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Abstract

Many behaviors and types of information storage are mediated by lengthy changes in neuronal activity. In bag cell neurons of the
hermaphroditic sea snail Aplysia californica, a transient cholinergic synaptic input triggers an ~30-min afterdischarge. This causes
these neuroendocrine cells to release egg laying hormone and elicit reproductive behavior. When acetylcholine is pressure-ejected
onto a current-clamped bag cell neuron, the evoked depolarization is far longer than the current evoked by acetylcholine under volt-
age clamp, suggesting recruitment of another conductance. Our earlier studies found bag cell neurons to display a voltage-depend-
ent persistent Ca?* current. Hence, we hypothesized that this current is activated by the acetylcholine-induced depolarization and
sought a selective Ca®" current blocker. Rapid Ca®" current evoked by 200-ms depolarizing steps in voltage-clamped cultured bag
cell neurons demonstrated a concentration-dependent sensitivity to Ni?*, Co® ", Zn**, and verapamil but not Cd?* or w-conotoxin
GIVa. Leak subtraction of Ca®" current evoked by 10-s depolarizing steps using the 1C;o (concentration required to eliminate maxi-
mal current) of Ni? ™, Co?™, Zn?", or verapamil revealed persistent Ca® " current, demonstrating persistent current block. Only Co?*
and Zn?" did not suppress the acetylcholine-induced current, although Zn®" appeared to impact additional channels. When Co? "
was applied during an acetylcholine-induced depolarization, the amplitude was reduced; furthermore, protein kinase C activation, pre-
viously established to enhance the persistent Ca®* current, extended the depolarization. Therefore, the persistent Ca®* current sus-
tains the acetylcholine-induced depolarization and may translate brief cholinergic input into afterdischarge initiation. This could be a
general mechanism of triggering long-term change in activity with a short-lived input.

NEW & NOTEWORTHY lonotropic acetylcholine receptors mediate brief synaptic communication, including in bag cell neurons
of the sea snail Aplysia. However, this study demonstrates that cholinergic depolarization can open a voltage-gated persistent
Ca’™" current, which extends the bag cell neuron response to acetylcholine. Bursting in these neuroendocrine cells results in
hormone release and egg laying. Thus, this emphasizes the role of ionotropic signaling in reaching a depolarized level to
engage Ca®" influx and perpetuating the activity necessary for behavior.

acetylcholine receptor; mollusk; peptidergic neuron; prolonged depolarization; reproduction

INTRODUCTION

Long-term change of neural activity in response to a brief
stimulation underlies many nervous system functions and
behaviors. In these instances, an input essentially triggers
some form of tonic conductance, which results in plateau
potentials, prolonged spiking, or afterdischarges. For exam-
ple, cholinergic metabotropic/muscarinic receptors activate
persistent Ca?* current and/or nonselective cationic cur-
rents to support bursting in rat layer V pyramidal neurons
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from medial perfrontal cortex (1), prolonged spiking of rat
entorhinal cortex implicated in working memory (2, 3), ele-
vation of firing in mouse corticopontine neurons that may
participate in executive attention (4), and extension of activ-
ity in mouse primary auditory cortex neurons potentially
involved in sensory learning (5). However, except for a few
studies, such as those in hippocampal stratum oriens/alveus
interneurons (6) or ventral tegmental dopaminergic neurons
(7), it is relatively rare to observe an ionotropic/nicotinic cho-
linergic receptor causing similar responses. Here, we use bag
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cell neurons from the sea snail Aplysia californica to show
that an ionotropic acetylcholine receptor can mediate the
transition from initial depolarization to lengthy response
much like its metabotropic counterpart.

Bag cell neurons are neuroendocrine cells that are normally
silent, with a resting potential of approximately —60 mV, but
after a cholinergic input from the pleuroabdominal connec-
tives they undergo a collective 20- to 30-mV depolarization
and ~30-min afterdischarge (8-10). Intracellular Ca?* levels
peak during the first few minutes of the afterdischarge and
initiate the downstream effects that sustain much of the
response (11). A train of action potentials analogous to the
start of an afterdischarge causes voltage-gated Ca®* influx,
which gates voltage-independent, nonselective cationic cur-
rent to drive a prolonged depolarization (12). High Ca®* is
maintained by Ca?* -dependent mobilization from the endo-
plasmic reticulum and mitochondria (13, 14), as well as
recruitment of covert Ca?* channels to the plasma membrane
by protein kinase C (PKC) (15-17). This leads to the activation
of both voltage-independent (18, 19) and voltage-dependent
nonselective cation channels (20-22). Ultimately, the accu-
mulation of intracellular Ca®>* ensures the release of egg lay-
ing hormone and reproductive behavior (17, 23-25).

Although solely responsible for triggering afterdischarges
in bag cell neurons, the acetylcholine receptor does not inher-
ently produce the initial peak in Ca®>* levels that engage vari-
ous cation channels. In particular, the acetylcholine-induced
current is due to an ionotropic receptor, lasts ~1.5 min, and is
selective for monovalent cations (10, 26). Hence, both the
short duration and Ca®>* impermeability preclude this recep-
tor from contributing directly to Ca?* influx, suggesting that
it is necessary for separate Ca?* conductance(s) to couple the
cholinergic signal to intracellular pathways.

In our prior work, we found that bag cell neurons exhibit a
persistent Ca?* current, which can be opened by modest
depolarization under voltage clamp (27). The present study
demonstrates that the acetylcholine-induced depolarization
recruits this persistent Ca?* conductance under current
clamp. We show that the duration of depolarization is short-
ened by Co?*, a Ca% " channel blocker that effectively antag-
onizes the persistent Ca?* current but has no impact on the
acetylcholine-induced current. Conversely, the duration of
depolarization and number of action potentials are increased
by a PKC activator, which was previously found to enhance
the persistent Ca?* current (27). Therefore, an ionotropic ac-
etylcholine receptor can engage a voltage-dependent process
to generate an extended period of activity.

METHODS
Animals and Cell Culture

Adult A. californica weighing 150-500 g were obtained from
Marinus (Long Beach, CA) and housed in an ~300-L aquarium
containing continuously circulating, aerated seawater (Instant
Ocean; Aquarium Systems Inc, Mentor, OH) at 18°C on a 12:12-
h light-dark cycle and fed romaine lettuce daily. All experi-
ments were approved by the Queen’s University Animal Care
Committee (protocols 2017-1745 and 2021-2140).

For primary cultures of isolated bag cell neurons, animals
were anesthetized by an injection of isotonic MgCl, (~50%
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body wt; 390 mM), and the abdominal ganglion was removed
and incubated for 18 h at 22°C in neutral protease (13.33 mg/
mL; 4942078001, Roche/Sigma-Aldrich; St. Louis, MO or
Oakville, ON, Canada) dissolved in tissue culture artificial
seawater (tcASW) [composition in mM: 460 NacCl, 10.4 KCl, 11
CaCl,, 55 MgCl,, and 15 N-2-hydroxyethylpiperazine-N’-2-eth-
anesulfonic acid (HEPES), with 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, and the
bag cell neuron clusters were microdissected from the sur-
rounding connective tissue. With a fire-polished Pasteur pip-
ette and gentle trituration, neurons were dispersed onto
35x10-mm polystyrene tissue culture dishes (430165,
Falcon-Corning; Fisher Scientific, Ottawa, ON, Canada) filled
with tcASW. Neurons were maintained in tcASW for 1-3 days
in a 14°C incubator, and experiments were performed on >1
day in vitro. Salts were obtained from Acros Organics (Morris
Plains, NJ), Fisher Scientific, or Sigma-Aldrich.

Whole Cell Voltage-Clamp Recordings

Voltage-clamp recordings were made with an EPC-8 ampli-
fier (HEKA Electronik/Harvard Apparatus; St. Laurent, QC,
Canada) and the tight-seal, whole cell method. Microelectrodes
were pulled from 1.12-mm-internal diameter and 1.5-mm-exter-
nal diameter borosilicate glass capillaries (TW150F-4; World
Precision Instruments; Sarasota, FL) and had a resistance of 1-
2 MQ when filled with various intracellular salines (see below).
Pipette junction potentials were nulled and, subsequent to seal
formation, pipette capacitive currents were canceled. After
breakthrough neuronal capacitance was also canceled, and the
series resistance (3-5 MQ) was compensated to 80% and moni-
tored throughout the experiment. Current was filtered at 1 KHz
with the EPC-8 built-in Bessel filter and sampled at 1 or 2 KHz
with a Digidata 1440 analog-to-digital converter (Molecular
Devices, Sunnyvale, CA), a Windows-based personal computer,
and Clampex software (v10.7; Molecular Devices). Clampex was
also used to control the membrane potential under voltage
clamp (see RESULTS for details).

Ca®™ currents were isolated with an extracellular saline
of Ca?*-Cs*-tetraethylammonium (TEA) artificial seawater
(ASW), where the Na*t was replaced with TEA and the K*
with Cs™ (composition in mM: 460 TEA-Cl, 10.4 CsCl, 55
MgCl,, 11 CaCl,, 15 HEPES, pH 7.8 with CsOH). The pipette so-
lution was a Cs*-aspartate (Asp)-based intracellular saline
[composition in mM: 70 CsCl, 10 HEPES, 11 glucose, 10 gluta-
thione, 5 ethylene glycol-bis(B-aminoethylether)-N,N,N’,N’-
tetraacetic acid (EGTA), 500 aspartic acid, 5 adenosine 5'-tri-
phosphate 2Na-H,O (ATP) (grade 2; A3377, Sigma-Aldrich),
and 0.1 guanosine 5'-triphosphate Na-H,O (GTP) (type 3;
(8877, Sigma-Aldrich), pH 7.3 with CsOH]. The free Ca>* con-
centration was set at 300 nM by adding 3.32 mM CacCl,, as cal-
culated with WebMaxC (https://somapp.ucdmc.ucdavis.edu/
pharmacology/bers/maxchelator/webmaxc/webmaxcS.htm).
Upon breakthrough, neurons were dialyzed for 10 min before
recording. A junction potential of 20 mV between Ca?*-Cs™* -
TEA ASW and Cs™-Asp was compensated for by subtraction
offline. However, for rapid, voltage-gated Ca?* currents, sub-
traction of leak current was performed online with a P/4 proto-
col from a holding potential of —60 mV, with subpulses of
opposite polarity and one-fourth the magnitude, as well as an
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intersubpulse interval of 500 ms and 100 ms before actual test
pulses. Persistent Ca®* currents were measured by delivering
10-s voltage steps before and after block by a saturating con-
centration of Co?*, Ni?*, verapamil, or Zn®>* and then sub-
tracting the blocked current from control to eliminate leak
current (see RESULTS for details). Ca?* influx during choliner-
gic-like depolarization was achieved by delivering a series of
voltage ramps that mimicked the acetylcholine-evoked mem-
brane potential changes under sharp-electrode recordings
from White and Magoski (10) and White et al. (28) (see RESULTS
for details).

Acetylcholine-induced currents were measured with nor-
mal ASW (nASW; composition as per tcASW but with the glu-
cose, penicillin, and streptomycin omitted) in the bath and a
K*-Asp-based intracellular solution (composition in mM:
500 K" -Asp, 70 KCl, 1.25 MgCl,, 10 HEPES, 11 glucose, 10 glu-
tathione, 5 EGTA, 5-ATP, and 0.1 GTP, with 300 nM free
Ca?*; pH 7.3 with KOH) in the pipette. Upon breakthrough,
the neurons were again dialyzed for 10 min before recording,.
A junction potential of 15 mV was again compensated for by
subtraction offline. No leak subtraction was performed while
recording these currents.

Sharp-Electrode Current-Clamp Recordings

Current-clamp recordings were made in nASW with an
Axoclamp 2B (Molecular Devices) amplifier and the sharp-
electrode bridge-balanced method. Microelectrodes were
pulled from 0.9-mm-internal diameter and 1.2-mm-external
diameter borosilicate glass capillaries (TW120F-4, World
Precision Instruments) and had a resistance of 5-20 MQ
when filled with 2 M K -acetate plus 10 mM HEPES and 100
mM KCI (pH 7.3 with KOH). Hyperpolarizing current pulses
for bridge balance were delivered with a S88 stimulator
(Grass, Quincy, MA); in addition, neurons were initially set
to —60 mV with constant bias current from the Axoclamp
DC current command, if necessary. Voltage was filtered at 3
kHz with the Axoclamp built-in Bessel filter and sampled at
2 kHz as described in Whole Cell Voltage-Clamp Recordings
for membrane current.

Ca?* Imaging

For Ca’* imaging, fura-PE3-K* salt was dissolved at 1 mM
in the K*-Asp-based intracellular solution and introduced
by a 30-min dialysis via the whole cell pipette under volt-
age clamp at —60 mV. Ca?" imaging was performed with a
Nikon TS100-F inverted microscope (Nikon, Mississauga, ON,
Canada) equipped with a Nikon Plan Fluor x20, 0.5 numerical
aperture objective. The light source was a 75-W Xe arc lamp
and a multiwavelength DeltaRAM V monochromatic illumi-
nator (Photon Technology International/Horiba, London, ON,
Canada) coupled to the microscope with a UV-grade lig-
uid-light guide. Excitation wavelengths were 340 and 380
nm, which were controlled by a Windows-based computer,
a Photon Technology International computer interface,
and EasyRatio Pro software (v1.10; Photon Technology
International). Emitted light passed through a 400-nm
long-pass dichroic mirror and a 510/40-nm emission barrier fil-
ter before being detected by a Cool SNAP HQ2 charge-coupled
device camera (696 x 520 pixels) (Photometrics, Tucson, AZ).
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The ratio of the emission following 340- and 380-nm excitation
(340/380) was taken to reflect free intracellular Ca?* (29) and
was sampled every 10 s from a region of interest defined over
the soma and averaged 4-8 frames per acquisition. Camera
gain was maximized, pixel binning set at 2, and exposure time
at each wavelength fixed to 1 s. The camera intensifier voltage
was set based on the initial fluorescence intensity of a neuron
at the start of the experiment and maintained constant there-
after. Image acquisition, emitted light sampling, and ratio cal-
culations were performed with EasyRatio Pro.

Reagents and Drug Application

The culture dish served as the bath and, before the start of
an experiment, solution exchanges were accomplished by
using a calibrated transfer pipette to replace the tcASW with
Ca?*-Cs*-TEA ASW or nASW. In most cases, drugs were
introduced before or during recording by removing <20 uL of
saline from the bath, mixing it with 2-8 uL of drug stock solu-
tion, and then introducing that mixture back into the bath.
Care was taken to pipette near the side of the dish and as far
away as possible from the neuron. Exceptions were Zn>* and
sometimes Co®*, which were superfused, as well as acetyl-
choline, which was either pressure-ejected or superfused. For
superfusion, a square-barreled, ~500-um-bore glass pipette
(8250, VitroCom, Mountain Lakes, NJ) was positioned with a
micromanipulator 300-500 um from the soma. This pipette
continuously flowed extracellular saline over the neuron,
which was switched to drug-containing saline by activating a
stopcock to select between various gravity-driven reservoirs.
For pressure ejection, a PMI-200 pressure ejector (Dagan,
Minneapolis, MN) delivered 2-s, 75- to 100-kPa pulses to an
unpolished whole cell pipette (1- to 2-um tip diameter) filled
with 1 mM acetylcholine (in nASW) and positioned ~50 pm
away from the soma.

Water was used to dissolve the following as stocks at the
indicated concentrations: acetylcholine (10 or 100 mM; A6625,
Sigma-Aldrich), Co?>* (1 M, CoCl,-6H,0; C2911, Sigma-Aldrich),
Ni* (1 M, NiCl,-6H,0; N6136, Sigma-Aldrich), verapamil (100
mM; V4629, Sigma-Aldrich), and w-conotoxin GIVa (1 mM;
SNX124, Alomone, Jerusalem, Israel). Because of solubility
issues, Zn>* (ZnCl,; 211273, Sigma-Aldrich) solutions were
made in Ca?>* Cs™-TEA or nASW at the desired concentration
just before experiments. DMSO was used to dissolve phorbol
12-myristate 13-acetate (PMA, 10 mM; 79346, Sigma-Aldrich).

Analysis

For all analyses, two cursors were placed apart at desig-
nated times on a trace (see below) before a voltage pulse or
drug addition, and the average between the cursors served
as a baseline. The peak or average of the response was meas-
ured by placing an additional two cursors on either side of
the peak or a steady-state region. Clampfit then calculated
the peak or average amplitude relative to baseline. In most
cases, current was normalized to cell size by dividing by the
whole cell capacitance (obtained from the EPC-8 whole cell
capacitance compensation circuitry).

The current-voltage relationship (I/V) of the rapid Ca**
current was ascertained by measuring the peak current rela-
tive to a 3-ms baseline region at —60 mV, 0.5 ms before the
200-ms, 10-mV increment steps from —60 to + 60 mV. After
the protocol was run once, it was delivered a second time in
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the presence of select divalent metals (Ni>*, Co**, Zn?*) or
verapamil at various concentrations. The step from —60 to
+10 mV, which evoked the largest Ca?* current (see RESULTS
for details), was used to normalize to the current before and
after antagonist application in the same cell, which was later
plotted against antagonist concentration. The concentra-
tion-response curve was fit with an asymmetric sigmoidal,
five-parameter logistic equation in Prism (v9; GraphPad
Software, San Diego, CA) to provide the Hill coefficient (ny; a
measure of ligand cooperativity) and both the ICso and ICygo
(the concentration required to halve and eliminate the maxi-
mal current, respectively), where X is log;o concentration of
drug and log Xb is the inflection point defined by log ICsq
and symmetry parameter S:

top — bottom

% specific binding =
°Sp & 1+ 10[(10gXbﬂ‘)~'1H]S

1 1
logXb = 1ogICso + (—) (logz5 - 1)
ny
The effect of Co?*, Zn?>*, or verapamil at the ICs on rapid

Ca?* current activation was determined by dividing the
peak current elicited at each voltage step by the current at
+10 mV, i.e., the maximum current. This was averaged
across cells at a given step voltage and fit with the
Boltzmann equation in Prism. The Boltzmann fit provided
the half-maximal voltage (Vy,) of activation (the voltage
required to recruit half of the maximum current) and the
slope factor (k; the amount of voltage required to change the
current e-fold).

(top — bottom)
Vijp—x
1+ exp (%)

Persistent Ca®> " current was evoked by delivering 10-s steps
from —50 to —20 mV in 10-mV increments. Offline leak sub-
traction involved subtracting currents not blocked by the
ICi00 Of the Ca?* current blockers, Co**, Ni**, verapamil,
and zZn?*, from currents evoked under control conditions.
For analysis of the leak-subtracted traces, ~150 ms of baseline
was averaged ~12 ms before the step, whereas the last ~1 s of
the steps, ~50 ms before the offset, was averaged for Ca®*
current. The difference between the averaged current during
the step and the baseline was taken as the persistent current.

Peak amplitude of the acetylcholine-evoked depolariza-
tion or current was derived from response to superfusion of 1
mM acetylcholine for 5 s or pressure ejection of 1 mM acetyl-
choline for 2 s. To quantify the peak acetylcholine-evoked
depolarization or current, ~10 s of baseline membrane
potential or current was averaged ~500 ms before the
response onset. The maximal amplitude of the response was
taken as the difference between this average baseline and
the peak depolarization or current. The desensitization of
acetylcholine-induced current under voltage clamp was
expressed as a percentage of current remaining by dividing
the second acetylcholine-evoked current by the first within
the same neuron. For responses recorded under current
clamp that presented with robust spiking, which made the
peak depolarization difficult to visualize, Clampfit was used
to generate an all-points histogram at the depolarized poten-
tials of the response. The largest peak of the histogram was fit

G(S) = bottom +
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in Clampfit with a Gaussian function by the least-squares
method and a simplex search and taken as the average mem-
brane potential during the firing period, with the difference
versus baseline (obtained as above) being the depolarization
amplitude. To determine firing frequency in acetylcholine,
the number of spikes during the response was calculated with
the Clampfit threshold search function and divided by the
total time of the burst.

For analysis of intracellular Ca®>*, Origin (v7; OriginLab,
Northampton, MA) was used to import and plot ImageMaster
Pro files as line graphs. The 1 min before response onset was
averaged and served as baseline, and peak was measured
relative to the baseline. Ca?* influx evoked by the wave-
forms (see RESULTS for details) was quantified by calculat-
ing the peak 340/380 versus the prestimulus baseline.
Change was expressed as a percent change of the new ratio
over the baseline ratio.

Summary data are presented as means in line or bar graphs
with error bars representing standard deviation. Statistical
analysis was performed with InStat (v3.1; GraphPad Software)
or Prism. The Kolmogorov-Smirnov method was used to test
data sets for normality. If the data were normal, Student’s
unpaired ¢ test with the Welch correction was used to deter-
mine the differences between two means. If the data were not
normally distributed, the Mann-Whitney U test was used.
Comparison between multiple means was performed with an
ordinary one-way analysis of variance (ANOVA) and the
Dunnett multiple comparisons post hoc test (for normally dis-
tributed data) or a Kruskal-Wallis one-way ANOVA with
Dunn’s multiple comparisons test (for not normally distrib-
uted data). All statistical comparisons were two tailed, and
means were considered significantly different if the P value
was <0.05. When possible, as per the output of the software,
exact P values are reported. The n values reported in the text
indicate number of neurons; n values are also provided within
the bars of all summary data graphs.

RESULTS

Brief Cholinergic Current Evokes a Prolonged
Depolarization in Bag Cell Neurons

Single bag cell neurons in primary culture were recorded
under sharp-electrode current clamp or whole cell voltage
clamp using Na*-based normal artificial sea water (nASW)
as extracellular saline (Fig. 1, right inset). Sharp electrodes
were filled with a K -acetate-based saline, whereas whole
cell electrodes were filled with a K -aspartate-based intra-
cellular saline (see Whole Cell Voltage-Clamp Recordings and
Sharp-Electrode Current-Clamp Recordings for details). A 2-s
pressure ejection of 1 mM acetylcholine onto neurons cur-
rent-clamped at a resting potential of approximately —60
mV evoked spiking and a prolonged depolarization of 30-50
mV lasting <8 min (n = 7) (Fig. 1, top). However, the same
application of acetylcholine onto different neurons whole
cell voltage-clamped to —60 mV resulted in a much more
short-lived inward current that peaked between —10 and
—20 nA and lasted ~1.5 min (n = 6) (Fig. 1, bottom). This dif-
ference in duration was significant, with the depolarization
presenting an ~165-s time to 75% recovery, compared with
~25 s for the current (Fig. 1, left inset).
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_ * cultured baag cell neuron Figure 1. Cholinergic current and depolariza-

300 ° S tion are kinetically distinct. Two separate cul-

— \ Mhme'ce" tured bag cell neurons are bathed in normal

2 3 rding pipette  artificial seawater (NASW) and subjected to ei-

E & 200 ther sharp-electrode current clamp (CC) with a

o Py .3{ K *-acetate-based pipette solution or whole

20 mv 0 S | cell voltage clamp (VC) with a K*-Asp-based
S 8 1004 intracellular solution. Top: a 2-s pressure ejec-

-2 tion (at arrow) of 1 mM acetylcholine (ACh)

evokes depolarization and bursting from a

resting potential of —61 mV under current
clamp. The response does not recover until
the end of the trace (~8 min). Bottom: the
same stimulus in a different neuron under volt-
age clamp at —60 mV causes a transient
inward current that fully recovers by ~1.5 min.
Timescale applies to both top and bottom.
Left inset, the time to 75% recovery of the cur-

Given that the acetylcholine-induced current is not sensi-
tive to metabotropic blockers (10) and does not conduct
Cca?t (26), it s likely that the depolarization produced by ac-
etylcholine recruits a voltage-dependent mechanism to fur-
ther the response. Potential candidates are voltage-gated
Ca?™ channels, which rapidly activate upon membrane
depolarization but can remain open on a longer timescale as
the channel transitions between opening and closing, creat-
ing a “window current” (27, 30, 31). Thus, we examined the
pharmacology and physiology of the Ca?" current to find a
suitable blocker(s) that could be used to test the role of Ca?™"
current in acetylcholine-induced depolarization.

Rapid-Onset, Voltage-Gated Ca®* Currents in Bag Cell
Neurons

On a structural basis, bag cell neuron voltage-gated Ca?*
channels most closely resemble vertebrate L-type channels
(32); accordingly, the current presents slow inactivation and
partial sensitivity to micromolar concentrations of nifedi-
pine (16, 33) as well as full block with millimolar concentra-
tions of Ni?* (12). To demonstrate this current, whole cell
voltage clamp in Ca?*-Cs* -TEA ASW external with Cs " -Asp
intracellular solution was used (see Whole Cell Voltage-
Clamp Recording for details). Delivering 200-ms, 10-mV
incremental steps from —60 to + 60 mV evoked rapid-onset,
but relatively slow-inactivating Ca?* currents in the nano-
ampere range (n = 35) (Fig. 2A). Normalizing the peak current
to cellular capacitance and plotting against voltage produced
a U-shaped relationship of current density versus membrane
potential, with an onset between —30 and —40 mV, a rever-
sal at approximately + 60 mV, and a maximum current den-
sity of ~12 nA/nF at +10 mV (n = 35) (Fig. 2B), like earlier
reports (12, 27). Normalizing the conductance to the maxi-
mum at +30 mV and fitting with a Boltzmann equation
revealed a Vy; at approximately —2 mV with a slope factor of
~6 (Fig. 2C). Maximum current density was at +10 mV,
whereas the conductance plateaued at + 30 mV.

J Neurophysiol » doi:10.1152/jn.00429.2022 - www.jn.org

rent is significantly faster than the depolariza-
tion (ts7s = 6.06; *P = 0.001; unpaired
Student’s t test, Welch corrected). Right inset, a
cultured bag cell neuron with a whole cell re-
cording electrode and a pressure-ejection pip-
ette. Numbers within the bars are n values that
reflect number of neurons.

Rapid-Onset, Voltage-Gated Ca?* Currents Are
Sensitive to Co%*,Zn? ", and Verapamil

We previously established Ni>* asa Ca®* channel blocker
in bag cell neurons (12). However, to have more pharmaco-
logical tools for testing the role of Ca?* channels in the ace-
tylcholine-induced depolarization, we assayed Co**, Zn?*,
and verapamil, which have been used to block Ca?>* chan-
nels in other Aplysia neurons (34-36). The ultimate goal was
to find a Ca?* channel blocker that could be applied during
the voltage response to acetylcholine without directly affect-
ing the cholinergic receptor. Hence, neurons were whole cell
voltage-clamped at —60 mV and given a step to +10 mV for
100 or 200 ms before and after the introduction of Co** (Fig.
34), Zn** (Fig. 3C), or verapamil (Fig. 3E) at different con-
centrations. Co** and verapamil were bath applied, whereas
Zn?* was superfused because of solubility issues involving
precipitation at concentrations >1 mM, precluding the use of
stock solutions (see Reagents and Drug Application for
details).

After blocker addition, the Ca?* currents were reduced
but still rapid in activation and slow in inactivation, unless
the drugs were at their highest concentration, during
which the current essentially remained at baseline. The
peak current in the presence of a given blocker was nor-
malized to that of control, plotted against blocker concen-
tration, and fit with an asymmetric sigmoidal equation
(Fig. 3, B, D, and F) (see Analysis for details). Fitting these
concentration-inhibition curves provided ICsq values of ~1
mM for Co?>* and ~300 pM for both Zn?* and verapamil,
which were in agreement with the effective concentrations
observed in certain vertebrate cells (37-39). Those same
fits also yielded Hill coefficients that reflected the coopera-
tivity a given blocker exhibited while inhibiting the chan-
nel. Both Co?* and verapamil, with Hill coefficients of
—2.8 and —1.4, respectively, showed positive cooperativity,
where the binding of one ion or molecule increased the
binding affinity of additional blocker. Conversely, Zn?*
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Figure 2. Rapid, voltage-dependent Ca®" cur-
rents in bag cell neurons. A: a neuron is whole 60

cell voltage clamped in Ca?"-Cs " -tetraethylam-

monium artificial seawater with Cs *-Asp intracel-

lular solution to isolate Ca®" currents. From a
holding potential of —60 mV, 200-ms steps to
+ 60 mV in 10-mV increments (top) evoke rapid-
onset, voltage-dependent Ca® * current (bottom).
Capacitance artifact at onset is truncated for dis-
play. B: summary of peak current (/) normalized to
capacitance and plotted against the step vol-
tages (V) from A. Onset is —30 mV, with peak at
410 mV and reversal of +57.5 mV. C: summary
of conductance normalized to maximal (G/Gax)
at +30 mV and plotted against step voltage.
Conductance was derived from peak current di-
vided by the driving force, i.e., step voltage minus
reversal potential. V4, indicates the voltage at
which conductance is half-maximum, and k
reflects the slope factor.

had negative cooperativity, with a Hill coefficient of —0.8,
which indicated that initial binding of the ion led to
reduced binding affinity of more blocker.

Co2*,zZn?", or Verapamil Block of Ca®2* Current Is Not
Voltage Dependent

For Ca?* current blockers to be effective for our purposes,
they must have the same antagonistic effects even during
depolarized potentials; as such, rapid Ca?* currents were
again evoked with our standard 200-ms steps from —60 to
+60 mV. In the presence of the IC;oo of Ni** [10 mM; con-
centration taken from Hung and Magoski (12); used here as a
positive control] (n = 9), Co** (4 mM) (n = 5), Zn>* (1 mM)
(n = 6), or verapamil (1 mM) (n = 4), block was largely com-
plete with only residual current remaining, although Zn?*
sometimes presented voltage-dependent relief (Fig. 4A).
When peak Ca®* current was plotted against step voltage, all
four blockers gave some steady inhibition regardless of
membrane potential (Fig. 4B). To examine the impact of
block on voltage dependence, current-voltage relationships
were made in the presence of the ICsq of each drug and the
Ca’* current was normalized to the maximal current at + 10
mV, plotted against step voltage, and fit with the Boltzmann
equation to obtain activation curves (see Analysis for
details). Compared with a control Vy,, of 9-12 mV (n = 6-14),
the activation curve in Co?* was shifted to the right by ~10
mV (n =10) (Fig. 4C) and that in verapamil was moderately
shifted to the left by ~4 mV (n = 14) (Fig. 4D), whereas Zn?>*
(n = 6) had even smaller effects on activation, with a right
shift of <3 mV (Fig. 4E). Thus, the ICso of Co?>*, and to a
smaller extent Zn>", resulted in less Ca?* current during a
given depolarization compared with control; the opposite
was the case for verapamil. That stated, these effects on volt-
age dependence were relatively minimal, considering that
the IC;oo of each blocker substantially reduced the current at
all voltages.
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Cd?* and o-Conotoxin GIVa Are Ineffective Ca® ™
Current Blockers

We also looked at Cd? ™, another divalent metal, and w-con-
otoxin GIVa, a 27-amino acid peptide produced by Conus geo-
graphus, as candidate blockers because they have been widely
used to suppress L-type (40-43) and N-type (44-47) channels
in amphibian, avian, mammalian, and/or molluscan cells. In
Aplysia, Cd*>* inhibits voltage-dependent Ca®* current in L10
(48) and sensory neurons (49), whereas o-conotoxin inhibits
buccal neuron Ca®* current and transmitter release (50, 51).

We tested both blockers on Ca?* currents evoked by 200-
ms steps from —60 to +40 mV or +60 mV in 10-mV incre-
ments. At 700 uM, the amount of block by Cd** (n = 2) was
very modest (Fig. 54, inset). Moreover, Cd*> " appeared to be
toxic, as a concentration of 900 uM produced only an out-
ward current at all tested voltages except for the maximum
step at +40 mV (not shown). In addition, cumulative appli-
cations of the metal, from 100 pM to 3 mM, in nASW to a cell
dialyzed with K*-Asp intracellular solution at a holding
potential of —60 mV led to a rapid increase in holding cur-
rent and cell death (Fig. 5A). With respect to w-conotoxin
(n=10), a concentration of 8 uM, based on Trudeau et al. (50)
and Fossier et al. (51), was added to the bath ~30 min before
recording. However, peak Ca®>" currents normalized to ca-
pacitance showed little difference from control (n = 9), albeit
the I/V was shifted to the right (Fig. 5B). The activation curve
in w-conotoxin was right-shifted by ~7.5 mV versus control
when fit with a Boltzmann equation (Fig. 5C).

Persistent Voltage-Gated Ca®* Current Is Revealed by
Ca’" Blocker and Leak Subtraction

Having established Co®*, Zn?>*, and verapamil as effective
blockers of rapid current, we next determined whether they
could successfully reveal persistent Ca?* currents. Our earlier
work using Ni2* block subtraction showed that Ni** is capa-
ble of eliminating persistent Ca’?* currents (27), so we also
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employed it here for comparison. Neurons were voltage-
clamped at —60 mV and stimulated for 10 s in 10-mV incre-
ments from —50 to —20 mV before and after delivery of the
ICi00 Of Ni2*, Co?*, Zn?*, or verapamil. Leak was eliminated
by subtracting the voltage steps delivered after block by 10
mM Ni2* (n =20),4 mM Co?>* (n=16),1 mM Zn** (n=8),or1
mM verapamil (n = 8) (Fig. 6, A-D) (see Analysis for details).
Leak subtraction revealed a small, inward, voltage-dependent
current of hundreds of picoamperes that stabilized by the end
of each step. Hence, mean current over the last 1 s of the step
was measured as persistent current. Ni>* revealed the great-
est persistent Ca>* current, which was significantly higher in
amplitude than current after Co®>*, Zn>~, or verapamil block
subtraction at —50 and —40 mV (Fig. 6E). At —30 mV, current
after Ni2 " subtraction was significantly greater than that after
Co** orZn?* but not verapamil.

Cholinergic-like Waveforms Cause Voltage-Dependent
Ca’*™ Influx

If the acetylcholine-induced depolarization is prolonged
by evoking voltage-dependent Ca’?* current, a waveform

J Neurophysiol » doi:10.1152/jn.00429.2022 - www.jn.org

log [Co’ '] (M)

ICs, = 296.2 uM
Hill = -0.8347

log [Zn"'] (M)

ICy, = 291.0 UM
Hill = -1.378

current in a concentration-dependent manner. A, C, and
E: separate bag cell neurons are voltage-clamped at
—60 mV in Ca®?"-Cs™ -tetraethylammonium artificial
seawater with Cs " -Asp intracellular solution and given
a step to +10 mV for 100 or 200 ms. The step is
repeated in the presence of Co?* A), Zn?* (C), or vera-
pamil (E) at the indicated concentrations. Zn® " is tested
at 1 concentration per cell. Co?™* or verapamil is added
incrementally, with a saturating concentration always
being added at the end after some combination of
lower concentrations. Order of potency is: Co®t >
Zn** > verapamil. B, D, and F: Co*> " (B), Zn** (D), and
verapamil (F) dose-response curves. Peak current (Ic,)
evoked in Co?™, Zn?", or verapamil is divided by the
corresponding control current, plotted against the
applied concentration, and fit with an asymmetric sig-
moidal curve to obtain the ICsq and Hill coefficient.

-3
log [verapamil] (M)

mimicking the voltage changes during an acetylcholine
response should activate the Ca®* channel. We created
waveforms based on typical cholinergic depolarizations and
delivered them under voltage clamp, instead of applying
acetylcholine under current clamp, so to avoid any con-
founding action potential firing. Voltage commands were
categorized into two, distinct waveforms: waveform 1 and
waveform 2, and were modeled from prior sharp-electrode
current-clamp recordings of acetylcholine-evoked mem-
brane potential changes (10, 28). Essentially, these wave-
forms represented two commonly observed responses to
acetylcholine under physiological conditions, with wave-
form 1 depicting a less protracted response than waveform
2. From a holding potential of —60 mV, waveform 1
changed the membrane potential to —30 mV over 5 s, to
—26 mV over 2 s, to —51 mV over 75 s, and to —58 mV over
18 s (Fig. 7A, top). Waveform 2 also started at -60 mV, then
to —20 mV over 2 s, to —35 mV over 150 s, and to —53 mV
over 225 s (Fig. 7B, top). In either case, only the continuous
changes in membrane voltage without action potentials
were modeled.
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Figure 4. Effect of select divalent metals or verapamil on Ca®* current voltage dependence. A: Ca® " currents from separate neurons evoked by 200-
ms pulses from —60 mV [holding potential (HP)] to + 60 mV in 10-mV increments while exposed to the ICyoq (concentration required to eliminate maxi-
mal current) of Ni2* (top; 10 mM), Co?* (top middle; 4 mM), Zn?* (bottom middle; 1 mM), or verapamil (bottom; 1 mM). Capacitance artifacts are truncated
for display. Scale bars apply to all traces. B: average peak Ca®™" current (/) plotted against step voltage (V), along with all parallel control currents pooled
for comparison. The divalent metals and verapamil cause a complete or a near-complete block with no observable voltage dependence to the inhibition,
except to a small extent with Zn?". C—E: activation curves of Ca?™ current under control conditions and in the presence of the IC5q of Co?™ (1mM; C),
verapamil (300 puM; D), or Zn?* (300 UM; E). The activation curve in Co? ™ is shifted to the right compared with control, as indicated by the more positive
half-maximal voltage of activation (V;2). Conversely, the activation curve in verapamil is shifted moderately to the left vs. control, as indicated by the
more negative V;,. The impact of Zn® © on activation is negligible. //lyax, Ca * current normalized to maximal current (at + 10 mV).

Neurons were voltage-clamped to —60 mV in Ca®*-Cs -
TEA ASW extracellular solution and dialyzed with Cs™-
Asp-based intracellular solution. Both waveforms evoked
a rapid-onset, long-duration inward Ca?* current of sev-
eral nanoamperes, which was revealed by subtracting leak
current following a block with Co?* at the IC;oo of 4 mM.
However, waveform 1 (n = 7) (Fig. 7A, bottom) resulted in a
faster inactivation than waveform 2 (n = 5) (Fig. 7B, bottom)
because of shorter total duration at depolarized membrane
potentials. Therefore, although peak current density
between the two waveforms was not different (~1 nA/nF
for both), waveform 2 had a significantly greater total Ca**
influx, measured as area above the curve, at ~40 nCb/nF,
compared to waveform 1 at ~20 nCb/nF (Fig. 7C). That the
more protracted waveform 2 yielded a larger response was
consistent with total Ca®" influx being a function of the
voltage integral.

As a more physiological assessment of Ca®>" influx, neu-
rons were maintained in nASW and loaded with the Ca?*-
sensitive dye fura PE3 in K*-Asp-based intracellular solu-
tion under whole cell voltage clamp at —60 mV. Waveforms 1
and 2 were delivered to the same cell sequentially (n = 4)
while ratiometrically imaging for intracellular Ca®* (see
Ca’* Imaging for details). Both waveforms caused a sharp
increase in fluorescence (Fig. 7D), but waveform 2, with an
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~20% increase, had a larger change in peak fluorescence
than waveform 1, with an ~5% increase (Fig. 7E).

The Acetylcholine-Induced Current Is Not Affected by
Zn** orCo?* atthelCso

Given that the select Ca%* channel blockers can reveal per-
sistent Ca®>* current, we examined whether they interact with
the acetylcholine-induced current and exhibit confounding
antagonism. Since our earlier work showed that the acetyl-
choline-induced current desensitizes with repeated applica-
tions (10), acetylcholine was pressure-ejected twice at 1 mM
for 2 s with an interval of 10 min (see Reagents and Drug
Application for details) to observe the effects before and after
the introduction of blockers. Desensitization was expressed as
a percentage of current remaining at the second versus the
first application. Ni**, verapamil, or Co?>" was added directly
to the bath after the first acetylcholine-induced current recov-
ered to baseline. As a positive control, some neurons were
exposed to hexamethonium, an ionotropic acetylcholine re-
ceptor antagonist previously shown to suppress acetylcho-
line-induced currents in bag cell neurons (10). Again, because
of solubility issues, Zn>* was superfused over the cell with or
without acetylcholine. The extent of desensitization com-
pared with control pairs of applications was taken as an effect
of agiven Ca®* channel blocker on the acetylcholine receptor.
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Figure 5. Cd?>* and m-conotoxin GIVa (e-ctx) are ineffective Ca® " current blockers. A: a bag cell neuron is dialyzed with Cs *-Asp-based intracellular so-
lution, voltage-clamped at —60 mV [holding potential (HP)], and exposed to cumulative doses of cd?* (at steps) in Ca®"-Cs *_tetraethylammonium artifi-

cial seawater; 3 mM resulted in a marked increase in holding current (n = 4). Inset, at an intermediate concentration of 700 uM C

d?* weakly inhibits the

current density (nA/nF). V, voltage. B: summary of peak Ca® " current normalized to capacitance and plotted against step voltage in control or neurons
pretreated with 8 UM o-ctx. Peak Ca?* current density in the presence of m-ctx (@) is similar to control (O), although the maximum current is shifted to
the right. C: activation curves of the Ca?™" current in the absence and presence of m-ctx. Current is normalized to that at +10 mV (///,4y), plotted against
step voltage, and fit with a Boltzmann function. The activation curve in conotoxin is shifted to the right as indicated by the more positive half-maximal

voltage of activation (V,2).

The current was immediate in onset upon acetylcholine appli-
cation, ranged typically between 1 and 20 nA, and decayed
over <1 min for both the first and second applications. Under
control conditions, without any antagonists added to the
bath, ~60% current remained at the second application (n =
17) (Fig. 8, A and F). At 500 puM, hexamethonium (n = 8)
blocked most of the second acetylcholine current (Fig. 8, B
and F), whereas the ICs, of Ni?* (1.5 mM) (n = 5) and vera-
pamil (300 uM) (n = 7) left ~20% and 30%, respectively, of the
current remaining (Fig. 8, C, D, and F), which was a signifi-
cantly greater drop than control, indicating block of the recep-
tor. However, the amount of current remaining in the
presence of the ICso of Co?™ (1 mM) (1 = 6) or Zn®* (300 uM)
(n = 8) (Fig. 8, E and G) was not significantly different from
control, although the IC;op of Co?>* (4 mM) (n = 9) did cause
some block resulting in a 40% remaining current (Fig. 8, F and
H). All second currents in the presence of antagonists had sim-
ilar inactivation duration as the first, except for verapamil, in
which a rapid return to baseline after reaching a peak current
was observed.

The Acetylcholine-Induced Depolarization Is Sustained
by Persistent Ca®?* Current

Since the ICso of Co?** and Zn?* suppressed Ca?™ currents
without affecting the acetylcholine-induced current, these
metals were tested for an effect on the acetylcholine-induced
depolarization with sharp-electrode current clamp in nASW.
Zn?* was promptly eliminated from further consideration
because 300 uM of this metal alone hyperpolarized neurons
to approximately —80 mV, followed by a subsequent plateau
potential to approximately —20 mV, and eventually killed
them (not shown). Zn?* has nonspecific effects on K*, Na™*,
ligand-gated, and/or acid-sensing channels (52), which may
explain the outcomes we found. Conversely, results with
Co®>" proved to be more interpretable. We sequentially

J Neurophysiol » doi:10.1152/jn.00429.2022 - www.jn.org

superfused acetylcholine and Co®* with an ~5-s gap to
ensure that Ca®>* channel block would occur soon after the
depolarization began but with as little overlap as possible, i.e.,
acetylcholine at 1 mM was delivered for 5 s, after which the
blocker was superfused for the remainder of the experiment.

In control, brief superfusion of acetylcholine alone (n = 10)
caused a rapid depolarization, often accompanied by a burst
of action potentials (6/10), with a subsequent prolonged
depolarization lasting >2 min (Fig. 9, A, top). Yet, if 1 mM
Co** was introduced shortly after acetylcholine washout
(n = 8), the duration of depolarization was markedly reduced
(Fig. 94, bottom). There was a significant difference between
the time to 75% recovery with acetylcholine alone (~110 s)
versus Co®>" following acetylcholine (~60 s) (Fig. 9B, top).
Note that the initial acetylcholine-induced depolarization
was not significantly different between acetylcholine-alone
(n = 10) and acetylcholine, then Co®>* (1 = 8) conditions (~31
vs. ~35 mV) (Fig. 9B, bottom).

Prior work in our laboratory demonstrated that phor-
bol 12-myristate 13-acetate (PMA), which activates PKC
(53), enhances the persistent Ca?* in bag cell neurons
(27). Therefore, we hypothesized that triggering PKC
would boost the acetylcholine-induced depolarization.
Neurons were either pretreated with PMA for ~20 min or
maintained in nASW before being pressure-ejected with 1
mM acetylcholine for 2 s. Under control conditions (n =
5), the acetylcholine-induced depolarization returned to
baseline by 75% in ~50 s (Fig. 9, C, top, and D, top, ) but
with PMA (n = 5) the depolarization was prolonged and
the same recovery required ~5 min (Fig. 9, C, bottom, and
D, top). Furthermore, whereas control neurons respond
to acetylcholine with a burst of ~20 action potentials,
PMA amplified the response to ~140 action potentials
(n = 5), which was a significant difference (Fig. 9D,
bottom).
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Figure 6. Persistent voltage-activated Ca?" current is revealed by select divalent metals or verapamil. A—D: applying the 1C;oo (concentration required
to eliminate maximal current) of N2 (10 mM; A), Co®>" (4 mM; B), Zn?* (1 mM; C), or verapamil (1 mM; D) in Ca® " -Cs " -tetraethylammonium external
reveals Ca® " currents evoked by 10-s square pulses from a —60 mV holding potential (HP) to —50 mV through to —20 mV in 10-mV increments in neu-
rons dialyzed with Cs " -Asp-based intracellular solution. Leak currents are eliminated by delivering the voltage steps before and after the block and
then subtracting postblock from preblock current. At > —30 mV, steady-state, tonic inward current is evident. E: summary graph of mean persistent
Ca? " current normalized to cell capacitance. Current is calculated as the mean of the last 1s of the 10-s steps. Ni* © reveals significantly more Ca® " cur-
rent relative to the other blockers at —50 mV (Fz 45 = 9.112, P < 0.0001, 1-way ANOVA; P = 0.0007 Co® " vs. Ni? T, P = 0.0151 verapamil vs. Ni* ©, P =
0.0002 Zn?" vs. Ni?*, Dunnett’s multiple comparisons test) and —40 mV (H = 16.842, df = 3; P = 0.0008, Kruskal-Wallis 1-way ANOVA; P = 0.01495
Co?* vs. Ni?™, P = 0.0259 verapamil vs. Ni?*, P = 0.0012 Zn?* vs Ni? ", Dunn’s multiple comparisons test), as well as Zn?>" and Co®* at —30 mV
(Fs.48 = 3.633, P= 0.0192, 1-way ANOVA; P = 0.0337 Co® " vs. Ni?", P = 0.0927 verapamil vs. Ni? ", P=0.0399 Zn? " vs. Ni? ", Dunnett’s multiple com-

parisons test). No significant effects were detected between the blockers at —20 mV (F3 45 = 2.320, P = 0.0871, 1-way ANOVA).

DISCUSSION

The cholinergic receptor responsible for the afterdischarge
is ionotropic; the current induced either by pressure ejection
or perfusion of acetylcholine is rapid onset and quickly
returns to baseline. Yet, the in vitro voltage response to ace-
tylcholine is a prolonged depolarization that greatly outlasts
agonist application (10, 26, 28). The afterdischarge itself is
supported by Ca?*- and/or second messenger-dependent
cation channels (12, 19, 54-57). For mammalian neurons, a
small number of studies report state switching following ion-
otropic acetylcholine receptor activation, including burst or
persistent firing of hippocampal stratum oriens/alveus inter-
neurons involved in long-term potentiation (LTP) (6), ventral
tegmental dopaminergic reward circuitry neurons (7), and
hypothalamic hypocretin neurons mediating addiction (58).
However, the mechanisms by which these ionotropic recep-
tors cause such change in activity are not well defined. We
now show that, for bag cell neurons, the initial depolariza-
tion following transient acetylcholine input quickly recruits
voltage-dependent persistent Ca®>© current to drive firing.

Receptor subunit composition could confer distinct mech-
anisms of action, with variable Kinetic, electrophysiological,
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and pharmacological properties (59, 60). Our laboratory
has found that the bag cell neuron receptor is in part
likely comprised of Aplysia acetylcholine receptor subu-
nits C and E, which are most similar to mammalian subu-
nits o, and oz, with 40-50% homology (26). The Aplysia
current is impermeable to Ca?*, has a reversal potential
of approximately —15 mV, and is sensitive to the general
nicotinic-type inhibitors hexamethonium, o-conotoxin
ImI, and mecamylamine (10, 26). Hexamethonium has
previously been found to interact noncompetitively with
excitatory ionotropic acetylcholine receptors (61, 62),
whereas a-conotoxin ImI and mecamylamine preferen-
tially inhibit receptors containing o (63) and oz (64) sub-
units, respectively. We used hexamethonium as a positive
control to compare the ability of the Ca®>* channel block-
ers to inhibit cholinergic current.

Voltage-gated Ca?* channels are somewhat distinct from
other voltage-gated channels, as they not only contribute to
electrical signaling but also couple that signal to changes in
intracellular Ca?* (65). The effects of voltage-dependent
Ca?" influx can be “local” by altering the conformation of ox-
ygen-bearing proteins in close proximity to the channel or
“global” through Ca?*-activated second messengers (65, 66).
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Figure 7. Cholinergic-like depolarizing waveforms cause Ca®™" influx. A, top: voltage-ramp waveform mimicking 1 of 2 typical acetylcholine-induced
depolarizations (waveform 1) is biphasic (see RESULTS text for details). The waveform is applied to a voltage-clamped bag cell neuron bathed in Ca® " -
Cs " -tetraethylammonium artificial seawater (ASW) and dialyzed with Cs * -Asp-based intracellular saline. Leak currents are eliminated by delivering the
waveform before and after 4 mM Co?* block and then subtracting the postblock current from preblock. Bottom: the resulting inward Ca®" current.
Scale bars apply to both A and B. B, top: voltage-ramp waveform of the second type of acetylcholine-induced depolarization (waveform 2), which is
essentially monophasic. Bottom: the evoked Ca® " current is markedly larger compared with that induced by waveform 1. C: average peak current (top)
and Ca? " influx (bottom), calculated as area above the curve, both normalized to cell capacitance, during waveform 1 or waveform 2. The peak current
density is not significantly different between waveform 1 and waveform 2 (t;4, = 5.30; P = 0.3142; unpaired Student’s t test, Welch corrected). However,
waveform 2 elicits significantly greater total Ca?" influx than waveform 1 (t3 13 = 6.05; *P = 0.02071; unpaired Student’s t test). D: changes in intracellular
Ca?* quantified by 340/380 nm ratiometric imaging. Neurons are bathed in normal ASW and dialyzed with K * -Asp-based intracellular saline containing
1'mM fura PE3. Ca® " influx is evoked by waveform 1, and once the Ca® " returns to baseline waveform 2 is applied, which produces a markedly larger
change. E: summary of percent change in fluorescence from baseline. Waveform 2 elicits a significantly greater increase in intracellular Ca®* than

waveform 1(Us 4 = 9.0; *P = 0.0286; Mann—-Whitney U test). Numbers within the bars are n values that reflect number of neurons.

In bag cell neurons, activation of the constitutively expressed
voltage-gated Ca®* channel Apl Cayl (32) produces a Ca®*
current that is fast activating, strongly voltage dependent,
slowly inactivating during the pulse, and maximal at approxi-
mately +10 mV (12, 17, 27). Apl Cay2, a covert voltage-gated
Ca?* channel that is inserted into the membrane by PKC (15,
16, 67, 68), is likely not involved with the initial persistent
Ca?™" conductance, given that PKC activation does not occur
for several minutes following afterdischarge onset (69).

Although the acetylcholine-induced current is brief (~1.5
min), the depolarization appears sufficient to sustain the
response by gating persistent Ca®* current similar to those in
other molluscan (30, 70-73) and mammalian (74-76) neurons.
The persistent current in bag cell neurons is most likely a
“window current” produced within a voltage range where
channel activation and inactivation coincide (31). As revealed
through leak subtraction with Ca?* blockers, the basal Apl
Cayl channel would transition from open to inactivated to
closed and then to open again when between —40 and —20
mV (27, 77, 78). This is supported by the ability of the acetyl-
choline-induced depolarization-like waveforms to evoke
Ca?* currents or changes to intracellular Ca®>*. Because the
voltage integral appears to be a determinant of Ca®>* influx,
the change in membrane potential during a genuine choliner-
gic response would itself serve to bolster depolarization.

J Neurophysiol » doi:10.1152/jn.00429.2022 - www.jn.org

Generally, Ca?™ channel blockers either reduce the local
Ca?™ concentration by occupying the constant space charge
around the membrane surface or by “charge-screening” (79),
as well as competing for binding in the pore (80), and/or
binding to regulatory sites on the outside of the channel (81).
In bag cell neurons, given that Zn?>* and verapamil have a
lower ICso (~300 pM) and a weaker effect on activation
kinetics, they may inhibit by a direct block. Verapamil is pre-
sumed to block L-type channels by passing through the
membrane in an uncharged state and binding to the inner
pore (82, 83), whereas inhibition by Zn?* has been attributed
to various non-pore-binding sites (35). In squid neurons,
although open Ca?* channel block by Ni2* is voltage inde-
pendent and thus stabilizes closed states and slows activa-
tion Kinetics, the inhibition becomes voltage dependent
during extended, strong depolarization (84). In barnacle
muscle, the amplitude of the current carried by ca?t, sr?t,
or Ba* changes in the presence of Co*™" (80). Specifically,
Ba?* currents are greater than Ca>* currents under control
conditions, likely because of greater affinity of Ba>* for the
pore. Yet, the block by Co?* is far more potent when Ba?™ is
the charge carrier, possibly because of differential competi-
tion at the binding site. For bag cell neurons, the presence of
Co?* within the pore may be responsible for the decidedly
right shift in the activation curve.
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Figure 8. The acetylcholine-induced current shows differential sensitivity to hexamethonium, Ni2*, verapamil, Zn?*, and Co? . A: a bag cell neuron is
voltage-clamped at —60 mV [holding potential (HP)], bathed in normal artificial seawater, and dialyzed with K " -Asp-based intracellular solution. The neu-
ron is pressure-ejected with 1 mM acetylcholine (ACh) for 2 s (at arrow). The resulting current has a rapid onset and lasts <1 min. After a 10-min recovery
period, acetylcholine is applied a second time to the same cell; however, the amplitude of the second current is reduced to ~60% of the first. B: extracel-
lular application of the ionotropic acetylcholine receptor blocker hexamethonium (500 uM), 10 min after the first acetylcholine application, eliminates the
second current. C and D: delivering the IC5q of the Ca®" current blockers NiZ " (1.5 mM; C) and verapamil (300 pM; D) also reduces the second acetyl-
choline-induced current more than control. E: delivering the ICso of Co?* (1.0 mM) does not suppress the second acetylcholine-induced current com-
pared with control. F: average fraction of remaining current (/acr) evoked by the second vs. first acetylcholine application. Compared with control (cntl),
there is significantly less residual current in the presence of all blockers except for 1 mM Co? (Fe,5:1=2.667, P < 0.0001, 1-way ANOVA; P < 0.0001 for
cntl vs. hex, Ni2 verapamil (vera), or 4 mM Co?™", P=0.8250 for cntl vs. 1 mM Co? ", Dunnett’s multiple comparisons test). G, left: a 5-s microperfusion
of 1 mM acetylcholine (at bar) to the soma of bag cell neuron voltage-clamped at —60 mV evokes a current that desensitizes by ~60% when acetylcho-
line is flowed a second time 10 min later. Right: superfusion of Zn°* starting ~2 min before the second application of acetylcholine does not alter the
extent of desensitization compared with control. H: summary data demonstrate no significant difference between fraction of remaining acetylcholine-
induced current in the absence or presence of Zn?* (t171 = 1.97; P = 0.1129; unpaired Student’s t test, Welch corrected). Numbers within the bars are
n values that reflect number of neurons.

Vertebrate persistent Ca>* currents are typically attrib-
uted to L-type channels based on defined pharmacological
and physiological properties (85, 86). In bag cell neurons,
w-conotoxin GVIa, an N-type channel blocker, is largely inef-
fective; this is not surprising given that the physiological cur-
rent most closely resembles L-type channels (12, 27). That
stated, the Apl Cayl1 sequence is more similar to dihydropyri-
dine-insensitive, non-L-type vertebrate channels (32), and
the current is only partially blocked by large amounts of
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dihydropyridine antagonists, such as nifedipine, while being
insensitive to dihydropyridine agonists (16, 33). The low sen-
sitivity to nifedipine deterred us from pursuing this blocker
in the present study; in addition, nifedipine is reported to in-
hibit K* channels in bag cell channel neurons (33). Given
the limited primary structure responsible for dihydropyri-
dine sensitivity (87), the incongruent characteristics of the
Aplysia channel may be due to select alterations in key resi-
dues, thus perhaps rendering a “hybrid-like” channel.
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Even though Co?*, Ni?*, Zn?*, and verapamil are widely
used as Ca?" channel blockers, they are not completely
selective; here, the IC;oo of the blockers also suppressed ace-
tylcholine-induced currents. Co?* is reported to inhibit cho-
linergic as well as GABA, and glutamatergic receptors in
hippocampal pyramidal cells (88). Ni>* reduces the acetyl-
choline-induced current at the frog neuromuscular junction
by decreasing single-channel conductance (89). Verapamil
decreases the opening frequency of cholinergic receptors in
mouse neuromuscular junction, accelerating channel desen-
sitization (90). Interestingly, Zn>" can potentiate ionotropic
acetylcholine receptors expressed in Xenopus oocytes by
increasing burst duration and channel open probability
depending on the subunit (04, B2.4) (91-93). In chicken oy
neuronal ionotropic acetylcholine receptors, again expressed
in oocytes, Zn>* exhibits a competitive and voltage-inde-
pendent block (94). Our investigation of bag cell neurons
ultimately found that an ICso concentration of Co?>* does

J Neurophysiol » doi:10.1152/jn.00429.2022 - www.jn.org

not affect the cholinergic current, making it a suitable phar-
macological tool.

The persistent voltage-dependent Ca®> ™" current appears to
be recruited by the acetylcholine-induced depolarization;
when persistent Ca?* current is inhibited with Co?* shortly
after depolarization onset the duration is attenuated, and
when the Ca®* current is promoted by PKC activation the
response is prolonged. We did not observe a truncation of
the depolarization or bursting with Co**, most likely
because we used the ICso. Moreover, PMA does not alter the
acetylcholine-induced current (28), and thus PKC probably
enhances the acetylcholine-induced depolarization, in part,
by supporting the persistent Ca2* current (27). This is high-
lighted by the approximately sevenfold increase in action
potential firing in the presence of acetylcholine and PMA
compared with acetylcholine alone.

Our previous work found that voltage-gated Ca®* entry
during a 5-Hz, 10-s train of action potentials triggers a
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voltage-independent cation current and prolonged depolari-
zation (12). However, it is unknown whether Ca?* influx dur-
ing the initial acetylcholine-induced depolarization recruits
such cation channels, which in turn may engage persistent
Ca* current or extend the response on their own. Regardless,
Apl Cayl is probably first opened by the cholinergic depolari-
zation, which might serve to reach a threshold concentration
of intracellular Ca®>* and/or bring about a pattern of free Ca®*
required for a bona fide afterdischarge. Overall, voltage-de-
pendent Ca?* influx appears to be a key factor in the control
of bag cell neuron responsiveness and potentially afterdi-
scharge initiation. The change in firing following ionotropic
receptor activation is very similar to that seen in other systems
following metabotropic receptor activation, suggesting that
distinct cholinergic pathways may achieve similar ends at the
level of neuronal output.
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