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Abstract
We compared the excitability of secretomotor B and vasomotor C neurons using virtual nicotinic
synapses implemented with the dynamic clamp technique. In response to fast synaptic conductance
(gsyn) waveforms modeled after B cell synaptic currents, it took 17.1 ± 1.2 nS to elicit spikes in 104
B cells and 3.3 ± 0.3 nS in 35 C cells. After normalizing for whole cell capacitance, C cells were still
more excitable than B cells (76 ± 5 pS/pF vs. 169 ± 8 pS/pF). Stimulating C cells with slower gsyn
waveforms, identical to synaptic currents in C cells, further accentuated the difference between cell
types. The phentoypic excitability difference did not correlate with time in culture (1–12 days) and
could not be explained by resting potential (B cells: −65.6 ± 0.9 mV, C cells: −63.1 ± 1.6 mV) or
input conductance density, which was greater in C cells (24.4 ± 4.3 pS/pF) than B cells (14.5 ± 1.5
pS/pF). Action potentials elicited by virtual EPSPs had a threshold voltage for firing that was −28.4
± 0.7 mV in C cells and −19.7 ± 0.4 mV B cells, and an upstroke velocity and peak spike potential
that were greater in B cells. The repetitive firing properties of B and C cells were similar; 69–78 %
phasic, 11–16 % adapting and 11–15 % tonic. We propose that B and C neurons express different
types of Na+ channels that shape how they integrate nicotinic synaptic potentials.
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1. Introduction
Target specificity defines functional subclasses of mammalian sympathetic neurons, which in
some cases can also be identified by firing properties, neuropeptide expression and
neuromodulatory mechanisms (Cassell et al., 1986; Gibbins, 1995; Jänig, 2006). Some of the
earliest evidence for this principle came from studies in toads of paravertebral sympathetic
ganglia 9 and 10 (Gibbins, 1995; Honma, 1970; Nishi et al., 1965). Subsequent work in the
bullfrog confirmed ganglia 9 and 10 contain two major neuronal subtypes that are easy to
identify in isolated preparations (Dodd et al., 1983; Smith, 1994). Secretomotor B neurons and
vasomotor C neurons differ in the segmental origins of their preganglionic inputs, pre- and
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postganglionic axonal conduction velocities, the expression of different muscarinic responses
and neuropeptide Y. From the physiological perspective, phenotypic specialization in the
organization of ganglionic synapses suggests that sympathetic cell types perform different
integrative functions (Karila et al., 2000).

To assess the specialization of synaptic integration, we began dynamic clamp experiments
(Kullmann et al., 2004) to study interactions between virtual nicotinic synapses whose
properties were defined from voltage-clamp measurements of synaptic currents (Marshall,
1986; Shen et al., 1995), current-clamp estimates of synaptic convergence (Karila et al.,
2000; Purves et al., 1986) and in vivo measurements of natural activity patterns (Ivanoff et al.,
1995; McLachlan et al., 1997; McLachlan et al., 1998). This approach has shown that
summation of weak secondary EPSPs can lead to postganglionic amplification of preganglionic
activity and that muscarinic excitation can further enhance ganglionic gain (Kullmann et al.,
2006; Wheeler et al., 2004). From the outset, the experiments on synaptic gain required a
method for standardizing the strength of virtual nicotinic synapses. For this purpose virtual
synapses were normalized in terms of the threshold synaptic conductance (gsyn), defined as the
minimum conductance required to stimulate an action potential (Kullmann et al., 2006;
Kullmann et al., 2004). Measurements of threshold-gsyn revealed it was higher in B neurons
than C neurons (Kullmann et al., 2007). Initially this difference did not seem surprising because
B neurons are generally larger than C neurons (Dodd et al., 1983). We now show that size
alone cannot account for the greater excitability of vasomotor C neurons and propose that the
Na+ channels expressed by the two cell types differ in their voltage-sensitivity.

2. Materials and methods
Sympathetic neurons were enzymatically dissociated from bullfrog (Rana catesbeiana)
paravertebral ganglia 9 and 10 and maintained in culture for up to 2 weeks at room temperature
in air (Wheeler et al., 2004). The ganglia were obtained from male and female bullfrogs (3 to
7 inches) that had been killed by rapid brainstem transection and double-pithing using a
procedure approved by the University of Pittsburgh Institutional Animal Care and Use
Committee.

Cells were grown in diluted L-15 medium supplemented with 5% fetal bovine serum, 5 mM
dextrose, 2 mM L-glutamine, 1 mM CaCl2, 100 U/ml penicillin and 100 μg/ml streptomycin
(Wheeler et al., 2004). Under these conditions very few neurons developed processes even
after several days in vitro. Because bullfrog sympathetic neurons are monopolar in vivo, only
cells without processes were chosen for recording.

Whole-cell perforated-patch recordings were made at room temperature with amphotericin B
as the ionophore (250 μg/ml), which was dissolved in an internal solution that contained (in
mM): 110 potassium gluconate, 10 NaCl, and 5 NaHEPES, adjusted to pH 7.2. The
extracellular Ringer solution contained (in mM): 115 NaCl, 2 KCl, 1.8 CaCl2, and 4 NaHEPES,
adjusted to pH 7.3.

The G-clamp dynamic clamp system (Kullmann et al., 2004) was operated at 10 kHz in the
present experiments and consisted of an Axoclamp 2B amplifier (Molecular Devices,
Sunnyvale, CA), an embedded Pentium III controller running under a real-time operating
system (National Instruments, Austin, TX), a Windows-based host computer and G-clamp
software (http://hornlab.neurobio.pitt.edu) written in National Instruments LabVIEW-RT 6.1
(G-clamp version 1.2) or LabVIEW-RT 8.0 (G-clamp version 2.0).

Virtual nicotinic synapses were implemented based on Isyn(t) = k × gsyn(t) × (VM − Erev), where
k is a dimensionless scaling factor used to adjust synaptic strength and gsyn(t) models the time
course of the synaptic conductance as the sum of two exponentials (Schobesberger et al.,
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2000). The time constants were 1 ms for the rising phase and 5 ms or 10 ms for the falling
phase in accord with experimentally measured synaptic currents (Marshall, 1986; Shen et al.,
1995). To produce gsyn waveforms with a peak of 1 nS, the time course was calculated as 1.869
(e−t/5 − e−t) for τ = 5 ms and as 1.435 (e−t/10 − e−t) for τ = 10 ms. The reversal potential
(Erev) for nicotinic currents was set to 0 mV (Shen et al., 1995). Threshold-gsyn, defined as the
minimum synaptic conductance required to trigger an action potential, was determined with
an automated binary search routine that delivered a virtual nicotinic EPSP every 2 seconds and
typically found threshold-gsyn within 10 trials (Kullmann et al., 2004; Schobesberger et al.,
2000).

Secretomotor B cells and vasomotor C cells were identified by their different responses to bath-
applied muscarinic agonists (1–10 μM oxotremorine-M or 1–10 μM ±-muscarine chloride)
using slow voltage-ramps in a voltage-clamp protocol (Kurenny et al., 1994). Muscarinic
stimulation inhibited M-current in B cells and activated an inwardly rectifying potassium
current in C cells. Input resistances were measured in the linear range of the steady-state I–V
relation, generally between −60 and −80 mV.

Simulations of a conductance-based model sympathetic neuron utilized custom-written
MATLAB software (Neurosim 2.1, http://hornlab.neurobio.pitt.edu (Schobesberger et al.,
2000; Wheeler et al., 2004)). The conductance densities and reversal potentials included a fast,
inactivating sodium conductance (gNa: 8 nS/pF, Erev = 60 mV), a non-inactivating delayed
rectifier potassium conductance (gK: 20 nS/pF, Erev = −90 mV), an M-type potassium
conductance (gM: 0.4 nS/pF, Erev = −90 mV) and a voltage-insensitive leak conductance
(gleak: 0.03 nS/pF, Erev = −40 mV). Gating of the voltage-sensitive conductances followed
published kinetic equations (Schobesberger et al., 2000).

Action potential parameters (AP threshold, maximum dV/dt and AP peak) were determined
from spikes elicited by virtual EPSPs at threshold-gsyn using the dynamic clamp. AP threshold
was measured by eye as the point where dV/dt begins to increase at the foot of the upstroke.

Averages are expressed as the mean ± SEM, unless noted otherwise. Statistical comparisons
between grouped data employed two-sided t-tests or Mann Whitney tests, with p<0.05 as the
criterion for significance.

3. Results
3.1. Differences in the excitability of B and C neurons

The excitability of secretomotor B neurons and vasomotor C neurons was compared by
measuring threshold-gsyn in cells that had first been identified by their responses to muscarinic
stimulation. B neurons required a much larger synaptic conductance to reach threshold than C
neurons (Fig. 1). The recordings in Figure 1A illustrate voltage responses that closely straddled
threshold and the corresponding synaptic conductance waveforms used as the command signal
for the dynamic clamp. Similar results were observed in a large group of recordings where
threshold-gsyn was 17.1 ± 1.2 nS in 104 B cells and 3.3 ± 0.3 nS in 35 C cells (p<0.0001, Mann-
Whitney test). Cell numbers are the same in subsequent data, except where noted otherwise.

The five-fold difference in threshold-gsyn between B and C neurons could not be accounted
for by cell size. Consistent with observations that B neurons are larger than C neurons (Dodd
et al., 1983; Jan et al., 1982), whole-cell capacitance was 100.1 ± 3.5 pF in B cells and 44.3 ±
2.7 pF in C cells (p<0.0001, t-test). Dividing threshold-gsyn by whole-cell capacitance showed
that C cells required less synaptic conductance to fire than did B cells (76 ± 5 pS/pF vs. 169 ±
8 pS/pF; p<0.0001, Mann-Whitney test). Linear regression analysis of the threshold vs.
capacitance data for individual cells confirmed the phenotypic difference in excitability (Fig.
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1B, C). The slope of the relationship was 182 ± 29 pS/pF in B cells (p<0.0001, Spearman
correlation coefficient r=0.6785) and 52 ± 15 pS/pF in C cells (p=0.002, Spearman correlation
coefficient r=0.6546). These linear correlations suggest that in both cell types excitability scales
with size. Simulation of a conductance-based model sympathetic neuron confirmed that
threshold-gsyn was proportional to cell surface area when conductance densities were held
constant (Fig. 1D).

The different correlations between threshold-gsyn and capacitance indicate that B and C cells
differ either in the types of non-synaptic ion channels they express or possibly in channel
densities. Further evidence of such phenotypic specialization came from measurements of
passive membrane properties. Although the resting potentials of B and C neurons were
indistinguishable (B cells: −65.6 ± 0.9 mV, C cells: −63.1 ± 1.6 mV; p=0.182, t-test), C neurons
had higher input resistances than B neurons (1906 ± 210 MΩ vs. 1241 ± 88 MΩ; p=0.0022,
Mann Whitney test). However, after normalizing for cell size the specific membrane
conductance was actually larger in C cells than in B cells (24.4 ± 4.3 pS/pF vs. 14.5 ± 1.5 pS/
pF; p=0.023, Mann Whitney test). All else being equal, the higher resting membrane
conductance of C neurons would tend to make them less excitable than B cells. Since the
opposite was observed, differences in resting membrane conductance cannot account for the
phenotypic difference in threshold-gsyn.

Another possible explanation for the greater excitability of C neurons is that they express a
higher density of voltage dependent Na+ channels than B neurons. If this were the case, one
would expect to see differences in action potential threshold, amplitude and rate of rise (Fig.
2). Consistent with this prediction, action potential threshold was significantly more negative
in C cells (−28.4 ± 0.7 mV) than in B cells (−19.7 ± 0.4 mV; p<0.0001, t-test) (also see Fig.
1A). However, maximum dV/dt during the upstroke, which reflects peak inward current, and
membrane potential at the peak of the action potential peak were both lower in C cells (max.
dV/dt: 140.1 ± 8.0 vs. 232.7 ± 5.1 mV/ms; p<0.0001, Mann Whitney test; AP peak: 49.8 ± 0.9
vs. 61.7 ± 0.6 mV; p<0.0001, t-test). The upstroke and spike amplitude data are consistent with
higher Na+ channel density in B neurons, but cannot explain the more negative spike threshold
seen in C neurons. To account for the data, we postulate that Na+ channels in the two cell types
differ in their voltage dependence and possibly kinetics.

3.2. Excitability remains stable in vitro
Growing dissociated bullfrog sympathetic neurons in serum-free culture medium can alter the
expression of voltage-dependent Na+ and Ca2+ channels (Lei et al., 1997; Lei et al., 2001).
Although the cells in our experiments were grown in 5% serum for up to 12 days in vitro (DIV),
we wanted to test whether the time in culture could somehow account for the observed cell
specific differences in threshold-gsyn. When the threshold-gsyn density data for individual B
and C cells was plotted as a function of time in culture, linear regression analysis failed to
reveal any changes in threshold-gsyn density over 12 DIV (Fig. 3; B cells: −5.8 ± 3.6 (pS/pF)/
DIV, p=0.108, Spearman correlation coefficient r=−0.1474; C cells: −1.3 ± 2.8 (pS/pF)/DIV,
p=0.639, Spearman correlation coefficient r=−0.137). Moreover, there was no difference in
the distributions of DIV sampled for threshold-gsyn measurements in B and C cells (p=0.939,
Kolmogorov-Smirnov test).

3.3. Nicotinic channel kinetics contributes to the cellular disparity in threshold-gsyn
In experiments to this point the same virtual synaptic conductance waveform was used to study
B and C neurons (τrise=1 ms, τdecay=5 ms). However, voltage clamp analysis of real synaptic
currents in this system has shown that EPSCs decay at a slower rate in C cells (τdecay= 10 ms)
than in B cells (τdecay= 5 ms) (Marshall, 1986; Shen et al., 1995). We therefore made paired
measurements of threshold-gsyn in C cells using virtual conductance waveforms with decay
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time constants of 5 ms and 10 ms. Slowing the decay of the virtual synaptic conductance
reduced threshold-gsyn in 9 neurons by 34% from 2.45 ± 0.32 nS to 1.62 ± 0.21 nS (p<0.0001,
paired t-test; Fig. 4).

3.4. Patterns of phasic and tonic firing in B and C neurons
Differences in firing dynamics may contribute to the phenotypic specialization of autonomic
neurons (Cassell et al., 1986; Jobling et al., 1999; Luther et al., 2009; Wang et al., 1995). In
response to long depolarizing current pulses whose amplitudes are sufficient to drive maximal
responses, phasic neurons fire one or two action potentials, tonic neurons fire repetitively and
adapting neurons fire several times before going silent. Although most, if not all, sympathetic
neurons in paravertebral ganglia are believed to be phasic, we found this to be false in
dissociated bullfrog sympathetic neurons. Large majorities of 74 B neurons and 18 C neurons
were phasic, but the other two firing patterns were also found in both cell types (Fig. 5).
Adapting neurons were not converted to tonic firing by increasing the magnitude of current
injections. In response to one second depolarizing current pulses, 69% of B neurons were
phasic, 15% tonic, and 16% adapting. Similarly, 78% of C neurons were phasic, 11% tonic
and 11% adapting. Thus the diversity of firing responses to depolarization did not correlate
with cellular identity. In addition, we observed that for all firing patterns in both cell types,
current injections that elicited hyperpolarizing responses beyond −85 mV showed evidence of
depolarizing relaxations (Fig. 5). Unlike sag responses caused by closure of M-channels, which
become fully deactivated at −70 mV, sag responses like those shown in Figure 5 grew in
magnitude between −85 mV and −120 mV and are known to arise from activation of H-current
(Tokimasa et al., 1990).

4. Discussion
Using the dynamic clamp method to produce virtual nicotinic synapses of arbitrary strength,
we have shown that vasomotor sympathetic C neurons are more easily excited by synaptic
currents than sympathetic secretomotor B neurons and that this difference cannot be explained
simply by differences in cell size. Instead the data reveals that B and C neurons differ in their
intrinsic excitability. In more general terms, the study shows that cellular excitability scales
linearly with cell size and that the scaling relation can vary for different cell types. These
findings have implications for the analysis of mammalian sympathetic neurons and for
developmental mechanisms that regulate synaptic strength and ion channel expression.

After taking cell size into account, the simplest explanation for the 2.2-fold lower synaptic
threshold-gsyn in C neurons than B neurons (Fig. 1) is that C cells have a more negative voltage-
threshold for spike initiation (Fig. 2). However, the lower voltage-threshold of C neurons is
paradoxical given the larger inward currents in B neurons, as evidenced by a greater maximum
dV/dt during the upstroke and a more positive peak AP potential. One explanation is that B
and C neurons express different types of Na+ channels.

Several observations provide evidence for heterogeneous Na+ currents in bullfrog sympathetic
neurons. An earlier voltage-clamp study of dissociated bullfrog sympathetic neurons having
an average whole cell capacitance of 90 pF and diameters of 40–60 μm, reported that Na+

currents begin to activate near −20 mV (Jones, 1987). Although they were not identified, the
cells were probably B neurons based on size. As a comparison, identified B cells in the present
study had an average capacitance of 100 pF, which corresponds to a diameter of 56 μm, while
C cells had a capacitance of 44 pF, which corresponds to a diameter of 37 μm. These data are
also consistent with direct size measurements indicating average diameters of 49 μm in B cells
and 31 μm in C cells (Dodd et al., 1983). More important, the activation voltage for Na+ currents
under voltage-clamp (Jones, 1987) agrees well with our finding that action potentials in B
neurons have a threshold voltage of −19.7 ± 0.4 mV. A second interesting observation in the
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voltage-clamp data was the small slowly inactivating component of Na+ current that was
insensitive to 1–10 μM tetrodotoxin (TTX) and sensitive to 200 μM Cd2+ (Jones, 1987). Less
direct additional evidence for phenotypic heterogeneity in the Na+ currents of B and C cells is
provided by extracellular recordings of postganglionic compound action potentials elicited by
preganglionic stimulation (Keizer et al., 2003). In these experiments 10 μM TTX completely
blocked the population B cell response, but had no effect on the population C cell response.

Functional Na+ channels are encoded by nine isoforms of pore forming α-subunits for NaV1
channels and four β-subunits that modulate the voltage sensitivity of activation (Catterall,
2000; Isom et al., 1992). Three of the α-subunits (NaV 1.5, 1.8 and 1.9) are TTX-resistant and
may contribute to TTX insensitive currents in bullfrog ganglion cells. Although amphibian
Na+ channel homologs have not been identified in bullfrog sympathetic neurons, the rat
superior cervical ganglion (SCG) may provide clues. TTX-sensitive NaV1.1 and NaV1.7 are
expressed in the SCG (Boeshore et al., 2004; Toledo-Aral et al., 1997), but TTX-resistant
NaV1.8 is absent (Akopian et al., 1996). Because NaV1.9 has very slow kinetics, it seems more
likely that the amphibian TTX-resistant currents are encoded by a NaV1.5 homolog.
Alternatively, point mutations in other NaV subunits can significantly decrease TTX
insensitivity. In this way, some species tolerate high TTX levels in their tissues without being
poisoned while other animals eat TTX containing prey without harm (Lee et al., 2008).
Resolving these issues may open the way to understanding mechanisms that regulate
excitability and allow it to scale with cell size and type. It may also prove interesting to
determine whether analogous phenotypic specialization of excitability operates in subtypes of
mammalian sympathetic neurons.

The disparity in threshold-gsyn between B and C neurons becomes greater after taking nicotinic
channel kinetics into account. When measured with B cell nicotinic channel kinetics (τdecay=
5 ms), threshold-gsyn density was 2.22 times greater in B cells than C cells. However, after
adjusting for the 34% decrease in threshold-gsyn seen with C cell nicotinic kinetics (τdecay =
10 ms) (Fig. 4), the B to C ratio for threshold-gsyn density increases to 3.38. This could become
important when considering mechanisms that control the number of synaptic boutons on
sympathetic neurons and the density of nicotinic receptors at each synapse. The number of
boutons on autonomic neurons scales linearly with surface area (Sargent, 1983) resulting in
more boutons on B cells than C cells (Nishi et al., 1967). Clustering of nicotinic receptors on
the surface of autonomic neurons is also a tightly regulated, dynamic process and it can be
rapidly disrupted by dennervation and axotomy (McCann et al., 2008). How then do subclasses
of sympathetic neurons regulate the strength of primary and secondary nicotinic synapses and
the varying levels of synaptic convergence observed in sympathetic ganglia?
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Figure 1.
Threshold-gsyn in bullfrog B and C neurons is proportional to cell size. A Examples of
responses that straddle action potential threshold in a B neuron and a C neuron (top traces).
These virtual EPSPs were produced using nicotinic synaptic conductance waveforms as the
command signal for the dynamic clamp. The gsyn waveforms (lower traces) reflect threshold-
gsyn. B–C Plots of threshold-gsyn versus cell size have different slopes for B neurons (B) and
C neurons (C). Broken lines indicate 95% confidence limits of the linear regressions (solid
lines). D Simulations of a conductance-based model sympathetic neuron. A linear relation
exists between threshold-gsyn and cell capacitance when conductance densities are held
constant.
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Figure 2.
B and C neurons differ in action potential threshold, AP peak (A) and maximum upstroke
velocity (B). Error bars in this figure indicate standard deviations (SD).
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Figure 3.
Differences in threshold-gsyn density between B and C neurons do not change with time in
culture (days-in-vitro). Broken lines indicate 95% confidence limits of the linear regressions
(solid lines).
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Figure 4.
Prolonging the decay time constant of the virtual synaptic conductance reduces threshold-
gsyn. A Sub-threshold and supra-threshold responses of a C neuron when stimulated with virtual
nicotinic conductances having different decay time constants. B Comparison of threshold-
gsyn in 9 C neurons determined using virtual nicotinic conductances with decay time constants
of 5 and 10 ms.
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Figure 5.
B and C neurons express a similar diversity of firing patterns, yet all express hyperpolarizing
responses that sag at negative potentials due to H-current. Current pulses are −40, −16 and 100
pA for B cells and −20, −8 and 50 pA for C cells. Dotted lines denote 0 mV.

Kullmann and Horn Page 13

Auton Neurosci. Author manuscript; available in PMC 2011 June 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


