471-4479. Medline

Nemeth EF, Delmar EG, Heaton WL, Miller MA, Lambert LD, Conklin
RL, Gowen M, Gleason JG, Bhatnagar PK, Fox J (2001) Calcilytic
compounds: potent and selective Ca2+ receptor antagonists that
stimulate secretion of parathyroid hormone. J Pharmacol Exp Ther
299:323-331. Medline

Nicholson C (1980) Modulation of extracellular calcium and its func-
tional implications. Fed Proc 39:1519-1523. Medline

Nicholson C, ten Bruggencate G, Stockle H, Steinberg R (1978)
Calcium and potassium changes in extracellular microenvironment
of cat cerebellar cortex. J Neurophysiol 41:1026-1039. Medline

Noh JS, Pak HJ, Shin YJ, Riew TR, Park JH, Moon YW, Lee MY
(2015) Differential expression of the calcium-sensing receptor in
the ischemic and border zones after transient focal cerebral isch-
emia in rats. J Chem Neuroanat 66-67:40-51. CrossRef Medline

Nowak L, Bregestovski P, Ascher P, Herbet A, Prochiantz A (1984)
Magnesium gates glutamate-activated channels in mouse central
neurones. Nature 307:462-465. Medline

Olivares E, Arispe N, Rojas E (1993) Properties of the ryanodine
receptor present in the sarcoplasmic reticulum from lobster skel-
etal muscle. Membr Biochem 10:221-235. Medline

Pawlak V, Wickens JR, Kirkwood A, Kerr JN (2010) Timing is not
everything: neuromodulation opens the STDP gate. Front Synapt
Neurosci 2:146. CrossRef Medline

Peracchia C (1987) Calmodulin-like proteins and communicating
junctions. Electrical uncoupling of crayfish septate axons is inhib-
ited by the calmodulin inhibitor W7 and is not affected by cyclic
nucleotides. Pflugers Arch 408:379-385. CrossRef

Phillips CG, Harnett MT, Chen W, Smith SM (2008) Calcium-sensing
receptor activation depresses synaptic transmission. J Neurosci
28:12062-12070. CrossRef Medline

Pi M, Oakley RH, Gesty-Palmer D, Cruickshank RD, Spurney RF,
Luttrell LM, Quarles LD (2005) Beta-arrestin- and G protein recep-
tor kinase-mediated calcium-sensing receptor desensitization.
Mol Endocrinol 19:1078-1087. CrossRef

Porras MG, Lépez-Colomé AM, Aréchiga H (2001) Red pigment-
concentrating hormone induces a calcium-mediated retraction of
distal retinal pigments in the crayfish. J Comp Physiol A 187:349-
357. Medline

Ransdell JL, Nair SS, Schulz DJ (2012) Rapid homeostatic plasticity
of intrinsic excitability in a central pattern generator network sta-
bilizes functional neural network output. J Neurosci 32:9649-9658.
CrossRef

Rusakov DA, Fine A (2003) Extracellular Ca2+ depletion contributes
to fast activity-dependent modulation of synaptic transmission in
the brain. Neuron 37:287-297. Medline

Saitoh M, Ishikawa T, Matsushima S, Naka M, Hidaka H (1987)
Selective inhibition of catalytic activity of smooth muscle myosin
light chain kinase. J Biol Chem 262:7796-7801. Medline

eNeuro.sfn.org


http://www.ncbi.nlm.nih.gov/pubmed/2740903
http://dx.doi.org/10.1074/jbc.M110.147918
http://www.ncbi.nlm.nih.gov/pubmed/20826781
http://www.ncbi.nlm.nih.gov/pubmed/2872589
http://www.ncbi.nlm.nih.gov/pubmed/8242395
http://www.ncbi.nlm.nih.gov/pubmed/7472345
http://dx.doi.org/10.3389/fphys.2016.00116
http://www.ncbi.nlm.nih.gov/pubmed/27065884
http://dx.doi.org/10.1006/bbrc.1998.8448
http://www.ncbi.nlm.nih.gov/pubmed/9571166
http://dx.doi.org/10.1002/ana.21428
http://www.ncbi.nlm.nih.gov/pubmed/18756473
http://dx.doi.org/10.1002/acn3.118
http://www.ncbi.nlm.nih.gov/pubmed/25540800
http://dx.doi.org/10.1152/jn.00167.2014
http://www.ncbi.nlm.nih.gov/pubmed/25632072
http://dx.doi.org/10.1038/75776
http://www.ncbi.nlm.nih.gov/pubmed/10816317
http://dx.doi.org/10.1016/j.neuron.2010.09.014
http://www.ncbi.nlm.nih.gov/pubmed/21040849
http://dx.doi.org/10.1016/j.devcel.2006.04.002
http://www.ncbi.nlm.nih.gov/pubmed/16740485
http://dx.doi.org/10.1096/fj.14.10.1297
http://www.ncbi.nlm.nih.gov/pubmed/4152406
http://dx.doi.org/10.1111/j.1469-7793.1997.031bl.x
http://dx.doi.org/10.1523/JNEUROSCI.1817-04.2004
http://www.ncbi.nlm.nih.gov/pubmed/15509743
http://www.ncbi.nlm.nih.gov/pubmed/15509743
http://www.ncbi.nlm.nih.gov/pubmed/67793
http://www.ncbi.nlm.nih.gov/pubmed/12563166
http://dx.doi.org/10.1093/emboj/17.20.5913
http://www.ncbi.nlm.nih.gov/pubmed/9774336
http://www.ncbi.nlm.nih.gov/pubmed/9774336
http://dx.doi.org/10.1016/j.brainres.2009.08.074
http://www.ncbi.nlm.nih.gov/pubmed/19728995
http://www.ncbi.nlm.nih.gov/pubmed/14478119
http://www.ncbi.nlm.nih.gov/pubmed/10844016
http://www.ncbi.nlm.nih.gov/pubmed/11561095
http://www.ncbi.nlm.nih.gov/pubmed/6244979
http://www.ncbi.nlm.nih.gov/pubmed/681986
http://dx.doi.org/10.1016/j.jchemneu.2015.05.001
http://www.ncbi.nlm.nih.gov/pubmed/26013410
http://www.ncbi.nlm.nih.gov/pubmed/6320006
http://www.ncbi.nlm.nih.gov/pubmed/7516463
http://dx.doi.org/10.3389/fnsyn.2010.00146
http://www.ncbi.nlm.nih.gov/pubmed/21423532
http://dx.doi.org/10.1007/BF00581132
http://dx.doi.org/10.1523/JNEUROSCI.4134-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/19005071
http://dx.doi.org/10.1210/me.2004-0450
http://www.ncbi.nlm.nih.gov/pubmed/11529479
http://dx.doi.org/10.1523/JNEUROSCI.1945-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/12546823
http://www.ncbi.nlm.nih.gov/pubmed/3108259

leuro

SedImeier D, Dieberg G (1983) Crayfish abdominal muscle adenylate
cyclase. Studies on the stimulation by a Ca2+-binding protein.
Biochem J 211:319-322. Medline

Selverston Al, Russell DF, Miller JP (1976) The stomatogastric ner-
vous system: structure and function of a small neural network.
Prog Neurobiol 7:215-290. Medline

Shiells RA, Falk G (2000) Activation of Ca2+-calmodulin kinase Il
induces desensitization by background light in dogfish retinal "on’
bipolar cells. J Physiol 528:327-338. Medline

Shiells RA, Falk G (2001) Rectification of cGMP-activated channels
induced by phosphorylation in dogdfish retinal “on” bipolar cells. J
Physiol 535:697-702. Medline

Snellman J, Nawy S (2002) Regulation of the retinal bipolar cell
mGluR6 pathway by calcineurin. J Neurophysiol 88:1088-1096.
Medline

So |, Kim KW (2003) Nonselective cation channels activated by the
stimulation of muscarinic receptors in mammalian gastric smooth
muscle. J Smooth Muscle Res 39:231-247. Medline

Swensen AM, Marder E (2000) Multiple peptides converge to acti-
vate the same voltage-dependent current in a central pattern-
generating circuit. J Neurosci 20:6752-6759.

Swensen AM, Marder E (2001) Modulators with convergent cellular
actions elicit distinct circuit outputs. J Neurosci 21:4050-4058.
Medline

Takahashi R, Watanabe H, Zhang XX, Kakizawa H, Hayashi H, Ohno
R (1997) Roles of inhibitors of myosin light chain kinase and
tyrosine kinase on cation influx in agonist-stimulated endothelial
cells. Biochem Biophys Res Commun 235:657-662. CrossRef
Medline

Talley EM, Lei Q, Sirois JE, Bayliss DA (2000) TASK-1, a two-pore
domain K+ channel, is modulated by multiple neurotransmitters in
motoneurons. Neuron 25:399-410. Medline

Todoroki H, Kobayashi R, Watanabe M, Minami H, Hidaka H (1991)
Purification, characterization, and partial sequence analysis of a
newly identified EF-hand type 13-kDa Ca(2+)-binding protein from
smooth muscle and non-muscle tissues. J Biol Chem 266:18668-
18673. Medline

Trimmer BA (1994) Characterization of a muscarinic current that
regulates excitability of an identified insect motoneuron. J Neuro-
physiol 72:1862-1873. Medline

Uzdensky A, Lobanov A, Bibov M, Petin Y (2007) Involvement of
Ca2+- and cyclic adenosine monophosphate-mediated signaling
pathways in photodynamic injury of isolated crayfish neuron and
satellite glial cells. J Neurosci Res 85:860-870. CrossRef Medline

March/April 2016, 3(2) e0038-16.2016

New Research 19 of 19

Vizard TN, Newton M, Howard L, Wyatt S, Davies AM (2015) ERK
signaling mediates CaSR-promoted axon growth. Neurosci Lett
603:77-83. CrossRef Medline

Vyleta NP, Smith SM (2011) Spontaneous glutamate release is inde-
pendent of calcium influx and tonically activated by the calcium-
sensing receptor. J Neurosci 31:4593-4606. CrossRef Medline

Vysotskaya ZV, Moss CR 2nd, Gilbert CA, Gabriel SA, Gu Q (2014)
Modulation of BK channel activities by calcium-sensing receptor in
rat bronchopulmonary sensory neurons. Respir Physiol Neurobiol
203:35-44. CrossRef

Withers MD, Kennedy MB, Marder E, Griffith LC (1998) Character-
ization of calcium/calmodulin-dependent protein kinase Il activity
in the nervous system of the lobster, Panulirus interruptus. Invert
Neurosci 3:335-345. CrossRef

Xu XF, Tsai HJ, Li L, Chen YF, Zhang C, Wang GF (2009) Modulation
of leak K(+) channel in hypoglossal motoneurons of rats by sero-
tonin and/or variation of pH value. Sheng Li Xue Bao 61:305-316.
Medline

Yamamoto H, Tachibana A, Saikawa W, Nagano M, Matsumura K,
Fusetani N (1998) Effects of calmodulin inhibitors on cyprid larvae
of the barnacle, Balanus amphitrite. J Exp Zool 280:8-17. Medline

Zhao F, Li P, Chen SR, Louis CF, Fruen BR (2001) Dantrolene
inhibition of ryanodine receptor Ca2+ release channels. Molecular
mechanism and isoform selectivity. J Biol Chem 276:13810-
13816. CrossRef Medline

Zhao S, Golowasch J, Nadim F (2010) Pacemaker neuron and net-
work oscillations depend on a neuromodulator-regulated linear
current. Front Behav Neurosci 4:21. CrossRef Medline

Zhao S, Sheibanie AF, Oh M, Rabbah P, Nadim F (2011) Peptide
neuromodulation of synaptic dynamics in an oscillatory network. J
Neurosci 31:13991-14004. CrossRef Medline

Zholos AV, Bolton TB (1996) A novel GTP-dependent mechanism of
ileal muscarinic metabotropic channel desensitization. Br J Phar-
macol 119:997-1005. Medline

Zhou L, Zhao S, Nadim F (2007) Neuromodulation of short-term
synaptic dynamics examined in a mechanistic model based on
kinetics of calcium currents. Neurocomputing 70:2050-2054.
CrossRef

Ziegler A, Grospietsch T, Carefoot TH, Danko JP, Zimmer M, Zerbst-
Boroffka I, Pennings SC (2000) Hemolymph ion composition and
volume changes in the supralittoral isopod Ligia pallasii Brandt,
during molt. J Comp Physiol B 170:329-336. Medline

eNeuro.sfn.org


http://www.ncbi.nlm.nih.gov/pubmed/6223630
http://www.ncbi.nlm.nih.gov/pubmed/11525
http://www.ncbi.nlm.nih.gov/pubmed/11034622
http://www.ncbi.nlm.nih.gov/pubmed/11559768
http://www.ncbi.nlm.nih.gov/pubmed/12205131
http://www.ncbi.nlm.nih.gov/pubmed/15048016
http://www.ncbi.nlm.nih.gov/pubmed/11356892
http://dx.doi.org/10.1006/bbrc.1997.6856
http://www.ncbi.nlm.nih.gov/pubmed/9207215
http://www.ncbi.nlm.nih.gov/pubmed/10719894
http://www.ncbi.nlm.nih.gov/pubmed/1917990
http://www.ncbi.nlm.nih.gov/pubmed/7529822
http://dx.doi.org/10.1002/jnr.21190
http://www.ncbi.nlm.nih.gov/pubmed/17265456
http://dx.doi.org/10.1016/j.neulet.2015.07.019
http://www.ncbi.nlm.nih.gov/pubmed/26200251
http://dx.doi.org/10.1523/JNEUROSCI.6398-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21430159
http://dx.doi.org/10.1016/j.resp.2014.08.014
http://dx.doi.org/10.1007/BF02577693
http://www.ncbi.nlm.nih.gov/pubmed/19701581
http://www.ncbi.nlm.nih.gov/pubmed/9437848
http://dx.doi.org/10.1074/jbc.M006104200
http://www.ncbi.nlm.nih.gov/pubmed/11278295
http://dx.doi.org/10.3389/fnbeh.2010.00021
http://www.ncbi.nlm.nih.gov/pubmed/20514340
http://dx.doi.org/10.1523/JNEUROSCI.3624-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21957260
http://www.ncbi.nlm.nih.gov/pubmed/8922752
http://dx.doi.org/10.1016/j.neucom.2006.10.084
http://www.ncbi.nlm.nih.gov/pubmed/10935524

	Voltage Dependence of a Neuromodulator-Activated Ionic Current ...
	Introduction
	Materials and Methods
	Animals
	Electrophysiology
	Neuromodulators
	Solutions and drugs
	IMI quantification
	Statistics and data analysis
	Results
	The calmodulin inhibitor W7 reduces proctolin and CCAP-induced IMI voltage dependence
	The calmodulin inhibitor calmidazolium reduces IMI voltage dependence
	The calmodulin agonist CALP1 does not restore IMI voltage dependence in low calcium
	Intracellular calcium effects
	The calcium chelator BAPTA-AM does not alter IMI or the transient high-threshold potassium current
	The ryanodine receptor antagonist dantrolene reduces IMI voltage dependence

	Role of calmodulin-activated kinases in IMI voltage dependence
	The calcium-sensing receptor hypothesis
	The βγ-subunit inhibitor gallein decreases IMI voltage dependence
	The specific CaSR antagonist NPS-2143 reduces IMI voltage dependence
	The MLCK inhibitor ML-7 reduces IMI voltage dependence
	Preincubation in the endocytosis inhibitor dynasore prevents W7-induced reduction in voltage dep ...
	The specific CaSR agonist R568 reduces IMI voltage dependence


	Discussion
	A new hypothesis: the calcium-sensing receptor hypothesis
	Is CaSR signaling required for stable expression of neuromodulator-activated IMI?
	Is voltage dependence a target for meta-modulation?
	What is the physiological role of CaSR in the stomatogastric ganglion?

	References


