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A Closely Associated Phospholipase C Regulates Cation
Channel Function through Phosphoinositide Hydrolysis

Raymond M. Sturgeon and Neil S. Magoski
Department of Biomedical and Molecular Sciences, Physiology Graduate Program, Queen’s University, Kingston, Ontario K7L 3N6, Canada

In the hemaphroditic sea snail, Aplysia californica, reproduction is initiated when the bag cell neurons secrete egg-laying hormone during
a protracted afterdischarge. A source of depolarization for the afterdischarge is a voltage-gated, nonselective cation channel, similar to
transient receptor potential (TRP) channels. Once the afterdischarge is triggered, phospholipase C (PLC) is activated to hydrolyze phosp-
hatidylinositol-4,5-bisphosphate (PIP2 ) into diacylglycerol (DAG) and inositol trisphosphate (IP3 ). We previously reported that a DAG
analog, 1-oleoyl-2-acetyl-sn-glycerol (OAG), activates a prominent, inward whole-cell cationic current that is enhanced by IP3. To exam-
ine the underlying mechanism, we investigated the effect of exogenous OAG and IP3 , as well as PLC activation, on cation channel activity
and voltage dependence in excised, inside-out patches from cultured bag cell neurons. OAG transiently elevated channel open probability
(PO ) when applied to excised patches; however, coapplication of IP3 prolonged the OAG-induced response. In patches exposed to OAG
and IP3 , channel voltage dependence was left-shifted; this was also observed with OAG, but not to the same extent. Introducing the PLC
activator, m-3M3FBS, to patches increased channel PO , suggesting PLC may be physically linked to the channels. Accordingly, blocking
PLC with U-73122 ablated the m-3M3FBS-induced elevation in PO. Treatment with m-3M3FBS left-shifted cation channel voltage depen-
dence to a greater extent than exogenous OAG and IP3. Finally, OAG and IP3 potentiated the stimulatory effect of PKC, which is also
associated with the channel. Thus, the PLC-PKC signaling system is physically localized such that PIP2 breakdown products liberated
during the afterdischarge modulate the cation channel and temporally influence neuronal activity.
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Introduction
Phospholipids are key regulators of ion channel function and are
implicated in both cardiovascular and neuronal signaling, with
the latter including sight, pain, sensory processing, and neuroen-

docrine function (Wen et al., 2012; Hansen, 2015; Hille et al.,
2015; Hilgemann et al., 2018). Of the phosphoinositides,
phosphatidylinositol-4,5-bisphosphate (PIP2) is the most prom-
inent in terms of signaling. Despite being only a minor compo-
nent of the plasma membrane (�1%) (McLaughlin and Murray,
2005), PIP2 exerts many effects on different ion channels and
transporters, likely from PIP2-rich lipid rafts where signaling is
concentrated (Allen et al., 2007; Gamper and Shapiro, 2007;
Hilgemann, 2007). Moreover, phospholipase C (PLC) breaks
down PIP2 into its constituents, inositol trisphosphate (IP3)
and diacylglycerol (DAG), which serve as second messengers
in many cell types, including neurons (Kockskämper et al.,
2008; Berridge, 2009). IP3 mobilizes intracellular Ca 2� from
the endoplasmic reticulum, whereas DAG activates protein
kinase C (PKC) (Nishizuka, 1984; Newton, 1997; Decrock et
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Significance Statement

Using excised patches from Aplysia bag cell neurons, we present the first evidence of a nonselective cation channel physically
associating with phospholipase C (PLC) at the single-channel level. PLC-mediated breakdown of phospholipids generates diacyl-
glycerol and inositol trisphosphate, which activate the cation channel. This is mimicked by exogenous lipids; furthermore, these
second messengers left-shift channel voltage dependence and enhance the response of the channel to protein kinase C. PLC-
mediated lipid signaling controls single-channel currents to ensure depolarization is maintained for an extended period of firing,
termed the afterdischarge, when the bag cell neurons secrete egg-laying hormone to trigger reproduction.
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al., 2013). Collectively, this pathway is involved with all as-
pects of cellular function of animals, including Aplysia (Sossin
and Abrams, 2009; Hansen, 2015).

Ongoing research indicates that DAG and IP3 also directly
gate or modulate various ion channels, including gap junctions
and inwardly rectifying K� channels, as well as native and tran-
sient receptor potential (TRP) nonselective cation channels (Al-
bert and Large, 2003; Gamper and Shapiro, 2007; Decrock et al.,
2013). TRP channels are a diverse cation channel superfamily,
some of which are voltage-dependent, permeable to both mon-
ovalent and divalent cations, sensitive to intracellular Ca 2�, and
play a role in a myriad of cellular processes (Clapham, 2003;
Montell, 2005; Hardie, 2007). Both PIP2 and DAG directly gate
TRP channels, either by modulation of the lipid microenviron-
ment surrounding the channels or via classic agonist-like binding
to the channel (Hofmann et al., 1999; Hansen, 2015; Hille et al.,
2015). Recent high-resolution structures indicate possible direct
lipid interaction sites on TRP channels (Gao et al., 2016; Guo et
al., 2017).

The present study examines the effect of DAG and IP3 on a
Ca 2�-activated, voltage-dependent, nonselective cation channel
from the bag cell neurons of the marine mollusk, Aplysia califor-
nica. This channel provides depolarizing drive to maintain the
afterdischarge, a prolonged period of enhanced excitability and
action potential firing that results in the bag cell neurons secret-
ing egg-laying hormone to initiate reproduction (Kupfermann
and Kandel, 1970; Pinsker and Dudek, 1977; Conn and Kacz-
marek, 1989; Magoski, 2017). The afterdischarge is triggered by
cholinergic synaptic input and characterized by �30 min of syn-
chronized spiking during which intracellular Ca 2� levels rise,
PIP2 is broken down by PLC into IP3 and DAG, and PKC is
activated (Kaczmarek et al., 1978; Fink et al., 1988; Fisher et al.,
1994; Wayne et al., 1999; Michel and Wayne, 2002; White and
Magoski, 2012).

Gardam and Magoski (2009) discovered that IP3 can suppress
the Ca 2� dependence of the Aplysia cation channel, whereas
Sturgeon and Magoski (2016) revealed that DAG activates a sep-
arate, voltage-independent cationic current at the whole-cell
level. We now demonstrate that an analog of DAG activates the
cation channel at the single-channel level, in part due to modu-
lation of voltage dependence. Moreover, there is a synergy be-
tween DAG and IP3 in terms of enhancing channel activity and
voltage dependence. Remarkably, PLC itself appears to be closely
associated with the cation channel in excised patches. Thus, PIP2

metabolite-mediated regulation is in place to maintain the after-
discharge by activating the channel, ultimately ensuring the pro-
longed secretion of egg-laying hormone to induce reproduction.

Materials and Methods
Animal care and cell culture
Adult A. californica (a hermaphrodite) weighing 150 – 800 g were ob-
tained from Marinus. Animals were housed in an �300 L aquarium
containing continuously circulating, aerated sea water (Instant Ocean,
Aquarium Systems) at 16°C–18°C on a 12/12 h light/dark cycle and fed
romaine lettuce five times/week. All experiments were approved by the
Queen’s University Animal Care Committee (protocols Magoski 2013-
041 or Magoski 2017-1745).

For primary cultures of individual, isolated bag cell neurons, animals
were anesthetized by an injection of isotonic MgCl2 (�50% of body
weight), and the abdominal ganglion was removed and treated with dis-
pase II (13.3 mg/ml; 165859; Roche Diagnostics) dissolved in tissue cul-
ture artificial sea water (tcASW) (460 mM NaCl, 10.4 mM KCl, 11 mM

CaCl2, 55 mM MgCl2, 15 mM HEPES, 1 mg/ml glucose, 100 U/ml peni-
cillin, and 0.1 mg/ml streptomycin, pH 7.8 with NaOH) for 18 h at 22°C.

The ganglion was then rinsed in tcASW for 1 h, and the bag cell neuron
clusters were dissected from their surrounding connective tissue. Using a
fire-polished glass Pasteur pipette and gentle trituration, neurons were
dissociated and dispersed in tcASW onto 35 � 10 mm polystyrene tissue
culture dishes (C353001 BD Falcon; BD Biosciences). Cultures were
maintained in a 14°C incubator in tcASW and used for experimentation
within 1–3 d. Salts were obtained from Thermo Fisher Scientific, MP
Biomedicals, or Sigma-Aldrich.

Excised, inside-out patch-clamp recording
Single cation channel current was measured using an EPC-8 amplifier
(HEKA Electronics; Harvard Apparatus). Microelectrodes were pulled
from 1.5 mm/1.12 mm external/internal diameter, borosilicate glass cap-
illaries (TWF150F-4; World Precision Instruments) and fire polished to
a resistance of 2–7 M� when filled normal artificial sea water (nASW;
composition as per tcASW but lacking glucose and antibiotics) contain-
ing 20 mM tetraethylammonium (T2265, Sigma-Aldrich) in an attempt
to reduce contaminating Ca 2�-activating K � currents. To lower the root
mean squared noise of the current signal, microelectrode capacitance was
reduced by coating the shank and half of the shoulder with dental wax
(92189; Heraeus Kulzer) under a dissecting microscope before recording.

Following excision, the cytoplasmic face was bathed in standard arti-
ficial intracellular saline (composition in mM as follows: 500 K �-
aspartate, 70 KCl, 1.25 MgCl2, 10 HEPES, 11 glucose, 10 glutathione,
5 EGTA, pH 7.3 with KOH). The added Ca 2� concentration was
3.32 mM, for a final free Ca 2� concentration in the intracellular saline of
1 �M, as calculated using WebMaxC (https://web.stanford.edu/
~cpatton/webmaxcS.htm). Current was low-pass filtered at 1 kHz with
the EPC-8 Bessel filter and sampled at 10 kHz using a Digidata 1322A
analog-to-digital converter (Molecular Devices), the Clampex acquisi-
tion program of pClamp version 10.0 (Molecular Devices), and an IBM-
compatible personal computer. Recordings were made in 3 min bins,
typically at �60 mV, although in experiments examining channel voltage
dependence, the patch was also held at �90, �75, �45, �30, �15, 0, 15,
and 30 mV. As found in prior work (Geiger et al., 2009), obtaining
lengthy (�3 min) and stable patches, which allowed us to distinguish
channel openings from noise, was prohibitive at voltages more positive
than 30 mV.

Imaging of intracellular Ca 2�

For Ca 2� imaging, 1 mM fura-PE3 K �-salt (0110; TEFLabs) was dis-
solved in the K �-aspartate-based intracellular saline (for details, see Ex-
cised, inside-out patch-clamp recording), but with the free Ca 2� set to
300 nM rather than 1 �M, and introduced into cultured bag cell neurons
via the whole-cell pipette under voltage clamp at �60 mV. Imaging was
performed using a TS100-F inverted microscope (Nikon) and a Plan
Fluor 20� [numerical aperture � 0.5] objective (Nikon). The light
source was a 75 W Xe arc lamp and a multiwavelength DeltaRAM V
monochromatic illuminator (Photon Technology International). Exci-
tation wavelengths were 340 and 380 nm, and were computer-controlled
via EasyRatio Pro software version 1.10 (Photon Technology Interna-
tional). Emitted light passed through a 400-nm-long pass dichroic mir-
ror and a 510/40 nm emission barrier filter before being detected by a
Cool SNAP HQ2 charge coupled device camera (Photometrics). The
ratio of the emission following 340 and 380 nm excitation (340/380) was
taken to reflect free intracellular Ca 2� (Grynkiewicz et al., 1985) and
saved for subsequent analysis. Image acquisition, emitted light sampling,
and ratio calculations were performed using EasyRatio Pro. Ca 2� mea-
surements were acquired from a somatic ROI at approximately the mid-
point of the vertical focal plane and one-half to three-fourths of the cell
diameter. Camera gain was maximized, pixel binning was set at 8, and the
exposure time at each wavelength was fixed to 500 ms, for a total acqui-
sition time of �1.1 s.

Drug application and reagents
Initially, the bath (culture dish) tcASW was exchanged using a calibrated
transfer pipette with intracellular saline for excised, inside-out record-
ings. In some experiments, the drug(s) was added to the bath 20 min
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before seal formation. For all other cases, reagents were added after patch
excision, and drugs were pipetted directly into the dish during recording,
with care being taken to make the addition near the patch without being
too close to cause seal failure. Drugs were often introduced by initially
removing a small volume (�30 �l) of saline from the bath, combining
that with an even smaller volume (�10 �l) of drug stock solution and
then reintroducing the mixture back into the bath.

All drugs were made up as stock solutions and frozen at �20°C,
then diluted down to a working concentration daily as needed.
Cyclopiazonic acid (CPA; C1530, Sigma-Aldrich), 1-[6-[[(17�)-3-
methoxyestra-1,3,5(10)-trien-17-yl]amino]hexyl]-1H-pyrrole-2,5-dione
(U-73122; 112648-68-7; Cayman Chemical), N-(3-trifluoromethyl-phenyl)-
2,4,6-trimethylbenzenesulfonamide (m-3M3FBS; T5699; Sigma-Aldrich),
N-(2-trifluoromethyl-phenyl)-2,4,6-trimethylbenzenesulfonamide (o-
3M3FBS; 1942; Tocris Bioscience), 1-oleoyl-2-acetyl-sn-glycerol (OAG;
O6754; Sigma-Aldrich), and phorbol 12-myristate 13-acetate (PMA;
P8139; Sigma-Aldrich) were dissolved in DMSO (67-68-5; Fisher Scien-
tific) as stocks of 10 mM, 4 mM, 25 mM, 25 mM, 25 mM, and 100 �M,
respectively. The maximal final concentration of DMSO ranged from
0.05 to 0.4% (v/v), which in control experiments both here and in pre-
vious work from our laboratory had no effect on holding current,
membrane potential, intracellular Ca 2�, ligand-gated currents, or
single-channel currents (Magoski and Kaczmarek, 2005; Hickey et al.,
2010; Groten et al., 2016; White et al., 2018). Adenosine 5	-triphosphate
2Na�H2O (ATP; A3377; Sigma-Aldrich), D-myo-inositol 1,4,5-
trisphopshate 3Na (IP3; I9766; Sigma-Aldrich), and heparin (H3393;
Sigma-Aldrich) were dissolved in H2O as stocks of 100, 5, and 2 mM,
respectively.

Analysis
The Clampfit analysis program of pCLAMP was used to determine the
amplitude of single-channel events and, as a measure of activity, open
probability (PO). Some of the data, particularly those records gathered at
0, 15, and 30 mV, were filtered a second time using the Clampfit digital
Gaussian filter to 250 or 500 Hz, depending on recording quality. Clamp-
fit was used to determine the mean open- and closed-state current level
by generating all-points histograms from the 3 min recordings, and fit-
ting Gaussian functions, using the least-squares method and a simplex
search, to the resulting histograms in Clampfit. Channel current ampli-
tude was calculated by subtracting the mean closed-current level from
the mean open-current level at a given voltage. Channel current versus
voltage (I/V) relationships were produced in Prism version 5.04
(GraphPad Software) by plotting channel-current amplitude against
patch-holding potential, and single-channel conductance was then de-
termined by linear regression in Prism. Single-channel events lists were
made from the data using the half-amplitude threshold criterion
(Colquhoun and Sigworth, 1995) and the threshold event detection tool
in Clampfit. The event detection statistics were used to determine PO

using the following formula:

PO � 
1 x t1 � 2 x t2 � . . . n x tn�/
N x ttot�

where t � amount of time that n channels are open, n � the number of
channels in the patch, and ttot � the time interval over which PO was
measured. The number of channels in the patch was determined by
counting the number of unitary conductance levels, particularly at depo-
larized potentials (��30 mV). Our best estimates indicate that the num-
ber of cation channels typically found in a patch was �1.5, with a range
from just 1 to as high as 6. In addition, �70% of patches did not contain
any detectable cation channel(s).

Voltage-response curves were constructed by dividing the PO at each
voltage by the PO at 30 mV. The normalized data were then averaged
across separate patches and plotted versus voltage using Prism. PO versus
voltage plots were fit in Prism with a Boltzmann sigmoid curve to derive
the half-maximal voltage V50 and the slope factor (k), which is the change
in voltage required to move PO e-fold. For patches containing one chan-
nel, dwell-time histograms were created using the events list in Clampfit.
The logarithmic distribution of the event dwell times was fitted in
Clampfit with probability density functions using the minimum likeli-

hood estimation method and a simplex search to determine two open-
and three closed-state time constants.

Prism was used to import and plot ImageMaster Pro files as line
graphs. Analysis of intracellular Ca 2� compared the steady-state value of
the baseline 340/380 ratio with the peak or new steady-state ratio follow-
ing the addition of a reagent. Measurements of baseline, steady-state, or
peak were taken by eye using cursor measurements in Prism.

Data are mean  SEM. Statistical analysis was performed using InStat
version 3.10 (GraphPad Software). The Kolmogorov–Smirnov method
was used to test datasets for normality. If the data were normal, Student’s
unpaired t test was used to test for differences between two means. If the
data were not normally distributed, the Mann–Whitney unpaired U test
was used. Three means were compared with a Kruskal–Wallis ordinary,
nonparametric one-way ANOVA (KW-ANOVA) followed by Dunn’s
multiple-comparisons test. A one-sample t test was used to test whether
a single mean was different from a theoretical mean of zero. Means were
considered significant if the two-tailed p value was �0.05.

Results
Bag cell neuron cation channel voltage dependence
The Aplysia voltage-gated bag cell neuron cation channel is iden-
tified in excised, inside-out patches by unitary current events of
�2 pA at a resting potential-like voltage of �60 mV, displays
greater opening more at positive potentials, and lacks voltage-
dependent inactivation (Wilson and Kaczmarek, 1993; Wilson et
al., 1996, 1998; Magoski et al., 2002; Magoski, 2004; Magoski and
Kaczmarek, 2005; Lupinsky and Magoski, 2006; Gardam and
Magoski, 2009; Geiger et al., 2009). To demonstrate voltage de-
pendence in the present study, excised patches were initially held
at �60 mV; then the holding potential was changed to �90 mV
for a 3 min period and subsequently increased in 15 mV incre-
ments for additional 3 min recordings up to a maximum of 30
mV (n � 11). At depolarized potentials, the channel was more
active than at hyperpolarized potentials (Fig. 1A). Beyond 30 mV,
lengthy recordings proved difficult, as patches were not always
stable (for details, see Excised, inside-out patch-clamp record-
ing). Thus, the PO at 30 mV was taken as maximal, and voltage
dependence curves were obtained by normalizing the activity at
all voltages to that at 30 mV, then plotting normalized PO versus
holding potential (Fig. 1B). This relationship was fit with a Boltz-
mann sigmoidal function to yield a half-maximal activity (V50) at
38 mV and k of 23.

For single-channel event analyses and all-points histograms,
recordings were taken at 30, 0, �30, and �60 mV (n � 13). From
the all-points histograms, channel amplitude was obtained by
taking the difference in the peaks of Gaussian functions fit to the
closed- and open-current levels (Fig. 1C). In the representative
patch from Figure 1C, the presence of a second peak at depolar-
ized potentials suggests a second-level unitary conductance (O1

and O2), which often occurred in multichannel patches as chan-
nel PO increased. When the amplitudes from different voltages
were plotted as an I/V relationship, a linear regression provided a
conductance of �24 pS, which is comparable with that previ-
ously reported by our laboratory and others (Fig. 1D) (Wilson et
al., 1996; Gardam and Magoski, 2009). The cation channel is
known to rectify at membrane potentials more positive than
0 mV (Wilson et al., 1996; Gardam and Magoski, 2009; Geiger et
al., 2009); thus, the linear regression was restricted to between �90
and �15 mV. In prior work, we found that the single-channel cur-
rent reversed at �50 mV, although this was not determined by linear
regression, but rather actual measurement of current at voltages on
either side of the reversal potential (Geiger et al., 2009).

Ion channel kinetic states can be described by the dwell times
(i.e., the length of time a channel spends in a particular open or
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closed state) (Colquhoun and Sigworth, 1995). The dwell-time
kinetics of the cation channel voltage dependence was examined
in patches containing a true single channel. The closed- and
open-state histograms were fit with a best-fit probability density
function composed of three closed-state time constants (�C1, �C2,
and �C3) and two open-state time constants (�O1 and �O2), respec-
tively (Fig. 2A). Depolarizing the patches resulted in a shortening
of the longest closed-state time constant, �C3, whereas the longest
open-state time constant, �O2, became longer (Fig. 2B). Thus,
channel PO increased with depolarization because the cation
channel favored opening and spent less time in the closed state.

PLC-mediated PIP2 breakdown products modulate cation
channel activity
The presence of phosphatidylinositols in Aplysia neuronal mem-
branes was established based on lipid profile studies (Piomelli et

al., 1987) and the liberation of arachidonic acid from PIP2 by PLC
(Carlson and Levitan, 1990), as well as previous whole-cell exper-
iments, suggesting that PLC activity can influence a voltage-
independent bag cell neuron cation current (Sturgeon and
Magoski, 2016). Given that PLC is activated during the afterdis-
charge and results in the formation of IP3 and DAG (Fink et al.,
1988), we investigated the effect of these metabolites on the voltage-
dependent cation channel. The impact of IP3 on the cation channel
was first addressed by Gardam and Magoski (2009), who found that,
although IP3 did not alter PO at �60 mV, it did change Ca2� depen-
dence. Aside from this, the effect of DAG, or any interaction between
DAG and IP3, has not been addressed. In the present study, we bath-
applied 25 �M OAG, a membrane-permeable DAG analog, to the
cytoplasmic face of excised patches held at�60 mV and observed the
PO (n � 10). Upon addition of OAG, the activity of the cation chan-
nel increased moderately (�2-fold) over the first 3 min period, but

A B

DC

E

Figure 1. A voltage-dependent cation channel from cultured Aplysia bag cell neurons. A, Cation channel activity in an excised, inside-out patch, voltage-clamped at indicated membrane
potentials (left) with Na �-based nASW plus 20 mM tetraethylammonium at the extracellular face and a K �-aspartate-based intracellular saline with 1 �M Ca 2� at the cytoplasmic face. The closed
state is at the top of each trace, indicated by �C, and the open-state, designated by �O, is at the bottom (at right of �60 trace). Openings are seen as unitary inward (negative) current deflections.
As the patch is depolarized from �90 (bottom trace) to 30 mV (top trace), the channel opens more often, and more time is spent in the open state and less time in the closed state. Scale bars apply
to all traces. B, Voltage dependence of cation channel PO expressed by normalizing activity within each experiment to the PO at 30 mV. A half-maximal voltage of activation (V50) of 38 mV and a k
of 23 are determined from a Boltzmann sigmoidal curve fit to the data. The n value refers to the number of patches. Inset, Phase-contrast micrograph of a bag cell neuron in vitro (top). The pipette
is coated with dental wax to reduce noise. After seal formation, the pipette is excised from the soma and current is recorded across the patch at the tip. Schematic of a cation channel in a membrane
patch (bottom). C, All-points histograms of recordings in A represent current flow during channel closed (C) and open (O1 or O2) states at different voltages. Gaussian fits to these peaks are used to
determine channel amplitude plotted in D. D, Single-channel I/V relationship shows subtle rectification at potentials �0 mV. A conductance (g) of 24 pS is derived from a linear fit of �90 to �15
mV; this represents the physiological range of the channel and avoids the region of rectification. E, The cation channel is part of a regulatory complex that includes PKC and calmodulin (CaM). The
voltage-sensing domains open the channel in response to depolarization (�Vm), whereas PKC-dependent phosphorylation and CaM binding intracellular Ca 2� activate the channel, allowing Na �

and Ca 2� to enter the cell and K � to leave during the afterdischarge.
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during the following 6–9 min, the PO re-
turned to the same level as the initial record-
ing (Fig. 3A, left).

Because there is a synergistic effect of
OAG and IP3 on whole-cell voltage-
independent cationic currents of bag cell
neurons (Sturgeon and Magoski, 2016),
we examined whether there was any dif-
ference in the OAG-induced PO change in
voltage-dependent cation channels ex-
posed to IP3. After bath solution exchange
from tcASW to intracellular saline, IP3

was put into the bath at a final concentra-
tion of 5 �M for 20 min before patch exci-
sion (n � 10). Because our prior work
showed that adding IP3 directly to the cy-
toplasmic face had no effect on cation
channel PO (Gardam and Magoski, 2009),
we opted for introducing IP3 to the bath
before excision and then effectively start-
ing the experiment by excising patches
into the IP3-containing saline. This re-
duced the amount of necessary recording
time before the delivery of OAG. In the
presence of IP3, the OAG-induced activity
was �5-fold higher than the initial value
and lasted longer compared with the
channels not exposed to IP3 (n � 10) (Fig.
3A,B). Overall, the OAG-alone PO in-
crease lasted between 3 and 6 min versus
DMSO (the vehicle; n � 6) (Fig. 3C).
However, the elevated activity brought
about by OAG was still �2-fold higher
after 12 min in the presence of IP3. The
difference in OAG channel activation af-
ter 12 min was significantly higher and
longer with IP3. Parenthetically, before
OAG, channels excised from neurons into
the IP3-containing saline presented a PO

that was not significantly different from
that of channels excised into control (no
IP3) saline (control saline PO: 0.0019 
0.0004 vs IP3-containing saline PO:
0.0018  0.0002, p � 0.05; unpaired Stu-
dent’s t test).

Our laboratory previously proposed
an IP3 binding site on the cation channel
(Gardam and Magoski, 2009). Using
OAG and IP3 as coactivators, we investi-
gated this possibility with heparin, a
known IP3 receptor (IP3R) blocker (Wor-
ley et al., 1987; Ghosh et al., 1988). Hepa-
rin (10 or 100 �M), along with 5 �M IP3,
was introduced to dishes of cultured bag
cell neurons before patch excision. After
excision, OAG was added to cation
channel-containing patches. Compared
with IP3 alone (n � 8), the activity of the
channel was unaffected by OAG in chan-
nels exposed to IP3 � heparin (Fig. 3D),
suggesting that heparin may block both
IP3-cation channel interactions as well
as the OAG-induced channel activation.

A

B

Figure 2. Kinetic analysis of true single channels shows that the cation channel stays open longer and favors reopening with
depolarization. A, Closed-state (left column) and open-state (right column) dwell times at 30, 0, and �30 mV from a one-channel-
only single-channel recording are plotted as histograms. Each histogram is best fit with a probability density function (three
closed-state time constants: �C1, �C2, and �C3; two open-state time constants: �O1 and �O2). The longest closed-state time constant
decreases with depolarization (�30: 8.83  6.7 s vs 30: 3.3  2.5 s), whereas the longer open-state time constant subtly
increases in duration (�30: 23.7  4.6 ms vs 30: 44.6  18.8 ms). B, The duration of the longest closed-state time constant, �C3,
decreases linearly with depolarization (left). Data for �C3 are normalized to �60 mV, at which �C3 is the longest. Similarly, the
length of �O2 increases linearly with depolarization. Data are normalized to 30 mV, at which �O2 is the longest.
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Both 10 and 100 �M heparin significantly suppressed the re-
sponse to OAG (n � 9 and n � 7) (Fig. 3E).

Our hypothesis is that IP3 acts on the cytoplasmic face of the
patch after excision, and heparin is blocking access to the channel
or some closely associated protein. Although it is unlikely that
IP3, which is charged and polar, actually crosses the membrane
before patch excision to exert some effect, we sought to ensure
this was not the case by monitoring intracellular Ca 2�. Intact

cultured bag cell neurons in nASW were loaded via whole-cell
voltage-clamp at �60 mV with the Ca 2�-sensitive dye, fura
(Grynkiewicz et al., 1985) (for details, see Imaging of intracellular
Ca 2�). Delivering 5 �M IP3 to the bath (i.e., the extracellular
surface of the neurons) did not alter somatic Ca 2� levels over
�10 min (n � 6) (Fig. 3F, left). Because IP3 releases Ca 2� from
the endoplasmic reticulum, 20 �M of the membrane-permeable
endoplasmic reticulum Ca 2�-ATPase blocker, CPA (Seidler et

A B

DC

F

E

Figure 3. A diacylglycerol analog transiently activates the cation channel, and this is prolonged by IP3. A, Application of 25 �M OAG, a diacylglycerol analog, to the cytoplasmic face of a cation
channel-containing patch held at �60 mV increases activity for the 3 min following addition (middle) compared with the initial recording (top). Nine minutes after the addition, the PO has returned
to the initial level (bottom). Scale bars apply to all traces in A, B, and D. B, Excising patches into intracellular saline containing 5 �M IP3, and then delivering OAG, increases the extent and duration
of the OAG-induced elevation of cation channel activity. Before OAG addition, channel activity is minimal (top). Application of OAG to patches in the presence of IP3 increases PO (middle), and this
effect is prolonged (bottom). C, Summary data show that the PO goes up following addition of OAG (gray bars), compared with delivery of DMSO (white). In patches excised into IP3 (black), the
OAG-induced change in PO is almost twofold higher than untreated cells. The increased PO is significantly longer in IP3-treated patches than in untreated cells (6 min: p � 0.0082; 9 min: p � 0.0019;
12 min: p � 0.0171, KW-ANOVA). **p � 0.01 (Dunn’s multiple-comparisons test). *p � 0.05 (Dunn’s multiple-comparisons test). For this and all subsequent bar graphs, the numbers within the
bars refer to the number of patches. In this instance, certain n values change starting at the 6 or 9 min bin due to some patches not lasting the full 12 min recording period. D, The synergy between
OAG and IP3 is blocked by heparin. For an inside-out patch excised into 100 �M heparin, an IP3-receptor blocker, plus IP3, the subsequent application of OAG does not alter PO (bottom) compared with
the initial activity (top). E, Summary data of the OAG-induced change in cation channel PO show that 10 �M (gray bars) or 100 �M heparin (black bars) prevents the activity increase induced by OAG
in IP3 compared with IP3 alone (white) ( p � 0.0010, KW-ANOVA). *p � 0.05 (Dunn’s multiple-comparisons test). **p � 0.01 (Dunn’s multiple-comparisons test). F, Left, Intracellular Ca 2�

measured from the soma of a cultured bag cell neuron in nASW under whole-cell voltage-clamp at �60 mV using K �-aspartate-based intracellular saline supplemented with 1 mM fura. Bath
application of 5 �M IP3 has no real impact on Ca 2�, yet introducing 20 �M CPA later on causes a clear Ca 2� elevation reflective of store depletion. Right, The average response to IP3 is not
significantly different from a theoretical mean of zero ( p � 0.05; one-sample t test), whereas the difference between the mean Ca 2� change to CPA versus IP3 readily meets significance (*p �
0.0001; unpaired Student’s t test).
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al., 1989), was added after IP3 as a positive control to deplete the
Ca 2� store. As per our prior findings (Kachoei et al., 2006; Geiger
and Magoski, 2008; Hickey et al., 2010; Groten et al., 2013), CPA
caused a prominent liberation of Ca 2� from the endoplasmic
reticulum (Fig. 3F, left). Overall, Ca 2� was not significantly
changed by IP3, although the difference between the CPA Ca 2�

response and that of IP3 was significant (Fig. 3F, right). This is
similar to Levy (1992), who found that pressure ejection of IP3

onto other identified Aplysia neurons failed to modify intracellu-
lar Ca 2�.

OAG and IP3 left-shift cation channel voltage dependence
The impact of PIP2 metabolites on cation channel activity at �60
mV may be due to modulation of voltage dependence, as was
previously the case for Ca 2� (Lupinsky and Magoski, 2006; Gar-
dam and Magoski, 2009). To test this, bag cell neurons were
bathed in either 25 �M OAG or OAG � 5 �M IP3 for 20 min;
subsequently, channels were excised into these different salines
and examined as per Figure 1 for voltage dependence. At �60
mV, compared with OAG alone (n � 6), channel activity was
higher in patches with OAG � IP3 (n � 5) (Fig. 4A). This differ-
ence in activity with the inclusion of IP3 became more evident at
depolarized potentials, with the voltage dependence curves fur-
ther demonstrating the synergistic effect of OAG � IP3 (Fig. 4B).
Compared with the voltage dependence of the channel in OAG
alone, the curve from channels in OAG � IP3 was clearly left-
shifted. The difference in channel activity was most noticeable
between �45 and �15 mV, which is the physiologically relevant
membrane potential to the afterdischarge. Our previous findings
indicated that OAG, unlike other recognized PKC activators,
does not enhance voltage-gated Ca 2� currents in bag cell neurons
(Sturgeon and Magoski, 2016). Still, we sought to affirm that the
effect of OAG observed here was due to interaction with the
cation channel, as opposed to some PKC-induced change. There-
fore, we also treated cells with 100 nM PMA (n � 7), a phorbol

ester well established as a trigger of bag cell neuron PKC (DeRi-
emer et al., 1985a), before patch excision and examination of
voltage dependence. With PMA, the voltage dependence curve
was distinctly right-shifted compared with OAG or OAG � IP3

and similar to that of naive channels (compare with Fig. 1D). At
most voltages, the shift with OAG � IP3 was statistically signifi-
cant compared with PMA or OAG alone.

PLC associates with the cation channel in excised patches
Much prior work suggests that the Aplysia cation channel is
closely associated with multiple regulatory proteins, including
PKC (Magoski, 2004; Magoski and Kaczmarek, 2005; Lupinsky
and Magoski, 2006). A previous report on the nicotinic acetyl-
choline receptor indicates the close association between that
channel and a PLC activity (Labriola et al., 2010). We therefore
sought to ascertain whether there was an association between
PLC and the Aplysia cation channel.

From naive bag cell neurons, we excised inside-out patches
containing the cation channel and applied either 25 �M

m-3M3FBS, a PLC activator (Bae et al., 2003), or o-3M3FBS, an
inactive control molecule, to the cytoplasmic face at �60 mV. For
channels given the inactive o-3M3FBS, the PO was unchanged
(n � 9) (Fig. 5A,D). However, the response to the active
m-3M3FBS was a time-dependent increase in PO (n � 7). The
effect was most obvious by 9 min after addition, where the PO was
substantially higher (Fig. 5B). On average, compared with the
initial recording, delivery of the PLC activator increased PO start-
ing at 6 min, and there was a significant �10-fold change by 9
min (Fig. 5D). These patches were pulled from neurons before
addition of the PLC activator; therefore, the PLC activity re-
mained associated with the channel in the patches, suggesting a
close proximity of PLC to the cation channel.

To confirm that PLC was indeed present in the patch, cells
were treated for 20 min with 5 �M U-73122 (n � 8), a PLC
inhibitor that works well in Aplysia (Bleasdale et al., 1990; Fulton

A B

Figure 4. The voltage dependence of the cation channel is left-shifted by OAG and IP3. A, Cation channel activity in excised, inside-out patches exposed to 25 �M OAG alone (top traces at each
voltage) or excised into 5 �M IP3 followed by OAG (bottom traces) and held at the potentials indicated on the left. Compared with OAG alone, the PO of the channel is higher in the presence of
OAG � IP3, particularly at �60 and �15 mV. Ordinate at bottom right applies to �60 mV, whereas that beside the �15 mV trace applies to �15 and 15 mV; abscissa applies to all traces. B,
Voltage dependence of cation channel PO in OAG (half-filled circles), OAG and IP3 (filled circles), or PMA (open circles). A Boltzmann curve fit to the PO activity normalized to 30 mV in OAG � IP3 (thick
black) is left-shifted (V50 � �12 mV, k � 23) compared with OAG (dotted gray) (V50 � �3 mV, k � 13) and PMA (thin black) curves. The PMA curve is similar to naive channels (compare with
Fig. 1D) and is shown here as a control. OAG with IP3 results in a larger left-shift in the voltage dependence than OAG alone (�90 mV: p � 0.05, KW-ANOVA; �75 mV: p � 0.05, KW-ANOVA; �60
mV: **p � 0.0046, KW-ANOVA with p � 0.05 for PMA vs OAG � IP3 and OAG vs OAG � IP3; �45 mV: **p � 0.0087, KW-ANOVA with p � 0.05 PMA vs OAG � IP3 and OAG vs OAG � IP3; �30
mV: *p � 0.0154, KW-ANOVA with p � 0.05 PMA vs OAG � IP3 and OAG vs OAG � IP3; �15 mV: **p � 0.0046, KW-ANOVA with p � 0.05 PMA vs OAG � IP3 and OAG vs OAG � IP3; 0 mV: p �
0.05, KW-ANOVA; 15 mV: **p � 0.0048, KW-ANOVA with p � 0.05 PMA vs OAG � IP3; all post hoc tests Dunn’s multiple-comparisons).
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et al., 2008; Tam et al., 2011). The activity of PLC does not appear
to affect the basal level of cation channel activity at �60 mV, as
patches pulled from neurons exposed to U-73122 showed a sim-
ilar initial activity to those pulled from untreated neurons (com-
pare with Fig. 1A). Following excision, in the presence of the PLC
inhibitor, the addition of 25 �M m-3M3FBS had no effect on the
activity of the cation channel (Fig. 5C,D).

PLC-mediated PIP2 breakdown left-shifts cation channel
voltage dependence
Similar to OAG and IP3, we sought to examine whether the
m-3M3FBS/PLC-induced elevation of cation channel activity

was the result of changes to voltage dependence. Patches were
excised from bag cell neurons treated for 20 min with either
m-3M3FBS (n � 7) or its inactive counterpart, o-3M3FBS (n �
7), and single-channel currents were measured at different hold-
ing potentials (Fig. 6A). The activity of the cation channel �60
mV, at rest, was higher with m-3M3FBS (bottom) than
o-3M3FBS; and at depolarized potentials, this difference was
even more noticeable. The openings were more frequent and
longer in duration in the presence of the PLC activator at both
�15 and 15 mV (Fig. 6A).

The voltage dependence curves of the cation channel in
m-3M3FBS demonstrated a clear and statistically significant left-

A

B

C

D

Figure 5. A PLC activator increases cation channel activity in excised, inside-out patches. A, Addition of 25 �M o-3M3FBS (bottom), an inactive control molecule, to the cytoplasmic face of a patch
held at �60 mV, results in no change in PO from the initial level (top). B, In a separate patch from a different neuron, applying 25 �M m-3M3FBS, a PLC activator, increases channel activity (bottom
trace) compared with the initial period (top). C, In a patch excised from a neuron treated with 5 �M of the PLC inhibitor, U-73122, delivery of m-3M3FBS has no effect on PO. Scale bars apply to all
traces in A–C. D, Summary data show that application of m-3M3FBS to excised patches increases channel activity over the course of �6 min and reaches a peak by �9 min (gray bars), and this effect
can be blocked by U-73122 treatment before patch excision (black). Adding the inactive form, o-3M3FBS, has no effect on channel activity (white) ( p � 0.0083, KW-ANOVA). *p � 0.05 (Dunn’s
multiple-comparisons test).

A B

Figure 6. PLC activation left-shifts the voltage dependence of the cation channel. A, Cation channel activity increases as holding potentials are depolarized from �60 (bottom) to 15 mV (top)
when excised from cells treated with 25 �M of either the active (m-3M3FBS) or inactive (o-3M3FBS) form the PLC activator. However, at both �60 and �15 mV (middle), channel PO is higher with
the active m-3M3FBS. Ordinate at bottom right applies to �60 mV, whereas that beside the �15 mV trace applies to �15 and 15 mV; abscissa applies to all traces. B, Exposure to 25 �M m-3M3FBS
(filled circles) results in a left-shifted voltage dependence compared with the inactive o-3M3FBS (open circles). A Boltzmann curve fit to the PO activity normalized to 30 mV in m-3M3FBS (thick black)
is left-shifted (V50 ��24 mV, k � 17) compared with the o-3M3FBS (thin black) curve (V50 � 26 mV, k � 18) (�90: p � 0.05; �75 mV: **p � 0.0095; �60 mV: **p � 0.0087; �45 mV: *p �
0.0260; �30 mV: **p � 0.0012; �15 mV: *p � 0.0350; 0 mV: **p � 0.007; 15 mV: p � 0.05; all Mann–Whitney unpaired U test).
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shift compared with o-3M3FBS (Fig. 6B). Even at �60 mV, the
activity of the channel with m-3M3FBS was greater than that of
o-3M3FBS. More importantly, at the depolarized potentials
likely experienced during the afterdischarge (�45 to �30 mV),
the PO of the channel was evidently higher in m-3M3FBS. The
magnitude of the left-shift of the voltage dependence curve was
close to that seen in the combined presence of OAG and IP3

(compare with Fig. 4B), suggesting that, by releasing both IP3 and
DAG, PLC may well potentiate the cation channel during the
afterdischarge.

PIP2 breakdown products enhance the effect of PKC on the
cation channel
Wilson et al. (1998) demonstrated that PKC associates with the
Aplysia cation channel in excised patches, such that, when pro-
vided a phosphate source, like ATP, phosphorylation via PKC
turns on the channel. This ATP-induced increase in PO can be
prevented by using PKC inhibitors, such as H7 or PKC19 –36, as
well as disruption of the protein–protein interactions between
the channel and the kinase (Wilson et al., 1998; Magoski et al.,
2002; Magoski and Kaczmarek, 2005). In light of our evidence
regarding the possible presence of PLC, we sought to elucidate
any possible interaction between DAG, IP3, and PKC on cation
channel activity. In control excised patches containing the cation
channel, addition of 1 mM ATP (n � 9) increased PO by �2-fold
(Fig. 7A). This is similar to what we have reported previously as a
typical PKC-mediated effect (Magoski, 2004; Magoski and Kac-
zmarek, 2005; Gardam and Magoski, 2009). When endogenous
PLC was activated by treating neurons with 25 �M m-3M3FBS for
20 min before patch excision (n � 6), the subsequent delivery of

ATP to the cytoplasmic face resulted in an �15-fold increase in
PO (Fig. 7B,E).

Exogenous lipid metabolites had a more dramatic effect on
the PKC-induced modulation of the cation channel. Introduc-
tion of 25 �M OAG directly to patches activated the cation chan-
nel as per our prior finding (data not shown, but similar to that
depicted in Fig. 3A,C); and upon the addition of ATP, the PO

markedly increased (n � 7). The response of the channel was an
almost 60-fold rise in PO after the ATP addition (Fig. 7E). Al-
though the presence of OAG had a notable effect, the impact of a
combination of 5 �M IP3 and 25 �M OAG (n � 7) was even more
pronounced (Fig. 7D), so much so that, in the patches exposed to
both IP3 and OAG, the subsequent addition of ATP elevated the
channel PO by a remarkable �600-fold (Fig. 7E). The increased
channel activity with OAG or OAG � IP3 was significant com-
pared with control.

Discussion
The bag cell neuron afterdischarge is provoked by a brief cholin-
ergic synaptic input and presents as a profound change in electri-
cal and biochemical properties that lasts �30 min (Kupfermann
and Kandel, 1970; White and Magoski, 2012). The temporally
distinct nature of the intracellular signaling mechanisms during
the afterdischarge underlies the ability of these neurons to re-
spond to a short stimulus with a long-term change in activity and
ultimately release reproductive hormone (Strumwasser, 1971;
Pinsker and Dudek, 1977; Michel and Wayne, 2002). In particu-
lar, regulation of a cationic current during the afterdischarge en-
hances excitability of the cells and is key to properly timed

A D
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Figure 7. PKC-induced cation channel activation is increased following addition of PLC breakdown products. A, Addition of 1 mM ATP to the cytoplasmic face of a cation channel held at �60 mV
in an excised, inside-out patch increases PO �2-fold (bottom trace) compared with initial activity (top). Prior work shows that this is due to PKC-mediated phosphorylation (i.e., it is sensitive to PKC
inhibition and reversed by protein phosphatases) (Wilson et al., 1998). B, Following treatment of an intact bag cell neuron with 25 �M m-3M3FBS, a cation channel-containing patch is excised (top).
Delivery of ATP to this patch provokes a marked PO increase (bottom). C, Moreover, in a different patch, after exposure to 25 �M OAG (top trace), introducing ATP results in an even larger elevation
in channel activity. Scale bars apply to all traces in A–D. D, When excised into 5 �M IP3 followed by 25 �M OAG (top), the response to ATP is a very substantial increase in PO (bottom). E, Summary
data of excised patches show that, compared with pre-ATP, after addition of OAG, with or without IP3, ATP significantly increases channel activity in these patches. This PO change is far greater when
both OAG and IP3 are present versus OAG alone ( p � 0.0001, KW ANOVA). *p � 0.05 (Dunn’s multiple-comparisons test). ***p � 0.001 (Dunn’s multiple-comparisons test).
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alterations of membrane potential and action potential firing
(Fig. 8).

The cation channel examined in the present study provides
much of the depolarizing drive to extend the duration of the
afterdischarge (Wilson et al., 1996), and this is due to several
control elements (Fig. 1E). The channel is voltage-dependent;
and given the depolarization associated with the afterdischarge,
continuous activation likely occurs throughout the burst (Wilson
et al., 1996; Gardam and Magoski, 2009). The channel is also
activated by intracellular Ca 2� (Lupinsky and Magoski, 2006),
and there is a constant influx of Ca 2� through voltage-gated
Ca 2� channels over the course of the afterdischarge (Fisher et al.,
1994; Groten et al., 2013). Moreover, there is a high likelihood
that the cation channel experiences local Ca 2� concentrations
higher than the 1 �M used here, due to proximity to sources of

Ca 2� influx, including Ca 2� channels in the membrane and IP3-
induced Ca 2� release from the endoplasmic reticulum (Fink et
al., 1988; Groten and Magoski, 2015).

Along with voltage and Ca 2�, phospholipid metabolites are
potential regulators of cation channel function in bag cell neu-
rons. PLC is turned on during the afterdischarge to break down
PIP2 in the plasma membrane (Fink et al., 1988). Generally, PLC
is activated by neurotransmitters via G-protein-coupled recep-
tors (Clapham, 1995; Hille et al., 2015). Therefore, PLC activa-
tion could be due to acetylcholine binding a muscarinic receptor
at the start of the afterdischarge (Dembrow et al., 2004; White
and Magoski, 2012); alternatively, one of the bag cell peptides
released by the bag cell neurons themselves could activate PLC
through a G-protein-coupled pathway (Brown and Mayeri, 1989;
Redman and Berry, 1993). Hence, PLC would become active
early in the afterdischarge, liberating DAG and IP3, which com-
bine to modulate the cation channel.

The transient activation of the Aplysia cation channel by the
DAG analog, OAG, is similar to TRPC3 and TRPC6 channels
expressed in HEK cells (Hofmann et al., 1999), although in
Aplysia, the duration of the response is longer. The combination
of OAG and IP3 can increase TRP-like whole-cell cationic cur-
rents in various types of myocytes (Albert and Large, 2003; Ju et
al., 2010; Song et al., 2015). For bag cell neurons, OAG and IP3

synergize at the single-channel level to potentiate and prolong
PO. The duration of the OAG � IP3 potentiation in our excised
patches is again longer than that seen for TRPC channels in other
tissues (Albert and Large, 2003; Song et al., 2015). Potentiation
may involve IP3 binding to a site on the cytoplasmic face of the
channel or an adjacent protein. Because heparin, which pre-
vented the IP3-mediated modulation of the OAG response, is
originally characterized as an IP3 receptor blocker (Worley et al.,
1987; Ghosh et al., 1988), an actual IP3 receptor may be closely
associated with the cation channel, as suggested for TRPC3 chan-
nels (Kiselyov et al., 1998; Kim et al., 2012). By extension, there is
also the possibility that the endoplasmic reticulum itself is pres-
ent in the patch as part of the complex.

The synergy between DAG and IP3 would likely be key in
maintaining the cation current to drive action potentials during
the afterdischarge. For cation channels exposed to OAG, the volt-
age dependence is left-shifted; moreover, inclusion of IP3 at the
cytoplasmic face shifts the curve even further left. A similar out-
come is seen by activating PLC using m-3M3FBS, with a left-shift
that is even more prominent than with exogenous lipid metabo-
lites. The activation of PLC would shift the voltage dependence
into the range of depolarized membrane potentials seen during
the afterdischarge.

We also present evidence of a close association between the
cation channel and PLC activity. To our knowledge, this is the
first instance of PLC activity closely associated with a nonselective
cation channel in excised patches. After excising a patch from
untreated bag cell neurons, delivery of the PLC activator,
m-3M3FBS (Bae et al., 2003), increases channel PO, whereas the
inactive version has no effect. This PLC activator has been
used in bag cell neurons induced neurite outgrowth and to elicit
whole-cell voltage-independent cationic currents similar to those
evoked by a combination of OAG and IP3 (Zhang et al., 2012;
Sturgeon and Magoski, 2016). Furthermore, m-3M3FBS has no
effect on the channel in patches excised from neurons treated
with the PLC inhibitor, U-73122 (Bleasdale et al., 1990), which
has been proven effective at blocking PLC in Aplysia sensory and
bag cell neurons (Fulton et al., 2008; Tam et al., 2011). This
lessens the possibility of a direct effect of m-3M3FBS on the cat-
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Figure 8. Schematic representation of the Aplysia cation channel regulatory complex in the
bag cell neuron plasma membrane. A, The cation channel is found with closely associated PKC
(Wilson et al., 1998), CaM (Lupinsky and Magoski, 2006), and PLC. At rest, the voltage sensors
are located closer to the inner leaflet. PIP2 is located in the plasma membrane. A representative
single-channel recording from the channel in an excised patch held at �60 mV indicates that
the channel is predominantly in the closed (C) state, with few transitions to the open (O) state.
B, In response to the afterdischarge, PLC is activated (lightning bolt) and PIP2 is hydrolyzed to
DAG and IP3. The combined liberation of DAG and IP3, along with PKC-dependent phosphory-
lation and Ca 2�/CaM, gates the channel in a positive manner. The bag cell neuron membrane
also depolarizes, resulting in further channel activation and cation influx. Given these regulatory
elements, channel activity increases dramatically, as evidenced by the representative single-
channel recording.
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ion channel, independent of PLC. Overall, effects seen here are
most likely due to PLC activation in the excised patch, resulting in
the release of DAG and IP3 from membrane-bound PIP2, and
augmenting activity. Consistent PLC activation in these excised
patches indicates the likelihood that a channel-PLC interaction
occurs in vivo.

In our experiments, the use of OAG has the potential to turn
on PKC directly (Nishizuka, 1984); however, prior work by our-
selves and others has shown that pharmacological activation of
PKC, principally by the phorbol ester, PMA, strongly enhances
voltage-gated Ca 2� currents in bag cell neurons (DeRiemer et al.,
1985a,b; Strong et al., 1987; Tam et al., 2011; Groten and Ma-
goski, 2015). Nevertheless, using this same bioassay, we previ-
ously failed to observe any change in Ca 2� current following
OAG application (Sturgeon and Magoski, 2016). Furthermore, in
the present study, triggering PKC before patch excision with
PMA has no effect on cation channel voltage dependence. Thus,
while a direct test of OAG on PKC activity itself is still lacking, the
current evidence favors OAG (or OAG � IP3) interacting with
the channel to left-shift the voltage dependence in a manner in-
dependent of PKC activation. That stated, lipid metabolites do
alter the responsiveness of the cation channel to closely associated
PKC. When provided a phosphate source, the associated PKC
phosphorylates the channel, resulting in a multifold increase in
PO (Wilson et al., 1998). The PKC-induced elevation of channel
activity in the presence of OAG and IP3 is markedly larger com-
pared with control. This substantial difference could be due to the
exogenous concentrations we used; therefore, the enhancement
following the addition of m-3M3FBS might be more comparable
with that occurring in vivo. Overall, PLC may liberate sufficient
amounts of DAG and IP3 to activate the channel and bolster the
PKC response. Because our prior work showed that PMA does
not boost the PKC response in any way like OAG or OAG � IP3

(Magoski and Kaczmarek, 2005), we would assert that the out-
come reported in the present study is not due to an effect on PKC
itself, but rather on the response of the channel to PKC.

The lipid environment is vital to the proper function of ion
channels and transporters, and increasing evidence suggests that
the surrounding microenvironment can modulate the activity of
voltage-gated K� channels, voltage-gated Ca 2� channels, the
ABCtransporter,TRPchannels, andnicotinic receptors (Roberts-
Crowley et al., 2009; Sturgeon and Baenziger, 2010; Kasimova et
al., 2014; Ciardo and Ferrer-Montiel, 2017). The fact that PLC
activity can be copurified with the nicotinic receptor in reconsti-
tuted membranes suggests that some ion channels not only re-
quire specific lipids but have the means to alter their lipid
microenvironment to ensure the presence of cofactors for activity
(Labriola et al., 2010). Considering the prior reports demon-
strating the presence of regulatory proteins associated with the
Aplysia cation channel (Magoski et al., 2002; Magoski, 2004;
Magoski and Kaczmarek, 2005; Lupinsky and Magoski, 2006),
it may be reasonable to conclude that PLC is part of such a
modulatory complex.

There are parallels between the regulation of the macroscopic
voltage-independent cation current we published previously
(Sturgeon and Magoski, 2016) and the voltage-dependent cation
current examined at the single-channel level here. In particular,
both currents are triggered by OAG or the stimulation of endog-
enous PLC with m-3M3FBS, and both are potentiated by IP3.
Conversely, although PKC can activate the voltage-dependent
current in excised patches, this kinase does not directly gate the
whole-cell voltage-independent current; rather, basal PKC activ-
ity is only required for OAG-induced activation (Wilson et al.,

1998; Sturgeon and Magoski, 2016). As part of a channel-
regulatory system, PLC influences cation current function via
alteration of the surrounding lipid environment, phosphoryla-
tion, and, for one of the currents, voltage sensing. Thus, by con-
verging on two different cation channels, the PLC pathway serves
to maintain the afterdischarge and hormone secretion.
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