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First published April 22, 2009; doi:10.1152/jn.00065.2009. Ion chan-
nel regulation is key to controlling neuronal excitability. However, the
extent that modulators and gating factors interact to regulate channels
is less clear. For Aplysia, a nonselective cation channel plays an
essential role in reproduction by driving an afterdischarge in the bag
cell neurons to elicit egg-laying hormone secretion. We examined the
regulation of cation channel voltage and Ca>* dependence by protein
kinase C (PKC) and inositol trisphosphate (IP;)—two prominent
afterdischarge signals. In excised, inside-out patches, the channel
remained open longer and reopened more often with depolarization
from —90 to +30 mV. As previously reported, PKC could closely
associate with the channel and increase activity at —60 mV. We now
show that, following the effects of PKC, voltage dependence was
shifted to the left (essentially enhanced), particularly at more negative
voltages. Conversely, the voltage dependence of channels lacking
PKC was shifted to the right (essentially suppressed). Predictably,
activity was increased at all Ca®> " concentrations following the effects
of PKC; nevertheless, Ca®>* dependence was actually shifted to the
right. Moreover, whereas IP; did not alter activity at —60 mV, it
drastically shifted Ca®" dependence to the right—an outcome largely
reversed by PKC. With respect to the afterdischarge, these data
suggest PKC initially upregulates the channel by direct gating and
shifting voltage dependence to the left. Subsequently, PKC and IP;
attenuate the channel by suppressing Ca>* dependence. This ensures
hormone delivery by allowing afterdischarge initiation and mainte-
nance but also prevents interminable bursting. Similar regulatory
interactions may be used by other neurons to achieve diverse outputs.

INTRODUCTION

Triggering prolonged neuronal activity with a transient input
is a common means to alter motor programs or secrete neu-
ropeptide (Beurrier et al. 1999; Bicknell and Leng 1981;
Dembrow et al. 2004; Soldo et al. 2004). These changes in
firing are produced by persistent voltage-dependent Na™ and
Ca’" channels or nonselective cation channels (Hung and
Magoski 2007; Mercer et al. 2005; Swenson and Bean 2003;
Tahvildari et al. 2008). Regarding the latter, cation channels
are often Ca”" activated, may be voltage dependent, and
provide inward current by passing Na™, K™, and occasionally
Ca*t (Kononenko et al. 2004; Liman 2003; Liu et al. 2007;
Obukhov and Nowycky 2005; Partridge and Swandulla 1988;
Strubing et al. 2001; Swandulla and Lux 1985; Yellen 1982).

Cation channels may be regulated by phosphorylation and
second messengers; for example, protein kinase C (PKC)
increases the Ca®" sensitivity of transient receptor potential
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melastatin (TRPM4) channels (Nilius et al. 2005), whereas
inositol 1,4,5-trisphosphate (IP5) directly gates olfactory neu-
ron cation channels (Fadool and Ache 1992). Although this has
the potential to evoke spiking, how multiphasic patterns of
output with different firing frequencies are achieved is less
apparent. One possibility would be a dynamic system of
second messengers and enzymes that continually modulates a
cation channel to change the depolarizing current over time.

The bag cell neurons of Aplysia californica initiate repro-
duction through an afterdischarge driven by a cation channel
(Conn and Kaczmarek 1989; Kupfermann 1967, 1970; Wilson
et al. 1996). Following a brief synaptic stimulus, these neurons
depolarize and fire a fast (1-2 min, 4—6 Hz) and then slow
(~30 min, 1-2 Hz) phase of action potentials (Kaczmarek et al.
1982). Egg-laying hormone is released during the slow phase,
triggering egg deposition (Arch 1972; Loechner et al. 1990;
Michel and Wayne 2002; Rothman et al. 1983). To prevent
disruption of on-going reproductive behaviors, the neurons
enter a lengthy refractory period where a second burst cannot
be evoked (Kaczmarek et al. 1978; Kupfermann and Kandel
1970). Blocking the cation channel or interfering with channel
gating factors prevents depolarization and/or afterdischarge genera-
tion (DeRiemer et al. 1985; Kachoei et al. 2006; Magoski et al.
2002; Wilson et al. 1996).

The bag cell neuron cation channel is voltage dependent and
Ca®" activated (Wilson et al. 1996). A close interaction with
calmodulin appears to mediate Ca>* dependence (Lupinsky and
Magoski 2006). The channel is also modulated by closely asso-
ciated kinases and phosphatases (Magoski 2004; Wilson and
Kaczmarek 1993; Wilson et al. 1998). In particular, as assayed
using inside-out patches, PKC can be linked to the channel and
serves to increase activity (Magoski and Kaczmarek 2005; Ma-
goski et al. 2002). During the afterdischarge, PKC is upregulated
and IP; is elevated (Fink et al. 1988; Wayne et al. 1999); however,
it is unknown whether either factor influences voltage or Ca®*
dependence. We now show that, whereas PKC enhances voltage
dependence, it actually suppresses Ca>* dependence. Also, 1P,
strongly inhibits Ca>* dependence, but remarkably, PKC coun-
teracts much of this effect. Thus rather than simply enhancing
gating, cation channel regulation is multifaceted, allowing precise
manipulation of activity. This would drive fast bursting but permit
transition to slower spiking and eventually afterdischarge cessa-
tion. Similar mechanisms may be used by a diversity of neurons
to strictly control periods of firing.

METHODS

Animals and cell culture

Adult Aplysia californica weighing 150-300 g were obtained from
Marinus (Long Beach, CA). Animals were housed in an ~300-1
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aquarium containing continuously circulating, aerated sea water (In-
stant Ocean; Aquarium Systems, Mentor, OH or Kent sea salt; Kent
Marine, Acworth, GA) at 14-16°C on a 12:12-h light:dark cycle and
fed Romaine lettuce five times a week. A few animals were housed at
18-20°C. All protocols were approved by the Queen’s University
animal care committee.

For primary cultures of isolated bag cell neurons, animals were
anesthetized by an injection of isotonic MgCl, (50% of body weight),
and the abdominal ganglion was removed and treated (for 18 h at
20-22°C) with neutral protease (13.33 mg/ml; 165859, Roche Diag-
nostics, Indianapolis, IN) dissolved in tissue culture artificial sea
water (tcASW; composition in mM: 460 NaCl, 10.4 KCI, 11 CaCl,,
55 MgCl,, 15 HEPES, 1 mg/ml glucose, 100 U/ml penicillin, and 0.1
mg/ml streptomycin, pH 7.8 with NaOH). The ganglion was trans-
ferred to fresh tcASW for 1 h, after which time the bag cell neuron
clusters were dissected from their surrounding connective tissue.
Using a fire-polished Pasteur pipette and gentle trituration, neurons
were dispersed in tcASW onto 35 X 10-mm polystyrene tissue culture
dishes (Corning, Corning, NY). Cultures were maintained in tcASW
in a 14°C incubator and used within 1-3 days. Salts were obtained
from Fisher Scientific (Ottawa, Canada), ICN (Aurora, OH), or
Sigma-Aldrich (St Louis, MO).

Excised, patch-clamp recording

Single cation channel current was measured using an EPC-8 am-
plifier (HEKA Electronics, Mahone Bay, Canada) and the excised,
inside-out patch-clamp method. Holding potentials were applied to the
patch as inverted voltages to achieve the same membrane potentials as
what the channel would experience in the neuron (Penner 1995).
Microelectrodes were pulled from 1.5-mm-ID, borosilicate glass cap-
illaries (TW 150 F-4, World Precision Instruments, Sarasota, FL) and
fire polished to a resistance of 2-5 M) when filled with normal
artificial sea water (nASW; composition as per tcASW but lacking
glucose, penicillin, and streptomycin) plus 20 mM tetraethyl ammo-
nium (TEA). The TEA was added to reduce outward currents, likely
through Ca®"-activated K* channels, which interfered with resolving
cation channel inward current at depolarized potentials. To lower the
root mean squared noise of the current, microelectrode capacitance
was reduced by coating the shank and half of the shoulder with dental
wax (Heraeus Kulzer, South Bend, IN) under a dissecting microscope.
Following excision, the cytoplasmic face was bathed with artificial
intracellular saline (composition in mM: 500 K-aspartate, 70 KCI, 1.2
MgCl,, 10 HEPES, 11 glucose, 5 EGTA, and 10 reduced glutathione,
pH 7.3 with KOH). In experiments examining voltage dependence of
the channel, CaCl, was added for a free Ca®* concentration of 10 uM.
The experiments examining Ca>" dependence were performed using
intracellular saline with Ca>* concentrations ranging from 300 nM to
300 uM. In all cases, the added and free Ca®>* concentration was calculated
using WebMaxC (http://www.stanford.edu/~cpatton/webmaxc/webmaxcE.
htm). 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 1322 A/D converter (Axon
Instruments, Union City, CA), and the Clampex acquisition program
of pCLAMP (version 8.0, Axon Instruments). Data were gathered at
room temperature (~22°C).

Patch perfusion array, drug application, and reagents

A multibarrel perfusion array was constructed by tightly aligning
borosilicate square tubing (OD: 0.75 mm, ID: 0.5 mm; #8250, Vitro-
Com, Mountain Lakes, NJ) attached to one another using superglue.
The section of the array that was submerged into the bath did not
come in contact with the superglue. The barrels at the opposite end of
the array were fitted with silicone tubing (OD: 3.3 mm, ID: 0.8 mm;
Cole Parmer, Vernon Hills, IL). Each of these perfusion lines was
connected to a 5-ml syringe. Gravity-driven flow was controlled by an
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alligator clip over the tubing and setting the level of the syringes to a
fixed height. When the clip was released, the result was a flow of ~1
ml/min. Any greater flow disturbed the patch and led to mechanical-
based noise or seal failure. The perfusion system allowed patches to
be moved from the mouth of one barrel to the next, permitting an
almost instantaneous change in solutions at the face of the channel.
During perfusion, the culture dish was gently drained as required
using a plastic Pasteur pipette.

Drugs were made up as concentrated stock solutions and frozen at
—20°C. They were introduced to the patch at the indicated working
concentration, either with the perfusion array or by pipetting a small
volume of stock into the culture dish. In the latter case, care was taken
to pipette the stock near the side of the dish and as far away as possible
from the patch at the tip of the microelectrode.

Experiments examining the effects of nucleotides or phosphoryla-
tion on voltage dependence were performed by adding a 100 mM
stock solution (in water) of ATP (#A3377, Sigma-Aldrich) or aden-
osine 5'-(B,y-imido)trisphosphate (AMP-PNP; #A2647, Sigma) to the
bath or perfusate for a final concentration of 1 mM. A 20 mM stock
solution (in water) of GTP (#G8877, Sigma) was added for final
concentration of 100 uM. A final concentration of 5 mM ATP was
applied at the end of experiments using AMP-PNP to ensure that
AMP-PNP was not acting as a phosphate donor. Magoski and Kacz-
marek (2005) showed that an increase in P, of >25% indicated the
presence of channel-associated PKC. This same criterion was used in
this study.

Experiments examining the effects of IP; on Ca?* dependence
were performed using D-myo-inositol 1,4,5-trisphosphate (#17012,
Sigma), which was dissolved in water for a stock of 5 mM. This was
dilulted into the perfusate at a final concentration of 5 uM.

Data analysis

To determine channel open probability (P,), events lists were made
from data files using the half-amplitude threshold criterion
(Colquhoun and Sigworth 1995) of the Fetchan analysis program of
pCLAMP. Fetchan was also used to generate all-points histograms for
determining channel amplitude. Before analysis, data gathered at
+30, 0, —15, —30, —60, and —90 mV were refiltered, using the
Fetchan digital Gaussian filter, to 100, 150, 200, 250, 250, and 500
Hz, respectively. The Pstat analysis program of pPCLAMP was used to
read events lists and determine P, either automatically or manually,
using the formula

Po=(1Xt+2Xt+ ...nXt)(NXty)

where ¢+ = the amount of time that n channels are open, n = the
number of channels in the patch, and #,,, = the time interval over
which P, is measured. The number of channels in the patch was
determined by counting the number of unitary current levels, partic-
ularly at more depolarized potentials (typically —15 mV). For patches
containing only one channel, two open- and three closed-state time
constants were determined in Pstat, by fitting probability density
functions to the logarithmic distribution of event dwell times using the
minimum likelihood estimation method and a simplex search. Pstat
was also used to determine the mean open- and closed-state current
level by fitting all-points histograms with Gaussian functions using
the least-squares method and a simplex search. Channel current
amplitude was calculated by subtracting the mean closed current level
from the mean open current level at a given voltage.
Concentration-response curves were constructed by dividing the P
at each Ca®" concentration by the P, at 300 uM Ca>", this normal-
ized data was then averaged across separate patches and plotted vs.
Ca®* concentration using Origin (version 7, OriginLab Corporation;
Northampton, MA). Curves were fit with a Hill function to yield the
ECj, and Hill coefficient. To make P, versus voltage relationships, P,
was normalized to P, at +30 mV and plotted against patch holding
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potential using Origin. This relationship was fit with a Boltzmann
function to derive the half-maximal voltage (V,,,) and the slope factor
(k), which is the change in voltage required to move P, e-fold.
Channel current versus voltage (I/V) relationships were produced in
Origin by plotting channel-current amplitude against patch-holding
potential, and single-channel conductance was then determined by
linear regression.

Data are presented as the mean * SE. Statistics were performed
using Instat (version 3.0, GraphPad Software, San Diego, CA). The
Kolmogorov-Smirnov method was used to test data sets for normality.
To compare multiple means, a standard one-way ANOVA with
Student-Newman-Keuls post hoc test was used. Data were considered
significant if the two-tailed P value was <0.05.

RESULTS
Bag cell neuron cation channel is voltage dependent

Cation channel-containing patches were excised from cul-
tured bag cell neurons, the cytoplasmic face was exposed to the
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FIG. 1.

bath solution (artificial intracellular saline), and the extracel-
lular face to the pipette solution (nASW with 20 mM TEA).
The channel was readily identified as an ~2-pA inward current
at a holding potential of —60 mV with a P, that increased at
more positive potentials (Lupinsky and Magoski 2006; Ma-
goski 2004; Wilson et al. 1996). To examine voltage depen-
dence, the patch was initially held at —60 mV and the cyto-
plasmic face was bathed with intracellular solution containing
no ATP and 10 uM free Ca*>*. Subsequently, the patch voltage
was changed to +30, 0, —15, —30, and —90 mV. At more
positive potentials, the cation channel showed higher activity,
as seen by an increasing number of openings (Fig. 1A).
Plotting the normalized P, versus patch voltage produced a
single-channel activation curve (Fig. 1B; n = 6). A Boltz-
mann fit of this curve gave a V,,, of =33 mV and a k value
of 15. Single-channel I/V relationships were derived by
Gaussian fits to the peaks of all-points histograms from the
current at each voltage (Fig. 1C). This represented the open
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The cation channel is voltage dependent. A: cation channel activity in an excised, inside-out patch, voltage clamped at different holding potentials.

The closed state is at the top of each trace and is designated by —C, whereas the open state is at the bottom, designated by —O. As the patch is depolarized, more

time is spent open (downward deflections) and less closed. B: voltage dependence of cation channel open probability (P,) in 10 uM Ca**

and the absence of

ATP. Channel activity is normalized within each experiment to the P, at +30 mV. C: the 2 peaks on each all-points histogram depict current flow during channel
open (O) and closed (C) states at various voltages. Gaussian fits to these peaks are used to derive channel amplitude plotted in D. D: the single-channel I/V
relationship shows rectification at potentials >0 mV. A conductance of 22.5 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.
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and closed state current. Plotting the difference between
these peaks gave the I/V in Fig. 1D. Cation channel current
rectified at more positive voltages; as such, only data be-
tween —90 and —15 mV were used for linear regression fit,
yielding a conductance of 22.5 pS.

On occasion, cation channel recordings contained very brief
(on the order of tens of milliseconds) shifts to a subconductance
state. This was independent of channel modulation or gating,
because these shifts occurred at most voltages and in the presence
or absence of regulatory factors. The state could be recognized as
a subconductance, rather than a different species of channel,
because clear transitions between sub- and full-conductance were
apparent (Fig. 2A). Were there two channels, this would require
the exact, simultaneous opening of one channel and closing of the
other—a very unlikely possibility. The subconductance was de-
termined in the same manner as the full-conductance; both are
plotted for comparison in Fig. 2B. The subconductance of the
channel, based on the linear fit from —90 to —15 mV, was 13.3
pS.

Despite previous descriptions of voltage dependence, the
kinetics of bag cell neuron cation channel voltage sensitivity
are unknown. Ion channel kinetic states can be described by
dwell time—the amount of time a channel spends in a partic-
ular closed or open state (Colquhoun and Sigworth 1995). A
best-fit probability density function of the closed- and open-
state histograms of true single-channel recordings, i.e., patches
containing only one cation channel, gave three closed-state
(Tc1» Teos Te3) and two open-state (7o, Top) time constants
(Fig. 3, A and C). tc5, the longest closed-state time constant
(right-most peak on each histogram in Fig. 3A), shifted linearly
and became shorter in duration with depolarization (Fig. 3B;
n = 4). This shift represented less time spent in this closed
conformation. For the open state, the longer of the two time
constants, T, (right peak on each histogram in Fig. 30),
became longer in duration with depolarization, thereby increas-
ing the time spent in that state (Fig. 3D; n = 5). The other time
constants did not change appreciably with voltage.

Phosphorylation by closely associated PKC alters cation
channel voltage dependence

Wilson et al. (1998) showed that PKC closely associates
with the bag cell neuron cation channel and, in the presence of
a phosphate source, elevates P,. Such a phosphate source is
provided by application of 1 mM ATP to the cytoplasmic face
of the cation channel in excised, inside-out patches. Phosphor-
ylation by PKC produces a characteristic, multifold increase in
P, at a holding potential of —60 mV (Magoski and Kaczmarek
2005; Magoski et al. 2002; Wilson et al. 1998). As shown by
Wilson et al. (1998), this increased P, ATP response is blocked
by various PKC antagonists, indicating that it is caused by
PKC-dependent phosphorylation of the channel or some

A
0mV - ‘ c
W" U ' U* U I -0
-15mV c
* W—O
-30 mV . o c
A
* * *
-0
1pA
250 ms
B V (mV) |
100 -80 -60 -40 -20 O 20 o
/
., = 13.3pS ¢
L
<
8
454
2.0 1
2.5 1

FIG. 2. A cation channel subconductance. A subconductance for the bag
cell neuron cation channel is rare and occurs independent of channel kinetic or
modulatory state. A: representative current traces of the subconductance
(demarcated by *) at various voltages, showing clear transitions between sub-
and full-conductance states. These are true single-channel patches. The —O
refers to the full-conductance open state. B: single-channel /V relationship of
channels in the subconductance state (@) (at O through —90 mV, n = 8§, 9, 9,
2, and 1, respectively; 28 patches in total) fitted between —90 and —15 mV,
gives a conductance of 13.3 pS. The subconductance cannot be resolved at
voltages more positive than 0 mV. The control graph () is replotted from Fig.
1. There was a paucity of data at the more depolarized potentials (because of
resolution difficulties) and more hyperpolarized potentials (because of fewer
channel openings overall).

nearby protein. On the contrary, a bare channel lacks known
associated kinases and presents no change in P, at —60 mV
with the addition of ATP (Magoski and Kaczmarek 2005). In
intact bag cell neurons, PKC is upregulated during the after-
discharge (Wayne et al. 1999), and compared with refractory

FIG. 3.

The cation channel stays open longer and favors reopening with depolarization. A: true single-channel closed-state dwell times at 3 voltages are plotted

as histograms. Each histogram is best fit with a probability density function containing 3 closed-state time constants (7c;, Tc,, and 7c3). The longest of these,
Tcs, changes with voltage, whereas the other closed time constants do not change appreciably. This is best seen in the shift of the right-most peak toward shorter
durations. B: the length of 75 decreases linearly with depolarization—the data are normalized to —90 mV (where the 75 duration is maximal). The shortening
of 75 has the effect of decreasing the amount of time the channel spends in the 3rd closed state and increasing the number of reopenings. C: channel open-state
dwell times are also fit with a probability density function. In this case, the best fit is with 2 open-state time constants (7o, and 75,). The longer of these, 75,,
also changes with voltage. This is seen in the shift of the right-most peak toward longer durations with depolarization. D: the length of 7., increases linearly
with depolarization; the data are normalized to +30 mV (where the 75, duration is maximal). The lengthening of 75, has the effect of increasing the amount

of time the channel spends in the open state.
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neurons, cells that are ready to afterdischarge yield far more Cation channel voltage dependence was compared before
cation channels with associated PKC (Magoski and Kaczmarek and after addition of ATP. At an initial holding potential of
2005). Thus the kinase quite likely stimulates the channel during the —60 mV, PKC-dependent phosphorylation elevated P, by
afterdischarge; although it is unknown if any of this change in ~250% (Fig. 4E). Furthermore, manipulation of the mem-

activity is achieved by regulating voltage dependence. brane potential before and after the effects of PKC showed
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that, relative to control, the P, was larger at all voltages in
the phosphorylated state (Fig. 4A4). Normalizing activity to
the maximum P, in these same patches showed a modest
shift to the left of channel voltage dependence, with a
—3-mV change in V,,, (Fig. 4B; n = 6). However, this
difference in V,,, does not fully reflect the shift. The two
curves, while close together at positive potentials, are far
more disparate between —90 and —30 mV, i.e., the normal
operating range of the channel. Following the PKC-induced
P, increase, the voltage dependence curve was essentially
repositioned, with a greater amount of relative activity at
more negative voltages. Thus, while the shift in V,,, is not
large, the change in voltage dependence following PKC-
dependent phosphorylation at resting potential, or during the
afterdischarge, would be substantial. It is important to note
that the effects of PKC were consistent for channels in
neurons from a given batch of animals. Thus a better com-
parison of regulation is made within a group (the 2 curves on
a given graph) rather than between groups (curves on dif-
ferent graphs).

Bare cation channels were identified as such by the appli-
cation of ATP producing no appreciable change in P, at —60
mV (Fig. 4, C, insets, and E). However, in these patches, ATP
caused channel voltage dependence to shift markedly to the
right, with a +14-mV change in V,,, (Fig. 4C; n = 9). To
examine if this shift was caused by the direct effect of the
nucleotide, a set of different cation channel—containing patches
was exposed to AMP-PNP rather than ATP. AMP-PNP is
nonhydrolysable and can act as an adenine nucleotide without
serving as a phosphate donor (Yount et al. 1971). As previ-
ously reported by Wilson et al. (1998), application of 1 mM
AMP-PNP had no effect on P, at —60 mV (Figs. 4, D, insets,
and E); moreover, we found that it caused a +7-mV shift in
V., to the right (Fig. 4D; n = 9). To ensure that the AMP-PNP
was definitely not acting as a phosphate source, the cytoplas-
mic face of these patches were subsequently exposed to 5 mM
ATP. In three of nine patches, there was an increased P, at
—60 mV with ATP, indicating that PKC-dependent phosphor-
ylation had not taken place in AMP-PNP alone, and the
majority of patches in this set contained bare channels. Paren-
thetically, application of 100 uM GTP did not affect cation
channel voltage dependence (data not shown) or activity (Fig.
4E; n = 10). Furthermore, as determined by linear regression
of single-channel I/V relationships, the unitary conductance
was not altered by any of the nucleotides: ATP on bare
channels (21.1 vs. 21.9 pS), AMP-PNP (21.6 vs. 22.7 pS), or
GTP (22.2 vs. 21.9 pS). After phosphorylation by PKC, there
was a decrease in conductance (from 23.5 to 20.6 pS),
although this was entirely caused by a drop in current
amplitude at —90 mV.
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Phosphorylation by closely associated PKC shifts cation
channel Ca*™ dependence to the right

A potential stimulus for the cation channel is Ca?" influx
during the afterdischarge (Fink et al. 1988; Fisher et al. 1994;
Geiger and Magoski 2008; Knox et al. 1992; Michel and
Wayne 2002). Lupinsky and Magoski (2006) showed that
closely associated calmodulin serves as the sensor for Ca’*
activation of the channel, with an ECs, of ~10 uM. We sought
to determine whether cation channel Ca?* dependence is
changed following phosphorylation by associated PKC. Ini-
tially, patches were excised and perfused with artificial intra-
cellular solution containing 30 uM free Ca®>" and no ATP.
Ca”" dependence was examined, at a holding potential of —60
mV, by first exposing the cytoplasmic face of the patch to a
maximal concentration of 300 uM Ca®", followed by 30 uM,
3 uM, and 300 nM in random order. In separate experiments,
the effect of PKC was observed by including 1 mM ATP in the
perfusion barrels.

This study confirmed that the cation channel is Ca>* depen-
dent. Channel activity was consistently higher at greater cyto-
plasmic face Ca®" concentrations (Fig. 5A; n = 14). The effect
of Ca>* was reversible and repeatable. When PKC was asso-
ciated with the channel, the addition of ATP in the presence of
30 uM Ca®" resulted in a 262 + 53% increase in P, at —60
mV (Fig. 5C, inset; n = 9). Moreover, whereas channels
displaying the PKC-induced P, increase were also clearly
Ca’" dependent (Fig. 5B), the P, versus Ca’* concentration
curves showed that activity was markedly greater at every
concentration compared with separate control patches not ex-
posed to ATP (Fig. 5C). However, when the concentration-
response curve was normalized to the activity at 300 uM, the
Ca”" dependence was actually shifted to the right for the
PKC-associated channels (Fig. 5D). Specifically, the ECs, was
30 uM compared with 5 uM in control, with a negligible
difference in the Hill coefficient (0.89 vs. 0.77).

IP; strongly shifts cation channel Ca’" dependence to the
right, and this is reversed following PKC-dependent
phosphorylation

During the afterdischarge, bag cell neuron IP; levels are
elevated and serve to liberate Ca®* from intracellular stores
(Fink et al. 1988). Although the higher Ca’>" levels may
increase cation channel activity, the effects of IP; are also of
interest. Beyond the traditional role as a Ca”" release agent,
IP; also acts on lobster neuron cation channels (Fadool and
Ache 1992) and exogenously expressed TRPC3 channels
(Kiselyov et al. 1998), as well as potentiates cation channel
responsiveness in myocytes (Albert and Large 2003). To ex-
amine if IP; was a gating factor or influencing the Ca**-

FIG. 4. Phosphorylation of the cation channel by closely associated protein kinase C (PKC) shifts voltage dependence to the left. A: control: an excised,
inside-out patch containing 3 cation channels. As the patch is depolarized from —90 through to +30 mV, there is greater channel opening. ATP: consistent with
PKC-dependent phosphorylation, following application of ATP to the cytoplasmic face the P, increases at every voltage in comparison to control. The elevation
in P, with PKC between —90 and —30 mV is readily apparent, with multilevel openings becoming far more obvious. B: voltage dependence of the channel is
shifted to the left (AV,,, = —3 mV) in the presence of a phosphate source (1 mM ATP) when PKC is associated with the channel. The shift to the left is even
more prominent in the normal operating range of the channel, i.e., between —90 and —30 mV. C: when the cation channel is bare, i.e., no PKC is associated,
ATP shifts the voltage dependence to the right (AV,,, = +14 mV). Insets: ATP has no effect on P, when the channel is bare. D: a nonhydrolyzable analog of
ATP, adenosine 5’-(3,y-imido)trisphosphate (AMP-PNP), shifts voltage dependence to the right (AV,,, = +7 mV), although not to the same extent as the effect
of ATP on bare channels. Insets: AMP-PNP does not significantly change P, from control. This data set is composed of both PKC-associated and bare cation
channels. E: the summary data show that only phosphorylation by PKC causes a significant change in channel P, (ANOVA, Student-Newman-Keuls post hoc
test). The numbers in brackets above, below, or within each bar designate the n value of that data set.
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dependence of the bag cell neuron cation channel, excised
patches were exposed to one of three conditions: /) to obtain a
control dose-response, 30 uM Ca®* alone followed by 300
nM, 3 uM, or 300 uM Ca®" in random order; 2) to obtain a
dose-response in IP5, 30 uM Ca”>" alone followed by 5 uM IP; in

CATION CHANNEL REGULATION IN APLYSIA NEURONS

random order; 3) to test Ca%*

A PKC present C Bare
control ATP 1.4 n=9
90 mv cntl: -60 mV
’ o A T L R T 124 §-mwrTrTmrTT
Il I i | o
M Il “ u ﬁ‘ Uil . 1.0 2s S
Jiea ‘ | E 0.8
28 - Or ‘ | ‘ E 0.6 control
\ mt-unnT e -60 1! \’ | | 8 |
.Ml \U M[ HW JWM i TR ARt o R
hu [ { I ,.)( M% :Mm in M; 021 7. . o i
o I W Yoo o w0 fp 0 o @ w
m
n'MhL‘Lf’hm |[W HIH‘HW mu UIT 723 HLJ ‘ il ﬁ J D 109 n=9
P | i lm m 1{ jw) control
ﬂ ||| NH J‘M“W ' M J l | 0.8  _cntl:-60 mv T
¢- _
'ﬂ “|"""'” O uﬂ' I n°® 2 Al_
W i J W‘ Sy WWW Hw | M g %% i
WL 5 %]
\‘1 W MMM ‘WWW 0 ] o AMP: -60 mV
U‘:"m‘WWWWWWMWM“ ?\3 A . °
0 —
., PKC present . 100 -80 -60 -@(m-\%)o 0 20 40
10- B 50- ——p<0.001 ——
300 ns
o 087 250
% 0.6 - control 48_,; 2004
E 0.4 - ZO 1507
021 ;:8:100' © © (10
. © 509 bare
0 I +ATP _  GTP
100 -80 -60 40 20 0 20 40 P/:(T(; AMP-PNPL—]
V (mV) 504 *

J Neurophysiol « VOL 102 « JULY 2009 « WWW.jn.org

265

30 uM Ca®" and then IP; in 300 nM, 3 M, or 300 uM Ca®" in
dependence after PKC-dependent
phosphorylation in IP5, 5 uM IP; in 30 uM Ca*>* followed by IP,
in 30 uM Ca®" plus 1 mM ATP and then IP; plus ATP in 300
nM, 3 uM, or 300 uM Ca>* in random order.
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Application of 5 uM IP; at —60 mV in 30 uM Ca",
without any PKC-dependent phosphorylation, had no effect on
cation channel activity, with only a —3 * 14% decrease in P
(Fig. 6Ai; n = 6). Ca®" dependence was still evident following
IP; (n = 6; Fig. 6Aii), although the P, versus Ca?* concen-
tration curves showed that activity was clearly reduced at every
concentration compared with separate control patches (n = 5)
not exposed to IP; (Fig. 6C). With application of I mM ATP
to channels excised into 30 uM Ca*" plus 5 uM IP; at —60
mV, there was a 160 * 43% increase in P,, characteristic of
phosphorylation by PKC (Fig. 6Bi; n = 7). After the PKC-
induced P, increase, the Ca>* dependence of these channels in
the continued presence of IP; and ATP appeared normal (Fig.
6Bii) and yielded a P, versus Ca>* concentration curve (n = 7)
similar to that of control patches (Fig. 6C). Normalization of
the three data sets to the activity at 300 uM Ca** (Fig. 6D)
provided an ECs, of 3 uM for control channels, which was
strikingly shifted to the right by IP5, with an apparent ECs, of
~20 M Ca’* (the shift is so dramatic that the fit of the IP,
curve should be interpreted judiciously). In other IP;-exposed
channels, following phosphorylation and an increased P, ATP
response, the shift in Ca?" dependence was largely restored
and the ECs, returned to 20 uM.

DISCUSSION

The bag cell neuron afterdischarge is a significant change in
excitability and activity that initiates reproduction. Transient
synaptic input causes depolarization, fast and slow phases of
spiking, and the neural-hemal secretion of egg-laying hormone
(Arch 1972; Kaczmarek et al. 1982; Kupfermann 1967, 1970;
Kupfermann and Kandel 1970; Loechner et al. 1990; Michel
and Wayne 2002; Rothman et al. 1983). At the end of the
afterdischarge, the neurons become refractory and respond to
further stimuli with only single spikes (Kaczmarek et al. 1978).
Many neurons display afterdischarge-like phenomena and/or
prolonged depolarizations in the absence of tonic synaptic
input, including those involved in motor pattern generation,
endocrine control, information storage, and cognition (Andrew
and Dudek 1983; Dembrow et al. 2004; Egorov et al. 2002;
Haj-Dahmane and Andrade 1997; Russell and Hartline 1982).

Modulation of the cation channel underlying the bag cell
neuron afterdischarge likely contributes to the distinct patterns
and durations of firing (Wilson and Kaczmarek 1993; Wilson
et al. 1996). Triggering the cation channel at the whole cell
level is accompanied by release of Ca®" from intracellular
stores and translocation of the Ca**-dependent isoform of PKC
to the plasma membrane. (Kachoei et al. 2006; Magoski et al.
2000). Moreover, the depolarization associated with cation
channel activation can in part be prevented by inhibition of
PKC (Kachoei et al. 2006). The afterdischarge is associated
with an upregulation of PKC and an elevation of IP; (Fink et
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al. 1988; Wayne et al. 1999). Our single-channel evidence
indicates that IP; downregulates the cation channel, dramati-
cally right-shifting Ca>* dependence, whereas PKC has mixed
effects, upregulating activity and shifting voltage dependence
to the left but Ca®* dependence to the right.

The bag cell neuron cation channel is voltage dependent and
noninactivating (Lupinsky and Magoski 2006; Magoski 2004;
Wilson et al. 1996). The P./V relationship indicates relatively
little channel activity at resting membrane potential (—60 mV).
However, depolarization during the afterdischarge to between
—40 and —20 mV would markedly increase P, given that this
voltage range is near V,,,. In general, changes in membrane
potential are translated into different conformational stabilities
by the channel voltage sensor (Armstrong and Hille 1998).
These changes in channel phenotype correlate with either the
duration or number of exponentials required to best fit the
kinetic profile of channel dwell times (Colquhoun and Sig-
worth 1995). We now show that depolarization of the bag cell
neuron cation channel decreases the duration of the longest
closed time, 7.5, which suggests that the channel favors re-
opening. Correspondingly, the duration of the longer open
time, 7q,, increases with depolarization, signifying the channel
also prefers remaining open. This is consistent with the re-
quirements of a steady-state current that maintains the mem-
brane potential at or above the threshold for spiking.

Prior work indicated that PKC directly gates the cation
channel because phosphorylation causes a large elevation in P,
(Magoski and Kaczmarek 2005; Magoski et al. 2002; Wilson et
al. 1998). The present study showed that, following the PKC-
induced P, increase, cation channel voltage dependence is
enhanced with a modest shift in V,,, to the left. However, this
does not adequately capture the effect, because the shift is
clearly more evident at negative voltages (—30 to —90). In this
range, voltage-dependent recruitment of the channel would be
greater and provide more depolarizing drive during the after-
discharge. Changes to voltage dependence following PKC-
dependent phosphorylation are not uncommon, such as the
enhancement of the Aplysia Slo K* channel during the refrac-
tory period (Zhang et al. 2002) and shifting the voltage depen-
dence of Hermissenda K" channels to the right (Farley and
Auerbach 1986). Although there are a few accounts of
kinase-mediated regulation of cation channels (Hisatsune et
al. 2004; Shi et al. 2004), to our knowledge, this is the first
report of cation channel voltage dependence being modu-
lated following phosphorylation. Nevertheless, these up-
regulatory effects necessitate a means to prevent a feed-
forward loop that could pathologically depolarize the cell or
promote chronic bursting.

Our observation that the V,,, of bare cation channels is
shifted to the right by ATP was unexpected. Prior assays for
the effects of phosphorylation were conducted at —60 mV,
where bare channels showed no change in P, with ATP

FIG. 5. PKC-dependent phosphorylation shifts cation channel Ca>* dependence to the right. A: excised, inside-out patch held at —60 mV, but in the absence
of ATP, and exposed to different cytoplasmic face Ca>* concentrations as indicated. This patch contains 3 cation channels. Channel activity increases with
increasing Ca>*. B: exposing a different patch to the same Ca*>* concentration, but with channels in the phosphorylated state (1 mM ATP, channel-associated
PKC). The Ca>"-dependent increase in P, is again apparent, although as is typical of PKC-phosphorylated channels, the P, is greater at all concentrations. This
patch contains 5 cation channels. C: compared with control (@), channels that have undergone phosphorylation (O) show an increase in P, at every Ca*"
concentration. Inset: for the PKC-phosphorylated channels, each patch is first held at —60 mV in 30 uM Ca>*, and the cytoplasmic face exposed to ATP. The
channel is exposed to different Ca®" concentrations, as per B. This patch has 2 cation channels, and P, increases in the presence of ATP. D: the Ca>" dependence
of the channel is shifted to the right following the actions of PKC, with a change in ECs, from 5.1 to 30.0 uM and a small change in the Hill coefficient from

0.89 to 0.77.
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(Magoski and Kaczmarek 2005). That AMP-PNP recapitulates
the effect of ATP suggests the shift to the right may be
attributed to adenine nucleotide binding, as seen in K" and
some other cation channels (Bhattacharjee et al. 2003; Chen
and Simard 2001; Cho et al. 2003; Csanddy and Adam-Vizi
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2003; Nilius et al. 2005; Van den Abbeele et al. 1994; Yang
et al. 2007). However, because the change in V,,, of bare
channels caused by AMP-PNP was less than that of ATP, it is
possible that another, as yet unidentified, kinase associates with
the channel and contributes to the shift to the right. Because
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FIG. 6. Inositol trisphosphate (IP,) shifts cation channel Ca>" dependence to the right, and this is largely negated by PKC. Ai: voltage-clamp recordings of
an excised, inside-out patch at —60 mV in intracellular solution containing 30 uM Ca”* but no ATP. Application of 5 uM IP; to the cytoplasmic face of the
patch has no effect on P,. Aii: exposing the same patch to varying Ca>* concentrations along with 5 uM IP; shows that Ca>* dependence is still apparent,
although not as obvious (cf. Fig. 5A). Bi: in a different patch, containing 2 channels exposed to 30 uM Ca’?* and 5 uM IP;, addition of 1 mM ATP increases
P, consistent with PKC-dependent phosphorylation. Bii: the same patch, exposed to varying Ca>" concentrations along with 5 uM IP; and 1 mM ATP, shows
a more typical Ca®>" dependence (similar to Fig. 5B). C: in contrast to control (O), channels treated with just IP; (a) show a decreased P, at all but the highest
Ca>* concentration. For channels that have undergone phosphorylation subsequent to delivery of IP, (M), the activity is similar to that shown by control channels.
D: the Ca®" dependence of cation channel P, is strongly shifted to the right by IP; alone (a; apparent EC5, = 20 M, Hill = 0.49) compared with control (O;
ECsy, = 3.4 uM, Hill = 1.67). However, phosphorylation of the channel in the presence of IP; results in recovery of the curve toward control (m; EC5, = 20.0
uM, Hill = 0.65).

ATP is omnipresent, the right shift in bare channels is likely Like many cation channels, the bag cell neuron channel is
more representative of voltage dependence under physiological ~Ca®" dependent. We found an ECs, of 3-5 uM for Ca®"
conditions, and PKC acts on this state. activation, which is similar to both what our laboratory has
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previously published (Lupinsky and Magoski 2006), as well as
that reported for other cation channels (Cho et al. 2003; Liman
2003; Liu and Liman 2003; Nilius et al. 2005; Van den
Abbeele et al. 1994). The most likely source of Ca*" would be
voltage-gated Ca®" channels, where high concentrations can
be achieved in microdomains during spiking (Fisher et al.
1994; Geiger and Magoski 2008; Knox et al. 1992; Llinas et al.
1992; Woolum and Strumwasser 1988). Bag cell neuron cation
channel Ca>* dependence is shifted to the right following the
PKC-induced P, increase. Because PKC strongly stimulates
activity, the P, is high at all Ca>" concentrations despite the
drop in Ca®" responsiveness, which is apparent only when the
data are normaliz. This downregulatory aspect may prevent
overstimulation of the channel in the face of upregulated
voltage dependence and activity. Although kinase-mediated
regulation of Ca?* dependence is common (Reinhart et al.
1991), the lone examples we have found for cation channels
are a shift to the left of the calmodulin-mediated Ca*>* depen-
dence of TRPM4 by PKC (Nilius et al. 2005) and protein
kinase A essentially eliminating Ca®>" activation in sensory
neurons (Razani-Boroujerdi and Partridge 1993).

This study showed that IP; strongly shifts bag cell neuron
cation channel Ca®" dependence to the right. The channel may
have an IP, binding site that influences Ca>* calmodulin
transduction. IP; opens lobster neuron cation channels (Fadool
and Ache 1992) and directly potentiates a receptor-operated
cation channel in myocytes (Albert and Large 2003). However,
Drosophila TRPs and vertebrate TRPC channels have a do-
main that binds calmodulin and the IP; receptor (Tang et al.
2001). The IP; receptor can even abate the effects of calmod-
ulin by competing for the binding site (Zhang et al. 2001).
Furthermore, Kiselyov et al. (1998) suggested that the interac-
tion between TRPC3 and the IP; receptor could persist in
excised, inside-out patches. Thus it is possible that IP; shifts
Ca®" dependence by displacing calmodulin in some capacity.
The effect of IP; on Ca®" dependence is enigmatic: the shift is
profound with only IP5, but the outcome of IP; followed by
PKC is similar to that of PKC alone. The rescue of Ca’"
dependence following the PKC response implies an attenua-
tion, but not an elimination, of IP; effectiveness, perhaps by
restricting the direct binding of IP; or the binding of some IP5
receptor. This is supported by the absolute P, versus Ca’*
concentration data showing that the ability of PKC to enhance
activity at any given concentration is not as effective in the
presence of IP5.

A model for modulation of the bag cell neuron cation channel
is shown in Fig. 7. PKC is activated throughout the afterdischarge
(Wayne et al. 1999), and although the kinetics of bag cell neuron
IP; elevation are poorly defined (Fink et al. 1988), evidence from
cell lines suggest IP; would initially peak and then plateau
(Bartlett et al. 2005). Hence, during the fast phase, Ca®", PKC,
and IP; levels are likely all high. The channel would be stimulated
by depolarization, along with Ca®" and PKC, but this would be
kept in check by the inhibitory effects of IP; and PKC on Ca**
dependence. During the slow phase, Ca®" levels fall some-
what (Geiger and Magoski 2008; Michel and Wayne 2002),
which is probably the case for IP; as well. Depolarization is
maintained by the upregulatory effect of PKC on activity and
voltage dependence. The action of PKC, and to a lesser extent
IP;, on Ca*" dependence would simultaneously restrain activ-
ity. The latter may also prime the transition to the refractory
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FIG. 7. Multifaceted regulation of the bag cell neuron cation channel. Top: at
rest, the cation channel is modulated only by closely associated calmodulin (CaM)
and low levels of Ca®". Middle: during the fast phase of the afterdischarge, Ca**
levels are very high, and CaM increases channel activity. IP; is produced during
the afterdischarge, and it dramatically shifts Ca®* dependence to the right. PKC is
also associated with the channel during the afterdischarge and upregulates the
channel through increased activity, shifting voltage dependence to the left, and
disinhibition of TPy on Ca** dependence. PKC plays a downregulatory role by
shifting Ca>* dependence to the right. Bottom: during the slow phase of the
afterdischarge, Ca>* and IP; levels both decrease to a plateau. CaM and PKC still
exert their modulatory effects. Based on this study as well as Wilson et al. (1996),
Magoski et al. (2002), Magoski (2004), Magoski and Kaczmarek (2005), and
Lupinsky and Magoski (2006).

period by working in concert with a reorganization of the
cation channel modulatory complex. Prior studies show that
refractoriness is linked to a decrease in the frequency of the
channel-PKC association (Magoski and Kaczmarek 2005).
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In retrospect, the finding that cation channel modulators
have opposite effects is not surprising. At the onset of the
afterdischarge, depolarization, Ca®" influx, and PKC activa-
tion all occur, but if each were upregulatory, spiking may never
end. A multifaceted control system provides the potential to
achieve a diversity of firing frequencies and release reproduc-
tive peptide in the absence of ongoing synaptic input. Further-
more, this may preclude chronic firing and/or behavioral dis-
ruption. Similar challenges are likely faced by other neurons
that burst or discharge for prolonged periods (Egorov et al.
2002; Fraser et al. 2001; Haj-Dahmane and Andrade 1997;
Russell and Hartline 1982). Precise governance over firing
frequency is particularly important in cells that secrete peptides
or gate sensory information, where subtle changes in rate or
pattern can drastically alter output (Hall and Delaney 2002;
Morisset and Nagy 1999; Soldo et al. 2004; Vilim et al. 2000).
Modulation of the bag cell neuron cation channel could be
indicative of how neurons generate but also limit long-term
changes in activity.
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