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Wheeler, Diek W., Paul H. M. Kullmann, and John P. Horn.
Estimating use-dependent synaptic gain in autonomic ganglia by
computational simulation and dynamic-clamp analysis. J Neuro-
physiol 92: 2659–2671, 2004. First published June 22, 2004; 10.1152/
jn.00470.2004. Biological gain mechanisms regulate the sensitivity
and dynamics of signaling pathways at the systemic, cellular, and
molecular levels. In the sympathetic nervous system, gain in sensory-
motor feedback loops is essential for homeostatic regulation of blood
pressure and body temperature. This study shows how synaptic
convergence and plasticity can interact to generate synaptic gain in
autonomic ganglia and thereby enhance homeostatic control. Using a
conductance-based computational model of an idealized sympathetic
neuron, we simulated the postganglionic response to noisy patterns of
presynaptic activity and found that a threefold amplification in
postsynaptic spike output can arise in ganglia, depending on the
number and strength of nicotinic synapses, the presynaptic firing rate,
the extent of presynaptic facilitation, and the expression of muscarinic
and peptidergic excitation. The simulations also showed that postsyn-
aptic refractory periods serve to limit synaptic gain and alter postsyn-
aptic spike timing. Synaptic gain was measured by stimulating disso-
ciated bullfrog sympathetic neurons with 1–10 virtual synapses using
a dynamic clamp. As in simulations, the threshold synaptic conduc-
tance for nicotinic excitation of firing was typically 10–15 nS, and
synaptic gain increased with higher levels of nicotinic convergence.
Unlike the model, gain in neurons sometimes declined during stimu-
lation. This postsynaptic effect was partially blocked by 10 �M Cd2�,
which inhibits voltage-dependent calcium currents. These results
support a general model in which the circuit variations observed in
parasympathetic and sympathetic ganglia, as well as other neural
relays, can enable functional subsets of neurons to behave either as 1:1
relays, variable amplifiers, or switches.

I N T R O D U C T I O N

The synaptic organization of sympathetic and parasympa-
thetic ganglia enables spinal preganglionic neurons to control
autonomic behavior by driving postganglionic neurons. The
resulting transformation of motor activity depends on the
intrinsic ganglionic circuitry, whose anatomy incorporates pre-
synaptic divergence and postsynaptic convergence, while also
allowing for different forms of short-term plasticity and for
interplay between the ionotropic and metabotropic actions of
acetylcholine and peptidergic co-transmitters (Akasu and Nish-
imura 1995; Gibbins et al. 2000; Kuba and Koketsu 1978;
Simmons 1985; Smith 1994). Functional descriptions of auto-
nomic ganglia often stress their role as simple relays in which
divergence helps to provide peripheral targets with an adequate

level of neurally mediated excitation or inhibition (Iversen et
al. 2000; Jänig 1995; McLachlan 2003; Powley 2003). In
contrast, the consequences of convergence, plasticity, and
metabotropic modulation remain relatively unclear. To resolve
this issue, we have sought to develop a general method for
exploring ganglionic integration by combining theory and
simulations with cell physiology. Such an approach may illu-
minate the variations in function that have arisen through
phenotypic specialization in subsets of autonomic neurons and
through the evolutionary adaptations observed in ganglia from
different vertebrate species (Gibbins 1995; Gibbins et al. 2000;
Purves et al. 1986).

To develop a generic view of ganglionic organization, we
began by considering paravertebral sympathetic ganglia 9 and
10 of the bullfrog. This model system has many features that
facilitate experimental study (Smith 1994). These advantages
include 1) low levels of synaptic convergence that can be
readily assessed, 2) functional criteria that permit the physio-
logical identification and independent analysis of B and C
neurons, which selectively innervate cutaneous glands and
blood vessels, 3) well-defined modulatory mechanisms of mus-
carinic and peptidergic co-transmission, and 4) established
methods that permit the study of fully differentiated neurons
from dissociated ganglia in adult animals. In B-type neurons,
Karila and Horn (2000) have identified an n � 1 convergence
pattern of weak and strong nicotinic synapses, where every
postganglionic neuron receives one very strong, always su-
prathreshold, synapse and a variable number (n) of weak
synapses. Arguing that a similar pattern occurs in the paraver-
tebral ganglia of all vertebrates, they derived a mathematical
theory of ganglionic integration based on the principle of
stochastic coincidence detection. This approach led to the
broad prediction that, paravertebral sympathetic ganglia, in
general, behave as use-dependent synaptic amplifiers of
preganglionic activity. In this scheme, gain is regulated by the
number of converging nicotinic synapses and by their strength
and plasticity.

Although the coincidence detection theory of Karila and
Horn (2000) provided a simple means for understanding how
seemingly unrelated features of ganglionic organization could
interact to produce amplification, it was limited by a lack of
biophysical details describing ionic conductances and determi-
nants of synaptic plasticity. Schobesberger et al. (1999, 2000)
partially addressed this problem by adapting an earlier conduc-
tance-based model of the sympathetic B-type neuron (Yamada
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et al. 1989) and examining the interaction between slow
metabotropic excitation and subthreshold nicotinic excitatory
postsynaptic potentials (EPSPs). The resulting analysis showed
that muscarinic and peptidergic slow EPSPs could act to
strengthen nicotinic synapses, but did not directly test the
consequences for synaptic gain.

This study examines ganglionic integration by combining
simulations of ganglionic activity with dynamic-clamp exper-
iments. The simulations reveal how different patterns of
preganglionic activity, in conjunction with synaptic mecha-
nisms, control synaptic gain. In addition to clarifying certain
limitations of the more minimal coincidence detection theory
(Karila and Horn 2000), the present simulations establish the
range of synaptic transformations of activity that may be
implemented by different populations of autonomic neurons. In
whole cell recordings from dissociated sympathetic B neurons,
the dynamic-clamp method has been used to drive postsynaptic
firing with different patterns of virtual synaptic activity. By
taking this approach, one has precise control over the number,
strength, and occurrence of each synaptic event and can com-
pare the response of different cells to identical stimulation, an
experimental procedure that would not be possible with living
synapses. The experimental results confirm key predictions of
the simulations and identify a postsynaptic role for calcium in
regulating synaptic gain.

M E T H O D S

Theoretical basis for simulations

The part of the autonomic system we are studying—sympathetic
and parasympathetic ganglia—consists of a population of spinal,
preganglionic presynaptic neurons connected via a simple network of
synapses to a population of purely postsynaptic ganglionic neurons.
As in previous work (Karila and Horn 2000), synaptic gain (G) has
been defined as the multiplicative factor that relates the system’s spike
output to its input, where each is represented by their average firing
rates (fpre, fpost). Gain in this system has a simple physical interpre-
tation. When G � 1, the postsynaptic neurons, on average, are firing
faster than the presynaptic neurons

fpost � Gfpre (1)

The multiplicative definition of gain (Eq. 1) is standard in control
theory and has application to many problems including autonomic
control of blood pressure (Khoo 2000). We refer to ganglionic gain as
synaptic gain because it arises through synapses.

To simplify the task of simulating ganglionic integration, three
central postulates were adopted from earlier work (Karila and Horn
2000). Each postulate represents an idealization of experimental
observations.

POSTULATE 1—VARIATIONS IN CONVERGENCE FOLLOW AN N � 1

RULE IN SYMPATHETIC GANGLIA. Under this rule, every postgangli-
onic neuron receives one very strong, always suprathreshold, nicotinic
synapse denoted as primary and a variable number (n) of weak
nicotinic synapses denoted as secondary. In many instances, summa-
tion between pairs of secondary EPSPs is sufficient to trigger an
action potential. Due to this synaptic arrangement, the spike output of
postganglionic neurons reflects the activity of primary synapses com-
bined with that driven by suprathreshold coincidences between sub-
threshold secondary EPSPs. The n � 1 rule describes nicotinic
convergence in bullfrog sympathetic ganglia (Dodd and Horn 1983;
Karila and Horn 2000) and also seems to operate in mammalian
sympathetic ganglia (Hirst and McLachlan 1986; Jänig and
McLachlan 1992; Skok and Ivanov 1983).

POSTULATE 2—ENTIRE POPULATIONS OF AUTONOMIC NEURONS ARE

UNIFORM IN THEIR SYNAPTIC ORGANIZATION. Functional subsets of
ganglionic neurons can be differentiated by their levels of secondary
synaptic convergence (n) and by their selective expression of neuro-
modulatory mechanisms. For example, bullfrog secretomotor B-type
sympathetic neurons have between one and three secondary synapses
with a mean n of 1.2 (Karila and Horn 2000), and they selectively
express an excitatory muscarinic synaptic mechanism (Smith and
Weight 1986; Tosaka et al. 1968; Weight and Padjen 1973). As a
consequence of uniformity within the B-cell population and the
general lack of lateral interactions between postganglionic neurons,
one can infer population behavior of this cell type from that of a single
neuron, thus simplifying the design of simulations and experiments.
Using this approach, it also becomes possible to compare integration
in subpopulations of sympathetic and parasympathetic neurons that
differ in their synaptic organization. Such variations appear to reflect
the phenotypic specialization of ganglionic neuronal subtypes that
control different target tissues and the evolutionary adaptation of
homologous ganglia from different vertebrate species (Gibbins 1995;
Gibbins et al. 2000; Purves et al. 1986).

POSTULATE 3—PREGANGLIONIC NEURONAL ACTIVITY IS GENERATED

BY A POISSON PROCESS IN WHICH THE TIME INTERVALS BETWEEN

SYNAPTIC EVENTS ARE EXPONENTIALLY DISTRIBUTED. Postgangli-
onic firing in anesthetized animals and awake humans is characteris-
tically very irregular (Macefield et al. 2002; McAllen and Malpas
1997). In cases where the pattern of presynaptic activity has been
recorded intracellularly from postganglionic neurons in vivo, the
noisy intervals between synaptic events can be approximated by an
exponential distribution (see Fig. 5A2 in McLachlan et al. 1998 and
Fig. 4A in Häbler et al. 1999). By idealizing presynaptic activity as a
Poisson process, one can mathematically model the occurrence of
synaptic events.

Computational modeling

All simulations of synaptic activity followed the multi-step process
outlined in Fig. 1A. In this procedure, templates of synaptic conduc-
tance were constructed by first determining the timing of primary and
secondary nicotinic events. For each event, an appropriately sized
postsynaptic conductance waveform was added to the template. Fi-
nally, the completed template was used to drive the conductance-
based model sympathetic neuron by numerically integrating the un-
derlying system of ordinary differential equations.

Timing of synaptic events was determined by repeatedly drawing a
random number (0–1) and comparing it with Psyn, the probability of
an event occurring during a specified time window (twin). If the
random number was �Psyn, an event was added to the template. For
a Poisson process governing the timing of n identical synapses,
Psyn(t � twin) �1 –exp(–nfpretwin) (Colquhoun 1971). The value of
twin, which also signifies the temporal resolution of the saved data,
was set to 0.25 ms for numerical simulations and to 0.05 ms for
templates used in dynamic-clamp experiments. The equation for Psyn

permitted us to simulate the generation of synaptic events by nonin-
tegral as well as integral numbers of synapses. For example, in Fig.
4A, synaptic gain was calculated for n’s of 1.2, 3, and 9 to model the
average convergence levels associated with cellular populations of
bullfrog B and C neurons and rat sympathetic neurons.

The time course of the fast nicotinic synaptic conductance (gsyn)
was derived by fitting a synaptic current, recorded from a B neuron
under two-electrode voltage clamp, to the sum of two exponentials
and scaling it to a peak amplitude of 1 (see Fig. 2A in Schobesberger
et al. 2000). The time constants were 1 ms for the rise and 5 ms for
the decay. Unless stated otherwise, the strengths of nicotinic synapses
were adjusted by scaling the unitary template to g�syn � 100 nS for
primary synapses and 9.61 nS for secondary synapses. The latter
represents 90% of threshold-gsyn, the nicotinic conductance required
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