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Ca2� ENTRY THROUGH A NON-SELECTIVE CATION CHANNEL IN
APLYSIA BAG CELL NEURONS
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Abstract—Ca2� influx through voltage-gated Ca2� channels
is a fundamental signaling event in neurons; however, non-
traditional routes, such as non-selective cation channels,
also permit Ca2� entry. The present study examines the Ca2�

permeability of a cation channel that drives an afterdischarge
in Aplysia bag cell neurons. The firing of these neurons
induces peptide release and reproduction. Single channel-
containing inside-out patches excised from cultured bag cell
neurons, with the cytoplasmic face bathed in K�-aspartate
and the extracellular face bathed in artificial seawater (11 mM
Ca2�), had a reversal potential near �50 mV. In keeping with
Ca2� permeability, this was right-shifted to approximately
�60 mV in high Ca2� (substituted for Mg2�) and left-shifted to
around �40 mV in zero Ca2� (replaced with Mg2�). The cur-
rent showed inward rectification between �30 and �90 mV,
and a conductance of 29 pS in normal Ca2�, 30 pS in high
Ca2�, 32 pS in Ba2� (substituted for Ca2�), but only 21 pS in
zero Ca2�. Despite a greater conductance in Ba2�, the chan-
nel did not display anomalous mol fraction in an equimolar
Ca2�–Ba2� mix. Eliminating internal Mg2� lowered activity,
but did not alter inward rectification, suggesting intracellular
Mg2� is a fast, voltage-independent blocker. Imaging bag cell
neurons in Mn2� saline (substituted for Ca2�) revealed en-
hanced fura-quench following cation channel activation, con-
sistent with Mn2� permeating as a Ca2� surrogate. Finally,
triggering the cation channel while tracking capacitance re-
vealed a Ca2�-dependent increase in membrane surface area,
consistent with vesicle fusion. Thus, the cation channel not
only drives the afterdischarge, but also passes Ca2� to po-
tentially initiate secretion. In general, this may represent an
alternate means by which neurons elicit neuropeptide
release. © 2009 IBRO. Published by Elsevier Ltd. All rights
reserved.
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Non-selective cation channels influence membrane poten-
tial and firing patterns in sensory, cortical, motor, and
peptidergic neurons (Zhang et al., 1995; Haj-Dahmane
and Andrade, 1999; Morisset and Nagy, 1999; Hung and
Magoski, 2007; Gardam et al., 2008; Tahvildari et al.,
2008). As such, these currents impact perception, motor
control, memory, and reproduction (Fraser and MacVicar,
1996; Egorov et al., 2002; Hall and Delaney, 2002; Dem-
brow et al., 2004; Zhang et al., 2008). Cation channels are
permeable to Na�, K�, and in some cases Ca2� (Yellen,
1982; Partridge and Swandulla, 1988; Strubing et al.,
2001; Clapham, 2003). Ca2� permeability broadens their
function from simply passing inward current to potentially
influencing other processes. For example, while secretion
or plasticity are often triggered by voltage-gated Ca2�

channels (Mermelstein et al., 2001; Neher and Sakaba,
2008), cation channel–mediated Ca2� entry may initiate
secretion from dendrites and synapses, as well as Ca2�

release and inflammation in sensory neurons, growth cone
turning in spinal neurons, and cell death in cortical or
dopaminergic neurons (Chen et al., 1997; Aarts et al.,
2003; Munsch et al., 2003; Karai et al., 2004; Yu et al.,
2004; Kim et al., 2005; Wang and Poo, 2005; Siemens et
al., 2006). The present study examines cation channel
Ca2� permeability in the bag cell neurons of the marine
snail, Aplysia californica.

The bag cell neurons are neuroendocrine cells that
control reproduction (Kupfermann, 1967, 1970; Kupfer-
mann and Kandel, 1970). Synaptic input to these neurons
activates a non-selective cation channel that drives an
�30 min depolarization and afterdischarge (Kaczmarek et
al., 1978; Wilson et al., 1996). This leads to the neural-
hemal secretion of egg-laying hormone and behaviors
ending in egg deposition (Arch, 1972; Pinsker and Dudek,
1977; Rothman et al., 1983; Loechner et al., 1990; Michel
and Wayne, 2002). The neurons then become refractory
and are incapable of afterdischarging for a prolonged pe-
riod (Kupfermann and Kandel, 1970; Kaczmarek et al.,
1978). Refractoriness likely averts interruption of reproduc-
tive behaviors already under way following an initial after-
discharge.

Bag cell neuron depolarization is prevented by either
blocking the cation channel or disrupting certain gating
factors (DeRiemer et al., 1985; Wilson et al., 1996; Ma-
goski et al., 2002; Kachoei et al., 2006). Cation channel
activity is upregulated by elevated intracellular Ca2�, PKC-
dependent phosphorylation, or membrane depolarization
(Wilson et al., 1996, 1998; Magoski et al., 2002; Magoski,
2004; Magoski and Kaczmarek, 2005; Lupinsky and Ma-
goski, 2006). The channel conducts Na� and K� to a
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similar extent, yet has a current versus voltage (I–V) rela-
tionship which extrapolates to a value more positive than 0
mV, suggesting Ca2� permeability (Wilson et al., 1996). In
addition, the single-channel current is larger when extra-
cellular Ca2� is replaced by Ba2� (Wilson et al., 1996;
Lupinsky and Magoski, 2006), a property often displayed
by bona fide Ca2� permeable channels (Hagiwara et al.,
1974; Hoth, 1995; Hille, 2001). Thus, while the basic func-
tion of the cation channel is well established, the extent to
which it passes Ca2� and the implications for cellular
function are unclear.

Magoski et al. (2000) showed that activating the cation
channel in the absence of extracellular Ca2� prevented both
refractoriness and the attenuation of intracellular Ca2� re-
lease that occurs with repeated stimulation of the bag cell
neurons. This too implies that the channel may pass Ca2�

and is capable of altering physiology. Using both single-
channel recording in excised patches and Ca2� imaging at
the whole-cell level, we now show that the cation channel is
indeed Ca2� permeable. Furthermore, our data indicate that
cation channel–mediated Ca2� influx is capable of initiating
secretion in the absence of opening voltage-gated Ca2�

channels. Demonstrating that the cation channel passes
Ca2� expands its role from driving the afterdischarge to pos-
sibly inducing plasticity or peptide release.

EXPERIMENTAL PROCEDURES

Animals and cell culture

Adult Aplysia californica weighing 150–500 g were obtained from
Marinus Inc. (Long Beach, CA, USA), housed in an �300 l aquar-
ium containing continuously circulating, aerated seawater (Instant
Ocean, Aquarium Systems, Mentor, OH, USA or Kent sea salt;
Kent Marine, Acworth, GA, USA) at 14–16 °C on a 12-h light/dark
cycle, and fed romaine lettuce 5 times a week. All experiments
were approved by the Queen’s University Animal Care Committee
(Protocol number Magoski-2005-050-R3). All experiments con-
formed to the Canadian Council on Animal Care guidelines for the
Care and Use of Experimental Animals. Every attempt was made
to minimize the number of animals used and their suffering.

For primary cultures of isolated bag cell neurons, animals
were anesthetized by an injection of isotonic MgCl2 (50% of body
weight), the abdominal ganglion was removed and treated with
neutral protease (13.3 mg/ml; 165859; Roche Diagnostics, India-
napolis, IN, USA) for 18 h at 22 °C dissolved in tissue culture
artificial seawater (tcASW) (composition in mM: 460 NaCl, 10.4
KCl, 11 CaCl2, 55 MgCl2, 15 Hepes, 1 mg/ml glucose, 100 U/ml
penicillin, and 0.1 mg/ml streptomycin, pH 7.8 with NaOH). The
ganglion was then transferred to fresh tcASW for 1 h, after which
time the bag cell neuron clusters were dissected from their sur-
rounding connective tissue. Using a fire-polished glass Pasteur
pipette and gentle trituration, neurons were dispersed in tcASW
onto 35�10 mm polystyrene tissue culture dishes (430165; Corn-
ing, Corning, NY, USA). Cultures were maintained in tcASW in a
14 °C incubator and used for experimentation within 1–3 days.
Salts were obtained from Fisher Scientific (Ottawa, ON, Canada),
ICN (Aurora, OH, USA), or Sigma-Aldrich (St. Louis, MO, USA).

Excised, patch-clamp recording

Single cation channel current was measured using an EPC-8
amplifier (HEKA Electronics, Mahone Bay, NS, Canada). Micro-
electrodes were pulled from 1.5 mm internal diameter, borosilicate
glass capillaries (TW 150 F-4; World Precision Instruments, Sara-

sota, FL, USA) and were fire polished to a resistance of 2–8 M�
when filled with various salines. To lower the root mean squared
noise of the current signal, microelectrode capacitance was re-
duced by coating the shank and half of the shoulder with dental
wax (92189; Heraeus Kulzer, South Bend, IN, USA) under a
dissecting microscope.

For inside-out recording, the pipette was filled with normal
artificial seawater (nASW) (composition as per tcASW but lacking
glucose, penicillin, and streptomycin), high Ca2�/Mg2�-free artifi-
cial saltwater (hcmfASW) (Mg2� substituted with Ca2� for a final
concentration of 66 mM), Ca2�-free/high-Mg2� artificial seawater
(cfhmASW) (Ca2� substituted with Mg2� for a final concentration
of 66 mM), CaBaASW (half Ca2� and half Ba2� for a final con-
centration of 5.5 mM each), or BaASW (Ca2� substituted with
Ba2� for a final concentration of 11 mM). In an attempt to reduce
contaminating Ca2�-activated K� currents, the pipette solution
also contained 20 mM tetraethylammonium (TEA) (86630; Sigma-
Aldrich). Following excision, the cytoplasmic face was bathed in
standard artificial intracellular saline (composition in mM: 500
K-aspartate, 70 KCl, 1.25 MgCl2, 10 Hepes, 11 glucose, 5 EGTA,
10 reduced glutathione, pH 7.3 with KOH). CaCl2 was added for a
free Ca2� concentration of 1 �M; calculated using WebMaxC (http:/
www.stanford.edu/�cpatton/webmaxc/webmaxcE.htm). Experi-
ments performed using zero Mg2� intracellular saline also had a
calculated free Ca2� concentration of 1 �M. For outside-out re-
cordings, microelectrodes were filled with standard artificial intra-
cellular saline containing 1 �M free Ca2�. The extracellular face of
excised, outside-out patches was exposed to nASW or cfhmASW
using a perfusion apparatus (see Experimental procedures, Patch
perfusion).

Current was low pass filtered at 1 kHz using the EPC-8 Bessel
filter and acquired at a sampling rate of 10 kHz using an IBM-
compatible personal computer, a Digidata 1300 analogue-to-dig-
ital converter (Axon Instruments/Molecular Devices, Sunnyvale,
CA, USA), and the Clampex acquisition program of pCLAMP
(version 8.1; Axon Instruments). Data were gathered at room
temperature (22 °C) in 0.5–3 min intervals, while holding the patch
at various voltages. At more positive potentials, particularly �30 to
�90 mV, the time intervals was often �1 min because of patch
instability and the appearance of large, unidentified, TEA-insensi-
tive outward currents.

Patch perfusion

For patch perfusion, an array was constructed by tightly aligning
borosilicate square tubing (outer diameter: 0.75 mm, internal di-
ameter: 0.5 mm; 8250; VitroCom Inc., Mountain Lakes, NJ, USA)
attached to one another using superglue. The section of the array
that was submerged into the bath did not come in contact with the
glue. At the opposite end of the array, the barrels were fitted with
silicone tubing (45314; Cole Parmer, Vernon Hills, IL, USA). The
perfusion lines were connected to 5 ml syringes, which were all set
to the same height. Each line was clamped with an alligator clip,
which when released, resulted in a flow of �1 ml/min. Patches
were moved from the mouth of one barrel to the next, permitting a
rapid change in solutions at the channel face. During perfusion,
the culture dish was drained as required using a plastic Pasteur
pipette. Prior to experimentation, the entire perfusion system was
rinsed with Sigmacote (SL-2; Sigma-Aldrich) and allowed to dry
for at least 24 h.

Conus textile venom (CtVm)

To activate the cation channel macroscopically, crude CtVm (Cruz
et al., 1976) was bath applied to cultured bag cell neurons (Wilson
et al., 1996; Magoski et al., 2000, 2002). CtVm lyophilate was
generously provided by Ms. J. Imperial and Dr. B. M. Olivera of the
University of Utah. Adult specimens of the molluscivorous snail,
Conus textile, were collected from the ocean around the Philippine
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island of Marinduque. Venom ducts were dissected out of an
animal and placed on an ice cold metal spatula. The duct was then
cut into 2 cm sections and the venom extruded out by squeezing
with forceps. CtVm was then lyophilized in a vacuum centrifuge
and stored at �80 °C for subsequent extraction. Crude CtVm was
extracted at 4 °C by adding 0.5% v/v trifluoroacetic acid (TFA)
(T6508; Sigma-Aldrich) to the lyophilate for a final protein concen-
tration of 5% (w/v). CtVm was vortexed for 2 min and sonicated for
2 min, in an alternating fashion, for a total of 18 min. The mixture
was then centrifuged at 15,000�g for 12 min and the supernatant
collected. A second aliquot of TFA was added to the pellet (final
protein concentration 10% w/v) and the protocol repeated. The
supernatants were pooled, aliquoted and frozen at �80 °C. CtVm
was introduced into the bath by pipetting a small volume (�10 �l)
of the stock into the culture dish for a final protein concentration of
�100 �g/ml. Care was taken to pipette the stock near the side of
the dish and as far away as possible from the neuron.

Whole-cell voltage-clamp and Mn2�-fura quench

Fura PE3 dye (K� salt; 0110, Teflabs, Austin, TX, USA) (Vorndran
et al., 1995), was pressure injected via sharp-electrode (1.2 mm
internal diameter, borosilicate glass capillaries, 1B120F-4; World
Precision Instruments; 30–50 M� resistance when tip-filled with
10 mM fura-PE3 and backfilled with 3 M KCl) using a PMI-100
pressure microinjector (Dagan, Minneapolis, MN, USA), while
simultaneously monitoring membrane potential with an Axoclamp
2 B amplifier (Axon Instruments). To dye-fill a neuron usually
required 10–15, 300–900 ms pulses at 30–60 kPa to, which were
subsequently allowed to equilibrate for at least 30 min prior to
experimentation. Dye-filled neurons were subsequently whole-cell
voltage-clamped at �60 mV using the Axoclamp and the contin-
uous voltage-clamp mode. Current was low pass filtered at 3 kHz
using the Axoclamp Bessel filter and acquired at a sampling rate
of 2 kHz. Whole-cell microelectrodes (glass as per single-channel
recording) were fire polished to a resistance of 1.5–3 M� when
filled with standard artificial intracellular saline (composition as per
single-channel recording but with 1 mM fura-PE3, 5 mM ATP
(grade 2, disodium salt; A3377; Sigma-Aldrich), 100 �M
guanosine triphosphate (GTP) (type 3, disodium salt; G8877;
Sigma-Aldrich), and free Ca2� set to 300 nM). We found that
pre-loading the neurons by fura microinjection as well as including
fura in the whole-cell pipette resulted in stable dye concentrations
during recording.

Imaging was performed simultaneously with voltage-clamp,
using a Nikon TS100-F inverted microscope (Nikon, Mississauga,
ON, Canada) equipped with a Nikon Plan Fluor 40X (NA�0.6)
objective. The light source was a 75 W xenon arc lamp and a
multi-wavelength DeltaRAM V monochromatic illuminator (Photon
Technology International, London, ON, Canada) coupled to the
microscope with a UV-grade liquid-light guide. The excitation
wavelength was 358 nm and was controlled by an IBM-compatible
personal computer, a Photon Technology International computer
interface, and ImageMaster Pro software (version 1.49, Photon
Technology International). Between acquisition episodes, the ex-
citation wavelength was blocked by a computer-controlled shutter.
The emitted light passed through a 510/40 nm barrier filter prior to
being detected by a Photon Technology International IC200 inten-
sified charge-coupled device camera. The camera intensifier volt-
age was set based on the initial fluorescence intensity of the cells
at the beginning of each experiment and maintained constant
thereafter. The camera black level was set prior to an experiment
using the camera controller such that at a gain of 1 and with no
light going to the camera there was a 50:50 distribution of blue and
black pixels on the image display. Fluorescence intensities were
sampled at 20 s intervals using regions of interests (ROI) defined
over the neuronal somata prior to the start of the experiment and
averaged four to eight frames per acquisition. The emission was
recorded as an indicator of fura PE3 quench by Mn2�. The black

level determination, image acquisition, frame averaging, and ROI
sampling were carried out using the ImageMaster Pro software.
Imaging was undertaken at �22 °C and performed in Mn2� arti-
ficial sea water (MnASW) with the CaCl2 replaced by MnCl2 for a
final concentration of 11 mM. Mn2� acts as a surrogate for Ca2�,
whereby any Mn2� entry through Ca2� permeable channels is
detected by quenching of the fura. Mn2�, but not Ca2�, quenches
fura when monitored at its isosbestic point (358 nm; Grynkiewicz
et al., 1985), and thus differentiates between Ca2� release and
Ca2� influx (Hallam and Rink, 1985; Sage et al., 1989).

Capacitance tracking

As an indicator of secretion, membrane capacitance was tracked
under whole-cell voltage-clamp using the time-domain method
(Neher and Marty, 1982; Gillis, 1995). Whole-cell recording con-
ditions were the same as during imaging except the internal
lacked fura-PE3 and the EPC-8 amplifier was used. The holding
potential was �80 mV, from which �20 mV, 100 ms pulses were
delivered at 0.5 Hz. With pipette capacitance compensated, the
membrane test function of Clampfit was employed to calculate
membrane capacitance on-line using the formula: membrane ca-
pacitance (Cm)��(1/Ra�1/Rm), where ��time constant of current
decay as fit by a single-exponential from initial to steady-state
during the voltage step, Ra�access resistance, and Rm�
membrane resistance. Ra was calculated using the formula:
Ra�Vs/Ii, where Vs�voltage step amplitude (20 mV) and Ii�the
initial current flowing during the step. Rm was calculated using the
formula: Rm�(Vs�Ra�Iss)/Iss, where Iss�the steady-state current
flowing during the step. To increase accuracy and improve the
signal-to-noise ratio, current traces were cumulatively averaged
(10 pulses per average) before each calculation. The �80 mV
holding potential was chosen to avoid activation of any voltage-
gated Ca2� channels during the 20 mV step (Tam and Magoski,
2007). Data were gathered at �22 °C.

Analysis

To determine single-channel open probability (PO), events lists
were made from data files using the half-amplitude threshold
criterion (Colquhoun and Sigworth, 1995) and the Fetchan anal-
ysis program of pCLAMP. Fetchan was also used to generate
all-points histograms for determining channel amplitude. For anal-
ysis, most data did not require further filtering below the 1 kHz
used during acquisition; however, to avoid inclusion of noise-
related “events” as channel openings, some data were filtered a
second time using the Fetchan digital gaussian filter to a final
cutoff frequency of 500–200 Hz. The lower frequency filtering was
typically carried out on small amplitude currents acquired at volt-
ages near the reversal potential. For display in figures most data
were filtered to a final cutoff frequency of 500 or 250 Hz. The Pstat
analysis program of pCLAMP was used to read events lists and
determine PO using the formula: PO�(1�t1�2�t2� . . . tn)/(N�ttot),
where t�the amount of time that n. channels are open, N�the
number of channels in the patch, and ttot�the time interval over
which single-channel open probability is measured. Channel num-
ber was determined by counting the number of unitary current
levels at the most positive voltage of a given recording. Pstat was
also used to fit gaussian functions to all-points histograms using
the least squares method and a simplex search. Channel current
amplitude was then calculated by subtracting the mean closed
current level from the mean open current level at a given voltage.

Single-channel I–V relationships were produced in Origin
(version 7; OriginLab Corporation, Northampton, MA, USA) by
plotting channel current amplitude against patch holding potential.
Single-channel conductance (g) and reversal potential (Vrev) were
determined by linear regression. To make PO versus voltage
relationships, PO was first normalized to PO at 0 mV and then
plotted against patch holding potential using Origin. This relation-
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ship was then fit with a Boltzmann function to derive the half-
maximal voltage of activation (V0.5) and the slope factor (k), which
is the change in voltage required to move the PO e-fold. We chose
to normalize to PO at 0 mV, rather than the more positive poten-
tials, because this voltage has been used in the past as the point
of reference (Wilson et al., 1996; Magoski, 2004; Lupinsky and
Magoski, 2006). Moreover, the short recording times necessary
when holding between �30 and �90 mV (see Experimental Pro-
cedures, Excised patch-clamp recording) reduced the certainty of
the PO calculations for those voltages. As such, we felt it not
prudent to normalize to PO measured above 0 mV.

Whole-cell cation channel activation and simultaneous Mn2�

influx were quantitated with the Clampfit analysis program of
pCLAMP and Origin, respectively. For current, cursors were
placed at the baseline, prior to CtVm introduction, as well as at the
peak after the cation channel had been activated. The difference
between the two cursor values was taken as the maximal ampli-
tude. For Mn2� influx, fura quench emission records from Image-
Master Pro were plotted in Origin and fit with single exponential to
derive time constant values that reflected the rate of fura quench
by Mn2� entry.

Data are presented as mean	standard error of the mean
(SEM) throughout. Statistical analysis was performed using InStat
(version 3; GraphPad Software, San Diego, CA, USA). The Kol-
mogorov–Smirnov method was used to test data sets for normal-
ity. Paired Student’s t-test or Mann–Whitney U-test was used to
test whether the mean differed between two groups. A one-sam-
ple t-test was used to determine if a single mean differed from that
of zero. Means were considered significantly different if the two-
tailed P-value was �0.05.

RESULTS

Altering extracellular Ca2� shifts cation channel
reversal potential and conductance

In their initial characterization of the bag cell neuron cation
channel, Wilson et al. (1996) demonstrated a roughly
equal permeability to Na� and K�; moreover, when they
replaced extracellular Na� with large, impermeable mono-
valent cations, the Vrev was shifted in a positive direction,
suggesting Ca2� permeability. However, those authors did
not examine the current at holding potentials more positive
than 0 mV, but instead extrapolated the linear regression
to estimate Vrev. Here, we used excised patches to test if
the cation channel passes Ca2� under more physiological
ionic conditions (high Na� outside and high K� inside) by
holding both below and well above 0 mV to determine Vrev.

Cation channels were identified in excised, inside-out
patches from cultured bag cell neurons based on proper-
ties previously reported by both our laboratory and others,
i.e. �2 pA current amplitude at �60 mV, voltage-depen-
dent activation (an increase in PO with depolarization), and
lack of voltage-dependent inactivation (Wilson and Kacz-
marek, 1993; Wilson et al., 1996, 1998; Magoski et al.,
2002; Magoski, 2004; Lupinsky and Magoski, 2006). With
nASW (11 mM Ca2� and 55 mM Mg2�) at the extracellular
face and standard intracellular saline at the cytoplasmic
face, the cation channel showed inward current from �90
through to �30 mV (Fig. 1A). A further change in holding
potential to �60 mV saw the current go to zero and then
reverse by �90 mV. The I–V curve displayed inward rec-
tification at voltages positive to �30 mV, which manifested
as a modest but conspicuous decrease in slope (Fig. 1B).

When the PO was normalized to the PO at 0 mV and the
single-channel activation curve fit with a Boltzmann func-
tion, the V0.5 was �40 mV and the k was 8 (Fig. 1C).

If the cation channel was indeed permeable to Ca2�,
then the single-channel g and Vrev should be sensitive to
changes in extracellular face Ca2� concentration. We sub-
stituted Ca2� for Mg2� and vice versa in the ASW used to
fill the pipettes for excised inside-out patches. The current
amplitude of the channel was attenuated with cfhmASW (0
mM Ca2�, 66 mM Mg2�) and enhanced with hcmfASW (66
mM Ca2�, 0 mM Mg2�) at the extracellular face (Fig. 2A).
As with nASW, inward rectification of the I–V curve was
observed at positive voltages in both cfhmASW and
hcmfASW. Therefore, the data were separated and linear
regression was carried out on I–V relationships from either
�90 to �30 mV (the slope providing the g in the physio-
logical operating range of the channel) or 0 to �90 mV (the
X-intercept providing the Vrev). Cation channel g was at-
tenuated and enhanced by low and high external Ca2�,
respectively. The g derived from the I–V at negative volt-
ages was 29.2 pS in nASW, which was reduced to 21.4 pS
in cfhmASW and increased somewhat to 30.3 pS in hcm-
fASW (Fig. 2B). The Vrev obtained from the I–V at positive
voltages was similarly sensitive to changes in extracellular
Ca2�, shifting from �53.0 mV in nASW to �41.1 mV in
cfhmASW or �59.3 mV in hcmfASW (Fig. 2C).

Cation channel conductance is enhanced by
extracellular Ba2�, but fails to display anomalous
mol fraction

Many Ca2� permeable channels also conduct Ba2�, often
more effectively than Ca2� itself (Hagiwara et al., 1974;
Hoth, 1995; Hille, 2001). Both Wilson et al. (1996) and our
laboratory (Lupinsky and Magoski, 2006) showed that the
amplitude of the bag cell neuron cation channel was in-
creased by replacing extracellular Ca2� with Ba2� at �60
mV. Indeed, this was the only prior evidence to suggest the
cation channel is Ca2� permeable under physiological
ionic conditions. It has been proposed that Ca2� perme-
able channels are multi-ion pores, i.e. they can hold more
than one divalent ion simultaneously (Hess and Tsien,
1984; Hille, 2001). To explore this, we first determined
single-channel g with BaASW (0 mM Ca2�, 11 mM Ba2�)
at the extracellular face in excised, inside-out patches. As
expected, having Ba2� as the only permeable divalent
cation on the outside of the channel brought about a larger
current amplitude between �90 and �30 mV. However,
when the equimolar mixture of CaBaASW (5.5 mM Ca2�,
5.5 mM Ba2�) was presented to the extracellular face, the
current was essentially the same magnitude as that seen
with nASW (Fig. 3A–C; compare to Fig. 1A).

The linear regression of the I–V at negative voltages
showed g to be larger (31.8 pS) with BaASW (Fig. 3D).
However, with a g of 29.6 pS in CaBaASW versus 29.2 pS
in nASW, the channel did not exhibit the anomalous mol
fraction effect of a smaller conductance in an equimolar
Ca2�–Ba2� mix (Hess and Tsien, 1984; Friel and Tsien,
1989; Hille, 2001). With respect to Vrev, compared to
�53.0 mV in nASW, the linear regression of the I–V at
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positive voltages provided a value of �46.6 mV in BaASW
and �48.0 mV in CaBaASW (data not shown). The single-
channel activation curves in either CaBaASW or BaASW
were noticeably shifted to the right (Fig. 3E). Estimates of
V0.5 from the Boltzmann fits �59.0 mV in CaBaASW and
�69.0 mV in BaASW, with k-values of 25 and 26, respec-
tively. These shifts were quite drastic and the fit to the
CaBaASW or BaASW curves should be interpreted judi-
ciously.

Intracellular Mg2� regulates cation channel activity
but is not responsible for inward rectification

The inward rectification seen in the bag cell neuron cation
channel I–V at positive voltages is reminiscent of other
channels, including exogenously expressed transient re-
ceptor potential (TRP) cation channel isoforms (Voets et
al., 2003; Hermosura et al., 2005; Obukhov and Nowycky,
2005) and native cation channels (Inoue et al., 2001;

Fig. 1. Cation channel activity and I–V relationship in control conditions. (A) Single cation channel in an excised, inside-out patch at different holding
potentials with nASW (11 mM Ca2� and 55 mM Mg2�) at the extracellular face. The cation channel is seen as brief, unitary, inward current deflections
of close to 3 pA at �90 mV. The closed and open states are designated by �C and �O, respectively. From �90 mV through to �30 mV, the amplitude
of the inward current decreases, while the number of openings increases. There are no resolvable openings at �60 mV, but at �90 mV the current
reverses and shows outward openings. For all holding potentials, the current exhibits no voltage-dependent inactivation. (B) The I–V of the
single-channel current rectifies at voltages more positive than �30 mV, with a distinct reduction in slope. Channel current amplitude at each voltage
is obtained from gaussian fits of all-points histograms (see Experimental Procedures, Analysis). The number of patches at holding potentials of �90,
�60, �30, 0, �30, �60, and �90 mV, is n�6, 5, 6, 6, 6, 4, and 4, respectively. (C) Single-channel activation curve with PO normalized to PO at 0
mV and fit with a Boltzmann function. PO is determined for the total time at the given holding potentials (see Experimental Procedures, Analysis).
Number of patches is n�6, 5, 6, 6 for �90, �60, �30, and 0 mV, respectively.
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Fig. 2. The conductance and reversal potential of the cation channel is sensitive to changes in extracellular Ca2�. (A) Sample traces at holding
potentials of �90, �60, and �30 mV of single cation channels in excised, inside-out patches with either cfhmASW (0 mM Ca2�, 66 mM Mg2�) or
hcmfASW (66 mM Ca2�, 0 mM Mg2�) at the extracellular face. The dashed lines designate the open state for the channel in cfhmASW. These lines
intersect with the current traces in hcmfASW at all voltages, demonstrating the amplitude is larger with high Ca2�. The scale bar applies to both panels.
(B) The I–V at negative voltages in both Ca2�-free (half-closed circles, small-dashed line) and high-Ca2� (open circles, large-dashed line) conditions,
as well as normal Ca2� (closed circles, solid line; re-plotted from Fig. 1). Each relationship is fit with a linear regression to determine single-channel g.
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Strong and Scott, 1992). In some of these cases, this
phenomenon is due a voltage-dependent block by intra-
cellular Mg2�. We examined this possibility in excised
inside-out, cation-channel-containing patches with nASW
at the extracellular face and zero Mg2� intracellular saline
(no added Mg2�) at the cytoplasmic face. When compared
to the single channel I–V recorded using standard intracel-
lular saline (1.25 mM Mg2�; see Fig. 1B) there was no
change in the shape of the curve, i.e. the inward rectifica-
tion at positive voltages was still apparent (Fig. 4A). Not
surprisingly, the Vrev was �54.9 mV when intracellular
Mg2� was removed (linear regression not shown), a value
similar to �53.0 mV with normal Mg2�. However, an ab-
sence of Mg2� at the cytoplasmic face was not entirely
without effect. In additional experiments, inside-out
patches were held at �60 mV and perfused with regular
versus zero Mg2� intracellular saline. In these cases, cat-
ion channel PO was enhanced in the absence of Mg2�

(Fig. 4B, C).

Cation channel activation at the whole-cell level
produces Ca2� entry

Our single-channel data indicated that the bag cell neuron
cation channel is Ca2� permeable under physiological
ionic conditions. To look at this at the whole-cell level, we
activated the cation channel with venom from the marine
snail, Conus textile, while imaging Ca2� influx with fura
quench. CtVm activates the cation channel through a
membrane receptor and intracellular pathway (Wilson and
Kaczmarek, 1993; Magoski et al., 2002; Kachoei et al.,
2004, 2006). However, CtVm also releases Ca2� from
intracellular stores (Magoski et al., 2000); thus, it was
important to distinguish between Ca2� influx and Ca2�

release. To do so, fura-PE3-loaded cultured bag cell neu-
rons were imaged at 358 nm while voltage-clamped at �60
mV. This wavelength is the isosbestic point of fura, where
fluorescence intensity is not sensitive to Ca2� but deter-
mined only by the dye concentration (Grynkiewicz et al.,
1985). Replacing extracellular Ca2� with Mn2� allows it to
act as a surrogate and flow through any Ca2� permeable
channels. When fura binds Mn2� it quenches the dye and
effectively reduces its concentration (Hallam and Rink,
1985; Sage et al., 1989). Hence, even if CtVm liberates
intracellular Ca2�, only Ca2� (i.e. Mn2�) entry will be de-
tected. Moreover, holding at �60 mV prevents the CtVm-
activated cation channel from depolarizing the neuron and
confounding the assay by opening voltage-gated Ca2�

channels.
We examined the Mn2� permeability of the cation

channel by making inside-out recordings with MnASW (0
mM Ca2�, 11 mM Mn2�) as the external saline. The cation
channel I–V with MnASW was very similar to that observed
with nASW (Fig. 5A). Moreover, linear regression (not

shown) of the MnASW I–V provided a g of 29.3 pS at
negative voltages, which is essentially the same as 29.2
pS seen with nASW, and a Vrev of �48.2 mV at positive
voltages, which is somewhat smaller than the control value
of �53.0 mV. This suggests that the cation is permeable to
Mn2�, although slightly less than that for Ca2�. If Mn2� did
not pass through the channel, then the conductance and
reversal potential would have behaved as if Ca2� were
absent and shifted to values similar to that seen with
cfhmASW.

To test that Mn2� influx could indeed quench fura
fluorescence in bag cell neurons, a positive control was
performed by depolarizing the membrane potential for a
prolonged period to intentionally activate voltage-gated
Ca2� channels. In MnASW, a 10 s step depolarization
from �60 mV to �10 mV under voltage-clamp induced
pronounced Mn2� influx as measured by the rapid quench
of fura-PE3 (Fig. 5B). In other neurons, CtVm (100 �g/ml)
was applied under continuous voltage-clamp at �60 mV.
When compared to water, the vehicle, this produced a
conspicuous inward current consistent with activation of
the cation channel as reported by others (Wilson et al.,
1996; Magoski et al., 2000) (Fig. 5C). Moreover, CtVm
application resulted in prominent Mn2� influx as demon-
strated by a significantly shorter time constant of fura
quench (Fig. 5D).

Removal of extracellular Ca2� lowers cation channel
activity

What are the roles of cation channel–mediated Ca2� entry
in bag cell neurons? One possibility comes from our prior
work showing that extracellular Ba2� decreased PO (Lu-
pinsky and Magoski, 2006). In addition to voltage, the
cation channel is gated by Ca2� through a close associa-
tion with calmodulin. We concluded that Ca2� normally
flowing through the channel also serves as a gating factor,
and this stimulation was not recapitulated by Ba2� be-
cause it activates calmodulin poorly (Haiech et al., 1981;
Chao et al., 1984; Wang, 1985; Ozawa et al., 1999). This
is reminiscent of the effect of Ba2� on Ca2�-dependent
inactivation of voltage-gated Ca2� channels (Tillotson,
1979; Eckert and Tillotson, 1981; Zuhlke et al., 1999).
However, as shown in the present study, Ba2� also right-
shifted bag cell neuron cation channel voltage-depen-
dence (see Fig. 3D), and the effect on PO may not neces-
sarily have been due to a lack of Ca2� influx.

To better resolve if Ca2� influx provides positive feed-
back to the bag cell neuron cation channel, excised, out-
side-out patches were made with standard intracellular
saline in the pipette, held at �60 mV, and the extracellular
face perfused with nASW (11 mM Ca2� and 55 mM Mg2�)
followed by cfhmASW (0 mM Ca2�, 66 mM Mg2�). Fig. 6A
shows how removal of extracellular Ca2� decreased cat-

Compared to control, g is clearly smaller without extracellular Ca2�, and slightly larger in high Ca2�. (C) The I–V at positive voltages in both Ca2�-free
(half-closed circles, small-dashed line) and high-Ca2� (open circles, large-dashed line), as well as normal Ca2� (closed circles, solid line; re-plotted
from Fig. 1). The linear regression fits to these relationships yield a Vrev that, in contrast to normal Ca2�, is right-shifted in high Ca2� and left-shifted
in zero Ca2�. The number of patches for cfhmASW is 10, 12, 12, 12, 10, 6, 6, 6 for �90, �60, �30, 0, �15, �30, �45, and �90 mV, respectively,
while for hcmfASW it is 9, 10, 9, 8, 7, 2, 4, 3 for �90, �60, �30, 0, �30, �45, �60, and �75 mV, respectively.
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Fig. 3. Substitution of extracellular Ca2� with Ba2� increases cation channel conductance and right-shifts voltage-dependence. (A–C) Representative
traces at holding potentials of �90, �60, and �30 mV of single cation channels in excised, inside-out patches with either BaASW (left, 0 mM Ca2�,
11 mM Ba2�) or CaBaASW (right, 5.5 mM Ca2�, 5.5 mM Ba2�) at the extracellular face. The scale bars apply to A–C. Upper panels, 10 s samples
of cation channel activity. The current amplitude is greater if Ca2� is fully replaced by Ba2�. The 2 s time base applies. Lower panels, 100 ms samples
of cation channel activity taken from the upper panels as indicated. The dashed lines designate the open state for the channel in BaASW. These lines
fail to intersect the current traces in CaBaASW at any voltage, establishing that the amplitude is smaller in the mixed divalent saline. The 60 ms time
base applies. (D) The I–V at negative voltages in Ba2� only (triangles, small-dashed line), an equal Ca2�–Ba2� mix (squares, dotted line), and normal
Ca2� (circles, solid line; re-plotted from Fig. 1). Compared to control, the g is distinctly larger in full extracellular Ba2�, but largely unchanged in the
Ca2�–Ba2� mix. (E) Single-channel activation curves (PO normalized to PO at 0 mV) in normal Ca2� (re-plotted from Fig. 1), a Ca2�–Ba2� mix, and
full extracellular Ba2�. Fitting the curves with a Boltzmann function fit provides V0.5 values that are markedly right-shifted in either CaBaASW or
BaASW. Similarly, the k under both of these conditions is far less steep than control. Given the extent of the shift with either CaBaASW or BaASW,
the V0.5 and k-values should be interpreted as estimates. Number of patches in CaBaASW is n�5, 5, 5, 5 and BaASW is n�6, 7, 6, 7 for �90, �60,
�30, and 0 mV, respectively.
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ion channel PO, which amounted to an average two-thirds
reduction that readily met the level of significance.

We are confident that the channels observed in out-
side-out patches are the same as those seen in the inside-
out configuration because they have the same �2 pA
current amplitude at �60 mV and present the same mean
open time (5.8	1.1 vs. 11.9	5.2 ms; not significant, Mann–
Whitney U-test; n�4 and 4). Wilson et al. (1996) managed
to obtain a cation channel g of 29.1 pS using outside-out
patches, which is very close to the 29.2 pS g we found with
inside-out patches. Finally, we previously reported cur-
rents in outside-out patches that were similar in amplitude
and kinetics to that described in the present study; more-
over, as is the case for inside-out channels, those currents
were Ca2�-sensitive, with PO varying as a function of
cytoplasmic face Ca2� concentration (Lupinsky and Ma-
goski, 2006).

To be certain that replacing Ca2� with Mg2� did not
simply alter voltage-dependence, we analyzed data from
excised, inside-out patches with nASW or cfhmASW at the
extracellular face (see also Figs. 1 and 2). Not surprisingly,
a plot of straight PO versus voltage revealed that, in sep-
arate patches, cation channels in nASW had larger aver-
age activity at all voltages compared to those in cfhmASW
(Fig. 6B). However, when PO was normalized to PO at 0
mV, the single-channel activation curve in cfhmASW was
very similar to that of nASW (Fig. 6C). A Boltzmann fit to
the cfhmASW curve yielded a V0.5 of �37 mV and a k of 9,
which were not appreciably different from what was origi-
nally observed in nASW.

Cation channel activation initiates a Ca2�-dependent
increase in membrane capacitance

In addition to potentially regulating the channel itself, Ca2�

influx through the cation channel may give rise to other
intracellular processes. We tested the hypothesis that cat-
ion channel–mediated Ca2� influx can also initiate secre-
tion. Work by both our laboratory (Hickey et al., 2008) and
others (Jo et al., 2007) indicates that stimulation of cultured
bag cell neurons with elevated extracellular K� or strong
depolarization under voltage clamp results in Ca2� entry
through voltage-gated Ca2� channels and peptide release.
For the present study, neurons were held at �80 mV and
membrane capacitance was tracked as an index of secre-
tion (Neher and Marty, 1982; Lim et al., 1990; Gillis, 1995).

As was done for the Mn2� quench/Ca2� influx exper-
iments, the cation channel was triggered by application of
CtVm. In keeping with cation channel–mediated Ca2� en-
try initiating peptide release, Fig. 7A shows channel acti-
vation in nASW (11 mM Ca2�) produced a slow increase in
capacitance (n�14). However, with Ca2�-free artificial
seawater (cfASW) (0 mM Ca2�) as the extracellular me-

Fig. 4. Removal of cytoplasmic face Mg2� lowers cation channel
activity but does not alter conductance or reversal potential. (A) Single
cation channel I–V in excised, inside-out patches with zero Mg2�

intracellular saline (half-closed squares, dashed dotted line) or stan-
dard (1.5 mM Mg2�) intracellular saline (circles, solid line; re-plotted
from Fig. 1) at the intracellular face. The extracellular face is exposed
to nASW in both sets of experiments. Neither the shape of the rela-
tionship, nor the Vrev is altered to any great extent. For the Mg2�-free
intracellular saline number of patches at holding potentials of �90,
�60, �30, 0, �30, �45, �60, �75, and �90 mV, is n�6, 6, 6, 6, 6,
4, 5, 4, and 5, respectively. (B) In a separate set of experiments,

inside-out patches are voltage-clamped at �60 mV and perfused with
regular and then zero Mg2� intracellular saline. Removal of Mg2� from
the cytoplasmic face elevates cation channel activity. (C) Summary
data show that mean cation channel PO increases with zero Mg2�

intracellular saline to a level that reaches significance when compared
to control (Mann–Whitney U-test).
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Fig. 5. Bag cell neuron Mn2� influx is enhanced by cation channel activation. (A) Single cation channel I–V in excised, inside-out patches with MnASW
(0 mM Ca2�, 11 mM Mn2�; diamonds, dashed double-dotted line) or nASW (11 mM Ca2�; circles, solid line; re-plotted from Fig. 1) at the extracellular
face. Neither the shape of the relationship, nor the Vrev is appreciably changed by the presence of Mn2�. For MnASW, the number of patches at holding
potentials of �90, �60, �30, 0, �30, �60, and �90 mV, is n�6, 8, 7, 4, 4, 7, and 5, respectively. (B) Fura PE3-loaded neurons are voltage-clamped
at a holding potential (HP) of �60 mV in MnASW. At the isosbestic point (358 nm), intensity is directly related to dye concentration, and quenching
of fura by Mn2�, but not Ca2�, differentiates between Ca2�-release and Mn2� influx. Left, Rapid quenching occurs following brief depolarization to �10
mV (at arrow) and Mn2� influx through voltage-gated Ca2� channels. Right, Summary data of voltage-gated Mn2� influx, which is significantly different
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dium, CtVm caused either no change or only a very grad-
ual reduction in capacitance (n�6). Interestingly, in the
majority of neurons recorded with nASW (n�10 of 14)
there was a relatively rapid, transient decrease in capaci-
tance prior to the inevitable increase. This temporary low-
ering of capacitance was never observed in the neurons
recorded in cfASW. The average peak change in capaci-
tance with nASW was significantly different when com-
pared to that with cfASW (Fig. 7B).

DISCUSSION

The activation of cation channels by Ca2�, depolarization,
and/or receptor pathways impacts membrane potential,
excitability, and spike rate in neurons from many species
(Kramer and Zucker, 1985; Partridge et al., 1994; Congar
et al., 1997; Haj-Dahmane and Andrade, 1999; Morisset
and Nagy, 1999; Raman et al., 2000; Perrier and Houn-
sgaard, 2003; Clapham, 2003; Magoski and Kaczmarek,
2004; Lu et al., 2009; Putzier et al., 2009). In the bag cell
neurons, a cation channel provides much of the inward
current for an afterdischarge that elicits egg-laying (Kacz-
marek and Strumwasser, 1984; Wilson et al., 1996). At
both the whole-cell and single-channel level this current is
non-selective for monovalent cations, Ca2�- and voltage-
activated, as well as non-inactivating (Wilson et al., 1996;
Magoski, 2004; Lupinsky and Magoski, 2006). We now
demonstrate that the cation channel is Ca2� permeable
and provide evidence consistent with this Ca2� influx both
regulating the channel itself and causing secretion.

Our control recordings of the cation channel in excised-
inside-out patches reveal a rather positive Vrev of �53 mV.
Moreover, the elevated Ca2� of hcmfASW right-shifts Vrev

and increases single-channel g, whereas these measures
are left-shifted and decreased, respectively, by the low
Ca2� of cfhmASW. Given that the Ca2� Nernst potential in
our control conditions is ��115 mV, these results are
consistent with a current that, while permeable to Na� and
K�, also passes Ca2�. The contribution of Ca2� to the
current is not small, as low Ca2� reduces g by over 25%.
Clearly, the extent of Ca2� permeability will affect the
amount of inward current and strength of excitation.

Ba2� permeability is a common property of channels
that carry Ca2� (Hagiwara et al., 1974; Hoth, 1995; Hille,
2001). The bag cell neuron cation channel is no exception,
with a higher single-channel g and more negative Vrev in
BaASW compared to nASW. Hess et al. (1986) proposed
that Ba2� currents are larger and display a left-shifted Vrev

because Ba2� has a lower affinity than Ca2� for specific
binding site(s) in the pore. Lower affinity confers larger
mobility, greater conductance, and less influence of the
Ba2� Nernst potential on Vrev. However, under such cir-

cumstances, the bag cell neuron cation channel should
display anomalous mol fraction, i.e. a smaller conductance
in a Ca2�–Ba2� mix compared to either divalent ion alone
(Hess and Tsien, 1984; Friel and Tsien, 1989). Our data
indicate this is not the case, as the conductance in
CaBaASW is essentially unchanged from nASW. In true
Ca2� channels, anomalous mol fraction is due to tightly
bound Ca2� repelling Ba2�, making the latter less perme-
able provided there is extracellular Ca2� present (Hess
and Tsien, 1984; Hille, 2001). While other cation channels,
such as TRPV5 and an Aplysia voltage-independent chan-
nel, do show anomalous mol fraction, they present much
greater permeability to Ca2� than other cations (Chesnoy-
Marchais, 1985; Jean et al., 2002). Because the bag cell
neuron cation channel is more non-selective, there may be
adequate room for Ba2� to permeate despite the repulsive
presence of Ca2�. As a case in point, the Aplysia nicotinic
receptor cation channel is very non-selective for cations
(Ascher et al., 1978). Moreover, not all Ca2� permeable
channels display anomalous mol fraction, e.g. ventricular
myocyte voltage-dependent Ca2� channels (Yue and Mar-
ban, 1990).

For a non-electrophysiological assessment of cation
channel Ca2� permeability, we used Mn2� influx-induced
fura quench in whole bag cell neurons (Hallam and Rink,
1985; Sage et al., 1989). The increased quench rate fol-
lowing activation by bath-applied CtVm is consistent with
the cation channel passing Ca2�. The constant quench of
fura we observed at rest in the presence of Mn2� alone is
to be expected, as Ca2� (i.e. Mn2� in our conditions)
continually leaks into both bag cell neurons and cells in
general (Knox et al., 1996; Rizzuto and Pozzan, 2006; Friel
and Chiel, 2008; Geiger et al., 2008). Other investigators
have reported a similar decrease in fura isosbestic fluores-
cence with Mn2� alone, which is in turn accelerated by the
opening of Ca2�-permeable cation channels or ionotropic
receptors (Simpson et al., 1995; Brereton et al., 2001;
Schaefer et al., 2002). It was necessary to image at the
isosbestic wavelength, where fura is not sensitive to Ca2�

(Grynkiewicz et al., 1985), to avoid distortion of the results
by any released intracellular Ca2� (Magoski et al., 2000).
Both pharmacological and biophysical evidence indi-
cates that CtVm acts on membrane receptors to stimu-
late the cation channel through protein kinase C and
Ca2� release from the endoplasmic reticulum (Wilson
and Kaczmarek, 1993; Magoski et al., 2002; Kachoei et
al., 2004, 2006).

Regardless of extracellular Ca2� concentration, the
bag cell neuron cation channel shows inward rectification
at voltages positive to �30 mV. This appears as a “flatten-
ing” of the I–V curve and results in two, distinct ranges of

from a mean of zero (one sample t-test). For this and subsequent bar graphs, the n-values are given within or just below a given bar. (C) Left,
Voltage-clamp recordings show that CtVm (100 �g/ml; at arrow) produces prominent inward current consistent with cation channel opening (thick line),
as compared to water (thin line). Right, Summary data demonstrate that CtVm induces a significantly larger peak current versus control (Mann–
Whitney U-test). (D) Left, When compared to water (thin line), CtVm (thick line) causes a more rapid decline in the fura signal. The slower decline with
water is likely due to a steady leak of Mn2� into the neuron. Right, Summary data of the � from single exponential fits show that fura is quenched at
a significantly more rapid rate following CtVm application (Mann–Whitney U-test).
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current flow. The negative range (�90 to �30 mV) has
greater conductance and overlaps with the membrane po-
tential of the afterdischarge (�40 to �20 mV) (Kupfermann
and Kandel, 1970; Kaczmarek et al., 1982). Thus, the
channel will pass more current at those voltages where it is
required to provide depolarizing drive. For certain cation
channels, voltage-dependent intracellular Mg2� block is
responsible for inward rectification, and this is lessened or
eliminated by Mg2� removal (Inoue et al., 2001; Voets et
al., 2003; Obukhov and Nowycky, 2005). However, the
rectification of the bag cell neuron cation channel is not
due to voltage-dependent block, as Mg2�-free intracellular
saline does not alter the I–V curve. More likely, rectification
is intrinsic, which is in part the case for TRPV6 (Voets et

al., 2003). That stated, our inside-out patch perfusion ex-
periments do show that removing cytoplasmic face Mg2�

increases PO without an obvious change in current ampli-
tude, suggesting that Mg2� is a slow blocker at �60 mV.
A similar effect was reported for voltage-independent
cation channels from the pond snail, Lymnaea (Strong
and Scott, 1992). In bag cell neurons, intracellular Mg2�

may regulate the number of available cation channels at
steady-state.

Ca2�-activation of the bag cell neuron cation channel
is achieved by closely-associated calmodulin (Lupinsky
and Magoski, 2006). Our findings that PO is decreased by
either BaASW (Lupinsky and Magoski, 2006) or cfhmASW
(present study) substantiate the conclusion that Ca2� in-

Fig. 6. Removal of extracellular Ca2� lowers cation channel activity without changing voltage-dependence. (A) Left, An excised, outside-out patch
voltage-clamped at �60 mV and containing two cation channels with nASW (11 mM Ca2� and 55 mM Mg2�) perfusing onto the extracellular face.
Applying cfhmASW (0 mM Ca2�, 66 mM Mg2�) causes a obvious lowering of activity, which recovers upon return to nASW. Right, Summary data
indicating that cfhmASW significantly reduces mean cation channel PO when compared to nASW (paired Student’s t-test). (B) PO versus voltage
curves for cation channels in excised, inside-out patches with nASW or cfhmASW at the extracellular face. These data represent separate patches
and are taken from the experiment sets depicted in Figs. 1 and 2. Over the entire voltage range, the cation channels with nASW at the extracellular
face have a greater PO than those exposed to cfhmASW. (C) Single-channel activation curves (PO normalized to PO at 0 mV) in normal Ca2� (closed
circles, solid line; re-plotted from Fig. 1) or cfhmASW (half-closed circles, dotted line). A Boltzmann fit to the curves reveals that the V0.5 and k are
essentially the same in the presence or absence of extracellular Ca2�.
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flux provides positive feedback to the channel itself. As
proposed for the TRPM2 cation channel (McHugh et al.,
2003), the Ca2� at the mouth of the pore that would
normally bind channel-associated calmodulin is lost when
replaced by Ba2� or Mg2�. Moreover, a lack of change to
the single-channel activation curve with cfhmASW is con-
sistent with reduced Ca2�-dependent gating, rather than
altered voltage-dependence, lowering PO. The current
study reveals that prior experiments of a similar nature with
BaASW (Lupinsky and Magoski, 2006) held the caveat of
voltage-dependence being prominently right-shifted by
partial or complete replacement of extracellular Ca2� with
Ba2�. Not surprisingly, foreign cations like Ba2� or Sr2�

can alter the gating and voltage-dependence of other cat-
ion channels (Helliwell and Large, 1996; Albert and Large,
2001).

The bag cell neuron cation channel appears capable of
causing secretion as assayed by capacitance tracking and
CtVm application. We conclude that CtVm evokes cation
channel–mediated Ca2� influx-dependent secretion for
several reasons. First, using capacitance tracking to detect
vesicle fusion as changes in plasma membrane area is a
well-established indirect measure of classic or peptide
neurotransmitter release (Neher and Marty, 1982; Tse et
al., 1997; Neves et al., 2001; Klyachko and Jackson,
2002). Second, at negative holding potentials CtVm opens
the cation channel exclusively (Wilson et al., 1996). Only if
the membrane potential is depolarized or left unclamped
will CtVm recruit voltage-gated Ca2� channels (Magoski et
al., 2000). Third, when extracellular Ca2� is removed,
CtVm does not produce a change in capacitance. Fourth,
although CtVm has been shown to evoke intracellular
Ca2� release (Magoski et al., 2000), a lack of secretion
following CtVm in cfASW is consistent with both our labo-

ratory and others demonstrating that depletion of Ca2�

from the endoplasmic reticulum fails to cause release (Jo-
nas et al., 1997; Hickey et al., 2008). Parenthetically, for
some neurons in nASW we did observe a temporary low-
ering of capacitance to CtVm, that presumably reflects an
initial phase of endocytosis prior to exocytosis. The Ca2�

from the cation channel may not be as tightly coupled to
the secretory pathway as that from voltage-gated Ca2�

channels, and thus has the potential to initiate membrane
retrieval. For example, chromaffin cell endocytosis is en-
hanced by a general increase of intracellular Ca2� (En-
gisch and Nowycky, 1998).

Although the Ca2� flowing through the cation channel
constitutes inward current during the afterdischarge, the
bag cell neurons also take advantage of this biochemical
signal. Magoski et al. (2000) suggested that cation chan-
nel–mediated Ca2� entry is responsible for triggering the
prolonged refractory period the bag cell neurons experi-
ence subsequent to an afterdischarge. The present data
substantiate this concept to the extent that cation channel
Ca2� permeability appears genuine. A classic example of
Ca2� permeable cation channels initiating plasticity is the
role of glutamate-gated N-methyl-D-aspartate (NMDA) re-
ceptors in LTP (Malenka and Nicoll, 1999). With respect to
transmitter release, NMDA and purinergic channels can
elicit secretion of 5-HT and norepinephrine, respectively,
TRPC4 induces exocytosis from neuroendocrine cells, and
an endogenous cation channel causes insulin release from
a pancreatic cell line (Straub et al., 2000; Kim et al., 2004;
Obukhov and Nowycky, 2002; De Kock et al., 2006). Thus,
the bag cell neuron channel is one of a growing number of
Ca2� permeable cation channels that may participate in
changing neuronal function or triggering secretion.

Fig. 7. Bag cell neuron membrane capacitance is increased by cation channel activation. (A) Upper, Under voltage-clamp at a holding potential (HP)
of �80 mV, introduction of CtVm (100 �g/ml; at arrow) in nASW (11 mM Ca2�; thick line) results in a transient reduction, followed by an elevation of
capacitance. The short-lived drop in capacitance, before the subsequent increase, is present in 10 out of the 14 neurons recorded in nASW. Lower,
In a different neuron, bathed in cfASW (0 mM Ca2�; thin line), CtVm produces only a slow decline in capacitance. None of the neurons recorded in
cfASW display the transient drop in capacitance. The scale bar applies to both traces. (B) Summary data demonstrate that CtVm induces a net
increase in membrane capacitance that is significantly larger in nASW versus cfASW (paired Student’s t-test). Means reflect peak changes in
capacitance normalized to baseline.
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