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Abstract: Sigma (o) receptors have been shown to regulate multiple ion channel types in intracardiac ganglion
neurons, including voltage-gated calcium and potassium channels. However, the inhibition of these channels
alone cannot fully account for o receptor-induced changes in neuronal excitability previously reported. Whole-cell
patch clamp experiments were conducted under current-clamp mode in isolated intracardiac neurons from neo-
natal rats to assess the effects of o receptor activation on the active membrane properties of these cells. Bath
application of the pan-selective ¢ receptor agonist, 1,3-Di-o-tolylguanidine (DTG), and the o-1-selective agonist,
(+)-pentazocine, significantly increased the action potential latency and decreased action potential overshoot in
response to depolarizing current ramps, which suggests inhibition of voltage-gated sodium channels. Whole-cell
voltage clamp experiments showed that these ¢ agonists reversibly decrease depolarization-activated Na* cur-
rents in these cells at all potentials tested. The peak currents generated by membrane depolarizations were de-
creased in a dose dependent manner with ICso values for DTG and (+)-pentazocine of 32 uM and 49 uM, respec-
tively. The o-1 receptor-selective antagonist, BD 1063 (100 nM), inhibited DTG (30 uM) block of Na* currents by
~ 50%, suggesting that the effects are mediated by activation of -1 receptors. DTG also shifted the steady-state
inactivation curve of Na* channels to more negative potentials, with the membrane potential of half-activation
shifting from -49 mV to -63 mV in the absence and presence of 30 uM DTG, respectively. Taken together, these
results suggest that o-1 receptor activation decreases intracardiac ganglion neuron excitability by modulating
voltage-gated Na* channels.
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Introduction

Mammalian intracardiac ganglia mediate all
parasympathetic input to the heart, and serve
as the common final pathway for autonomic
regulation of cardiac function. Neurons from
the mammalian intracardiac ganglion project
onto pacemaker cells, myocytes, and blood ves-
sels [1, 2]. Heart rate, atrioventricular conduc-
tion, cardiac contractility and coronary vascu-
lar tone are all modulated by the parasympa-
thetic nervous system. Evidence suggests that
these ganglia regulate cardiac function by in-
tegrating information from efferent and affe-
rent parasympathetic, as well as sympathetic

pathways [1, 2], and likely exert local control of
the heart [3]. Thus, there is considerable need
to understand the mechanisms by which the
electrical properties of these neurons are regu-
lated. Experiments in our laboratory have
demonstrated that sigma receptor activation
has a significant impact on the membrane
properties of intracardiac neurons [4, 5], but
the function of ¢ receptors in the neurons re-
mains to be fully understood.

Sigma receptors are classified as non-opioid,
non-PCP [6] receptors and are ubiquitous pro-
teins expressed throughout the central and
peripheral nervous systems. Two subtypes of
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the receptor have been pharmacologically
identified; o-1, which preferentially binds (+)-
benzomorphans such as (+)-pentazocine and
(+)-SKF-10,047 [7] and ©-2, which binds ibo-
gaine with high affinity [8]. To date only the o-1
subtype has been cloned [9]. These receptors
have been implicated in learning and memory
[10], movement disorders [11], drug depen-
dence [12, 13] and psychological disorders
[14]. In addition, sigma receptors have been
shown to have significant effects on the cardi-
ovascular system. For example, activation of
sigma receptors produces positive inotropic
effects in isolated rat cardiomyocytes [15],
and the sigma receptor ligand, DuP 737, has
been shown to decrease the threshold for ven-
tricular fibrillation in a rat myocardial infarction
model [16]. Recently, it has been shown that
o-1 receptor levels in the heart are upregu-
lated by strong stress stimuli, and it was sug-
gested that o-1 receptors may be involved in
the altered contractility observed under specif-
ic pathophysiological conditions, such as hy-
poxia [17].

Both o-1 and o-2 receptors are expressed in
intracardiac ganglion neurons and inhibit vol-
tage-gated K+ and Ca2* channels, respectively
[4, B]. Inhibition of these channels is asso-
ciated with depressed excitability of intracar-
diac neurons, but neither the changes in ac-
tion potential configuration nor the complete
block of action potential firing that can be pro-
duced upon o receptor activation can be ex-
plained by inhibition of these channel types
alone. Voltage-gated Na* channels, which
have not been previously shown to couple to o
receptors in intracardiac neurons, are also
responsible for action potential kinetics and
configuration in both nerve and muscle cells
[18]. Modulation of Na* channels influences
the threshold of action potential generation,
the action potential overshoot, as well as the
frequency of action potential firing. Previous
work has shown that sigma receptor activation
not only inhibits action potential firing but also
decreases the amplitude of action potential
overshoot [5], suggesting that o receptors may
also affect voltage-gated Na* channels. A re-
cent study reported that o-1 receptors couple
to the Navl.5 expressed in cardiomyocytes
[19]. However, it has not been determined if
the sodium channel subtypes expressed in
intracardiac neurons (Navl.1-3 and Navl.7
[20]) are also modulated by o-1 receptors.
Moreover, neither the underlying biophysical
changes in Na* channel properties nor the
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effects of these changes on action potential
firing have been characterized.

Experiments were undertaken to determine
the effects of sigma receptor activation on the
excitability of intrinsic cardiac neurons from
neonatal rats and whether this regulation was
due to the modulation of voltage-gated Na*
channels. Activation of sigma receptors in-
creased the latency of action potential genera-
tion produced by depolarizing current ramps in
cultured intracardiac neurons. Sigma agonists
were shown to have inhibitory effects on the
current mediated by voltage-gated Na* chan-
nels (Ina), and the pharmacological properties
of the receptors were consistent with the ef-
fects being mediated specifically by o-1 recep-
tors. Furthermore, activation of o receptors
shifted the steady-state inactivation of Na*
channels to more negative potentials. Such a
shift would effectively reduce the number of
voltage-gated Na* channels available for acti-
vation at the normal resting membrane poten-
tial of these cells (ca. -50 mV). These observa-
tions indicate that sigma receptors are capa-
ble of decreasing the parasympathetic input to
the heart by inhibiting voltage-gated Na* chan-
nels in intrinsic cardiac neurons.

Materials and methods
Preparation of cell culture

The isolation and culturing of neurons from
neonatal rat intracardiac ganglia has been
described previously [21]. Dissociated neu-
rons were plated onto poly-L-lysine coated
glass coverslips and incubated at 37 °C for 36-
72 h under a 95% air, 5% CO2 environment
prior to the experiments.

Electrical recordings

Electrophysiological recording methods used
were similar to those previously described
[22]. Voltage-activated Na* currents were stu-
died in intrinsic cardiac neurons using the
whole cell patch-clamp technique under vol-
tage-clamp mode. The conventional (dialyzing)
whole cell recording technique was used in
experiments studying current-voltage relation-
ships, while the amphotericin B, perforated-
patch method was used in current clamp expe-
riments. A stock solution of amphotericin B
(60mg/ml) in dimethyl sulfoxide (DMSO) was
prepared and diluted in pipette solution im-
mediately prior to use to yield a final concen-
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tration of 198 ug/ml amphotericin B in 0.33%
DMSO. Final patch pipette resistances were
1.0-1.3 MQ to permit maximal electrical
access. Junction potentials generated by the
ions in the pipette and bath solutions were
compensated for via the Pipette Offset control
of the Axopatch 200B. Series resistance (Rs)
was monitored throughout the experiment and
only cells in which Rs was consistently < 3 MQ
following 50% Rs compensation were used to
minimize voltage error. Also, to minimize
space-clamp artifact, only cells with no large
visible processes were selected for the expe-
riments. Currents through depolarization-
activated Na* channels were elicited by step
depolarizations from -90 mV to more positive
potentials (-50 to +90 mV for I-Vs, -10 mV for
peak currents). For experiments studying the
effects of sigma receptor agonists on steady-
state inactivation of Na* channels, cells were
stepped to conditioning potentials for 50 msec
(-120 to 0 mV) from a holding potential of -90
mV. Test currents were then recorded as the
cells were depolarized to O mV. Action poten-
tials were evoked by injecting current ramps (O
to 200 nA, 400 ms) into current clamped cells.
The latency of action potential generation was
determined as previously reported for these
cells [23, 24] and was defined as the time
interval between the start of the current ramp
to the point at which the rising phase of the
action potential depolarized to O mV. Mem-
brane voltages and currents were amplified
using an Axopatch 200B patch-clamp amplifier
(Axon Instruments, Union City, CA), filtered at 5
kHz (-3 dB; 4-pole Bessel filter), and digitized
at 20 kHz (Digidata 1200 B).

Solutions and reagents

The bath solution used when measuring Na*
currents was a physiological saline solution
(INa-PSS) composed of (in mM): 70 NaCl, 70
tetraethylammonium chloride (TEA-CI), 5 BaCly,
1.2 MgCla, 7.7 glucose, 0.1 cadmium chloride
(CdCl2), and 10 HEPES (adjusted to pH 7.2
with NaOH). Barium and TEA were used to
block voltage-gated K+ channels and cadmium
was used to block voltage-gated Ca2* chan-
nels. The pipette solution used in these expe-
riments contained (in mM): 130 CsCl, 10 NacCl,
and 10 HEPES (adjusted to pH 7.2 with CsOH).
The bath solution used when measuring mem-
brane potentials in current-clamp experiments
was a physiological saline solution (AP-PSS)
containing (in mM): 140 NaCl, 1.2 MgCl2, 3
KCl, 2.5 CaClz, 7.7 glucose and 10 HEPES (ad-
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justed to pH 7.2 with NaOH). The pipette solu-
tion used for these experiments contained (in
mM): 75 Ka2S04, 55 KCI, 5 MgS04, and 10
HEPES (adjusted to pH 7.2 with N-methyl-d-
glucamine) and 198 ug/ml amphotericin B. All
chemical reagents used were of analytical
grade. (+)-pentazocine, (1S,9S,13S)-1,13-
dimethyl-10-(3-methylbut-2-en-1-yl)-10 azatri-
cyclo [7.3.1.027] trideca-2, 4,6-trien-4-ol (PTZ);
1,3-Di-o-tolylguanidine (DTG); BD 1063, 1-[2-
(3,4-dichlorophenyl)ethyl] -4- methylpiperazine
dihydrochloride, and tetraethylammonium
chloride (TEA) were purchased from Sigma
Chemical (St. Louis, MO). Stock solutions of
PTZ and DTG made using DMSO as the solvent
and control experiments throughout the study
represent the appropriate vehicle control.

Data analysis

Analyses of these data were conducted using
the SigmaPlot 9 and SigmaStat 3.1 programs
(Systat Software, Inc, San Jose, CA). Data
points represent means + SEM. Statistical dif-
ferences were determined using paired t-tests
or two-way ANOVA followed by a post-hoc Tu-
key Test, as appropriate, and were considered
significant if p < 0.05.

Results

Effects of sigma receptors on the latency of
action potential generation

Previous studies have shown that sigma re-
ceptor modulation of K+ channels alters intra-
cardiac ganglion neuron resting membrane
potential, the number of evoked action poten-
tials, action potential afterhyperpolarization
amplitude and action potential duration [5].
These studies also suggested that sigma agon-
ists may modulate action potential initiation.
Effects of sigma ligands on the latency of ac-
tion potential generation were assessed in
intracardiac ganglion neurons using perfo-
rated-patch whole cell recording techniques
under current clamp mode. Figure 1A shows
representative membrane responses to depo-
larizing current ramps (0 to 200 nA, 400 ms)
recorded from a single intracardiac neuron in
the absence and presence of 30 uM of DTG.
The latency of action potential onset was sig-
nificantly increased by DTG from 23.6 + 2.3
msec to 32.0 + 2.7 msec, an increase of
35.6% (n = 4) (Figure 1B). Consistent with
previous studies, DTG decreased action poten-
tial firing and altered action potential configu-
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Figure 1. Sigma receptor agonists increase the latency of action poten-
tial generation in rat intracardiac ganglion neurons. A, Action potentials
generated by 400 ms depolarizing current ramps (O to 200 nA) from a
neuron in the absence (blue line) and presence of DTG (30 uM) (red line).
Inset shows first action potentials generated by the ramps on an ex-
panded time scale. Arrows in inset indicate start point of the injected
current ramp and points at which latency times were measured. Dashed
lines in represent O mV, and solid line above voltage traces represents
the current ramp protocol used. B, Bar graph summarizing the action
potential latency for multiple neurons (n=4) before (Control) and after
application of the sigma receptor agonists DTG (30 uM), and (+)-
pentazocine (PTZ, 50 uM). Asterisks indicate significant difference be-
tween conditions using a paired t-test (p < 0.05).

ration [5]. The effects of DTG were mimicked
by 50 uM (+)-pentazocine, which increased the
latency of action potential firing from 27.5 +
1.2 msec to 33.0 + 1.3 msec, an increase of

20.0% (n=4)(Figure 1B). The
effects of both sigma ligands
were reversible after wash out
of the drug (data not shown).
This increase in firing latency
cannot be explained by inhibi-
tion of either Ca?* or K* cur-
rents in these cells [24-26],
and thus, must involve mod-
ulation of other channel types.

Sigma receptor activation in-
hibits voltage-gated Na*
channel currents

The depression of action po-
tential firing and changes in
action potential configuration
evoked by sigma receptor ac-
tivation suggests that voltage-
gated Na* channels may be
affected by these receptors.
Thus, experiments were car-
ried out to examine the rela-
tionship between o receptors
and voltage-gated Na* chan-
nels. Voltage-gated Na* cur-
rents were isolated in intra-
cardiac neurons by inhibiting
Ca2* currents with extracellu-
lar Cd2*, and inhibiting K+ cur-
rents with extracellular TEA
and intracellular Cs*. Figure
2A shows a family of depolari-
zation-activated Na+ currents
recorded from a single intrin-
sic cardiac neuron in the ab-
sence (left traces) and pres-
ence of 100 uyM DTG (right
traces) in response to a set of
depolarizing voltage steps
between -50 and +100 mV.
Under control conditions, Ina
was activated at approximate-
ly -30mV, was maximal at -10
mV and reversed at approx-
imately +70 mV (Figures 2B &
C). The voltage dependence,
Kinetics and tetrodotoxin sen-
sitivity (data not shown) of the
currents observed are consis-
tent with voltage-gated Na*
channel currents previously

characterized in intracardiac ganglion neurons
[26]. Bath application of 100 uM DTG (Figure
2B) or 100 uM (+)-pentazocine (Figure 2C)
depressed the peak Ina at potentials equal or
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Figure 2. Inhibition of Na* currents in rat intracardiac neurons by the sigma receptor agonists, DTG and (+)-
pentazocine. A, Whole-cell Na* currents evoked by depolarizing test pulses (-50 to +100 mV) from a holding
potential of -90 mV in the absence (Control, left traces) or presence of 100 uM DTG (right traces). B, Whole-
cell current-voltage relationships obtained in the absence (Control, blue circles) and presence of 100 uM DTG
(DTG; red circles). C, Whole-cell current-voltage relationship obtained in the absence (Control, blue circles)
and presence of 100 uM (+)-pentazocine (PTZ, red circles). Currents were normalized to the maximum con-
trol current of each cell, and data points represent means + SE for 4 cells for both (B) and (C). D, Peak Na*
channel current amplitude before and during application of 300 uM DTG (line above graph) and after removal
of DTG. Values are plotted as a function of time. Gap represents period during which lower concentrations of
DTG were applied, with 300 uM DTG application commencing at t = 20 min. Inset, Family of depolarization-
activated Na* channel currents recorded from a single ICG neurons in the absence (Control) and presence of

bath-applied 300 uM DTG (DTG), and following wash out of drug (Wash).

positive to -20 mV. The effects of both DTG
(Figure 2D) and (+)-pentazocine (data not
shown) were reversible upon washout of drug.

Concentration-dependent inhibition of Ina by
sigma ligands

Additional pharmacological experiments were
undertaken to confirm that sigma receptor
activation mediated the inhibitory effects on
Ina by sigma ligands. Selective agonists were
used to identify the sigma receptor subtype
mediating the observed effects. Figure 3A
shows representative currents recorded from a
single intracardiac ganglion neuron in the ab-
sence (Control) and presence of the pan-
selective o receptor agonist DTG at the indi-

cated concentrations. Increasing the concen-
tration of DTG resulted in a concomitant de-
crease in Ina. Similarly, Figure 3B shows cur-
rents from a different neuron in the absence
(Control) and presence of the o-1 agonist, (+)-
pentazocine (PTZ), at the indicated concentra-
tions, and demonstrates that (+)-pentazocine
also elicits a concentration-dependent reduc-
tion in voltage-activated Na channel currents.
Plots of the mean peak Ina following depolariz-
ing voltage steps to -10 mV, as a function of
drug concentration, for DTG and (+)-
pentazocine are shown in Figure 3C. All of the
sigma ligands tested depressed peak Ina in a
concentration-dependent manner. Fits of the
data using the Hill equation gave half-maximal
inhibitory concentration (ICso) values for DTG
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Figure 3. Dose-dependent inhibition of depolarization-activated Na* currents by sigma receptor agonists DTG
and PTZ in rat intracardiac neurons. A, Whole-cell Na+* currents evoked from an intrinsic cardiac neuron by
step depolarizations to -10 mV from a holding potential of -90 mV in the absence (Control) and presence of
DTG at the indicated concentrations. B, Whole-cell Na+ currents evoked from an intracardiac neuron by step
depolarizations to -10 mV from a holding potential of -90 mV in the absence (Control) and presence of (+)-
pentazocine at the indicated concentrations. C, Normalized peak whole-cell Ina (I/Imax), evoked by depolariz-
ing to -10 mV from -90 mV, plotted as a function of concentration of sigma receptor agonists, DTG and (+)-
pentazocine (PTZ). Data points represent mean + SE for 4-5 neurons for each concentration. The curves
represent best fits to the data using the Langmuir-Hill equation. The values for half-maximal inhibition were
32 + 3 uM for DTG and 48 + 3 uM for (+)-pentazocine, and the Hill coefficients were 1.0 + 0.1 for both com-

pounds.

and (+)-pentazocine of 32 + 3 yMand 49 + 3
UM, respectively, with Hill coefficients of ~1.0
for both drugs. Maximal inhibition of Ina was
>90% for DTG and (+)-pentazocine.

Relief of DTG inhibition of voltage-gated Na*
current by the sigma antagonist, BD 1063

To confirm that o-1 receptors modulate Na*
currents, experiments were conducted using
the o-1-selective antagonist, BD 1063, in con-
junction with DTG. Figure 4A shows Na* cur-
rents elicited by voltage steps from -90 to -10
mV from a single neuron, in the absence and
presence of 30 uM DTG, without (left panel)
and with 100 nM BD 1063 (right panel). Figure
4B tabulates the results from six cells depola-
rized in Ina-PSS alone (Control), with 30 uM

DTG and 100 nM BD 1063 (BD) alone and
with both agents present (DTG+BD). Only the
currents activated in DTG alone were signifi-
cantly different from control (p < 0.05, 2-way
ANOVA). Figure 4C shows the percent inhibi-
tion of Ina produced by 30 uM DTG in the ab-
sence (Control) and presence of 100 nM BD
1063 (BD 1063). Whereas DTG inhibited Ina
by over 50% when applied alone, DTG only
decreased Ina by less than 25% in the pres-
ence of 100 nM BD 1063. Thus, BD 1063
decreased the effects of DTG on Ina by >53%,
and this relief of DTG-induced inhibition was
statistically significant.

Effects of sigma receptor activation on vol-
tage-gated Na* channel inactivation

Int J Physiol Pathophysiol Pharmacol 2010;2(1):1-11
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Sigma receptor activation has been shown to
both depress ion channel function and alter
the kinetics of ion channel activation [4, 5].
Thus, a decrease in peak Ina current amplitude
by sigma agonists may be due to channel
block or to alteration of channel kinetics. The
effects of DTG (30 yM) on steady-state inacti-
vation of Na* currents in rat intracardiac neu-
rons were studied using a double pulse proto-
col (Figure 5A, upper traces). Neurons, initially
held at -90 mV, were stepped to conditioning
potentials from -120 to O mV for 50 msec prior
to a voltage step to O mV (50 ms) to activate
the available Na* channels. Figure 5A shows a
family of current traces recorded from a vol-
tage-clamped neuron depolarized to O mV fol-
lowing the set of conditioning pulses in the
absence (Control, lower left traces) and pres-
ence (DTG, lower right traces). In the presence
of DTG, the test currents obtained at more
depolarized conditioning potentials were de-
pressed to a greater extent. Inset in Figure 5A
shows the currents obtained at -50 mV for
both conditions scaled to each other. In con-
trast to steady-state inactivation kinetics, nei-
ther the rate of activation nor the time-

Figure 4 The o-1 antagonist, BD 1063,
blocks the effects of DTG on peak Na* cur-
rents. A, Na* currents evoked by voltage

BD 1083 steps from -90 to -10 mV in a single neuron
DTG + BD 1063

in the absence (Control; left traces) and
presence of 30 uM DTG (DTG; left traces),
in the presence of 100 nM BD 1063 alone
(BD 1063; right traces) and following co-
application of both drugs (DTG+BD 1063;
right traces). B, Tabulation of results from
measurements made on six cells using the
voltage protocol in (A). Bars represent
mean + SEM for normalized Ina. For Con-
trol and BD 1063 (BD) values were norma-
lized by dividing Ina for each cell by the
mean Ina recorded from all cells under the
respective conditions (i.e. Control or BD),
whereas DTG and DTG + BD 1063 were
normalized by dividing the Ina oObtained
from each cell by the Ina obtained from the
same cell under Control conditions or in
the presence of DB 1063 alone, respec-
tively. Asterisk indicates significant differ-
ence from Control (p<0.05). C, Calculated
percent inhibition of Ina by 30 uM DTG in
the absence (DTG) and presence of 100
nM BD 1063 (DTG + BD) (n = 6). Asterisk
denotes significant difference from Control
(p < 0.05).

dependent inactivation of voltage-gated Na*
channels appears to be affected by DTG. A
plot of normalized Na* peak current ampli-
tudes (I/Imax) as a function of conditioning
potential is shown in Figure 5B. The steady-
state inactivation of Ina exhibited a sigmoidal
dependence on the conditioning potential (V)
and was best fit with a single Boltzmann func-
tion according to the equation

ha  _ 1
| (V-Va)
Na(max)

l+e X

where Vi is the potential at which half-maximal
steady-state inactivation occurs and Kk is the
slope factor. In the absence of DTG (Control),
Vh was calculated to be -49.7 + 0.6 mV with a
slope factor of 7.5. In the presence of DTG, Vhn
shifted to -64.3 + 1.1 mV and Kk increased to
14.9. The shift in steady-state inactivation
evoked by o receptor activation was statistical-
ly significant (p < 0.001), and DTG produced a
statistically significant depression in the aver-

Int J Physiol Pathophysiol Pharmacol 2010;2(1):1-11



Sigma-1 receptor inhibition of sodium channels

A 0Omv

® Control
® DTG

1.0

0.8

T/ .

0.6 4

0.4 4

0.2 4

0.0 -

T T T T T

<120 -100 -80 60 -40  -20
V (mV)

age number of channels available for activa-
tion from -100 mV to -50 mV (p < 0.05 for all).

Discussion

The major finding reported here is that activa-
tion of o receptors results in suppression of
voltage-gated Na* channel function in intrinsic
cardiac neurons. The inhibition of these chan-
nels contributes to changes in action potential
configuration, increases the latency of action
potential generation and depression of action
potential firing. Moreover, sigma receptor ac-
tivation shifts the voltage of half-maximal inac-
tivation towards negative potentials, resulting
in a decrease in the number of Na* channels
available for activation at the normal resting
membrane potential of these cells (ca. -50
mV). The pharmacological properties of the ¢
receptor mediating the inhibition of Ina suggest
that o-1 receptors are specifically involved.

Our laboratory has previously shown that acti-
vation of 0-1 and o-2 receptors in intracardiac

Figure 5 Sigma receptor modulation of
steady-state inactivation of Na* channels in
rat intracardiac ganglion neurons. A, Vol-
tage protocol used to measure steady-state
inactivation in the neurons (upper traces).
Cells were held at -90 mV, stepped to a
preconditioning potential (-120 to O mV) for
50 msec, then stepped to O mV and test
currents measured. Family of current traces
recorded from a voltage clamped neuron
after stepping to O mV from different condi-
tioning potentials in the absence (Control,
lower left traces) or presence of 30 uM DTG
(DTG, lower right traces). Time scale is ex-
panded in reference to protocol traces, and
arrows indicate the traces corresponding to
the indicated conditioning potentials. Inset
shows test currents obtained following a -
50 mV conditioning pulse when the currents
were scaled to each other. B, Relative Na*
current amplitudes as a function of condi-
tioning potential in the absence (Control;
blue circle, blue line) and presence of 30
uM DTG (DTG; red circle, red line). Data
points represent means * SE for 7 neurons.
Lines represent best fit to the data using a
single component Boltzmann distribution
(Eg. 1), with Vh = -49.7 £ 0.6 mV and k =
7.5 + 0.5 for Control and Vh = -64.3 + 1.1
mV and k = 14.9 + 1.0 in the presence of
DTG. Asterisks denote significant difference
from DTG group at the same precondition-
ing potentials (p < 0.05 for all).

neurons results in the inhibition of voltage-
gated K* and Ca2* channels, respectively [4,
5]. Inhibition of these channels by sigma re-
ceptor activation accounted for many of the
observed changes in action potential configu-
ration induced, including an increase in action
potential duration and a decrease in action
potential afterhyperpolarization [5]. Inhibition
of voltage-gated K* channels is also likely re-
sponsible for the conversion of tonic firing
intracardiac neurons to phasic firing cells [5].
However, action potential firing in these neu-
rons is abolished at high concentrations of
sigma receptor agonists (mM) [5]. Inhibition of
voltage-gated K+ or Ca2+ channels alone by o
receptors is unlikely to produce this effect,
since previous studies have shown that block-
ing these channels with TEA and Cd=2*, respec-
tively, does not prevent the genesis of action
potentials in intracardiac neurons [27]. The
initiation of neuronal action potentials is the
result of a complex interaction of the voltage-
and time-dependent properties of Na* and K*
selective ion channels [28]. In guinea-pig sym-
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pathetic neurons [23] and mudpuppy intracar-
diac neurons [24, 29], an outward K* current
activated by Ca2* -induced calcium release
(CICR) regulates the threshold for action po-
tential generation. Inhibition of CICR by thapsi-
gargin, ryanodine or Cd2* decreases the laten-
cy of action potential generation in these neu-
rons. Parsons et al (2002) proposed that in
intracardiac neurons when membrane depola-
rization approaches the threshold for action
potential generation, small Ca2* influxes
through voltage-dependent Ca2* channels
were sufficient to initiate CICR. The Ca?* re-
leased from internal stores raises the intracel-
lular Ca2* concentrations in domains between
the ER and the plasma membrane to levels
high enough (=40 pM) to activate outward K+
currents that repolarized the cell [24]. In
these neurons, large conductance Ca2*- acti-
vated K* channels (BK), which are at least in
part activated by CICR, regulate the generation
of action potentials. Blocking the BK current
with iberiotoxin or 500 uM TEA decreases the
latency of action potential generation [23, 24].
However, in mammalian intracardiac neurons,
CICR inhibition did not alter the latency of ac-
tion potential generation [30]. In rat intracar-
diac neurons, the initiation of action potential
firing is facilitated by voltage-dependent Na*
channels and depressed by the M-current [22,
26]. Since blocking M-currents would de-
crease the latency of action potential firing
[22], the increased latency of action potential
firing observed following activation of o-1 re-
ceptors must be due to the inhibition of vol-
tage-gated Na* channels and not due to the
effects of o-1 receptors on the M-current.

Voltage-gated Na* channels are known to be
important for the generation and conduction of
action potentials in neurons. The voltage-
gated Na* channels expressed in rat intracar-
diac neurons are TTX sensitive, with complete
blockade at 300 nM [26]. These channels
undergo fast and slow inactivation, where Tfast
is in the millisecond range and tsiow is On the
order of seconds [26]. In neonatal rat intra-
cardiac neurons, the fast inactivation process
determines the maximum amplitude of the
current as well as the rate of repolarization
and the duration of action potentials. While o-1
receptor activation did not appear to alter the
activation rate or time-dependent inactivation
of Na* channels in these cells (see inset Figure
5A), our study shows that DTG shifts the
steady-state inactivation to more negative po-

tentials. Such a shift in the steady-state inac-
tivation of Na* channels to more negative po-
tentials would lead to a greater number of Na*
channels being in the inactive state at resting
membrane potentials, resulting in a decrease
in Ina in response to membrane depolarization.
This increase in the number of inactivated Na+
channels would increase the threshold for ac-
tion potential firing and consequently increase
the latency of action potential firing. However,
the shift in steady-state inactivation alone
cannot account for the depression of peak
whole-cell Na* current at more negative mem-
brane potentials. Thus, sigma receptor activa-
tion must be decreasing the unitary current
amplitude or single channel open probability to
reduce the macroscopic currents. The other
sigma agonist used in this study, (+)-
pentazocine, produced similar shifts in steady-
state inactivation (data not shown), suggesting
this is a sigma receptor dependent modulation
and not particular to DTG. Interestingly, high
concentrations of TTX fail to block action po-
tentials in intracardiac neurons because these
cells are capable of firing Ca2* action poten-
tials [26]. Thus, the complete block of action
potential firing evoked by DTG likely involves
inhibition of both voltage-gated Na* and Ca2*
channels.

The pharmacological properties of the receptor
subtype mediating the inhibition of Ina in intra-
cardiac neurons are consistent with o-1 recep-
tors. Here we show that (+)-pentazocine
blocks Ina with an 1Cso of 48 + 3 uM. Similarly,
(+)-pentazocine has been shown to block vol-
tage-gated K* channels via o-1 receptors in
frog pituitary melanotrophs and rat intracar-
diac neurons with ICso values of 37 yM and 76
UM, respectively [5, 31]. Further evidence that
the o-1 receptor subtype is responsible for the
effects observed here is provided by the re-
sults obtained with BD 1063. BD 1063 is an
inhibitor of o receptors, which has been shown
to have 50-fold higher affinity for o-1 receptors
relative to 0-2 receptors [32]. Application of
100 nM BD 1063, a concentration which
would significantly affect o-1 receptors while
having negligible effects on o-2 receptors [32],
depressed the inhibitory effects of DTG by
>50%. Taken together, our results suggest
that o-1 receptors couple to voltage-gated Na*
channels in intracardiac neurons.

Results from the present study demonstrate
that sigma agonists inhibit voltage-gated Na*
currents in rat intracardiac neurons, which
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results in an increasing action potential thre-
shold and a decrease action potential over-
shoot. In parasympathetic neurons, the inhibi-
tion of the action potential firing in response to
depolarizing stimuli may be expected to re-
duce the bradycardia associated with vagal
nerve stimulation in vivo, leading to tachycar-
dia. A common side effect of general anes-
thetics, such as ketamine, is an increased
heart rate [33]. It has been shown that keta-
mine inhibits Na* channels in brainstem para-
sympathetic cardiac neurons [34], and some
of the effects of ketamine have been recently
attributed to activation of o-1 receptors [35].
Thus, the ketamine-evoked decrease in para-
sympathetic input to the heart and concomi-
tant increase the heart rate seen in surgical
patients [34] may be the result of Ina inhibition
via the activation of o-1 receptors in central
and/or peripheral neurons. Our data suggest
that the tachycardia produced by sigma li-
gands such as (+)-SKF-10047, DTG and (+)-3-
[3-hydroxyphenyl]-N-(1-propyl) piperidine [36,
37] may be mediated in part by the inhibition
of voltage-gated Na* channels by sigma recep-
tors in rat intracardiac neurons and the result-
ing decrease in parasympathetic input to the
heart.
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