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Dargaei Z, Colmers PL, Hodgson HM, Magoski NS. Electrical
coupling between Aplysia bag cell neurons: characterization and role
in synchronous firing. J Neurophysiol 112: 2680-2696, 2014. First
published September 3, 2014; doi:10.1152/jn.00494.2014.—In neu-
roendocrine cells, hormone release often requires a collective burst of
action potentials synchronized by gap junctions. This is the case for
the electrically coupled bag cell neurons in the reproductive system of
the marine snail, Aplysia californica. These neuroendocrine cells are
found in two clusters, and fire a synchronous burst, called the
afterdischarge, resulting in neuropeptide secretion and the triggering
of ovulation. However, the physiology and pharmacology of the bag
cell neuron electrical synapse are not completely understood. As such,
we made dual whole cell recordings from pairs of electrically coupled
cultured bag cell neurons. The junctional current was nonrectifying
and not influenced by postsynaptic voltage. Furthermore, junctional
conductance was voltage independent and, not surprisingly, strongly
correlated with coupling coefficient magnitude. The electrical synapse
also acted as a low-pass filter, although under certain conditions,
electrotonic potentials evoked by presynaptic action potentials could
drive postsynaptic spikes. If coupled neurons were stimulated to spike
simultaneously, they presented a high degree of action potential
synchrony compared with not-coupled neurons. The electrical synapse
failed to pass various intracellular dyes, but was permeable to Cs™,
and could be inhibited by niflumic acid, meclofenamic acid, or
5-nitro-2-(3-phenylpropylamino)benzoic acid. Finally, extracellular
and sharp-electrode recording from the intact bag cell neuron cluster
showed that these pharmacological uncouplers disrupted both electri-
cal coupling and afterdischarge generation in situ. Thus electrical
synapses promote bag cell neuron firing synchrony and may allow for
electrotonic spread of the burst through the network, ultimately
contributing to propagation of the species.

gap junction; junctional current; afterdischarge; neuroendocrine cell;
mollusk

ELECTRICAL SYNAPSES, OR GAP junctions, are intercellular chan-
nels that permit ionic current and other solutes to flow between
neurons (Bennett 1966, 1977, 2000). Originally considered as
a means to link invertebrate neurons for dependable and rapid
signaling during escape responses (Furshpan and Potter 1959),
it is now established that electrical synapses facilitate and/or
synchronize neuronal activity in circuits controlling sensory,
motor, and neuroendocrine function in both vertebrate (Gibson
et al. 1999; Landisman et al. 2002; Solomon et al. 2003;
Bennett and Zulkin 2004; McCracken and Roberts 2006; De-
sarménien et al. 2013) and invertebrate (Getting and Willows
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1974; Carew and Kandel 1977; De Vlieger et al. 1980; Spencer
1981; Benjamin and Pilkington 1986; Norekian 1999; Ermen-
trout et al. 2004; Cao and Nitabach 2008; Sieling et al. 2014;
Wu et al. 2014) nervous systems.

Reproduction in the anaspidean marine mollusk, Aplysia
californica, is governed by the bag cell neurons, a group of
neuroendocrine cells found in two clusters anterior to the
abdominal ganglion (Kupfermann et al. 1966; Kupfermann and
Kandel 1970; Conn and Kaczmarek 1989). In response to
cholinergic and peptidergic input, the bag cell neurons fire a
lengthy burst of action potentials, called an afterdischarge, to
release egg-laying hormone at an adjacent neurohemal area
(Coggeshall 1967; Frazier et al. 1967; Arch 1972; Brown et al.
1989; White and Magoski 2012; White et al. 2014). This
peptide hormone acts on other neurons in the brain as well as
the ovotestis to trigger egg-laying behavior (Mayeri et al.
1979a,b; Stuart and Strumwasser 1980; Rothman et al. 1983).
Prior work shows that the afterdischarge represents the syn-
chronous firing of all bag cell neurons in both clusters (Kup-
fermann and Kandel 1970; Blankenship and Haskins 1979;
Kaczmarek et al. 1979; Haskins and Blankenship 1979). These
findings, from A. californica as well as A. brasiliana and A.
dactylomela, suggest synchrony is due to electrical coupling
within and between the clusters, although the properties of
these junctions are poorly defined.

The electrical synapses connecting bag cell neurons in the
intact cluster appear to be electrotonically distant, and the
neurons are probably linked to multiple partners (Kupfermann
and Kandel 1970; Blankenship and Haskins 1979). To an
extent, this has restricted further examination of coupling in the
intact ganglion; consequently, we sought to characterize the
electrical synapse between pairs of cultured bag cell neurons
and then apply those findings to assess the role of these
connections in the afterdischarge. Two previous reports have
looked at electrical coupling in cultured bag cell neurons;
however, those inquiries were largely confined to recordings of
coupling coefficient (Kaczmarek et al. 1979; Lin and Levitan
1987). In the present study, we use current and voltage clamp
to demonstrate that the bag cell neuron electrical synapse is
voltage independent, behaves as a low-pass filter, shows lim-
ited permeability, and is sensitive to certain gap junction
blockers; moreover, coupling seems essential for both action
potential synchrony and the afterdischarge itself. This is con-
sistent with other neuroendocrine systems, where gap junctions
coordinate collective firing and hormone secretion to regulate
circulating catecholamine levels, circadian rhythms, lactation,
parturition, or ovulation (Andrew et al. 1981; Summerlee 1981;
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Belin and Moos 1986; Colwell 2000; Martin et al. 2001;
Vazquez-Martinez et al. 2001; Long et al. 2005).

MATERIALS AND METHODS

Animals and cell culture. Adult Aplysia californica (a hermaphro-
dite) weighing 150-500 g were obtained from Marinus (Long Beach,
CA) and housed in an ~300-liter aquarium containing continuously
circulating, aerated sea water (Instant Ocean; Aquarium Systems,
Mentor, OH) at 14-16°C on a 12:12-h light-dark cycle and fed
romaine lettuce five times per week. All experiments were approved
by the Queen’s University Animal Care Committee (Protocols Ma-
goski-100323 or Magoski-100845).

For primary cultures of isolated bag cell neurons, animals were
anesthetized by an injection of isotonic MgCl, (50% of body wt), the
abdominal ganglion was removed and treated with Dispase II (13.3
mg/ml; 165859; Roche Diagnostics, 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)
for 18 h at 22°C. The ganglion was then rinsed in tcASW for 1 h, and
the bag cell neuron clusters were dissected from their surrounding
connective tissue. With the use of a fire-polished glass Pasteur pipette
and gentle trituration, neurons were dissociated and dispersed in
tcASW onto 35 X 10 mm polystyrene tissue culture dishes (353001;
Falcon Becton-Dickinson, Franklin Lakes, NJ). In a few instances,
cells were plated onto glass coverslips (#1; 12-542-B; Fisher Scien-
tific, Ottawa, ON, Canada) coated with 20 pg/ml poly-L-lysine hy-
drobromide, molecular weight = 300,000 (P1524; Sigma-Aldrich,
Oakville, ON, Canada) that were glued with Sylgard (SYLG184;
World Precision Instruments, Sarasota, FL) over holes drilled out of
the bottom of the tissue culture dish. Neurons were paired manually
by bringing a free neuron into contact with a neuron already adhered
to the dish. This was achieved by triturating fluid to either push or pull
the free neuron and place it next to the adhered neuron. Neurons were
typically plated either with their somata (soma-soma) or primary
neurites (neurite-neurite) in contact; in some cases, to act as a control,
neurons were separated by a maximum distance of one soma diameter,
without neurites touching. Cultures were maintained in a 14°C incu-
bator in tcASW and used for experimentation within 1-3 days. Salts
were obtained from Fisher, ICN (Aurora, OH) or Sigma-Aldrich.

Whole cell voltage- and current-clamp recordings from cultured
bag cell neurons. Recordings of membrane potential or current were
made from cultured bag cell neurons using EPC-8 amplifiers (HEKA
Electronics; Mahone Bay, NS, Canada) and the tight-seal, whole cell
method (Hamill et al. 1981). Microelectrodes were pulled from
1.5-mm external diameter/1.12-mm internal diameter, borosilicate
glass capillaries (TW150F-4; World Precision Instruments) and had a
resistance of 1-3 M{) when filled with regular intracellular saline
[composition in mM: 500 K" -aspartate, 70 KCI, 1.25 MgCl,, 10
HEPES, 11 glucose, 10 glutathione, 5 ethylene glycol bis(aminoethyl
ether) tetraacetic acid (EGTA), 5 ATP (grade 2, disodium salt; A3377;
Sigma-Aldrich), and 0.1 GTP (type 3, disodium salt; G8877; Sigma-
Aldrich); pH 7.3 with KOH]. The free Ca>* concentration was set at
300 nM by adding 3.75 mM CaCl,, as calculated by WebMaxC
(http://www.stanford.edu/~cpatton/webmaxcS.htm).

In pairs of cultured bag cell neurons, cells were designated as
neuron 1 and neuron 2, based on being recorded with the left and right
amplifier, respectively. Protocols were run with neuron I as presyn-
aptic and neuron 2 as postsynaptic and then typically vice versa. Most
recordings were done in normal ASW (nASW) (composition as per
tcASW, but with glucose and antibiotics omitted) at room temperature
(20-22°C). Some experiments employed Ca®*-free/high-Mg”* ASW
(as per nASW but CaCl, replaced equimolar with MgCl,). The regular
intracellular saline had a calculated liquid junction potential of 15 mV
vs. both nASW and Ca®*-free/high-Mg®* ASW, which was corrected
by offline subtraction. In a small number of experiments, voltage-

gated K currents were recorded in neuron 2; specifically, while
voltage clamping neuron 1 at —40 mV, K™ currents were elicited in
neuron 2 by stepping from —40 mV to +30 mV for 200 ms. In this
case, a Na " -free/Ca’"-free ASW (composition in mM: 471 NMDG,
10.4 KCl, 66 MgCl,, and 15 HEPES; pH 7.8 with KOH) was used as
the extracellular saline. Pipettes were filled with either regular intra-
cellular saline (junction potential of 23 mV vs. Na*-free/Ca®" -free
ASW) or saline where the K™ -aspartate was replaced equimolar with
either Cs " -aspartate (BP210100; Fisher; junction potential of 23 mV)
or tetracthylammonium-Cl (TEA; AC15090; Acros Organics, Morris
Plains, NJ; junction potential of 3 mV). Offline subtraction was again
used to correct for junction potentials, where as leak current was
corrected online using a P/4 protocol from —40 mV, with subpulses
of opposite polarity and one-fourth the magnitude of the test pulse to
+30 mV, an intersubpulse interval of 500 and 100 ms before the
actual test pulse. The leak current evoked by the subpulses was
summed, inverted, and subtracted from the current elicited during the
test step to derive the voltage-dependent current (Bezanilla and
Armstrong 1977).

For all whole cell recordings, pipette junction potentials were
nulled immediately before seal formation. Following membrane rup-
ture, pipette and neuronal capacitive currents were cancelled, and the
series resistance (3—5 M()) was compensated to 70—80% and moni-
tored throughout the experiment. Input signals were low-pass filtered
at 1 kHz (for current) and 5 kHz (for voltage) by the EPC-8 Bessel
filter and sampled at 2 kHz using an IBM-compatible personal
computer, a Digidata 1322A analog-to-digital converter (Molecular
Devices; Sunnyvale, CA), and the Clampex acquisition program of
pCLAMP 8.1 (Molecular Devices). Clampex was also used to control
the membrane potential under voltage clamp and inject current in
current clamp; in addition, neurons were manually set to —60 mV in
current clamp by delivering constant bias current with the EPC-8
V-hold.

Intracellular dye staining and fluorescence microscopy of cultured
bag cell neurons. The possibility of dye coupling between electrically
coupled bag cell neurons was investigated by staining one cell of a
given pair with sulforhodamine 101 (S-359; Invitrogen, Burlington,
ON, Canada), carboxyfluorescein (C194; Invitrogen), or biocytin
(B-1592; Invitrogen). For sulforhodamine or carboxyfluorescein, the
individual dyes were dissolved in regular intracellular saline at 0.1 or
0.5% (wt/vol) and loaded under whole cell voltage clamp at —60 mV.
In most cases, the second neuron was also voltage clamped at —60
mV but using a pipette containing intracellular saline with no added
dye. Neurons were dye loaded for 30 min, by which time the soma of
the cell was the same color as the electrode under appropriate
fluorescent light (see below). Photomicroscopy (see below) of neurons
stained with sulforhodamine or carboxyfluorescein was usually car-
ried out at the end of the recording period, with the electrode(s) still
in place. However, in a few instances, electrodes were successfully
withdrawn, the dish was placed in the 14°C incubator overnight, and
documentation was performed the next day.

For biocytin, the tips of sharp microelectrodes pulled from 1.2-mm
external diameter/0.9-mm internal diameter borosilicate glass capil-
laries (TW120F-4; World Precision Instruments) were filled with dye
in water at 4% (wt/vol). When backfilled with 0.5 M KClI, these
electrodes had a resistance of 2—7 M(). One neuron from a given pair,
plated on glass coverslip dishes, was impaled and the membrane
potential (typically —50 mV to —60 mV) was monitored with an
Axoclamp 2B amplifier (Molecular Devices). Microelectrodes were
bridge balanced with a Grass S88 stimulator (Astro-Med, Longueuil,
QC, Canada) and dye injected for 20 min. Injection was by ionopho-
resis similar to Ewadinger et al. (1994) and Fan et al. (2005);
specifically, the Axoclamp DC current command was used to depo-
larize the neuron to approximately —30 mV, while the stimulator
simultaneously injected 500-ms negative current steps at 0.1-0.5 Hz
to periodically hyperpolarize the cell to approximately —90 mV. The
electrode was then withdrawn and the dish placed in the 14°C
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incubator overnight; the next day, neurons were fixed for 25 min in
4% (wt/vol) paraformaldehyde (04042; Fisher) in 400 mM sucrose/
nASW (pH 7.5 with NaOH), permeabilized for 5 min with 0.3%
(wt/vol) Triton X-100 (BP151; Fisher) in fix, and washed four times
with PBS (composition in mM: 137 NaCl, 2.7 KCl, 4.3 Na,HPO,, and
1.5 KH,PO, pH 7.0 with NaOH). Neurons were then incubated
overnight in the dark at 4°C in streptavidin-Alexa Fluor 488 conjugate
(S-32354; Invitrogen) (1:100 in PBS), washed the next day four times
with PBS, mounted in mounting solution [26% wt/vol glycerol
(BP2291; Fisher), 11% wt/vol Mowiol 4—88 (17951; Polysciences,
Warrington, PA), and 110 mM TRIS (pH 8.5)], and covered with a
glass coverslip.

Stained neurons were imaged with a Nikon TS100-F inverted
microscope (Nikon, Mississauga, ON, Canada), equipped with a
Nikon Plan Fluor 20X (numerical aperture 0.50) objective and a 50-W
Hg lamp. For carboxyfluorescein or Alexa Fluor 488, excitation was
provided by a 480/15-nm band pass filter, and the fluorescence was
emitted to the eyepiece or camera through a 505-nm dichroic mirror
and 520-nm barrier filter. Sulforhodamine was excited with a 535/
25-nm band-pass filter, and the emitted light passed through a 575-nm
diachronic mirror and 590-nm barrier filter. Images (1,392 X 1,040
pixels) were acquired at the mid-level focal plane on the vertical axis
of the soma using a Pixelfly USB camera (Photon Technology Interna-
tional, London, ON, Canada) and the Micro-Manager 1.4.5 plugin (http://
micro-manager.org) for ImageJ 1.44n9 (http://rsbweb.nih.gov/ij/) with
100- to 500-ms exposure times.

Ensemble, extracellular, and sharp-electrode, current-clamp re-
cording from the intact bag cell neuron cluster. To record afterdis-
charges from the intact bag cell neuron cluster, the abdominal gan-
glion was removed as per Animals and cell culture. Ganglia were
pinned ventral surface up in nASW to the bottom of a Sylgard-lined
35 X 10 mm tissue culture, which served as the bath, and maintained
at 14°C using an Isotemp circulating chiller (3016; Fisher). A wide-
bore, fire-polished glass suction recording electrode (containing
nASW) was placed over the right bag cell neuron cluster, while a
similar stimulating electrode was placed at the rostral end of the right
pleuroabdominal connective. Stimulating current pulses were deliv-
ered with a Grass SD9 stimulator while voltage was monitored using
a DP-301 differential amplifier (Warner Instruments; Hamden, CT).
Voltage was high-pass filtered at 0.1 Hz and low-pass filtered at 1 kHz
using the DP-301 filters and acquired at a sampling rate of 2 kHz
using the Digidata 1322A and Axoscope 9.0 (Molecular Devices).

For intracellular recording from bag cell neurons in the intact
cluster, the sharp-electrode, bridge-balance method was again em-
ployed but in this case using two Neuroprobe 1600 amplifiers (A-M
Systems, Sequim, WA). To facilitate sharp-electrode impalement,
ganglia were treated with 0.5 mg/ml elastase (E1250; Sigma-Aldrich)
and 1 mg/ml collagenase/dispase (10269638001; Roche Diagnostics)
for 2 h, followed by three 10-min washes in nASW alone. The left bag
cell neuron cluster was then desheathed using fine forceps. Electrodes
(as per Intracellular dye staining and fluorescence microscopy of
cultured bag cell neurons) had resistances of 10-20 M() when filled
with 2 M K™ -acetate plus 10 mM HEPES and 100 mM KCI (pH 7.3
with KOH). Microelectrodes were bridge balanced with a Grass S88
stimulator and stimulus current injected into the neurons via the
Neuroprobe 1600 momentary current injection function. Voltage was
filtered at 5 kHz using the Neuroprobe low-pass filter and acquired
with the Digidata and Axoscope at 2 kHz.

Drug application and reagents. Almost all solution exchanges were
accomplished using a calibrated transfer pipette to first replace the
bath (culture dish) tcASW with the desired extracellular saline. Drugs
were introduced by initially removing a small volume (~75 ul) of
saline from the bath, combining that with an even smaller volume
(<10 wl) of drug stock solution and then reintroducing 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 neurons. In one set of experi-
ments, rapid perfusion was used to wash in and then wash out certain
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drugs. This involved an ~500-wm bore micromanipulator-controlled
square-barrelled glass pipette, connected by tubing and a stopcock
manifold to a series of gravity-driven reservoirs. The pipette was
positioned 500—700 wm from the somata of neuronal pairs and
delivered a constant flow over the neurons of ~1 ml/min. Niflumic
acid (N0630; Sigma-Aldrich), meclofenamic acid (M4531; Sigma-
Aldrich), 5-nitro-2-(3-phenylpropylamino)benzoic acid (N4779; Sigma-
Aldrich), and 18-a-glycyrrhetinic acid (G8503; Sigma-Aldrich) were
dissolved as stocks in dimethyl sulfoxide (DMSO; BP231-1; Fisher).
Quinine (Q1250; Sigma-Aldrich) stock was dissolved in ethanol. The
maximal final concentration of DMSO or ethanol ranged from 0.05 to
0.5% (vol/vol), which in control experiments had no effect on holding
current, membrane conductance, or junctional current. Prior work
from our laboratory has found that these vehicles do not alter bag cell
neuron macroscopic or single-channel currents, membrane potential,
membrane capacitance, or intracellular Ca®>* (Magoski et al. 2000;
Magoski and Kaczmarek 2005; Kachoei et al. 2006; Lupinsky and
Magoski 2006; Hung and Magoski 2007; Gardam et al. 2008; Geiger
and Magoski 2008; Tam et al. 2009, 2011; Hickey et al. 2010, 2013).
We also attempted to employ carbenoxolone (C4790; Sigma-Aldrich)
but were unable to dissolve it into nASW from either a DMSO- or
ethanol-based stock.

Data analysis. The majority of analysis involved pairs of bag cell
neurons (neuron I and neuron 2) with respective membrane potentials
and membrane currents specified as VI, V2, I1, and 12. The Clampfit
(8.1 or 10.2) analysis program of pCLAMP was used to determine the
amplitude and time course of membrane current or voltage. For
current, a cursor was placed at an average point along the baseline,
before any voltage step, and at the steady-state current response
during the step. Current was taken within 20 ms of the end of the test
step. Similarly, for voltage, a cursor was again placed at the baseline,
before a current step, and at the steady-state membrane potential seen
during a hyperpolarizing pulse or postsynaptic response. In both
cases, the difference between the two cursor values was taken as the
amplitude of the response.

Membrane conductance was determined by taking the difference
between a given test voltage step delivered to neuron I and the
—60-mV holding potential (V/——60 mV) and then dividing that into
the steady-state current (//) evoked by the test voltage (11/(VI——60
mV)) and vice versa (12/(V2——60 mV)). Junctional conductance was
calculated by dividing the steady-state current in neuron 2 (12) by the
junctional voltage, i.e., the difference between the postsynaptic hold-
ing potential and the presynaptic test voltage step (12/(—60 mV —V1))
and vice versa (/1/(—60 mV—V2)). Both membrane conductance and
junctional conductance were plotted against the test voltage using
Prism 6.0 (GraphPad Software; La Jolla, CA), which was also used to
fit membrane conductance voltage relationships with a Boltzmann
sigmoid. The filter function of the electrical synapse was examined by
determining the attenuation over time of the peak voltage response
seen in a current clamped neuron to a test pulse applied at 1, 5, or 10
Hz to a coupled partner under voltage clamp. Attenuation at all
frequencies was also normalized to that at 1 Hz. Coupling coefficient
was ascertained by the ratio of V2/VI or VI/V2 at the steady-state
membrane potential after a hyperpolarizing current pulse to neuron 1
or neuron 2, respectively. Times of peak voltage change were deter-
mined automatically by placing cursors before and after an action
potential in one neuron as well as the corresponding electrotonic
potential (ETP) in the second neuron. The peak-to-peak latency
between action potential and ETP was calculated as the difference
between these times. Firing synchrony was measured by comparing
the time-shifted data between pairs of firing neurons using the cross-
correlation analysis function in Clampfit with the number of lags at =
1,000. Finally, the effectiveness of gap junction blockers was ex-
pressed by calculating the percent change in junctional current fol-
lowing addition of vehicle or drug.

Statistics were performed using Prism or InStat 3.1 (GraphPad
Software). Data are presented as the means * SE. Prism was also used
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for linear regression analysis. The Kolmogorov-Smirnov method was
used to test data sets for normality. For normally distributed data,
Student’s unpaired 7-test was used to test for differences between two
means, while an ordinary one-way ANOVA with either the Dunnett or
Tukey-Kramer multiple comparisons test was used to test for differ-
ences between multiple means. For some data sets, the one-way
ANOVA was followed instead by a test for linear trend, which
determines if the column means change in an ordered fashion across
the data set. To test for an effect or interaction between two indepen-
dent variables on a dependent variable, an ordinary or repeated-
measures two-way ANOVA followed by Tukey’s or Bonferroni
multiple comparisons test was used. In addition, a Mann-Whitney
U-test was used to compare two groups of data if they were not-
normally distributed. Finally, Fisher’s exact test, which examines the
association between two variables, was used to test for differences in
frequency. Data were considered statistically different if the P-value
was <0.05. In majority of cases, a two-tailed P-value was used;
however, in a limited number of comparisons a one-tailed P-value
was employed. The latter was the case when prior results indicated
we could predict that, if there was to be a difference between the
means of the two data sets, the difference would be in a particular
direction.

RESULTS

The bag cell neurons are located in two discrete clusters at
the anterior portion of the abdominal ganglion, where the
pleuro-abdominal connectives come down from the central
ring portion of the nervous system (Kupfermann et al. 1966;
Kupfermann and Kandel 1970) (Fig. 1A). The neurons fire in
synchrony during an afterdischarge due to electrical synapses
within and between the clusters (Blankenship and Haskins
1979; Haskins and Blankenship 1979). This was confirmed in
the present study by making simultaneous intracellular record-
ings from two bag cell neurons in the same cluster (Fig. 1B).

A B
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neuron cluster

C

abdominal_~»
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Stimulation of the afferents in the connective with an extracel-
lular electrode resulted in an afterdischarge, with simultaneous
depolarization and action potential firing in both neurons.
However, because the neurons are coupled to more than one
partner, perhaps many more, the ability to study the electrical
synapse in the intact cluster is limited. Thus we also performed
experiments on dissociated cells in primary culture. Neurons
were plated as pairs making soma-soma or, as shown in Fig.
1C, left, neurite-neurite contact. This allowed for a more direct
examination of electrical coupling by simultaneous whole cell
recording from two neurons with no additional neurons in
contact. Figure 1C, right, presents a sample recording from two
cultured bag cell neurons, where depolarizing current injection
elicited action potentials in one neuron that in turn caused
ETPs in the second neuron. Time in culture determined the
probability of coupling, with ~80% of pairs forming detect-
able electrical synapses by 2—3 days in vitro but <10% of pairs
coupling after 1 day in culture.

Electrical synapse between cultured bag cell neurons is
voltage independent. Prior work has shown the gating of
electrical synapses and gap junctions from a number of species
to be either voltage dependent (Spray et al. 1979; Dykes et al.
2004) or voltage independent (Neyton and Trautmann 1985;
Wildering and Janse 1992; White et al. 2004). To investigate
this in bag cell neurons, pairs of electrically coupled cultured
cells were whole cell voltage clamped with our regular, K*-
aspartate-based intracellular saline in the pipettes and Na™-
based nASW in the bath (Fig. 2B, inset). With the exception of
certain electrotonic transmission and permeability experiments
(see Electrotonic signaling between cultured coupled bag cell
neurons and Permeability of the cultured bag cell neuron
electrical synapse), all cultured bag cell neuron recordings
used these salines. Both neurons were held at —60 mV and

intact cluster, sharp-electrode recording

| my

2 min

syn stim

cell culture, whole-cell recording

vz

600 ms

Fig. 1. Electrical coupling and synchronous firing in bag cell neurons. A: diagram of the bag cell neurons in the abdominal ganglion (dorsal view). The clusters
sit at the insertion points of the pleuro-abdominal connectives, which descend from the rest of the central nervous system. The connectives house the terminals
of the afferents that trigger the afterdischarge, as well as a neurohemal area where the bag cell neurons project axons into the sheath to secrete egg-laying hormone
(dashed box). Inputs and neurohemal area are bilateral but are shown as singular for clarity. B: sharp-electrode current-clamp recording of 2 neurons in the intact
bag cell neuron cluster from the abdominal ganglion. Shortly after extracellular stimulation of the synaptic input in the connective (syn stim; at arrow; 5 ms, 20
V at 5 Hz for 5 s), both neurons depolarize from resting potential (V/ = —60 mV; V2 = —52 mV) by ~20 mV and afterdischarge. Spiking during the
afterdischarge is synchronous, with an initial fast phase followed by a slower phase of firing. This afterdischarge lasts just over 20 min but is truncated for display.
Scale bars apply to both traces. C, left: a pair of bag cell neurons after 2 days in primary culture. The somata are numbered and contact between neurites is
apparent in the bottom left corner of the photomicrograph. Right: whole cell current-clamp recording of electrically coupled cultured bag cell neurons in normal
artificial sea water (nASW) with K™ -aspartate-based intracellular saline in the pipettes. Both neurons are initially set at —60 mV with constant bias current;
injection of depolarizing current (/7; 1 nA, 5 s) into neuron I evokes action potentials (V1) that transfer to neuron 2 as electrotonic potentials (ETPs) (V2). Scale

bars apply to both traces.
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then one cell was stepped through a series of 10-mV square
pulses from —90 mV through to 0 mV in 200-ms intervals,
while keeping the other cell at —60 mV (Fig. 24, rop and
bottom middle). Neurons were identified as neuron I and
neuron 2, with the protocol run using neuron 1 as presynaptic
(receiving voltage pulses) and neuron 2 as postsynaptic (held at
—60 mV) and vice versa (n = 11 pairs). In response to the step
commands, the presynaptic neuron displayed membrane cur-
rent that was linear near —90 mV but then rectified outwardly
in a time- and voltage-dependent manner closer to 0 mV, while
the postsynaptic neuron presented a nearly instantaneous and
completely linear current to all test pulses (Fig. 2A, top middle
and bottom). The current in the postsynaptic neuron repre-
sented the junctional current, i.e., that current required to keep
the cell voltage clamped at —60 mV in the face of the potential
difference across the junction created by a given test voltage in
the presynaptic neuron. When the average steady-state post-
synaptic current (junctional current) was plotted against the
presynaptic voltage step, a linear current-voltage relationship
was evident (Fig. 2B). This was the case regardless if either
neuron 1 or neuron 2 received the voltage protocol as the
presynaptic cell. Furthermore, in all 11 pairs, the junctional
current did not rectify and was same magnitude when either
neuron 1 or neuron 2 served in a presynaptic role.
Membrane conductance (G membrane) and junctional con-
ductance (G junction) were obtained by dividing the steady-
state presynaptic membrane current and junctional current
(both measured within 20 ms of the end of the step) by the
membrane driving force (test voltage——60 mV) and the tran-
sjunctional voltage (—60 mV —test voltage), respectively. As
such, we treated the —60-mV holding potential as the reversal
potential for both the membrane and junctional conductance.
Plotting either of these derived variables on the ordinate and
the test voltage on the abscissa provided G membrane vs.
voltage (Fig. 2C) and G junction vs. voltage (Fig. 2D) curves.
As expected from the membrane current data, the presynaptic
membrane conductance had a linear portion, composed of leak

channels, from —90 mV to —50 mV, and a nonlinear portion,
composed ostensibly of voltage-gated K* channels from —40
to 0 mV. The membrane conductance was largely the same for
both cells in the pairs, with neither neuron I nor neuron 2
yielding significantly different conductances at a given com-
mand potential. Conversely, junctional conductance showed no
sensitivity to transjunctional voltage, and was approximately
equal (8—10 nS) at all command potentials, with no significant
difference between any of the test voltages. Consistent with the
junctional current not rectifying, the junctional conductance
was not different when the presynaptic cell was neuron I or
neuron 2.

Having established that junctional current did not vary with
presynaptic voltage, we next sought to determine if postsyn-
aptic voltage could impact the behavior of the electrical syn-
apse. Neuronal pairs (n = 11) were again voltage clamped and
the holding potential of the postsynaptic cell varied from —90
to —40 mV in 10-mV increments, while the presynaptic cell
was stepped to —90 mV for 200 ms to assay the junctional
current (Fig. 2E, top and bottom middle). The change in
postsynaptic current (junctional current) brought about by the
test pulse to —90 mV was similar regardless of the postsyn-
aptic holding potential (Fig. 2F, bottom). A plot of junctional
current against the postsynaptic membrane potential yielded a
flat, linear relationship in all pairs studied (Fig. 2F). This lack
of dependence of junctional current on inside-outside potential
was apparent if either neuron I or neuron 2 acted as the
postsynaptic cell.

Cultured bag cell neuron electrical synapse is a low-pass
filter. A common feature of electrical coupling is that voltage
signals are filtered in a low-pass manner when transferred from
one cell to the other (Levitan et al. 1970; Getting 1974; Bennett
1977). This was examined in pairs of cultured bag cell neurons
by voltage clamping the presynaptic neuron at —60 mV while
the postsynaptic neuron was also set to —60 mV, but using bias
current injection in current clamp (Fig. 3A, left and right
insets). For each pair (n = 4), neuron 1 was treated as

Fig. 2. Electrical coupling between cultured bag cell neurons is independent of transjunctional and postsynaptic voltage. A: whole cell voltage-clamp recordings
from a pair of electrically coupled cultured bag cell neurons in nASW dialyzed with K" -aspartate-based intracellular saline. From a holding potential of —60
mV for both VI and V2, stepping VI in 10-mV increments for 200 ms from —90 mV to 0 mV elicits both presynaptic voltage-dependent membrane current (/)
in neuron I and postsynaptic voltage-independent junctional current (/2) in neuron 2. The junctional currents evoked by hyperpolarizing and depolarizing pulses
in neuron I are seen in neuron 2 as positive (e.g., I at —90) and negative (e.g., I at 0) current, respectively. Scale bars apply to both traces. B: the steady-state
postsynaptic current (/-post), i.e., junctional current resulting from presynaptic voltage steps (V-pre). Plotting the average current vs. the presynaptic voltage
shows a linear, voltage-independent, and nonrectifying relationship in both directions. Neuron I and neuron 2 act reciprocally as pre- and postsynaptic (/—2
and 2—17), depending on which is pulsed and which is maintained at —60 mV. There is no significant interaction between direction and presynaptic voltage, as
at any given voltage, the junctional current from neuron I to neuron 2 is not different from the current from neuron 2 to neuron 1 (F) 4 = 16.42, P > 0.05,
two-way repeated measures ANOVA; P > 0.05 Bonferroni multiple comparisons test). In addition, both current-voltage relationships are essentially straight lines
and have a significant linear trend such that the current increases in magnitude proportionally on either side of =60 mV (/=2 F, g = 76.3, P < 0.0001, one-way
ANOVA; 2—] F, g = 71.5, P < 0.0001, one-way ANOVA). Inset: recording configuration. C and D: membrane conductance (G membrane) or junctional
conductance (G junction) plotted vs. test voltage. The G-membrane-voltage relationships of both bag cell neurons are well fit with a Boltzmann function (lines)
and show outward rectification at membrane potentials more positive to —40 mV, indicative of voltage dependence. However, at any given membrane potential,
there is no difference between the conductance of neuron I vs. neuron 2 (F g = 8.92, P > 0.05, two-way repeated measures ANOVA; P > 0.05 Bonferroni
multiple comparisons test). Conversely, the junctional conductance is insensitive to voltage and essentially the same at all test potentials, with neuron 1 (1—2)
or neuron 2 (2—1) serving as the presynaptic cell (F, g = 0.014, P > 0.05, two-way repeated measures ANOVA; P > 0.05 Bonferroni multiple comparisons
test). Furthermore, the relationships between G junction and voltage are flat lines and fail to show a significant linear trend, in so much that the conductance does
not appreciably change on either side of —60 mV (/=2 F,; = 0.007, P > 0.05, one-way ANOVA; 2—/] F,; = 0.0004, P > 0.05, one-way ANOVA).
E: membrane (/) and junctional (/2) currents in a different pair of voltage-clamped neurons where a test pulse from —60 mV to —90 mV is administered to
the presynaptic cell (V1) while the postsynaptic cell (V2) is held between —40 and —90 mV. The junctional current is largely the same at all postsynaptic voltages.
For clarity, capacitance artifacts have been removed from the current traces at the start and end of the presynaptic stimulus. Scale bars apply to both traces.
F: current-voltage relationship between the postsynaptic membrane potential (V-post) and the postsynaptic current (I-post) elicited by the presynaptic test pulse.
The postsynaptic current represents the junctional current and does not change appreciably while varying the postsynaptic voltage. This is the case when either
neuron 2 (1—2) or neuron 1 (2—1) acts as the postsynaptic cell (/' 5 = 0.17, P > 0.05, two-way repeated measures ANOVA; P > 0.05 Bonferroni multiple
comparisons test). Also, both relationships are essentially flat lines and lack a significant linear trend, where the current does not change from —90 mV through
to =40 mV (/=2 F,, = 0.92, P > 0.05, one-way ANOVA; 2—1 F, , = 0.47, P > 0.05, one-way ANOVA).
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presynaptic and neuron 2 as postsynaptic (/—2) and vice versa
(2—1). The presynaptic neuron was stimulated with a train of
50, 85-ms hyperpolarizing voltage steps from —60 to —90 mV
(Fig. 3B, top) at a frequency of 1, 5, or 10 Hz. The 85-ms step
duration was long enough to produce a measurable postsynap-
tic response, while allowing for a stimulation frequency of up
to 10 Hz. Normalizing the data by dividing all responses at a
given frequency by the magnitude of the first response revealed
little difference in the postsynaptic voltage change over time
for the 1-Hz stimulus in either direction (Fig. 3A, white
circles). However, for both the 5-Hz train (Fig. 3A, black
circles) and particularly the 10-Hz train (Fig. 3A, grey circles),
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the response quickly diminished with each subsequent step, up to
the around the 10th pulse, after which no further change was
observed. This was largely the same in both directions of stimu-
lation. With the use of the 10th pulse as the assay point, the
response of the postsynaptic neuron was found to be markedly
smaller with faster stimulation frequency (Fig. 3B, bottom). The
postsynaptic voltage change at all frequencies was normalized to
the change observed at 1 Hz and plotted against the corresponding
frequency (Fig. 3C). Indicative of low-pass filtering, when either
neuron 2 or neuron I was the postsynaptic cell, the normalized
attenuation was greater with increased presynaptic pulse fre-
quency, more so for 1 vs. 10 Hz than 1 vs. 5 Hz.

A B wvc VC
0
-60
-90 1 2
r0.4
|2 nA
V-pre (mV) z
-50 -40 -30 -20 -10 £
T T T 1 1 1 1 1 0.;(7)
11 -90 -80 -70 -60 8
-60 V2 +-0.4
| @ -90 :
01-2 (n=11)
A A ik ®2-1 (n=11)
12
b Am A PN bty ¥ 200 pA 08
[ Ar s A sy 20 Ms
@0
- 20A
c ?8- D 0 12 (n=11)
7 —~ ® 2->1 (n=11
260- o1 (n=11) ) 154 ( )
@ 501 ®2 (n=11) g
[0 = -
5 40 5 10
§ 301 5
£ 20 & 5
104
0 T T T T T T T T T 1 O T T T T T T T T T 1
-90 -80 -70 -60 -50 -40 -30 -20 -10 O -90 -80 -70 -60 -50 -40 -30 -20 -10 O
V-test (mV) V-test (mV)
E F -90
60 V1
-90 -
R 01-2 (n=11) I
o e, A [ ]
B Mok ;ﬂr: Mo """‘Wy 20
jm—— Jzoo pA z
50 ms @
-40_V2 . e | r60 o
-60+ | >< RS ~_ <
-90¢ - —
W L
\ 50
/ AN
o / N L40
12 - 5" - -
bt e /‘WW 90 80 -70 -60 -50 -40
, Moy mernanion V-post (mV)

J Neurophysiol » doi:10.1152/jn.00494.2014 - www jn.org

GTOZ ‘S Alenuer Uo wWol papeojumod




2686

>

1-2 (n=4)

-
o
)

01 o8%e 5y i65%, o.. R 0 .0.],“ <o} lo'o

" 'lu iy | ||| T

VC CC

1TX2

normalized postsynaptic response
o
T

©
o

T T 1
10 20 30 40 50
pulse number

o

B
-60_ V1

< [

-60 V2 @ pulse 10

BAG CELL NEURON ELECTRICAL SYNAPSES

-
o
J

normalized postsynaptic response
o
T

°
o

109 .\
c 0.8
il
T
>
80.61
i
el
S
=0.41 01-2 (n=4)
E ® 21 (n=4)
202 ?
*k*
0.0 . .
1 5 10

pulse frequency (Hz)

Fig. 3. Electrical synapse between cultured bag cell neurons serves as a low-pass filter. A: summary graph from paired whole cell recordings of coupled cultured
bag cell neurons. Right inset: presynaptic neuron I under VC and postsynaptic neuron 2 under current clamp (CC); left inset: the reverse. The postsynaptic
response to a 1-, 5-, or 10-Hz train of presynaptic voltage steps (see B for details) is normalized by dividing all responses by the first response for a given stimulus
frequency. For either direction, by pulse 10, the response is markedly down during a 5- or 10-Hz train but shows little change over the course of a 1-Hz stimulus.
Thus a two-way repeated measures ANOVA shows that there is a significant effect of both the stimulus number (/—2 F,q 14, = 8.3, P < 0.0001; 2—1 Fy9 147 =
16.1, P < 0.0001) and frequency (I—=2 F,, = 64.9, P < 0.0001; 2—1 F,, = 301.0, P < 0.0001), as well as an interaction between stimulus number and
frequency (/=2 Fog,94 = 6.8, P < 0.0001; 2—1 Fog 9, = 11.6, P < 0.0001). B: presynaptic neuron is pulsed 50 times from —60 to —90 mV for 85 ms at
1, 5, or 10 Hz (V1) while the postsynaptic cell is initially current clamped at —60 mV. Postsynaptic voltage traces (V2) represent responses to the 10th pulse,
which is when responses are clearly at steady state. Approximately 20% of the stimulus transfers to this postsynaptic neuron at 1 Hz, which at 5 Hz falls off
to ~10%, and by 10 Hz little of the stimulus voltage is apparent postsynaptically. C: data summarizing the attenuation of the peak postsynaptic voltage change
at the 10th pulse and normalized to the response at 1 Hz. With either neuron 2 (1—2) or neuron 1 (2—1) serving as the postsynaptic cell, there is greater
attenuation with increased stimulus frequency, characteristic of low-pass filtering. This is somewhat apparent at 5 Hz, while by 10 Hz the attenuation is profound
and reaches the level of significance (Fs ;3 = 40.2, P < 0.0001, one-way ANOVA; ***P < (0.001, 1 vs. 10 Hz and 5 vs. 10 Hz for both /—2 and 2—1,

Tukey-Kramer multiple comparisons test).

Electrotonic signaling between cultured coupled bag cell
neurons. While junctional current and conductance provide an
exact measure of electrical synapse performance, coupled neu-
rons normally function to transfer changes in membrane po-
tential under physiological conditions. Thus coupling coeffi-
cient or electrotonic transmission of action potentials was
determined using whole cell current clamp of cultured bag cell
neuron pairs (Fig. 4A, inset). For coupling coefficient, both
neurons were set at —60-mV and a 1,500-ms hyperpolarization
current step (between —50 and —250 pA) was delivered to one
cell, resulting in near simultaneous hyperpolarization of the
second cell (Fig. 4A). If the presynaptic cell was either neuron
1 (n = 17) or neuron 2 (n = 18), the steady-state hyperpolar-
ization was equally prominent, resulting in a similar coupling
coefficient of ~0.6 in both directions (Fig. 4C). For neurons
that were not coupled, either because they failed to form an
electrical synapse despite being in contact (n = 6) or were

close but not touching (n = 10), changing the presynaptic
membrane potential had little postsynaptic impact (Fig. 4B). In
some cases there were modest alterations in postsynaptic volt-
age that did not necessarily mirror the shift in presynaptic
voltage; these were likely due to inherent changes in membrane
potential arising from the high input resistance of cultured bag
cell neurons. In turn, this gave a very low apparent coupling
coefficient between not-coupled bag cell neurons, which was
similar regardless if neuron 1 (n = 16) or neuron 2 (n = 15)
served in a presynaptic capacity (Fig. 4B). The difference
between coupling coefficient for coupled pairs vs. not-coupled
pairs was significant (Fig. 4C). For some coupled pairs, junc-
tional conductance was also measured with voltage clamp (as
per Electrical synapse between cultured bag cell neurons is
voltage independent) before assaying coupling coefficient un-
der current clamp (1—2, n = 9; 2—1, n = 10). Plotting
junctional conductance on the abscissa and coupling coefficient
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not coupled

Fig. 4. Coupling coefficient between cultured
bag cell neurons is large and linearly related to
junctional current. A and B: whole cell current-
clamp recordings from separate pairs of cul-

tured bag cell neurons. The membrane poten-
tials are first set to —60 mV with bias current.
Inset: recording configuration. A: response of
coupled neurons (VI and V2) following a
1,500-ms injection of —250 pA into neuron 1
(11). With a short delay, neuron 2 follows
neuron 1, leading to appreciable voltage trans-
fer at steady-state (coupling coefficient 0.75).
B: in a pair that are not coupled (cells are
adjacent but not in physical contact), changing
the presynaptic voltage has little postsynaptic
impact. Scale bars apply to both traces in A or
B. C: summary of coupling coefficient deter-
— mined by the ratio of the steady-state pre- and

postsynaptic response (V2/V1 or VI/V2) to pre-
synaptic current (/1 or 12). The low “coeffi-
cient” between not-coupled neurons is due to
small, variations in voltage that most probably
manifest as a result of high input resistance.
Within coupled or not coupled groups, there is
no statistical effect of whether neuron 1 (1—2)
or neuron 2 (2—1) acts as the presynaptic cell
(Fi44 = 12, P > 0.05, two-way ordinary
ANOVA) but a significant effect of whether or
not the neurons are coupled (F; 4, = 60.7, P <
0.0001, two-way ordinary ANOVA; Tukey’s
multiple comparisons test). D: in a subset of
coupled pairs, junctional conductance (deter-
mined as per Fig. 2D) is plotted against the
corresponding coupling coefficient. Regression
analysis shows a linear and positive correlation
between coupling coefficient and junctional
conductance (/—2 R = 0.902, R*> = 0.81,n =
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on the ordinate yielded a linear and positive correlation (Fig.
4D). The higher the junctional conductance between a pair of
neurons, the greater the coupling coefficients.

To evaluate electrotonic signaling, current-clamped pairs
(Fig. 5C, inset) were set to —60 mV and presynaptic action
potentials elicited with five 100-ms, 750- to 1,000-pA depo-
larizing current steps at 1 or 5 Hz (Fig. 5, A and B, bottom). At
both frequencies, a given presynaptic spike consistently pro-
duced a postsynaptic depolarizing ETP in a one-for-one rela-
tionship. For the 1-Hz train, there was near full recovery of
postsynaptic voltage after each spike (Fig. 5A), while for the
5-Hz train, although still one-for-one, the action potentials
resulted in ETPs that summated to keep the postsynaptic
neuron somewhat depolarized throughout the train (Fig. 5B).
Latency was rapid, with postsynaptic depolarization beginning
early in the rising phase of the presynaptic action potential.
Because of the ambiguity in precisely ascertaining when the
postsynaptic response began, we quantitated latency by taking
the time from the peak of the fifth action potential to the peak
of the corresponding evoked ETP (Fig. 5C). This yielded an
apparent latency of ~15 ms that was not significantly different
at either 1 or 5 Hz, regardless if neuron I (n = 8 or 5) or
neuron 2 (n = 9 or 4) was the presynaptic cell.

Despite large coupling coefficients, individual ETPs were
typically modest in amplitude, likely because of the filtering
effect of the synapse. As such, individual presynaptic action
potentials from —60 mV provoked postsynaptic action poten-

G-junction (nS)

9, Fi; = 304, P < 0.001; 2= R = 0.773,
R* = 0.60,n = 10, F; 3 = 11.8, P < 0.01).

10 15 20

tials in less than a third of pairs (n = 4 out of 14). However,
during the afterdischarge, bag cell neurons typically depolarize
to between —40 and —30 mV (Kupfermann and Kandel 1970;
Brown et al. 1989); thus, rather than being depolarized by short
current pulses as in Fig. 5, A or B, the presynaptic neuron was
tonically depolarized to fire a burst of action potentials (n =
22; Fig. 5D). From a resting potential of —60 mV for both
cells, delivering a 5-s, 1-nA positive current pulse to neuron 1
caused an approximately —30 mV depolarization and contin-
uous spiking, which transferred to neuron 2 as both concom-
itant depolarization and ETPs, that in nearly half of pairs (n =
10 of 22) induced postsynaptic action potentials.
Communication between pairs of bag cell neurons is con-
sistent with electrical signaling; even so, there is evidence that,
in addition to egg-laying hormone, these cells also secrete a-,
B-, and +y-bag cell peptides, which can depolarize bag cell
neurons when applied exogenously (Loechner and Kaczmarek
1994; Hatcher and Sweedler 2008). To rule out the possibility
that the ETP contained a chemical component, paired cultured
bag cell neurons were bathed in Ca®* -free/high-Mg?* ASW (0
mM Ca®", 66 mM Mg>"), and spikes initiated in neuron I
from —60 mV with a 100-ms, 1-nA depolarizing current step
(n = 5 pairs). Without extracellular Ca®", the onset of the ETP
still occurred before the peak of the presynaptic action poten-
tial (Fig. SE, right), and the shape of the ETP was not
dramatically altered compared with that produced in the pres-
ence of Ca’" (Fig. SE, leff). The amplitude of the ETP in
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Fig. 5. Cultured bag cell neuron electrical syn-

apse transmits excitatory information. A and B: A
ETPs measured between 2 different pairs of V2
cultured coupled bag cell neurons in nASW
with K™ -aspartate-based intracellular saline in -60
the pipettes and initially whole cell current MV
clamped to —60 mV. Evoking action potentials

(VI) in neuron 1 with 100-ms, 750-pA current
injections (/1) at 1 Hz (A) or 5 Hz (B) reliably

elicits ETPs in neuron 2 (V2). The ETP during

1-Hz stimulation fully decays between presyn-

aptic action potentials; however, summation is
apparent during the 5-Hz input. Time base, in A V1
and B, respectively, applies to both traces.

C: summary data for latency from action po- -60

mV
tially the same at 1 Hz and 5 Hz, with no _ﬂ I-l |-I
significant effect of the direction of coupling "

tential peak to ETP peak. The delay is essen-
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(I—=2o0r 2—1; F39 = 1.9, P > 0.05, two-way C
ordinary ANOVA) or the frequency of stimu-

lation (1 or 5 Hz; F;4 = 0.64, P > 0.05,
two-way ordinary ANOVA). Inset: recording
configuration. D: delivering a 5-s, 1-nA current
to neuron 1 (I1) evokes a train of action po-
tentials (V1) that initially transfers to neuron 2
as ETPs, along with the steady-state depolar-
ization, followed by genuine postsynaptic
spikes (V2). Representative of 10 experiments.
Time base applies to both traces. E: 2 different
pairs of coupled bag cell neurons bathed in
Ca®"-containing nASW or Ca®"-free/high-
Mg?* ASW (cthmASW). Left: when extracel-
lular Ca®* is present, eliciting an action poten-
tial from neuron 1 (V1) with a 100-ms, 1-nA
current (/7; at bar) produces an ETP in neuron
2 (V2). The postsynaptic voltage exhibits a
second peak on account of an aborted presyn-
aptic spike starting just as the current injection
ends. Right: in the absence of Ca’™, an action
potential in neuron I provokes an ETP of
similar magnitude in neuron 2. Note that in
cfhmASW the upstroke of the action potential
is less steep, which is often the case given the
Ca®" dependence of the bag cell neuron spike.
In both salines, the ETP begins during the
rising phase of the presynaptic action potential.
Top traces both scaled the same. Time base
applies to all traces. F: summary data of the
ETP amplitude in the presence (nASW) or
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nASW data are taken from the first ETP in the
1-Hz stimulus-train experiments shown in A
and C.

Ca"-free/high-Mg>" ASW was not statistically different from
that evoked in nASW (Fig. 5F).

Coupled cultured bag cell neurons fire synchronously. The
afterdischarge presents as synchronous neuronal firing (Kup-
fermann and Kandel 1970; Blankenship and Haskins 1979). To
examine how the electrical synapse could shape such activity,
whole cell current clamp was used to record from pairs of
cultured bag cell neurons that were either coupled or not
coupled (Fig. 6E, inset). Again, not-coupled pairs consisted of
neurons not making contact or the electrical synapse not
materializing despite contact. Continuous action potential fir-
ing was elicited in neuron I and neuron 2 by simultaneously
injecting both cells with a 1-nA, 5-s depolarizing current step.
When cells from coupled pairs (n = 10) were made to spike in
this manner, the action potentials from neuron 1 and neuron 2
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were phase locked with a high degree of adherence (Fig. 6A,
expanded inset). Not-coupled pairs (n = 7) showed that action
potentials from neuron 1 and neuron 2 were independent and
mostly out of phase, with any concurrent firing being coinci-
dental (Fig. 6B, expanded inset). A pair was considered syn-
chronous if the firing in both neurons consistently occurred at
the same time or if one cell preceded the other by a short, fixed
time period. Synchrony was quantitated using cross-correlation
to compare the regularity of the action potential waveforms of
both cells. Specifically, the signal from neuron 1 was shifted,
both forward and back, along the signal from neuron 2 to
produce a cross-correlation function estimate, which was then
plotted as a cross-correlogram. Coupled pairs furnished cross-
correlograms with relatively large estimates (=0.75) situated
near a lag of zero (absolute correlation) on the abscissa (Fig.
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6C), whereas not-coupled pairs rendered relatively small esti-
mates (=0.3) that consistently did not fall near zero lag (Fig.
6D). The peak cross-correlation estimates were higher for
coupled pairs vs. not-coupled pairs, and this difference reached
significance (Fig. 6FE).

Permeability of the cultured bag cell neuron electrical
synapse. Passage of dyes or various ionic species between
coupled cells has often been used to define permeability
characteristics of electrical synapses (Payton et al. 1969;
Stewart 1978; Peinado et al. 1993). Kaczmarek et al. (1979)
reported occasional dye coupling using Lucifer Yellow
injections both in the intact cluster and between cultured bag
cell neurons. We expanded on this by introducing either
sulforhodamine or carboxyfluorescein (both dissolved in
regular intracellular saline) through the whole cell pipette
under voltage clamp at —60 mV into one of the two cells
from a pair of cultured bag cell neurons. In most cases, the
second cell was also whole cell voltage clamped at —60 mV,
but with a dye-free pipette, and coupling was confirmed

lag period (ms)

coupled not
coupled
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not coupled

Fig. 6. Action potential synchrony between elec-
trically coupled cultured bag cell neurons. A and
B: 2, separate pairs of cultured bag cell neurons
initially current clamped to —60 mV in nASW
and dialyzed with K*-aspartate-based intracellu-
lar saline. In either the coupled (A) or not-cou-
pled (B) pair, cells are induced to fire continu-
ously by 5-s, 1-nA current injections into both
L neurons (V1 and V2). Scale bars apply to both

traces in A or B. Bottom: mid-sweep expansions
(indicated by the dashed lines) showing the ac-
tion potentials of neuron 1 (black trace) and
neuron 2 (grey trace). In the coupled pair, the
waveforms synchronize, with neuron 2 always
spiking just before neuron 1. However, the not-
coupled pair lacks synchronization and the spikes
go in and out of phase over the course of the
sweep. C and D: cross-correlograms describing
the extent to which the 2 traces from A or B
match. Shifting the data from neuron I along that
of neuron 2 by 1,000 lags in both directions
generates the cross-correlation estimate plotted
on the ordinate. Intersection of the dashed lines at
zero indicates perfect correlation. C: consistent
with strong synchrony of firing, the coupled neu-
rons present a high cross-correlation estimate
(~0.95) just to the left of the intersection. D, the
not-coupled pair fails to display a sizeable cross-
correlation estimate over any of the lag period.
E: summary data indicating a significantly higher
peak cross-correlation estimate during action po-
tential firing of coupled neurons compared with
not-coupled neurons (two-tailed, unpaired Stu-
dent’s r-test). Inset: recording configuration.

—cell 2 20 mv

100 ms

CcC CcC

under voltage clamp. Staining of one neuron for ~30 min
did not result in appreciable dye transfer when either sul-
forhodamine (n = 4 at 0.1% wt/vol and n = 3 at 0.5%) or
carboxyfluorescein (n = 5 at 0.1% and n = 3 at 0.5%) was
used (Fig. 7, A and B). This was observed both at the end of
the recording period or if the electrodes were taken off the
neurons and the dish kept overnight in the incubator (n = 2
for sulforhodamine and n = 2 for carboxyfluorescein). As an
alternative to whole cell dye loading, we also sharp-elec-
trode current clamp to ionophoretically injected biocytin (n
= 0) into one of the cells from a pair of cultured bag cell
neurons. Following an overnight period in the incubator,
pairs were exposed to streptavidin-Alexa Fluor 488 conju-
gate. The high-affinity binding of streptavidin to biocytin
allows for fluorescence-based localization of the tracer sub-
sequent to any diffusion (Heitzmann and Richards 1974;
Horikawa and Armstrong 1988). Nevertheless, biocytin was
also not detected in the cell contacting the injected neuron
(Fig. 70).
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Fig. 7. The bag cell neuron electrical synapse
passes Cs* but not TEA or fluorescent dyes.
A-C: fluorescence-emission photomicrographs
of different dye-stained pairs of cultured bag cell
neurons. In the top right in A—C, the phase image
taken before recording shows somata and asso-
ciated neurites (full field of view of insets = 256
um). Either sulforhodamine-101 (M, = 606.71
Da) (A) or carboxyfluorescein (M, = 376.32 Da)
(B) are whole cell loaded at 0.5% (wt/vol) in
K" -aspartate-based intracellular saline under
voltage clamp at —60 mV for 30 min. Dye-
containing pipettes can be seen in the middle-
right and upper-left of A and B, respectively.
Biocytin (M, = 372.48 Da; 4% wt/vol in water),

A 0.5% sulforhodamine

D 5 min after breakthrough

BAG CELL NEURON ELECTRICAL SYNAPSES

C 4% biocytin

B 0.5% carboxyfluorescein

10 min E

introduced by sharp-electrode and allowed to T
diffuse over night, was then labeled with strepta- F*

vidin Alexa Fluor 488. Although all dyes clearly
stain individual neurons, none transfers apprecia-
bly to the nonstained cell. D—F: K" current in
neuron 2 from 3different pairs of electrically
coupled cultured bag cell neurons under whole 1 2
cell, voltage clamp in Na™-free/Ca”* -free ASW.
In each case, neuron 2 is dialyzed with K*-
aspartate-based intracellular saline (K*Asp).
Control conditions involve K" -aspartate dialysis
of neuron 1 (D, top set; K* Asp), while in the
other pairs neuron 1 is dialyzed with saline
where the K" -aspartate is replaced with TEA-
chloride (E, inset; TEA-CI) or Cs™ -aspartate (F,
inset; Cs*Asp). In all cases, noninactivating volt-
age-gated K™ current is evoked in neuron 2 (12)
at 5- and 10-min postwhole cell breakthrough by
stepping V2 to +30 mV from a holding potential
of —40 mV while continuing to hold VI at —40
mV (D, bottom inset). When neuron 1 receives
either K* or TEA, there is a slight run-up of the
K™ current in neuron 2 by 10 min; however, a
10-min dialysis of Cs* into neuron 1 inhibits the
K™ current in neuron 2. G: summary data show
that, compared with control, Cs™ but not TEA
travels from neuron 1 to reduce the K* current in
neuron 2 (F,3 = 43, P < 0.03, one-way
ANOVA; Dunnett multiple comparisons test).

K'Asp K'Asp

In lieu of dye coupling, the permeability of the electrical
synapse was examined by whole cell loading the presynaptic
neuron with either of the K™ channel blockers TEA or Cs™ and
then testing the postsynaptic neuron for changes in K* current.
In Na*-free/Ca’*-free ASW, neuron I was voltage clamped at
—40 mV while dialyzing with intracellular saline where the
K™ was replaced equimolar with TEA or Cs™*. Neuron 2 was
also voltage clamped at —40 mV, but using K™ -containing
intracellular saline, and at both 5 and 10 min of dialysis
following breakthrough, stepped to +30 mV for 200 ms to
elicit K™ current (Strong and Kaczmarek 1986). In controls
(n = 7), where both neurons were recorded using K "-aspartate
in the pipette, the steady-state K current in neuron 2 showed
an ~5% increase at 10 vs. 5 min (Fig. 7D). A similar run-up
was seen when neuron 1 was dialyzed with TEA-containing
intracellular saline (n = 7; Fig. 7E); however, introducing Cs*
into neuron 1 (n = 7) caused the K* current in neuron 2 to
decrease by ~10%, which was significantly different from
control (Fig. 7, F and G). Note, in prior control experiments
using only single cultured bag cell neurons, 10 min of dialysis
with K™ -aspartate (n = 4) resulted in an 11.6 = 10.6%
increase in K™ current, whereas Cs™ (n = 5) or TEA dialysis
(n = 3) produced a 66.9 £ 14.8 and 65.9 = 18.7% decrease,
respectively.

1 1A TEACI K'Asp S min
20 ms 1nA
1 P 20 ms
IZJ
G 10~ p<0.05

5
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~ O =
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Cultured bag cell neuron electrical synapse is inhibited by
select gap junction blockers. Gap junctions can be blocked by
a variety of compounds, including several arylaminobenzoates,
the triterpenoid, glycyrrhetinic acid, and the anti-malarial
drug, quinine (Davidson and Baumgarten 1988; Harks et al.
2001; Srinivas et al. 2001; Srinivas and Spray 2003). We
screened for the ability of these reagents to inhibit the
cultured bag cell neuron junctional current. Under whole
cell recording, both neurons were voltage clamped at —60
mV and a 200-ms step to —90 mV delivered to neuron I
while maintaining neuron 2 at —60 mV (Fig. 8A, inset). The
junctional current in neuron 2, arising from the step in
neuron 1, was measured before and 10 min after introducing
either DMSO (the vehicle) or one or more of the putative
blockers. While DMSO caused only an ~10% increase in
junctional current (Fig. 8, A and F), electrical transmission
was markedly lowered by all of the arylaminobenzoates
tested. A 100-uM concentration of either niflumic acid
(NFA; n = 14) or 5-nitro-2-(3-phenylpropylamino)benzoic
acid (NPPB; n = 7) resulted in an ~50% decrease in
junctional current (Fig. 8, B and C), while a cocktail of 100
uM of both drugs (n = 7) led to an ~75% decrease (Fig.
8D). In addition, rapid perfusion of the NFA plus NPPB
mixture blocked the junctional current by ~90% within 1-2
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control Fig. 8. Select gap junction blockers attenuate

- v ¥

\Y/e} Ve
control

electrical coupling between cultured bag cell
neurons. A: junctional current recorded in neu-
ron 2 from a coupled cultured bag cell neuron
pair dialyzed with K" -aspartate-based intracel-

:T\

20 ms

0
100 uM NFAS

-

control
D v E

100 pM NFA+
100 pM NPPB

y

20 ms

100 uM NFA+
100 uM NPPB

F 75

control

lular saline under whole cell voltage clamp in

nASW (top inset; VC). From a holding potential

of —60 for both VI and V2, a test pulse to —90

mV in neuron 1, while continuing to hold neu-

L ron 2 at —60 mV (bottom inset), evokes junc-
tional current (/2). Compared with control, there

is a slight increase in junctional current 10 min

(n=5) after bath application of DMSO. B-D: introduc-

ing 100 uM of either of the gap junction block-

1 ers niflumic acid (NFA; B) or 5-nitro-2-(3-phe-
nylpropylamino)benzoic acid (NPPB; C) mark-
edly decreases junctional current. Moreover,
when 100 uM of each of these blockers are
delivered together, coupling is almost com-
pletely eliminated (D). E: one-and-a-half min of
0 perfusing the NFA plus NPPB cocktail over a
pair of coupled bag cell neurons reduces the
junctional current. This fully recovers back to
control levels after 5 min of wash with nASW.
Inset: summary data show the extent of block
and reversibility of the combination of NFA and
NPPB (F,,, = 268.6, P < 0.0001, one-way
§ ANOVA; P < 0.01, Dunnett multiple com-
S parisons test). F: summary graph of percent-
change from control in junctional current subse-
quent to adding vehicle or drug. Compared with
DMSO, NFA (30 to 200 uM), meclofenamic

100 uM NPPB

J1 nA
20 ms

a1 N N (&)}
o a o o o
1 1 1 1 1

%-change
junctional current

4
(&)}
1

-100-

(6) quin (7) acid (McFA; 30—-100 uM), and NPPB (30 and
S (12) 100 uM) significantly inhibit junctional current
N in a dose-dependent manner. However, 50 uM
S a-glycyrrhetinic acid («-GRA) and 300 uM qui-
nine (quin) do not; in fact, -GRA may enhance

coupling. In addition, a cocktail of NFA and NPPB

(100 uM each) results in a block that is more

*%* effective than either agent alone (F, o, = 10.3,
NFA+ P <0.0001, one-way ANOVA; *P < 0.05, **P <

NFA McFA NPPB

min (Fig. 8E), which was fully reversible after 5-10 min
following the return of the perfusate to nASW (Fig. 8E,
inset). The effects of NFA or NPPB, as well as an another
arylaminobenzoate, meclofenamic acid (McFA), were con-
centration dependent, with 30 or 60 uM having less or no
impact compared with 100 or 200 uM (Fig. 8F).

Neither NFA nor NPPB at 100 uM had any obvious con-
sequence on membrane conductance (measured in neuron I
from the steady-state current during a 100-ms step to —10 mV
from a holding potential of —60 mV); moreover, NFA and
NPPB in combination altered the membrane conductance by
only —6.1 £ 16.9% (n = 6). However, 100 or 200 uM McFA
often produced up to an ~80% increase in membrane conduc-
tance; as such, despite being an effective blocker, this drug was
not pursued further. Two other gap junction blockers, 50 uM
18-a-glycyrrhetinic acid (n» = 6) and 300 uM quinine (n =
12), did not inhibit the junctional current (Fig. 8F). Finally, as
mentioned in the MATERIALS AND METHODS, we were unable to
successfully dissolve and test carbenoxelone, a glycyrrhetinic
acid-derivative widely used to block gap junctions (Davidson
and Baumgarten 1988; Juszczak and Swiergiel 2009).

Both electrical coupling and the afterdischarge in the intact
bag cell neuron cluster are suppressed by gap junction
blockers. To investigate the role of electrical coupling in
afterdischarge generation, abdominal ganglia were excised,

. NPPB

0.01, Dunnett multiple comparisons test).

and intra- or extracellular voltage recordings were made
from bag cell neurons in the intact cluster or the entire
cluster itself, bathed in control nASW vs. gap junction block
with NFA and NPPB. Initially, pairs of bag cell neurons
from the same cluster were impaled with sharp electrodes to
monitor membrane potential (Fig. 9A, inset). Coupling was
detected in clusters from five control ganglia; strong hyper-
polarization of one neuron, by negative current injection,
consistently resulted in a small, but detectable hyperpolar-
ization in the second neuron, and vice versa (Fig. 9A, left).
In five other ganglia, paired recordings from clusters
showed that the postsynaptic hyperpolarization was attenu-
ated by a 10- to 15-min incubation in the 100 uM NFA and
100 uM NPPB cocktail (Fig. 9A, middle). The coupling
coefficient dropped significantly from 0.0143 = 0.0046 (n =
5) in control to 0.0026 = 0.0024 in NFA plus NPPB (n =
5; P < 0.03, one-tailed unpaired Student’s 7-test). Never-
theless, neurons remained excitable in NFA plus NPPB,
with depolarizing current injection readily evoking action
potentials, although these did not produce appreciable ETPs
in the postsynaptic neuron (Fig. 94, right).

The intracellular data suggested that electrical coupling is
present in our preparations; thus we next looked at the
afterdischarge itself by using suction electrodes to make
both extracellular recordings from the intact bag cell neuron
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Fig. 9. Gap junction blockers attenuate elec-

BAG CELL NEURON ELECTRICAL SYNAPSES

trical coupling and alter afterdischarge gener- A\~ 4o 100 pM NFA + 100 uM NPPB int 2
ation in the intact bag cell neuron cluster. A:

paired, intracellular (int I and int 2) sharp- ) B int 1
electrode current-clamp recordings (inset) of 53 V2 4T V2 ‘ M

bag cell neurons from the intact cluster in 2 WW " 5
abdominal ganglia bathed with nASW. Left:

control injection of a 4-nA hyperpolarizing R A mV 28 V1 mv mv
current step (/) into one neuron (V1) causes a

large hyperpolarization that transfers to a sec- 40 60 30
ond neuron (V2) as a small, concomitant mV mV mV
change in membrane potential (coupling co- 600 ms 300 ms 600 ms
efficient 0.02). Middle: treating a different 11 1

cluster for 10 min with 100 uM of both NFA e [kl

and NPPB lessens the response in the second

neuron (V2) to hyperpolarization (/1) of the B control NFA + NPPB stim

first neuron (VI). Right: also in NFA plus
NPPB, evoking a spike in the first neuron with
a 2-nA depolarizing current step fails to cause
an ETP in the second neuron. Resting poten-
tials (with no bias current) are given at the
start of each trace. Time base applies to both
traces in each panel. B: ensemble extracellular
recordings (ext) from the intact bag cell neu-
ron cluster following stimulation of the corre-
sponding pleuroabdominal connective (stim)
in the abdominal ganglia (inser) bathed with
nASW. Left: exciting the synaptic input (stim; StTm
at bar; 5 ms, 20 V at 5 Hz for 10 s) under
control conditions elicits a typical afterdis-
charge with a fast- and slow-phase. This af-
terdischarge lasts 24 min, but is truncated at 9
min for display. Right: a 10-min incubation of
a different preparation with NFA and NPPB
renders stimulation of the connective ineffec-
tive at provoking an afterdischarge. C: in the
presence of NFA and NPPB, the intact cluster
is still excitable, as a individual stimulus input 'T‘
(at arrow; 20 V) evokes a compound extracel- stim
lular action potential. Stimulus artifact trun-

cated at top and bottom for clarity.

C NFA+NPPB

cluster in the abdominal ganglion and stimulate the synaptic
input descending via the pleuroabdominal connective (Fig.
9B, inset). These recordings were ensemble and represented
the activity of the entire cluster (Kupfermann and Kandel
1970; Dudek and Blankenship 1977). In all five control
preparations, afferent activation triggered an afterdischarge,
with a characteristic 1- to 2-min fast phase of firing at the
start, followed by a 20- to 30-min slow-phase, and an
average duration of 24.5 = 2.3 min (Fig. 9B, left). However,
in five other ganglia treated with NFA plus NPPB, four
clusters failed to display an afterdischarge (Fig. 9B, right),
and only one cluster actually fired a normal, prolonged burst
following synaptic input. As such, the difference in the
frequency of afterdischarge occurrence between control
ganglia and ganglia incubated in the mixture of NFA and
NPPB was significant (P < 0.04, two-tailed Fisher’s exact
test). Furthermore, the average duration of the afterdis-
charge under gap junction block, 6.1 = 6.1 min, was also
significantly different from control (P < 0.05, one-tailed
Mann-Whitney U-test). The lack of afterdischarges in the
presence of gap junction blockers was not due to a failure of
the input to provoke synaptic responses or action potentials
in the bag cell neurons. Figure 9C shows that pleuro-
abdominal connective stimulation was still capable of elic-
iting an action potential in an intact cluster bathed with NFA
plus NPPB.

stim

DISCUSSION

Electrical synapses allow for current to pass directly from
cell to cell, thus providing a means for the membrane potential
of a neuron to immediately and reliably influence that of
neighbouring neurons (Bennett and Zulkin 2004; McCracken
and Roberts 2006). The characteristics of bag cell neuron
communication are consistent with an electrical synapse, pre-
sumably mediated by gap junctions. In the intact cluster, this
would promote firing synchrony during the afterdischarge,
leading to en masse secretion of egg-laying hormone and
reproduction (Dudek et al. 1979; Stuart et al. 1980; Michel and
Wayne 2002; Hatcher and Sweedler 2008).

Cultured bag cell neurons appear to form electrical, rather
than chemical, synapses. In voltage clamp, presynaptic depo-
larization or hyperpolarization results in a near-simultaneous
flow of current from pre to postsynaptic neuron. In current
clamp, presynaptic depolarization or hyperpolarization causes
a concomitant change in postsynaptic membrane potential.
Chemical transmission would present Ca®>* sensitivity, and the
change in postsynaptic voltage or current would occur at a
fixed latency following the presynaptic stimulus (Katz and
Miledi 1967; Berry and Pentreath, 1976; Llinas et al. 1981).
However, as expected for electrical transmission, the amplitude
and time course of the ETP are not altered when extracellular
Ca®" is removed; furthermore, the onset of the ETP occurs
before the peak of the presynaptic action potential (Bennett
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1977, 2000). There are two prior studies involving cultured bag
cell neuron electrical synapses (Kaczmarek et al. 1979; Lin and
Levitan 1987). Although less quantitative than the present
study, they do show presynaptic hyperpolarization and action
potentials eliciting postsynaptic hyperpolarization and ETPs/
spikes, respectively.

The pharmacological profile of the bag cell neuron junc-
tional current also points to an electrical synapse. All of the
arylaminobenzoates inhibited the junctional current, with a
combination of NFA and NPPB being the most effective,
including blocking electrotonic transmission in the intact clus-
ter. These drugs inhibit electrical synapses between hepatoma
or neuroblastoma cells transfected with various connexin
genes, as well as horizontal cells in the retina and connexin
hemichannels in oocytes (Harks et al. 2001; Eskandari et al.
2002; Srinivas and Spray 2003; Pan et al. 2007). Long-chain
alcohols, like heptanol or octanol, also block electrical trans-
mission in many species (Johnston et al. 1980; Juszczak and
Swiergiel 2009). However, we did not test them because earlier
reports indicated they were ineffective on coupled L14 Aplysia
ink motor neurons in situ as well as pairs of coupled Aplysia
buccal, cerebral, or pleural neurons in vitro (Carew and Kandel
1977; Bodmer et al. 1988; Carrow and Levitan 1989). Those
results, along with our finding that neither glycyrrhetinic acid
nor quinine blocks the bag cell neuron electrical synapse, may
suggest that Aplysia gap junction proteins (Apl-innexins) are
distinct from innexins in Drosophila, crayfish, or the pulmo-
nate mollusk Limax, which are inhibited by alcohols or gly-
cyrrhetinic acid (Johnston et al. 1980; Cao and Nitabach 2008;
Ermentrout et al. 2004). The original Aplysia neuronal tran-
scriptome yielded nine predicted Apl-innexin genes (Moroz et
al. 2006), while our initial PCR-based cloning indicates 20
full-length Apl-innexins (Carter and Magoski 2014). Like
Drosophila, leech, and the gymnosomatan mollusk Clione, all
Apl-innexins have four predicted transmembrane domains, two
Cys in both extracellular loops, thought to be critical for
hemichannel interaction, and the Pro-X-X-X-Trp motif in the
second transmembrane domain (Phelan et al. 2008). However,
only around a third have consensus for the so-called insect
innexin signature sequence Tyr-Tyr-Gln-Trp-Val. Thus the
molecular substrate for gap junctions is present, although
differences in protein structure or assembly could account for
the distinct pharmacological and biophysical profile of the bag
cell neuron electrical synapse.

Despite dye coupling often being used as a criterion for the
presence of electrical synapses (Stewart 1978; Peinado et al.
1993), we did not detect transfer of either of the polar dyes
sulforhodamine or carboxyfluorescein, as well as the weakly
charged tracer biocytin. The latter is somewhat unexpected,
given that biocytin usually crosses gap junctions when other
tracers fail (Ewadinger et al. 1994). Dye coupling is also not
observed between Aplysia L14 neurons (Bodmer et al. 1988) or
Caenorhabditis myocytes (Liu et al. 2006), although other
invertebrate neurons dye couple, including those from the
pulmontate mollusks Lymnaea and Helisoma (Murphy et al.
1983; Ewadinger et al. 1994), as well as crayfish (Payton et al.
1969) and leech (Fan et al. 2005). One confounding factor is
that any dye that transferred from one neuron to the other may
have been diluted by the regular pipette solution used to
recorded from the second cell. That stated, the dye certainly
would have had a chance to diffuse across the electrical
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synapse without interference in those pairs incubated over-
night.

Our postsynaptic K™ channel block experiments imply that
Cs™, but not TEA, permeates the bag cell neuron gap junction.
The ionic radius of TEA is two to three times that of Cs™,
which in turn is only slightly larger than K* (Hille 2001), the
likely dominant charge carrier under normal circumstances.
Curiously, Bodmer et al. (1988) demonstrated TEA permea-
bility between L.14 neurons in situ and in culture. This discrep-
ancy may be due to differences in expression of specific
Apl-innexins in bag cell vs. L14 neurons. Furthermore, Bod-
mer et al. (1988) found that TEA readily transferred between
L14 pairs in situ (where the junctional conductance was hun-
dreds of nS) but had varying success in vitro, with some pairs
presenting little-to-no TEA transfer, particularly when the
conductance was in the 10-nS range. Given that the mean
junctional conductance for cultured bag cell neurons is <10
nS, the permeability pathway may be insufficient for the larger
TEA compared with the smaller Cs™ ion. Overall, compared
with other connexins and innexins (Deschénes and Bennett
1974; Verselis et al. 1986; Beblo and Veenstra 1997), bag cell
neuron junctional channels appear to be more restrictive.

The junctional current between cultured bag cell neurons is
independent of both junctional voltage and the postsynaptic
membrane potential. This is also the case for coupled L14,
coupled B30/B63/B65, and paired cultured buccal, cerebral, or
pleural Aplysia neurons (Bodmer et al. 1988; Carrow and
Levitan 1989; Sieling et al. 2014) as well as identified visceral-
parietal neurons from Lymnaea (Wildering and Janse 1992).
Many vertebrate gap junctions have some form of voltage
dependence (Spray et al. 1979; Bukauskas and Verselis 2004),
as do some leech innexins (Dykes et al. 2004) and electrical
synapses in the midge Chironomus (Obaid et al. 1983). How-
ever, closure of certain connexins, such as Cx26, does not
occur until the junctional voltage is altered by >75 mV. The
presynaptic voltage changes used in the present study are at the
physiological limits of resting potential (—90 to 0 mV); yet, if
these were extended to non-physiological voltages, the junc-
tional current may display voltage dependence. The bag cell
neuron electrical synapse also does not rectify, as all assays
consistently show current or voltage transmitting equally well
from neuron 1 to neuron 2 and vice versa. Rectification is
absent from most coupled molluskan neurons, including Aply-
sia (Bodmer et al. 1988; Carrow and Levitan 1989), Lymnaea
(De Vlieger et al. 1980; Wildering et al. 1991), and the
nudibranch Tritonia (Getting 1974). There are cases of appar-
ent rectifying electrical synapses in Aplysia (Waziri 1969; Wu
et al. 2014), but these appear to be asymmetrically coupled
neurons, where any directional inequality in coupling coeffi-
cient is due to differences in capacitance or input resistance of
one of the neurons, rather than genuine direction differences in
junctional conductance.

Although the bag cell neuron electrical synapse is very
reliable, with no observed failures either in culture or the intact
cluster, the low-pass filter function does limit transmission.
This is inherent to most gap junctions and manifests as a
reduction in any presynaptic voltage change as it passes to the
postsynaptic neuron, particularly for rapid or higher frequency
signals (Bennett 1977, 2000). In bag cell neurons, the time
needed for charging the postsynaptic capacitance draws out
and dampens the ETP; hence a 70-90 mV magnitude presyn-
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aptic action potential renders an ~10 mV ETP with a peak-
to-peak latency of ~15 ms. However, at steady state, low-pass
filtering is less consequential, and the 20- to 30-mV chronic
depolarization associated with the afterdischarge likely trans-
fers effectively between neurons (Kupfermann and Kandel
1970; Brown et al. 1989). From these depolarized membrane
potentials, spiking in one neuron would tend to evoke spiking
in a coupled partner.

Firing synchrony is a key feature of the afterdischarge, and
since early descriptions of bag cell neuron function, it has been
asserted that electrical coupling underlies this phenomenon
(Kupfermann and Kandel 1970; Blankenship and Haskins
1979). We find that when paired cultured bag cell neurons are
made to spike simultaneously with dual current injection, their
firing is highly synchronized, but only if they are electrically
coupled and not if the gap junction is absent. Moreover, the gap
junction blockers NFA and NPPB (Harks et al. 2001; Srinivas
and Spray 2003) largely prevent afterdischarge generation in
the intact bag cell neuron cluster. However, despite our ob-
serving essentially no side-effects for NFA and NPPB on
whole cell conductance in vitro, or the ability of either current
injection or pleuro-abdominal connective stimulation to trigger
action potentials in situ, we cannot rule out the possibility that
these drugs may act on nongap junction targets in a manner
analogous to what has been described elsewhere. For example,
there are reports of arylaminobenzoates, more so for flufe-
namic acid (which we did not employ here) and McFA, rather
than NFA or NPPB, opening K™ channels, releasing intracel-
lular Ca®™, or blocking various channels (Gogelein et al. 1990;
White and Alywin 1990; Poronnik et al. 1992; Takahira et al.
2005; Gardam et al. 2008).

The voltage-independent nature of the bag cell neuron elec-
trical synapse translates into the junction being open at rest,
which would allow current to spread through the network from
neurons receiving excitatory acetylcholine synapses (White
and Magoski 2012). Spatial spread of excitation within the
cluster was postulated by Brown and Mayeri (1989), who
envisaged electrical coupling acting as part of a positive-
feedback mechanism promoting the afterdischarge. Similarly,
electrical synapses are required to distribute synaptic depolar-
ization and drive synchronous afterdischarges in prey capture
motor neurons of Clione (Norekian 1999), while electrical
synapses mediate regenerative excitation of trigger-group neu-
rons that burst simultaneously to control swimming in Trifonia
(Getting and Willows 1974). If the cholinergic input that
initiates the afterdischarge is limited to a select few bag cell
neurons (White and Magoski 2012), then blocking gap junc-
tions may occlude the spread of excitation and, as we saw for
most preparations, result in a paucity of firing.

Coupling in the intact bag cell neuron cluster is quite low,
with a coupling coefficient of ~0.015, which is about fivefold
greater than the ~0.0075 value reported by Blankenship and
Haskins (1979) for A. dactylomela. The difference between
culture and the intact cluster likely reflects electrotonically
remote gap junctions in the former, due to the electrical
synapses being far away from the soma and multipartner
coupling effectively reducing the input resistance of any given
neuron (Kaczmarek et al. 1978; Blankenship and Haskins
1979). Nevertheless, strong coupling is not necessarily re-
quired for synchrony; similar to what we report, various
networks of rat cortical or thalamic neurons show synchrony

despite presenting very low coupling coefficients (Gibson et al.
1999; Traub et al. 2001; Landisman et al. 2002). Bag cell
neuron secretion demands relatively lengthy periods of activity
(Hickey et al. 2013), and the synchrony promoted by electrical
coupling may ensure that all neurons spike sufficiently for
optimal release of reproductive hormone.
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