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ABSTRACT
CHARACTERIZING CO-MODULATION OF MULTIPLE COMPONENTS OF
AN OSCILLATORY NEURAL CIRCUIT

by
Xinping Li
All nervous systems adapt to changes in the environment and the internal state of the
animal. At any time, every stage of neuronal processing is actively shaped by a number of
neuromodulatory substances to provide the neural circuit with this essential flexibility. The
increasing number of neuromodulators identified in the nervous system across species
clearly indicates that, at any given time, every neuronal circuit is subject to co-modulation
by multiple substances. Although different neuromodulators usually activate distinct
receptors, there is considerate convergence and interaction at subcellular, cellular and
circuit levels. As such, neuronal circuit function, the resulting physiological output and
ultimately the behavior depend on how multiple modulators act in concert, a topic that is
poorly understood.
The combined actions of neuromodulators at the circuit output level depends on
complex patterns of divergence and convergence at the level of synapses and ionic currents.
To understand co-modulation at the network level, it is important to clarify the rules of comodulation of these individual circuit components. This dissertation used the pyloric
circuit in the stomatogastric ganglion (STG) of the crab Cancer borealis to address how
flexibility is introduced to neural circuits by neuromodulation and co-modulation, with a
focus on assaying the combined actions of multiple neuropeptides on various circuit
components.

The first part of the dissertation explored and compared the quantitative rules of comodulation on two circuit components: chemical synapses and voltage-gated ionic
currents. A simple quantitative rule was examined simultaneously at these two
components. This rule predicted the combined actions of two modulators as a linear
summation of their dose-dependent individual actions, up to saturation. While this linear
summation rule was valid for co-modulation of chemical synapses, co-modulation of the
voltage-gated ionic current was distinctly sublinear.
The second part of the dissertation examined neuromodulation and co-modulation
of the gap junction-mediated electrical coupling. Multiple neuromodulators were found to
affect the electrical coupling conductance. Among them, multiple peptides modulated the
electrical coupling conductance in opposite directions. Furthermore, when peptides with
opposite actions were co-applied, their actions canceled each other out.
The third part of the dissertation assayed the dependence of the electrical coupling
on the frequency of the voltage activity, and how neuromodulation influenced this
frequency dependence. Driving the coupled neurons at different frequencies showed that
the electrical coupling conductance exhibited resonance, a maximum strength at a nonzero
frequency, that was distinct from the membrane potential resonance of the coupled
neurons. In addition, the resonance of the electrical coupling was subject to
neuromodulation and different peptides affected the resonance frequency in different
directions.
This dissertation provided a useful entry point towards understanding how comodulation shapes circuit dynamics by assaying the influences of modulators individually
and in combination on multiple circuit components, in the context of neural oscillation.
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CHAPTER 1
1

NEUROMODULATORS ACT IN CONCERT TO SHAPE CIRCUIT OUTPUT

Overview
Neuromodulation defines the functional output of neural circuits by actively shaping the
properties of neurons and synapses. At any time, all neural circuits are subject to influences
of multiple neuromodulators. Because neuromodulators do not act independently, circuit
output depends on how multiple neuromodulators interact at subcellular, cellular and
circuit levels. This chapter provides an overall introduction to this dissertation, starting
with the importance and the challenges of studying co-modulation, followed by a brief
review of what is known about co-modulation, and ends with a summary of how different
chapters in this dissertation address different aspects of neuromodulation and comodulation.

Co-modulation is Ubiquitous Across All Nervous Systems
Nervous systems, large or small, face the same challenge to adapt to changes in the
environment and the internal state of the animals. Neuromodulators provide nervous
systems with critical flexibility by actively shaping the properties of neurons and synapses.
Every step of neuronal processing, ranging from intrinsic excitability of single neurons and
synaptic transmission, to network configuration and effector properties, is subject to
neuromodulation (reviewed in Bargmann, 2012; Brezina, 2010; Marder, 2012; Nadim &
Bucher, 2014).
The large number of neuromodulators identified within vertebrate and invertebrate
nervous systems clearly indicates that, at any time, every neuronal circuit is co-modulated
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by a number of these substances (Figure 1.1) (Lizbinski, Metheny, Bradley, Kesari, &
Dacks, 2016; Ma & Gundlach, 2015; Marder & Bucher, 2007; Richter, Woods, & Schier,
2014; Su et al., 2014; Taghert & Nitabach, 2012; van den Pol, 2012). In many cases,
changes in the environment and internal states are translated to specific combinations or
distributions of neuromodulators which then exert parallel, opposing, or synergistic actions
onto neuronal networks (Cohn, Morantte, & Ruta, 2015; Lovett-Barron et al., 2017; White,
Spencer, Nusbaum, & Blitz, 2017). The orchestrated action of multiple neuromodulators
is responsible for shaping critical behaviors and cognitive states such as breathing,
locomotion, alertness, arousal, sleep, learning and mating (Asahina, 2017; Doi & Ramirez,
2008; Donlea, Alam, & Szymusiak, 2017; He et al., 2015; Mena, Diegelmann, Wegener,
& Ewer, 2016; Woods et al., 2014; Yamazoe-Umemoto, Fujita, Iino, Iwasaki, & Kimura,
2015).
Because circuits are constantly influenced by multiple neuromodulators, circuit
output depends on the interactions of the second messenger pathways activated by these
neuromodulators and the influence of these pathways on neural excitability and synaptic
transmission. Although different neuromodulators typically target distinct G-protein
coupled receptors, there is considerable interaction and convergence in their subcellular
pathways and targets (Doi & Ramirez, 2008; Nadim & Bucher, 2014). Even when different
neuromodulators activate distinct subcellular or cellular targets, interactions still occur
between these components and lead to complex co-modulatory effects at the circuit output
level. Hence, understanding the computational intricacies of the nervous system requires
characterizing the connectivity and the biophysical rules of electrical activity in neural
circuits, and also elucidating how neuromodulators interact to form the circuit output.

2

Figure 1.1 Neuronal networks are multiply modulated. (A) Partial Summary of
neuromodulators of the STG. The crab STG is located anterior to the heart within an
artery that circulates modulatory substances released from the pericardial organ.
Neuromodulators are also released in the STG from descending modulatory neurons.
Modified from (Marder & Bucher, 2007). (B) The mammalian respiratory network
receives inputs from multiple neuromodulatory sources. NTS: nucleus of tractus
solitarius, NA: nucleus ambiguus, A5: ventrolateral pons, TM: tuberomammillary
nucleus, A6: locus coeruleus, VM: ventral medulla, PAG: periaqueductal gray, SP:
substance P, DA: dopamine, 5-HT: serotonin, NE: norepinephrine. Modified from (Doi
& Ramirez, 2008).
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Distinct and Diverse Mechanisms Underlie Co-modulation
Despite the clear relevance of studying co-modulation and recent advances in genetic and
imaging tools (Arrigoni & Saper, 2014; Cohn et al., 2015; Shahidi et al., 2015), many
systems still lack the accessibility or the basic understanding of neuromodulator actions on
their cellular and subcellular targets to explore this topic. While much is known about the
actions of single neuromodulators, there is a dearth of studies on co-modulation. The
studies performed have done so mainly by providing a qualitative description at the systems
level (Beliez, Barriere, Bertrand, & Cazalets, 2014; Brezina, 2010; Dickinson, Fairfield,
Hetling, & Hauptman, 1997; Mesce, Crisp, & Gilchrist, 2001; Thirumalai & Marder,
2002). Few studies have explored the combined actions of even two neuromodulators on
their direct targets, also mostly qualitatively (McCormick and Pape, 1990; Parker, 2000;
Djokaj et al., 2001; Svensson et al., 2001; Park and Spruston, 2012; Garcia et al., 2015).
How different neuromodulators can interact, depends on potentially complex
patterns of divergence and convergence at different hierarchal levels. In one set of
observations, the co-modulatory actions of individual neuromodulators appear to be
additive. For example, in lobsters, co-application of two peptide modulators that act on
different network targets produces a network output that is equal to the sum of their
individual effects (Thirumalai & Marder, 2002). While in most of the cases, co-modulation
at the network level occurs in an interactive and non-linear manner (Beliez et al., 2014;
Dickinson et al., 1997; Mesce et al., 2001).
While co-modulation of the network level can be complex and nonlinear due to the
inherent nonlinearity of neural output and nonlinear interactions among the components,
such as synapses and voltage-gated ionic currents, co-modulation of such circuit
components are also unlikely to obey one single rule. For example, serotonin has been
4

found to increase the transmitter release at neuromuscular junctions of crabs and crayfish.
While the co-application of octopamine and serotonin always reduces the potentiation
effect of serotonin, octopamine itself can either enhance or reduce the transmitter release
(Djokaj, Cooper, & Rathmayer, 2001). In addition, in lamprey, four peptides are found to
decrease reticulospinal synaptic inputs, however, combinations of various peptides can
further increase, decrease or have no effect compared to the action of single peptides
(Parker, 2000).
Previous studies on co-modulation have revealed potential dynamic interactions
among multiple neuromodulators. To unravel the consequences of co-modulation, we need
to clarify rules of co-modulation both at the circuit component level and circuit output
level, ideally in a model system that both levels can be evaluated quantitatively.

Studying Peptidergic Co-modulation in the Pyloric Circuit
The crustacean stomatogastric nervous system (STNS), an extension of the crustacean
CNS, has been an excellent model system to study neuromodulation and pattern generation
for decades (Marder & Bucher, 2007). Within the STNS, the stomatogastric ganglion
(STG; Figure 1.2A) is home to several extensively studied central pattern generator (CPG)
circuits, including the pyloric circuit. The pyloric circuit generates a characteristic triphasic oscillatory rhythm (cycle frequency range between 0.5-2Hz) that underlies the
filtering of food in the pyloric chamber of the crustacean foregut (Figure 1.2C).
The functional connectivity of pyloric network, including cellular properties and
synaptic interactions (Marder & Bucher, 2007), is fully known in several crustacean
species. In the crab Cancer borealis, the pyloric rhythm is driven by an electrically coupled
pacemaker group consisting of one anterior burster (AB) neuron and two pyloric dilator
5

(PD) neurons (Figure 1.2B). Other pyloric neurons, including three to five pyloric
constrictors (PY), one lateral pyloric (LP), one inferior cardiac (IC), and one ventricular
dilator (VD), are follower neurons that produce bursting oscillations on rebound to
inhibitory synaptic input from the pacemaker group. The synapse from the LP neuron to
the PD neurons provides the sole chemical synaptic feedback of the pyloric circuit to its
pacemaker group.

Figure 1.2 The pyloric circuit of the STNS. (A) Schematic diagram of the crab STNS
showing the four ganglia, connecting nerves and motor nerves. OG: oesophageal
ganglion, CoG: commissural ganglion (bilateral), STG: stomatogastric ganglion, ion:
inferior oesophageal nerve, son: superior oesophageal nerve, stn: stomatogastric nerve,
mvn: medial ventricular nerve, dvn: dorsal ventricular nerve, dgn: dorsal gastric nerve.
(B) Circuit connectivity of the pyloric neurons. Colors indicate the activity phases in the
cycle. Neurons—AB: anterior burster, PD: pyloric dilator, LP: lateral pyloric, IC:
inferior cardiac, PY: pyloric constrictor, VD: ventricular dilator. (C) Tri-phasic pyloric
rhythm shown in simultaneous intracellular recordings of four neurons (top) and
extracellular recordings of the lateral ventricular nerve (lvn, bottom).

The STG is subject to modulation by multiple peptides and monoamines, either
released from the terminals of descending modulatory neurons or secreted by the
pericardial organ and then enter the system as circulating hormones (Figure 1.1A). Many
of these produce distinct characteristic circuit outputs potentially through different receptor
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distribution and expression level (Figure 1.3) (Garcia, Daur, Temporal, Schulz, & Bucher,
2015; Marder & Weimann, 1992; Swensen & Marder, 2000).
Peptide neuromodulation of the pyloric circuit provides a special opportunity to
explore the rules of co-modulation of synaptic (both electrical and chemical) and intrinsic
ionic currents, as well as to understand the consequences of co-modulation at the circuit
level. In the pyloric circuit, amine neuromodulators have complex cell type-specific actions
on multiple voltage-gated ion channels and opposing effects on synapses (Harris-Warrick,
2011; Zhang, Rodgers, Krenz, Clark, & Baro, 2010). In contrast, several peptide
modulators are known to have converging actions by increasing the levels of the voltagegated ionic current IMI and strengthening synaptic transmission (Garcia et al., 2015;
Swensen & Marder, 2000; Thirumalai & Marder, 2002; Zhao, Sheibanie, Oh, Rabbah, &
Nadim, 2011). Understanding the rules of co-modulation of circuit components is a
necessary first step in unraveling the inevitably more complex interactions that underlie
the co-modulated circuit output.

Figure 1.3 Multiple peptides produce distinct versions of the pyloric rhythm.
Intracellular waveforms of the LP neuron (top) and the PD neuron (bottom) exhibit
different dynamics in different peptides. Scale bar represents 10mV and 2 seconds.
Figure adapted from (Marder & Weimann, 1992).
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In this dissertation, I have focused on the roles of peptide neuromodulators on the
dynamics of the subcellular and cellular components in the pyloric circuit, with an
emphasis on co-modulation. Chapter 2 explores the quantitative co-modulation rules of
synaptic and voltage-gated ionic currents. Chapter 3 explores neuromodulation and comodulation of the properties of electrical synapses. Chapter 4 examines the frequency
dependence of electrical synapses and its neuromodulation. The Appendix provides a
preliminary observation of how co-modulation can result in the reduction of population
variability of the circuit output across animals. Overall, this dissertation provides a
practical and quantitative entry point toward understanding how combined actions of
multiple neuromodulators shapes circuit dynamics.

8

CHAPTER 2
2

DISTINCT CO-MOODULATION RULES OF SYNAPSES AND VOLTAGEGATED CURRENTS COORDINATE INTERACTIONS OF MULTIPLE
NEUROMODULATORS

Overview
Multiple neuromodulators act in concert to shape the properties of neural circuits. Different
neuromodulators usually activate distinct receptors but can have overlapping targets.
Consequently, circuit output depends on neuromodulator interactions at shared targets, a
poorly understood process. We explored quantitative rules of co-modulation of two
principal targets of neuromodulation: synapses and voltage-gated ionic currents. In the
stomatogastric ganglion of the crab Cancer borealis, the neuropeptides proctolin (Proc)
and the crustacean cardioactive peptide (CCAP) modulate synapses of the pyloric circuit
and activate a voltage-gated current (IMI) in multiple neurons. We examined the validity of
a simple dose-dependent quantitative rule, that co-modulation by proctolin and CCAP is
predicted by the linear sum of the individual effects of each modulator, up to saturation.
We found that this rule is valid for co-modulation of synapses, but not for the activation of
IMI, where co-modulation was sublinear. The predictions for the co-modulation of IMI
activation were greatly improved if we assumed that the intracellular pathways activated
by two peptide receptors inhibit one another. These findings suggest that the pathways
activated by two neuromodulators could have distinct interactions, leading to distinct comodulation rules for different targets, even in the same neuron. Given the evolutionary
conservation of neuromodulator receptors and signaling pathways, such distinct rules for
co-modulation of different targets are likely to be common across neuronal circuits.
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2.1.1

Additional Information

This chapter was submitted to the Journal of Neuroscience as a primary research article.
Xinping Li (first author) designed and performed the research, analyzed the data, drafted
and edited the manuscript. Dirk Bucher (co-author) designed the research, generated the
figures and edited the manuscript. Farzan Nadim (last author) designed the research,
analyzed the data and edited the manuscript.

Introduction
All nervous systems adapt to changes in the environment and the internal state of the
animal. In different contexts, awake or asleep, fed or hungry, light or dark, neuronal circuits
produce different output (Burke et al., 2015; Filosa, Barker, Dal Maschio, & Baier, 2016;
Inagaki, Panse, & Anderson, 2014; Wester & McBain, 2014; Xia & Mills, 2004). Contextdependent output is actively shaped by neuromodulators through changes in neuronal and
synaptic properties (reviewed in Bargmann, 2012; Brezina, 2010; Marder, 2012; Nadim &
Bucher, 2014). The combination and distribution of neuromodulators present depends on
context, and often is the means to convey it (Cohn et al., 2015 ; Lovett-Barron et al., 2017;
White et al., 2017).

Consequently, essential behaviors such as breathing, sleeping,

learning, and mating, as well as cognitive tasks, rely on combined actions of multiple
neuromodulators (Asahina, 2017; Burke et al., 2015; Cinar, Freund, Katona, Mackie, &
Szucs, 2008; Donlea et al., 2017; Mena et al., 2016; Richter et al., 2014; YamazoeUmemoto et al., 2015).
While much is known about the actions of single neuromodulators, few studies have
explored how multiple neuromodulators interact. Most studies of co-modulation have
provided qualitative descriptions at the systems level (Beliez et al., 2014; Brezina,
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Orekhova, & Weiss, 1996; Dickinson et al., 1997; Mesce et al., 2001; Thirumalai &
Marder, 2002). In general, neuromodulators target intrinsic neuronal excitability and/or
synaptic transmission. A neuromodulator can have multiple targets (divergence) and
multiple neuromodulators can have overlapping targets (convergence) (reviewed in Nadim
& Bucher, 2014), resulting in complex co-modulatory effects on neuron and synapse
function, and consequently circuit output. To understand how co-modulation shapes circuit
output, it is important to characterize how co-modulation occurs at shared targets.
However, only a handful of studies have explored co-modulation of the direct targets, also
mostly qualitatively (Djokaj et al., 2001; Garcia et al., 2015; McCormick & Pape, 1990;
Park & Spruston, 2012; Parker, 2000; Svensson, Grillner, & Parker, 2001).
Here, we focus on convergent co-modulation of synapses and voltage-gated
currents by exploring 1) if the combined actions of neuromodulators on a shared target can
be predicted quantitatively from their individual actions, and 2) if co-modulation of
synaptic and voltage-gated ionic currents in a neuron follows the same rule. For
neuromodulators with converging signaling pathways, the most parsimonious prediction
would be that their effects at a shared target simply add up linearly to produce a combined
effect, up to the saturation level. It should be noted, however, that such linear addition does
not exclude the possibility that each separate modulator has a nonlinear effect with a
distinct dose-dependence. In addition, the dynamics and physiological effects of
modulating a target can be complex and nonlinear.
In this study, we used the pyloric circuit of the crab stomatogastric ganglion (STG)
to examine whether the dose-dependent actions of two peptide neuromodulators on their
targets can be predicted by the linear summation of their individual actions, up to
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saturation. Several peptides activate IMI, a voltage-gated ionic current (Golowasch &
Marder, 1992; Swensen & Marder, 2000) in STG neurons, likely through converging
signaling pathways from different receptors (Garcia et al., 2015; Gray, Daudelin, &
Golowasch, 2017). Some also modulate chemical synapses (Garcia et al., 2015;
Thirumalai, Prinz, Johnson, & Marder, 2006; Zhao et al., 2011). We measured the
influence of two peptide neuromodulators on synaptic currents and on IMI. Because the
influence of the peptides on these components can be assayed simultaneously, they provide
a good test for understanding the rules of co-modulation of different aspects of neuronal
processing. We found that co-modulation of synaptic transmission and the voltage-gated
current follows distinct rules. The machinery underlying neuromodulation is evolutionarily
well conserved. Most receptors have homologs across invertebrate and vertebrate systems
(Lovett-Barron et al., 2017; Mirabeau & Joly, 2013), and many neuromodulators share Gprotein mediated signaling pathways (Cinar et al., 2008). Thus, such distinct rules for comodulation of different components are likely to be used in other neuronal circuits, and by
other neuromodulators.

Materials and Methods
2.3.1

Preparation and Electrophysiological Recordings

All experiments were done on wild-caught adult male crabs (Cancer borealis) purchased
from local seafood stores. Prior to experiments, animals were kept in artificial sea water
tanks at 13 °C. Before dissection, crabs were anesthetized by placing on ice for at least 30
min. The STNS was dissected out following standard protocols (Blitz, Beenhakker, &
Nusbaum, 2004; Tohidi & Nadim, 2009), placed in a Petri dish coated with clear silicon
elastomer (Sylgard 184; Dow Corning) and superfused with C. borealis saline, containing
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(in mM) 11 KCl, 440 NaCl, 13 CaCl2, 26 MgCl2, 11.2 Trizma base, and 5.1 maleic acid
(pH =7.4 –7.5). A petroleum jelly well was built around the STG for constant superfusion
of chilled (10-12 °C) saline during the experiment.
For neuron identification, extracellular motor nerve recordings were obtained with
a differential AC amplifier (Model 1700; A-M Systems), using stainless-steel pin wire
electrodes placed inside and outside of small petroleum jelly wells built around the nerves.
Intracellular recordings and voltage clamp were done with Axoclamp 900A amplifiers
(Molecular Devices). The STG was desheathed and the neuron somata were impaled with
sharp glass electrodes, pulled with a Flaming-Brown P-97 Puller (Sutter Instruments) and
filled with 0.6 M K2SO4 + 20 mM KCl solution (15-30 MΩ electrode resistance). Neurons
were identified by their characteristic intracellular waveforms and by matching their
activities to the spikes on the corresponding motor nerves. All electrophysiological data
were digitized at 5-10 KHz with a Digidata 1440A data acquisition board (Molecular
Devices).
2.3.2 Neuromodulatory Effects on the Strength and Dynamics of the Synaptic
Currents
The neuromodulatory effects on strength and short-term plasticity of the graded component
of both the LP to PD and the PD to LP synapses were measured with simultaneous dual
two-electrode voltage clamp recordings of the PD and LP neurons.
In voltage clamp experiments, 100 nM tetrodotoxin citrate (TTX; Biotium) saline
was bath applied to block action potentials and descending neuromodulatory inputs. The
synaptic current was measured as the current elicited in the postsynaptic neuron (held at –
50 mV), in response to depolarizing 500 ms voltage steps in the presynaptic neuron (from
a holding potential of –60 mV to 0 mV, in 10 mV steps; Figures 2.1 B and C). The
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postsynaptic current reported in this study is the mean value of the current during the
presynaptic pulse (the postsynaptic current integral divided by the presynaptic voltage step
duration of 500 ms).
To fit the postsynaptic current amplitude as a function of presynaptic voltage (Vpre),
we used a sigmoid function of the following form:

I syn =

I max
,
 V pre − Vmid 
1 + exp  −

Vc



(2.1)

where Imax is the maximum current, Vmid is the activation midpoint voltage and Vc is the
activation slope factor at Vmid. In these fits, we assumed that the postsynaptic current was
0 at Vpre = -70 mV.
Proc (Bachem) and CCAP (Bachem) were aliquoted in 1 mM stock solutions and
stored at -20 °C until use. For each experiment, the aliquots were further diluted to the
desired concentrations. The dose-dependent effect of Proc or CCAP on synapses was
measured by bath applying each peptide from low to high concentration (1 nM to 1 µM)
with a four-minute interval between each concentration. We considered 1 µM to be the
saturation concentration of both Proc and CCAP based on previous studies (Zhao et al.,
2011). In addition, 1µM Proc and CCAP were co-applied at the end of each experiment to
measure the maximum modulatory effect.
To measure short-term synaptic plasticity, we voltage clamped the presynaptic
neuron at a holding potential of -60 mV and applied a set of five 500 ms identical
depolarizing square pulses, from -60 to -20mV, at 1Hz. We measured the mean current
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amplitude in the postsynaptic neuron (voltage clamped at -50 mV) in response to each
pulse. The level of short-term plasticity was quantified as the ratio of the postsynaptic
current amplitude elicited by the fifth and first pulses. For the experiments that had two
repeated measurements, we averaged the two measurements.

Figure 2.1 CCAP and Proc modulate the strength and activation curves of the reciprocal
synapses between the LP and PD neurons. (A) Schematic diagram of the synaptic
connectivity between the electrically-coupled (resistor symbol) pyloric pacemaker
neurons, AB and PD, and the follower LP neuron. Both synapses (stick-and-ball
symbols) are inhibitory. Also shown are the known receptor expression for CCAP and
putative receptor expression for Proc in these neurons. The experimental protocol
involved simultaneous two-electrode voltage-clamp recordings of the PD and LP
neurons. (B) Example recordings of postsynaptic currents measured in the PD neuron in
response to voltage steps in the presynaptic LP neuron in control saline (Ctrl) and in the
presence of 1 µM Proc. Measurements were done in 0.1 µM TTX. (C) Example
recordings of synaptic currents measured in the LP neuron in response to voltage steps
in the presynaptic PD neuron in control saline (Ctrl) and in the presence of 1 µM CCAP.
Measurements were done in 0.1 µM TTX. (D) To measure the modulatory effects, the
mean value of the postsynaptic currents was plotted against the presynaptic voltage and
fit with a Boltzmann type sigmoidal function. Changes in maximum synaptic current
(Imax), half-activation voltage (Vmid) and slope factor (Vc) were compared in control
and in the presence of the modulator. (E) Schematic diagram showing how the 18
different combinations of concentrations of the two modulators were divided into four
separate groups of experiments.
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2.3.3

Neuromodulatory Effects on the Voltage-gated Ionic Current IMI

The modulator-activated inward current IMI was measured in the LP neuron in the same
experiments in which we measured the LP to PD synaptic current. Because, in these
experiments, the LP neuron membrane potential was stepped from -60 to 0 mV for
measuring the LP to PD synapse (using the current measured in the postsynaptic PD
neuron), the same voltage steps could be used to measure IMI in the LP neuron (using the
voltage-clamp current, ILP, injected in the presynaptic LP neuron). IMI was measured as the
difference between ILP measured in the presence of the modulator and ILP measured in
control saline (Figure 2.7A) (Golowasch & Marder, 1992). To reduce errors due to
differences in transient currents, we reported the mean value of the difference current,
measured in the second half of each voltage pulse where the currents had reached
approximate steady state.
IMI is a mostly non-inactivating fast voltage-gated inward current (Golowasch &
Marder, 1992; Gray et al., 2017) whose activation curve is a simple Boltzmann sigmoidal
equation (Goaillard, Taylor, Schulz, & Marder, 2009). The IV curve of IMI can therefore
be estimated as

I MI =

g max (VLP − EMI )
+ I0
 VLP − Vmid 
1 + exp  −

Vc



(2.2)

where gmax is the maximum conductance of IMI, EMI is the reversal potential and I0 is the
baseline difference current. Vmid is the activation midpoint voltage and Vc is the activation
slope factor at Vmid. All measurements of IMI levels with the step protocol were used to
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estimate the fit parameters in each experiment, allowing only gmax and I0 to change with
concentration. The peak currents (in absolute value) obtained from the fit IV curves were
used for analysis.
The protocols for the dose-dependent effects of the modulators and for comodulation of IMI were the same as those described for the synapses above.
2.3.4

Constructing Predictors for Single Neuromodulators

For each neuromodulator-synapse pair, we fit a surface to the postsynaptic currents
measured at all presynaptic voltages and concentrations in multiple experiments. The
equation used to define this surface was a dual sigmoidal function of both the presynaptic
voltage (Vpre) and the log peptide concentration (C). This equation was based on Equation
(2.1), so that

I max (C )
, where,
 V pre − Vmid (C ) 
1 + exp  −

Vc (C )


a2
I max (C ) = a1 +
 C − Cmid 
1 + exp 

 Cc 

I (V pre , C ) =

a4
Vmid (C ) = a3 +
 C − Cmid 
1 + exp 

 Cc 
a6
Vc (C ) = a5 +
.
 C − Cmid 
1 + exp 

 Cc 

(2.3)

In these fits, the unit of peptide concentration is M, and the control value was set at C = 10, thus assuming that 10-10 M concentration had no effect. The enhancement functions for
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each peptide were defined as the increase produced by the modulator above the control
level of the synaptic current at each presynaptic voltage:

E (V pre , C ) = I (V pre , C ) − I Ctrl (V pre )

(2.4)

The resulting enhancement functions served as predictors for the effect of the
neuromodulator on the postsynaptic current at any voltage and concentration.
In the case of IMI, we fit the dose-dependent effects of Proc and CCAP with the
sigmoidal curve

I MI =

I max
 C − Cmid 
1 + exp  −

Cc 


(2.5)

where C is the log peptide concentration and Cmid and Cc are, respectively, the halfmaximum log concentration and the slope factor. In these fits, the unit of peptide
concentration is M, and the control value was set at C = -10, assuming that 10-10 M
concentration had no effect.
2.3.5

Predicting Co-modulation

We compared the predictions of co-modulation effects with the experimental data from coapplications of Proc and CCAP in 18 different combinations of concentrations for both the
LP to PD and PD to LP synapses and IMI in the LP neuron. These 18 combinations were
divided into four separate groups of experiments, with each group only containing four or

18

five combinations (Figure 2.1E) In each group of experiments, each peptide was applied in
order from lower to higher concentration. Each combination was bath applied for a fourminute-interval. At the end of each experiment, Proc and CCAP were co-applied at 1 µM
each to record the maximum modulatory effect in that preparation.
The predictions for synapses were calculated by adding up the enhancements
produced by each peptide at the respective concentrations (obtained from Equation (2.4))
and the control value ( I Ctrl _ co −mod ), and limiting the sum to the saturation ( I sat _ co − mod ), which
is the synaptic current elicited by both peptides co-applied at 1µM.

 EProc + ECCAP + I Ctrl _ co −mod
I co − mod = 
I sat _ co − mod


if  I sat _ co −mod
otherwise

(2.6)

For each combination, we measured the co-modulated synaptic currents, as described
above, at presynaptic voltages from -60 mV to 0 mV, in 10 mV steps. We then compared
the measurement with the prediction for those voltages.
The co-modulation predictions for IMI were calculated by simply adding up the
value of IMI activated by each modulator at its respective concentration on the doseresponse curve, limited to the saturation level.

 I MI − Proc + I MI −CCAP
I MI −co − mod = 
I sat _ co − mod


if  I sat _ co − mod
otherwise

(2.7)

The sublinear co-modulation predictions for IMI were calculated by assuming that the
presence of each neuromodulator inhibited the activation of IMI by the other modulator in
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a dose-dependent manner. Thus, in the presence of both modulators, Equation (2.5) was
modified as

CCAP
I MI
− Proc =

I

Proc
MI −CCAP

p1 I max − Proc

 X − X mid − p2 
1 + exp  −

p3 X c


p4 I max −CCAP
=
 Y − Ymid − p5 
1 + exp  −

p6Yc



(2.8)

where X and Y, respectively, represent the concentrations of Proc and CCAP, and Xmid, Xc,
CCAP
Ymid and Yc are the dose-response parameters (see Equation (2.5)). I MI
is the dose− Proc

dependent level of IMI activated by Proc in the presence of CCAP. The parameters p1, p2
and p3 depend on the presence of CCAP. In our fits, these parameters were restricted so
that 0 < p1 ≤ 1, so that the effect of each modulator on the other was inhibitory, and -1.5 <
p2 ≤ 1.5 and 0.1 < p3 ≤ 1 so that CCAP could have a modest effect on the dose-dependent
CCAP
activation of IMI by Proc. In the absence of CCAP, p1=1, p2=0 and p3=1, so that I MI
− Proc

simply produced the dose-dependent activation of IMI by Proc alone, as given by Equation
Proc
(2.5). I MI
can be described similarly, with the two modulators reversed.
−CCAP

The nonlinear co-modulation rule was provided as in Equation (2.7) to be

I MI −co −mod

CCAP
Proc
 I MI
− Proc + I MI −CCAP
=
I sat _ co −mod


20

if  I sat _ co − mod
otherwise

(2.9)

2.3.6

Data Analysis and Statistical Analysis

All data and statistical analysis were done with Matlab (MathWorks, 2015b) and R (The R
Foundation). The details for quantification of electrophysiology data are described in above
sections. Statistical tests included Student’s t-test, One- or Two-way RM ANOVA. Oneway RM ANOVA was used to evaluate the dose-dependent effects of individual peptides
on synapses to compare changes across treatment of the same groups. Two-way RM
ANOVA was conducted to compare the voltage-dependent effects of single peptides on
synapses and the effects of co-modulation on synapses (within the same groups), as well
as to compare the co-modulated synaptic current level and the control synaptic current level
(among different groups). Paired Student’s t-test was used to compare the maximum level
of IMI activated by co-modulation. Critical significance level was set to α=0.05. To
estimate how well our model predictions fit the experimental results, we used the
coefficient of determination R2 measured as: R 2 = 1 − SSR , where
SST

the summed square of the residuals and

n

SST =  (measi − measavg ) 2

n

SSR =  ( predi − measi ) 2

is

i =1

is the total sum of squares.

i =1

R2 = 1 means that the prediction fits the data perfectly. Note, however, that this R 2 is
different from the Pearson correlation coefficient where a linear fit to the data is evaluated.
In our case, R2 may be < 0, which simply indicates that the mean of the data measavg
provides a better prediction than the model. Unless otherwise indicated, all error bars in
the figure represent standard error of the mean.
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Results
We explored the modulatory effects of the two neuropeptides CCAP and Proc on IMI in the
lateral pyloric (LP), and on the reciprocal synapses between LP and the pyloric dilator (PD)
neurons. The influence of these peptides on pyloric neurons and synapses can be assayed
simultaneously, while all other neuromodulatory inputs are removed.
We began by quantifying the individual modulatory effects of CCAP and Proc on
both synapses and IMI in the LP neuron across a range of concentrations, ranging from
subthreshold to saturation. These dose-dependent quantifications allowed us to build
predictors of the modulatory effect of each individual modulator at any concentration.
We then characterized the effect of co-application of both peptides in two stages.
First, we examined if co-modulation is history dependent by co-applying the peptides
following exposure to either Proc or CCAP, as interactions between neuromodulators can
depend the order of application and produce priming or gating (Dickinson et al., 1997;
Svensson et al., 2001). Then, in separate experiments, we tested the effect of various
combinations of the two peptides, applied at different concentrations, and compared the
results with the predictions of the linear summation rule.
2.4.1

Dose-dependent Effect of Individual Peptides on the Synapses

We quantified the individual modulatory effects of CCAP and Proc in separate sets of
experiments. In each experiment, we measured the effect of the peptide on both the LP to
PD and the PD to LP synapses. Hence, we will present four different synapse-peptide cases:
LP to PD-CCAP, LP to PD-Proc, PD to LP-CCAP and PD to LP-Proc.
In each synapse-peptide case, we measured the postsynaptic current in control and
in increasing concentrations of the peptide with simultaneous two-electrode voltage clamp
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recordings of both neurons (Figure 2.1A). In the STG, two identical PD neurons and the
anterior burster (AB) neuron are strongly electrically coupled and form the pacemaker
group. Unless specified otherwise, the PD to LP synapse in this study refers to the
combined synaptic current from the pacemaker group (the anterior burster, AB, and the
two PD neurons) to the LP neuron. As expected for a graded synapse, the amplitude of
postsynaptic current increased as the presynaptic step voltage increased (Figures 2.1B and
C). The current-voltage relationship of each synapse was fit with the sigmoidal curve given
by Equation (2.1), which is described by three parameters: Imax (synaptic amplitude), Vmid
(half-activation voltage) and Vc (slope factor at Vmid). A more positive Vmid indicates a
higher threshold for activation and larger Vc means a shallower activation curve (Figure
2.1D). For each synapse-peptide pair, we examined how Imax, Vmid and Vc were changed by
the peptides (Figure 2.2).
At the LP to PD synapse, both CCAP and Proc significantly increased Imax, shifted
Vmid to more negative potentials, and reduced Vc across concentrations (Figure 2.2A). In
contrast, at the PD to LP synapse, CCAP only increased Imax, but did not affect Vmid or Vc,
while Proc only decreased Vc, but did not affect Imax or Vmid (Figure 2.2B).
Notably, the same peptide differentially modulated different synapses. For
example, CCAP changed Imax, Vmid, and Vc at the LP to PD synapse, but only Imax at the PD
to LP synapse. In addition, different peptides had different effects on the same synapse.
For example, CCAP changed only Imax at the PD to LP synapse, while Proc changed Vc.
Overall, both CCAP and Proc strengthened both synapses, although the manner of
modulation depended on the synapse and the modulator.

23

Figure 2.2 CCAP and Proc modulate the synapses between the LP and PD neurons in a
dose-dependent manner. (A) Both CCAP and Proc increase the amplitude of the LP to
PD postsynaptic current (Isyn). Top panels show mean and SEM of Isyn as well as
sigmoidal fits for control and modulators applied at the maximum concentration of 1
µM. As the applied concentration is increased, CCAP increases Imax (F(4, 16) = 18.4,
p = 7.83 × 10-6 ), decreases the slope factor Vc (F(4, 16) = 7.98, p = 0.00098) and
decreases Vmid (F(4, 16) = 14.3, p = 3.78 × 10-5). (All tests One-Way RM-ANOVA,
N=5.) Proc has a similar effect on these three parameters (F(4, 20) = 7.32, p = 0.00084
for Imax, F(4, 20) = 30.4, p = 3.05 × 10-8 for Vc, and F(4, 20) = 5.24, p = 0.0047 for
Vmid, One-Way RM-ANOVA, N=6). (B) As the applied concentration increases,
CCAP, but not Proc, increases the amplitude of the PD to LP synapse. Top panels as in
A. CCAP increases Imax (F(4, 20) = 22.8, p = 3.31 × 10-7), but not Vmid (F(4, 20) =
0.872, p=0.498) or Vc (F(4, 20) = 0.172, p=0.95), Proc modulates Vc (F(4, 20) = 12.4,
p = 3.06 × 10-5) but not Imax (F(4, 20) = 1.57, p=0.22) or Vmid (F(4, 20) = 2.19,
p=0.107). All tests One-Way RM-ANOVA, N=6. (** p<0.01, *** p<0.001).
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The pyloric circuit is rhythmically active with a frequency between ~0.5 and 2 Hz
(Goaillard et al., 2009). Like many synapses in the STG, the LP to PD and PD to LP
synapses exhibit short-term synaptic depression (H. A. Tseng & F. Nadim, 2010; Zhao et
al., 2011). In rhythmically active circuits, short-term synaptic plasticity means that the
strength of the synapse depends on the period of the rhythm (Manor & Nadim, 2001). This
means that depressing synapses are weaker if the rhythm becomes faster, whereas the
opposite is true for facilitating synapses. Hence, neuromodulation of short-term synaptic
plasticity can play an important role in shaping circuit output and dynamics. However, at
both synapses, we found that neither CCAP, nor Proc, nor co-application of both,
significantly changed the level of short-term synaptic depression with a presynaptic voltage
step of 40 mV amplitude (data not shown). This finding is consistent with a prior study of
the effects of Proc on the PD voltage responses to large LP depolarizations (Zhao et al.,
2011).
We used the data shown in Figure 2.2 to build predictors for each synapse-peptide
pair. The predictor is a surface fit to all synaptic current amplitudes, measured at different
presynaptic voltage steps and modulation concentrations (Figure 2.3), which has a
sigmoidal
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Figure 2.3 The dose-dependent influence of CCAP and Proc on the activation curves of
the two synapses was used to construct predictors of modulation on synapses. (A) A
double-sigmoidal surface fit (Equation (2.3)) to the activation data of the LP to PD
synapse in different doses of Proc or CCAP can be used to estimate the influence of the
respective modulator on the synapse at any presynaptic voltage and any concentration of
the modulator. Droplines indicate measurement points of the experimental data, with the
filled circles marking the data points. Insets show the same surface from a different
viewpoint. (B) Same as (A), but for the PD to LP synapse. The fit parameters were: panel
A, CCAP: a1=3.619, a2=-1.042, a3=-38.00, a4=9.890, a5=3.197, a6=1.920, Cmid=6.556, Cc=0.5555; panel A, Proc: a1=3.508, a2=-0.902, a3=-34.68, a4=4.320, a5=2.913,
a6=1.324, Cmid=-7.018, Cc=0.1359; panel B, CCAP: a1=3.632, a2=-1.735, a3=-44.74,
a4=5.82, a5=8.135, a6=-2.116, Cmid=-6.455, Cc=0.8039; panel B, Proc: a1=2.273, a2=0.2560, a3=-42.43, a4=2.090, a5=5.184, a6=1.126, Cmid=-7.958, Cc=0.04605.
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relationship with both the presynaptic voltage and the log of the modulator concentration
(fit given by Equation (2.3)). These predictors allowed us to estimate the synaptic current
at any voltage and modulator concentration by interpolation. The surface fits also allowed
us to visualize and measure the distinct modulation effects of the two peptides on each
synapse and of each peptide on the two synapses.
2.4.2 The Saturation Level of the Co-modulatory Effect on the Synapses is not
History Dependent
Our main hypothesis assumes that the saturation of synaptic co-modulation is not affected
by the order of application; that is, one modulator does not gate or prime the effect of the
other modulator. Prior to testing our hypothesis, it was therefore important to verify this
assumption. To test if the co-modulatory saturation level depended on the prior application
of either modulator, we did two separate sets of experiments for each synapse. In each
experiment, we saturated the synapse with either Proc or CCAP first, and then with both
peptides co-applied.
Saturation of neuromodulatory effects can occur when the receptors, the signaling
pathways, or the targets themselves reach maximum capacity. Co-modulatory effects at
high concentrations depend on the degree to which the different neuromodulators occlude
each other’s effects. If the separate effects of two neuromodulators saturate because the
common target is maximally modulated, the effect of each modulator should occlude the
effect of the other. If the separate effects of two neuromodulators saturate because their
respective receptors are saturated, neither modulator’s effect should completely occlude
the other’s. If the signaling pathways saturate, occlusion depends on pathway interactions.
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Figure 2.4 Maximum co-modulation of the synaptic currents by 1 µM CCAP and 1 µM
Proc. Each panel shows the effect of co-modulation of either synapse on the synaptic
activation curve, following modulation by 1 µM of either modulator alone. For the LP
to PD synapse (top), co-modulation did not increase the synaptic current significantly
compared to either CCAP alone (left, F(1, 4) = 3.88, p=0.120, N=5) or Proc alone (right,
F(1, 5) = 0.004, p=0.949, N=6). Between the two sets of experiments (left and right
panels), neither control levels (F(1, 9) = 0.392, p=0.547), nor co-modulation levels (F(1,
9) = 0.180, p=0.681) were significantly different. For the PD to LP synapse (bottom),
co-modulation did not increase the synaptic current significantly compared to CCAP
alone (left, F(1, 5) = 0.356, p=0.576, N=6), but it did increase the effect of Proc alone
(right, F(1, 5) = 11.0, p = 0.021, N=6). Once again, between the two sets of experiments
(left and right panels), neither control levels (F(1, 10) = 0.128, p=0.728), nor comodulation levels (F(1, 10) = 0.572, p=0.467) were significantly different. All statistical
comparisons were Two-Way RM-ANOVA (* p<0.05).

We first examined if co-modulation produced an additional effect above that of the
single neuromodulator at 1 µM (Figure 2.4), the presumed saturation concentration of
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peptide effects in the STG (Zhao et al., 2011). In only one of the four cases, co-modulation
increased the effect. At the PD to LP synapse, Proc did not completely occlude the effect
of adding CCAP, probably because saturating Proc receptors alone does not fully activate
the target. In the other three cases, co-application did not produce an additional effect
(Figure 2.4). The fact that complete occlusion was achieved in both synapses by at least
one peptide confirms that synapse modulation was maximal when both peptides were
applied at 1 µM.
Notably, at both synapses, co-modulatory effects were not dependent on the order
of application. Synaptic activation curves were not statistically different between
experiments in which either CCAP or Proc were applied first (Figure 2.4). We also verified
that the control measurements were not different for each synapse. Therefore, although comodulation may have additional effects depending on the neuromodulator and the synapse,
the saturation level of synaptic co-modulation was not history dependent.
2.4.3

Co-modulatory Effects on Synapses are Linearly Additive up to Saturation

After establishing that the saturation level of co-modulation is not history dependent, we
used Equation (2.6) to calculate the co-modulation predictions for the synapses. Recall that
the individual effects of the two peptides were modeled by the predictors for their dosedependent effects (Equation (2.3) and Figure 2.3). The linear summation rule predicts that
the co-modulatory effect is the sum of the individual modulatory enhancements due to Proc
and CCAP at their respective concentrations (Equation (2.4)), up to saturation. We tested
this prediction on both synapses with 18 different modulator combinations (see Methods).
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Figure 2.5 The co-modulatory effect of CCAP and Proc on the LP to PD synapse can be
predicted from linear summation up to saturation. (A) The LP to PD synaptic current
activation curve in response to co-applied CCAP and Proc at four different concentration
combinations (test, raw and fit) is well predicted by the model (prediction). Also shown
is the range of synaptic currents measured in the respective experiments (control to
saturation). The R2 values in each case show the goodness of the prediction. (B) The
prediction values compared with the actual measurements for all data points in the 18
different combinations of co-modulation measurements of the LP to PD synapse. Also
shown, for comparison, are the line of perfect prediction (y=x) and overall R2 values. (C)
The R2 values shown for each of the 18 co-modulation combinations of the LP to PD
synapse. R2=1 indicates perfect predictions, whereas R2=0 indicates that the prediction
was no better than the mean of the data. The bottom panel shows the concentration of
Proc, CCAP and total concentration (Proc+CCAP) in each case. Data are shown in order
of increasing total concentration. Each combination included 5-6 preparations.
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We compared our predictions with the experimental results by computing the R 2
(see Methods). We compute these statistics for each combination individually, and also
compute the overall R2 for all combinations.

Figure 2.6 The co-modulatory effect of CCAP and Proc on the PD to LP synapse can be
predicted from linear summation up to saturation. (A) The PD to LP synaptic current
activation curve in response to co-applied CCAP and Proc at four different concentration
combinations (test, raw and fit) is well predicted by the model (prediction). Also shown
is the range of synaptic currents measured in the respective experiments (control to
saturation). The R2 values in each case show the goodness of the prediction. (B) The
prediction values compared with the actual measurements for all data points in the 18
different combinations of co-modulation measurements of the PD to LP synapse. Also
shown, for comparison, are the line of perfect prediction (y=x) and overall R2 values. (C)
The R2 values shown for each of the 18 co-modulation combinations of the LP to PD
synapse. R2=1 indicates perfect predictions, whereas R2=0 indicates that the prediction
was no better than the mean of the data. The bottom panel shows the concentration of
Proc, CCAP and total concentration (Proc+CCAP) in each case. Data are shown in order
of increasing total concentration. Each combination included 5-6 preparations.
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For the LP to PD synapse, our prediction matched the experimental results
exceedingly well (examples shown in Figure 2.5A). The comparison between predicted
and measured values showed high prediction accuracy (Figure 2.5B, the identity line
indicates a perfect match). For all combinations, we obtained high R 2 values with the
overall R2 = 0.90, indicating that our predictions fit the data well and had negligible
deviation from the data (Figure 2.5C). We therefore concluded that co-modulation of LP
to PD synapse can be predicted from effects of individual peptides using the linear
summation rule.
The predictions for the PD to LP synapse also had high R2 values with the overall
R2 = 0.73 (Figure 2.6). These values indicate that co-modulation of the PD to LP synapse
was predicted well by the linear summation rule, if not quite as accurately as at the LP to
PD synapse.
2.4.4

Co-modulatory Effects on IMI in the LP Neuron are not Linearly Additive

Our data showed that the co-modulatory effects of Proc and CCAP on the synapses were
linearly additive, up to saturation. This suggests that the intracellular pathways underlying
the Proc and CCAP effects converge in the LP and PD neurons, without additional
interactions. If so, it is reasonable to assume that the activation of IMI by Proc and CCAP
would also follow the same rule. The protocols that we used to measure the synaptic current
from LP to PD also allowed us to estimate the level of IMI in the LP neuron (see Methods).
Figure 2.7A shows an example recording of IMI as the current difference between Proc and
control. We quantified the dose-dependent activation of IMI in LP in the presence of either
Proc or CCAP.
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A dose-dependent analysis showed that both peptides activated IMI starting at
nanomolar concentrations and consistently produced larger currents as the concentration
increased (Figs. 2.7B and C). As with the synaptic currents, the maximum level of IMI
activated by co-modulation, as measured by applying 1 µM (each) of both modulators at
the end of each dose-dependent analysis experiment, did not depend on whether Proc or
CCAP was applied first (paired Student’s t-test, t(5) = 0.396).

Figure 2.7 Both CCAP and Proc activate IMI in the LP neuron. (A) Measurement of IMI
in the LP neuron. The difference current (ΔIm) was obtained by digital subtraction of the
total current measured in control and in the presence of the modulator (here 100 nM
Proc) and IMI was calculated as the mean current in the latter half of the voltage step
(arrow). (B) Example of the IMI IV curves measured in two experiments in increasing
concentrations of CCAP or Proc, shown together with the fit of the data points using
Equation (2.2). (C) Dose-dependent peak levels of IMI (absolute values) in the presence
of Proc, CCAP or both (1 µM of each). Dose-dependent parameters, for CCAP: Imax =
4.881, Cmid= -7.000, Cc= 0.6953; for Proc: Imax =7.000, Cmid= -7.292, Cc= 0.9090.

To examine the linear summation rule, the dose-dependent curves for the two
peptides were used to construct the predictors of the co-modulation (Equation (2.5)). From
these individual predictors, we calculated the IMI levels expected to be activated by each
peptide at any concentration, using linear summation to saturation (Equation (2.7);
schematic in Figure 2.8A). As for the synaptic currents, we compared the predicted IMI
levels to the actual measurements in 18 different co-modulation combinations. We then
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Figure 2.8 The co-modulatory effects of CCAP and Proc on the levels of IMI in the LP neuron
cannot be predicted from linear summation up to saturation. (A) Schematic diagram showing the
most parsimonious interaction scheme of the pathways activated by the two receptors, leading
to a linear summation up to saturation rule. X denotes the intracellular substrate activated by both
receptors. (B) The linear-summation-up-to-saturation prediction values compared with the actual
measurements of IMI for all data points in the 18 different combinations of co-modulation. Also
shown, for comparison, are the line of perfect prediction (y=x) and overall R2 values. (C)
Measured and predicted peak IMI values, as well as the R2 values, shown for each of the 18 comodulation combinations. R2=1 indicates perfect predictions, whereas R2=0 indicates that the
prediction was no better than the mean of the data. Stars indicate out of range values. The bottom
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panel shows the concentration of Proc, CCAP and total concentration (Proc+CCAP) for each
case. Data are shown in order of increasing total concentration. Each combination included 4-5
preparations. (D) Schematic diagram, modified from panel A, showing how the pathways
activated by the two receptors may lead leading to a linear summation rule for synapses but
inhibit one another when activating IMI. Y and Z are substrates activated by each receptor that
activate IMI but inhibit one another. (E) and (F) are the same as panels B and C, but with nonlinear
prediction values based on Equation (2.9)). (Ei) and (Fi) show prediction results for Equations
(2.8) and (2.9) with parameters fit to datapoints in all experiments (p1=0.4237, p2=0.4424,
p3=0.1397, p4=1.000, p5=0.1204, p6=0.2645) , whereas (Eii) and (Fii) show predictions of the
same equations with separate parameters fits in individual experiments.

calculated the R2 for each individual combination and for all combinations together using
the peak IMI level derived from the fitted IV curves (Equation (2.2); Figure 2.7B).
Surprisingly, and in stark in contrast to the synapses, our predictions were far from
the measured values of the co-modulated IMI in the LP neuron (Figure 2.8B-C). The
comparison between predicted and measured IMI values showed an over-estimation in most
of the data points (Figure 2.8B) and, for half of the combinations, R2 values were below 0
(Figure 2.8C). The low overall R2 value of 0.27 indicated that our linear summation model
was a very poor predictor for the co-modulation of IMI.
Interestingly, and in contrast to the fairly consistent R2 values across different comodulation combinations for the synapses, these values varied drastically across different
combinations for IMI. The predictions were very poor (R2 <0) when at least one of the
peptides was at a low concentration, but somewhat better (R2 >0) when the combined
concentrations were high, mostly because the predictor estimated the co-modulation to be
at saturation (Figure 2.8C).
Despite the poor prediction, the linear summation rule provided useful information
about the dynamics of IMI co-modulation. The measured IMI levels were almost always
lower than the linear predictions (Figure 2.8B), indicating that the co-modulatory effect
was sublinear. This result suggested a potential inhibitory interaction between the pathways
that led from the activation of each peptide receptor to the expression of IMI. Such inhibitory
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interactions in second messenger pathways have been observed (Fioravante, Smolen, &
Byrne, 2006), so we explored a simple inhibitory interaction (schematically shown in
Figure 2.8D) that would be compatible with the observed results of IMI co-modulation. Our
schematic inhibitory interaction leads to a prediction that is formalized by Equation (2.9).
This equation is a modification of our linear summation rule (Equation (2.7)), with
additional parameters that capture how different levels of each modulator would influence
the dose-response activation of the other modulator.
Our current experimental data do not provide a direct measurement of the
interaction parameters of Equation (2.9). However, an estimate of the parameters can be
obtained by a nonlinear regression fit to the IMI co-modulation data. A fit to all IMI comodulation data points showed that the new rule produced a much-improved prediction
over the linear rule (Figure 2.8Ei-Fi) and increased the total R2 values to 0.72. However,
the R2 values for some individual combinations of the modulators remained low, or even
negative, especially in cases where one modulator was present at a low concentration
(Figure 2.8Fi). In contrast with the linear rule, the mismatch at low concentrations was
mostly because our prediction underestimated the co-modulation of the data, often
predicting no activation of IMI when both concentrations were low (Figure 2.8Fi; leftmost
3 data points).
One possible explanation for this poor performance is that the inhibitory
interactions of the two modulatory pathways shows variability across preparations. This
would imply that a single parameter set for inhibitory interactions cannot capture the
variability of the co-modulated IMI levels. We therefore used the data from individual
experiments to estimate the parameters of inhibitory interactions within that experiment,
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using the same rule described by Equation (2.9). Accounting for the experimental
variability in this manner provided an almost perfect prediction of the co-modulation effect
(Figs. 2.8Eii-Fii) with an overall R2 value of 0.98. This result indicates that cross-inhibition
of the two pathways can, in principle, account for the co-modulation of IMI by these two
peptides, and can be quantified with a nonlinear summation rule such as the one given by
Equation (2.9).

Discussion
2.5.1

Distinct Rules for Co-modulation of Different Subcellular Targets

It is common for multiple neuromodulators to target the same ion channel or synapse or
have distinct targets within the same neuron (Harris-Warrick, 2011; Marder, 2012;
McCormick & Williamson, 1989). Circuit output, therefore, depends on how signaling
pathways mediated by distinct neuromodulator receptors converge and interact.
Converging neuromodulators could have similar or opposing actions which may result in
additive, synergistic, antagonistic, or other nonlinear co-modulatory effects (Nadim &
Bucher, 2014). For a given target, it is important to know if convergent neuromodulators
act in a simple additive manner or have more complex nonlinear interactions, and whether
co-modulation of multiple subcellular targets follows the same rule at all shared targets.
Despite recent advances in genetic and imaging tools (Arrigoni & Saper, 2014;
Cohn et al., 2015; Shahidi et al., 2015), many systems still lack experimental accessibility
or the basic understanding of neuromodulator actions on their cellular and subcellular
targets to explore this topic. Peptide neuromodulation of the pyloric circuit of the STG
provides a special opportunity to explore the rules of co-modulation of synaptic and
intrinsic ionic currents, and to understand their consequences at the circuit level (Daur,
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Nadim, & Bucher, 2016). We observed linearly additive co-modulation of synapses, but
sublinearly additive co-modulation of a voltage-gated ionic current in the same neurons.
These specific results may be peculiar to the neurons and synapses we studied, as comodulation of other synapses can be nonlinear (Parker, 2000), and co-modulation of
voltage-gated currents could be linearly additive. However, the important lesson is that
converging co-modulation of synapses and ionic currents by the same neuromodulators, or
different subcellular targets in general, can follow distinct rules. Given the complex
patterns of divergence and convergence of neuromodulators in many systems, this finding
likely has broad functional implications.
2.5.2

Linearly Additive Co-modulation of Pyloric Synapses

A single neuromodulator can exert functionally opposing effects on the pre- and
postsynaptic sides, for example enhancing transmitter release but reducing postsynaptic
responsiveness (Garcia et al., 2015; Harris-Warrick & Johnson, 2010). We therefore did
not expect co-modulation of synapses to be simply linearly additive, but surprisingly found
this to be the case for both synapses. For the LP to PD synapse, CCAP modulation must be
presynaptic, as PD neurons do not express CCAP receptors (Garcia et al., 2015)(Figure
2.1A). However, Proc modulation could have both pre- and postsynaptic components.
Although Proc receptor expression in these neurons has not been tested in the STG, both
neurons show IMI activation in response to Proc application (Swensen & Marder, 2000).
For the PD to LP synapse (which represents input from both AB and PD neurons), both
modulators could have pre- and postsynaptic effects (Garcia et al., 2015; Swensen &
Marder, 2000).
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Given that we observed linear summation and occlusion, it is likely that modulatory
signaling on either pre- or postsynaptic side was purely converging, without any nonlinear
interactions. Linear co-modulation could also occur through spatial segregation, for
example, when one neuromodulator acts presynaptically and the other postsynaptically, or
acting on non-overlapping modulatory micro-domains (Lur & Higley, 2015). However, in
the case of spatial segregation, no occlusion should occur, and the saturation level of comodulation should be the linear sum of the maximum effects achieved by each
neuromodulator.
2.5.3

Sublinear Co-modulation of IMI

In contrast to the synapses, we observed nonlinear co-modulation of IMI, which indicated
that the signaling pathways targeting IMI were distinct from the pathways targeting the
synapses. It was previously suggested that peptides modulate synapses in the STG through
their actions on the IMI channel, which might be partially permeable to calcium (Gray et
al., 2017; Zhao et al., 2011). However, our results indicate that this is unlikely, given that
linear co-modulation of the synapses and nonlinear co-modulation of IMI occurred in the
same experiments.
The nonlinearity of IMI co-modulation may have two components: sublinear
interactions when at least one modulator is at low concentration, and occlusion, also seen
in our previous study (Garcia et al., 2015), when both are at high concentrations (Figure
2.8C). We proposed a simple model to explain the sublinear interactions of IMI comodulation based on cross-inhibition of CCAP- and Proc-activated signaling pathways
(Fig 2.8D), in which both CCAP and Proc activates intermediate effectors that are
reciprocally inhibited. Cross-inhibition between pathways activated by different receptors
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converge onto the same targets has been reported (Cinar et al., 2008). In both hippocampal
and spinal dorsal horn neurons, GABA and glycine receptors asymmetrically inhibit one
another through a phosphorylation-dependent mechanism (Li, Wu, Legendre, & Xu, 2003;
Li & Xu, 2002). The sensorimotor synapse of the sea slug Aplysia californica, for instance,
shows long-term facilitation induced by serotonin and long-term depression induced by the
neuropeptide FMRFamide. Both neuromodulators act on G-protein coupled receptors and
their intracellular pathways inhibit one another at the level of the extracellular-regulated
kinase (Erk) cascade (Fioravante et al., 2006).
Another possible mechanism is that the CCAP and Proc receptors can form a
heteromer complex and display behaviors distinct from either receptor alone (reviewed in
Smith & Milligan, 2010). Given the variety of possible mechanisms, a different set of
experiments, as well as mathematical modeling, will be required to provide an accurate
description of the co-modulation rule for IMI.
2.5.4 Distinct Co-modulation Rules May Increase Flexibility and Functionally
Uncouple the Modulation of Different Targets
When different neuromodulators converge onto multiple targets, their actions on the shared
targets are inextricably linked. However, modulator effects on different targets can be
uncoupled by different co-modulation rules. Distinct rules for co-modulation of neuronal
excitability and synaptic interactions could functionally uncouple these effects and
therefore allow burst phasing and rhythm frequency to be regulated differentially.
Furthermore, sublinear co-modulation of IMI may extend the dynamic range for the
modulation of neural excitability by producing qualitatively different effects than each
individual neuromodulator. Because STG neurons are modulated by many peptides,
sublinear co-modulation would ensure that neuronal excitability is not saturated during
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baseline activity when many peptides may be present at low concentrations. Yet, when any
specific peptide neuromodulator is released at a higher concentration, it can produce a
distinct circuit output.
2.5.5

Bridging Levels of Co-modulation Effects

Unraveling the consequences of co-modulation at the circuit level requires examining their
interactions at multiple levels. In this study, we took a first step toward identifying the rules
of co-modulation of shared targets. However, our study leaves several questions
unanswered. First, the signaling pathways resulting in our observed data remain unknown.
Second, we bath applied neuromodulators in our study, which was necessary to quantify
precise dose-dependent effects, but as a number of studies in the STG have shown, fails to
address the spatiotemporal dynamics of neuromodulation (Marder, Gutierrez Gabrielle, &
Nusbaum Michael, 2016). Neuromodulators can be released as hormones or as
neurotransmitters. In the latter case, spatiotemporal properties of synaptic transmission can
be critical in determining circuit output (reviewed in Marder et al., 2016). The spatial
interactions depend on the architecture of the local circuits, the spatial pattern of
neuromodulator release and the peptidase activity. For neurotransmitter modulators, the
temporal dynamics is by necessity determined by the patterns of activity of the modulatory
neurons that release these transmitters. The activity patterns of the modulatory neurons, in
turn, is subject to feedback from the activity of the target circuits, thereby producing
another potential level of complexity. To probe the spatiotemporal dynamics of comodulation, combining experimental approaches, such as stimulating neuromodulatory
projection neurons, and computational modeling is necessary.
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Finally, all our experiments were done with voltage-clamp steps to characterize the
neuromodulatory effects on each target. However, such experiments mask the interactions
among circuit components both within neurons and with their synaptic partners. One such
example was shown by Zhao et al. (2011) at the LP to PD synapse, where Proc enhances
both the burst voltage waveform of the presynaptic LP neuron and the amplitude of the
synaptic current. When the LP neuron was voltage clamped with the pre-recorded realistic
control or Proc voltage waveforms, the resulting synaptic currents were similar in control
saline, but different in the presence of Proc. This indicates that the first factor (change in
the LP waveform) produces a meaningful effect only in conjunction with the second factor
(direct enhancement of synaptic release). Exploring such interactions among cellular or
circuit components is important in understanding the functional consequences of comodulation.
2.5.6

Conclusions

Because neuromodulators do not act independently, understanding their interactions at
different concentrations is important for the understanding of circuit dynamics and
resulting behaviors. Identifying the mechanisms of co-modulation also provides
mechanistic guidance for therapies that target one or more neuromodulatory pathways
(Engineer et al., 2011; Freret et al., 2017; Pena et al., 2014). Here, we took a first step
towards understanding how neuromodulators interact to shape the circuit output, by
quantitatively clarifying the co-modulatory rules at target level. Given that co-modulation
is a universal and evolutionarily conserved strategy, our results can provide insight and
new hypotheses to test at the system level. We also provide an initial framework to test
similar rules in other circuit components, other neuromodulators, and other systems.
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However, the challenge will remain to translate findings from the level of ionic currents to
the effects of co-modulation on actual synaptic function and neuronal excitability, and from
there to circuit activity. Even in small circuits with identified neurons, as the pyloric circuit
used here, this will require a multipronged approach, combining multiple experimental and
computational methods.

43

CHAPTER 3
3

NEUROMODULATION AND CO-MODULATION OF ELECTRICAL
COUPLING CONDUCTANCE

3.1 Overview
Synaptic communication through chemical and electrical synapses is one of the most
important properties of neuronal computation. Both types of synapses, by themselves, or
interacting with each other, serve important roles in regulating neuronal network output.
While the plasticity of chemical synapses is extensively studied, the plasticity of electrical
coupling is less understood. This chapter focuses on exploring the plasticity of electrical
coupling, emerging from changes in the coupling conductance. We show that several
neuromodulatory peptides directly modulate the electrical coupling conductance and that
different peptides can have opposite actions. In addition, when co-applied, neuropeptides
that have opposite effects on coupling conductance cancel each other’s actions.
Additionally, we show that the electrical coupling conductance depends on the frequency
of activity in the pre-junctional neuron, and this frequency dependence is also subject to
neuromodulation. The plasticity of the coupling conductance due to both activity and
neuromodulation may play an important role in regulating the dynamic range of
synchronization in oscillatory networks.
3.1.1

Additional Information

This chapter is currently under preparation to be submitted to a journal as a primary
research article. Xinping Li (first author) designed and performed the research, analyzed
the data, produced the figures, drafted and edited the manuscript. Dirk Bucher (co-author)
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will participate in editing the manuscript. Farzan Nadim (last author) designed and
performed the research, analyzed the data and edited the manuscript.

3.2 Introduction
Electrical coupling through gap junctions, formed by innexins in invertebrates or connexins
in vertebrates, is ubiquitous across all nervous systems (Connors & Long, 2004; Nagy,
Pereda, & Rash, 2018; Otopalik, Lane, Schulz, & Marder, 2017; Skerrett & Williams
Jamal, 2016). Electrical coupling influences network activity by interacting with other
network components, including chemical synapses and voltage-gated ionic currents (Curti,
Hoge, Nagy, & Pereda, 2012; Marder et al., 2016; Pereda, 2014). Both experimental and
theoretical studies have demonstrated a critical role for electrical synapses in
rhythmogenesis, synchronization and pattern formation and output regulation in various
networks (Bloomfield & Völgyi, 2009; Connors Barry, 2017; Coulon & Landisman, 2017;
Nadim, Li, Gray, & Golowasch, 2017; Pernelle, Nicola, & Clopath, 2018 ).
Because electrical connections are not as readily accessible as chemical synapses,
the plasticity of electrical coupling is less explored and is overlooked in many systems.
However, as with chemical synaptic transmission, electrical coupling is not static. The
plasticity of electrical coupling can take several forms, through changes of expression level
of innexin/connexin, or through interaction with other circuit components (ionic and
chemical synaptic currents), or through changes of the properties of the gap junction itself
(Bloomfield & Völgyi, 2009; Lane, Samarth, Ransdell, Nair, & Schulz, 2016; O’Brien,
2014; Pereda et al., 2013). Recent studies have also suggested activity and frequency
dependent plasticity of electrical coupling (Curti et al., 2012; Haas, Greenwald, & Pereda,
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2016; Jessica, Sarah, Emily, & S., 2017; Stagkourakis, Pérez, Hellysaz, Ammari, &
Broberger, 2018), which can play an important role in oscillatory networks.
A number of studies have revealed the molecular complexity that potentially
underlies the gating, voltage dependence, directionality and strength of the gap junction
channels (Anumonwo et al., 2001; Beyer & Berthoud, 2017; Bukauskas & Verselis, 2004;
Marsh, Michel, Adke, Heckman, & Miller, 2017; Miller Adam & Pereda Alberto, 2017;
Moreno, Fishman, & Spray, 1992; Moreno, Rook, Fishman, & Spray, 1994; Pogoda,
Kameritsch, Retamal, & Vega, 2016; Rubin, Verselis, Bennett, & Bargiello, 1992; Snipas,
Rimkute, Kraujalis, Maciunas, & Bukauskas, 2017; Ye et al., 2017). The rich structure of
the intracellular scaffold at gap junctions provides opportunities for phosphorylation at
multiple sites, that may be mediated by neuromodulatory substances or neuronal activity.
The neuromodulation of electrical coupling strength has been shown in several
systems, through protein kinase A and protein kinase C signaling pathways, one of the
clearest examples being the dopamine modulation of electrical coupling strength in the
mammalian retina (Beekharry, Gu, & Magoski, 2018; Bloomfield & Völgyi, 2009; Lasater
& Dowling, 1985; O’Brien, 2014; Pereda et al., 2013). However, most of these studies
measured coupling coefficient in current clamp experiments and used it as an estimate of
the electrical coupling conductance. Such experiments cannot distinguish the changes at
the electrical coupling conductance itself from the its interaction with postsynaptic ionic
currents which may also be modulated. In addition, no study has shown peptidergic
modulation of electrical coupling, or demonstrated parallel modulation of one electrical
synapse by multiple neuromodulators. The frequency dependent electrical transmission has
also been shown, to our knowledge, only in two recent publications (Curti et al., 2012;
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Stagkourakis et al., 2018), and only emerging from the membrane properties of the coupled
neurons.
To understand how circuit activity is shaped by the plasticity of electrical coupling,
it is important to first examine the direct modulation of the electrical coupling, independent
of other network components. In this chapter, we explore this topic by examining whether
electrical coupling conductance is directly modulated by neuromodulatory substances and
activity frequency. In addition, because all nervous systems are exposed to multiple
neuromodulators, we explored the actions of multiple neuromodulators on the same
electrical synapses and explored the combined actions of them.
We examined these questions in neurons of the stomatogastric ganglion (STG) of
the crab C. borealis. The STG contains a small number of neurons with identified electrical
coupling connections, and the innexin expression profile in different neuron types is known
(Otopalik et al., 2017; Shruti, Schulz, Lett, & Marder, 2014). Between the 13 cell types in
STG, 11 of them form electrical coupling, either rectifying or non-rectifying, within the
same cell type or between different cell types. Among them, the two pacemaker group PD
neurons are strongly electrically coupled and synapse onto the same muscles. We studied
the individual and combined effects of several neuromodulators on the PD-PD coupling
conductance, with an emphasis on the less known peptide modulation of electrical
coupling. We also explored the frequency dependence of the coupling conductance of this
synapse, as well as its neuromodulation and functional effect at network level.

47

3.3 Methods
3.3.1

Preparation and Electrophysiology Recordings

All experiments were performed on wild-caught adult male crabs (Cancer borealis)
purchased from local seafood suppliers. Prior to experiments, animals were kept in
artificial sea water tanks at 13 °C. Before dissection, crabs were anesthetized by placing
on ice for 30 min. The STNS was dissected out following standard protocols (Blitz et al.,
2004; Tohidi & Nadim, 2009), placed in a Petri dish coated with clear silicon elastomer
(Sylgard 184; Dow Corning) and superfused with C. borealis saline, containing (in mM)
11 KCl, 440 NaCl, 13 CaCl2, 26 MgCl2, 11.2 Trizma base, and 5.1 maleic acid (pH =7.4 –
7.5). A petroleum jelly well was built around the STG for constant superfusion of chilled
(10-12 °C) saline during the experiment.
Neurons were identified by their characteristic intracellular waveforms and by
matching their activities to the spikes on the corresponding motor nerves. Extracellular
activities of motor nerves were recorded with a differential AC amplifier (Model 1700; AM Systems), using stainless-steel pin wire electrodes placed inside and outside of small
petroleum jelly wells built around the nerves. Intracellular recordings, current clamp and
voltage clamp experiments were done with Axoclamp 900A amplifiers (Molecular
Devices). The STG was desheathed and the neuron cell bodies were impaled with sharp
glass electrodes, prepared with a Flaming-Brown P-97 Puller (Sutter Instruments) and
filled with 0.6 M K2SO4 + 20 mM KCl solution (15-30 MΩ electrode resistance). All
electrophysiological data were digitized at 5-10 KHz with a Digidata 1440A data
acquisition board (Molecular Devices).

48

3.3.2

Measure Electrical Coupling Conductance with Voltage Steps and Zaps

The conductance of the gap junction was measured with simultaneous dual two-electrode
voltage clamp recordings of both the pre- and the post-junctional neurons. All voltage
clamp experiments were done in the presence of 100 nM tetrodotoxin citrate (TTX;
Biotium) saline to block action potentials as well as the descending neuromodulatory
inputs, and 5 µM picrotoxin (PTX; Sigma) to block inhibitory glutamatergic synapses.
Two protocols were used to measure the electrical coupling conductance, the step
protocol and the ZAP (Impedance Amplitude Profile) protocol. For the step protocol, the
electrical coupling current (Ielec) was measured as the current elicited in the post-junctional
neuron (held at –60 mV), in response to 1-2 s voltage steps in the pre-junctional neuron (80 mV to -40 mV, in 2 or 5 mV steps, from a holding potential of –60 mV). For the step
protocol, Ielec is the mean value of the post-junctional current during the pre-junctional
pulse (the post-junctional current integral divided by the duration of the pre-junctional
voltage step). Because both neurons had the same holding voltage, to fit Ielec as a function
of pre-junctional voltage (Vpre), we used a linear regression function of the following form:

Ielec = gelec(Vpre − Vpost )

(3.1)

from which we calculated the electrical coupling conductance gelec.
For the ZAP protocol, Ielec was measured as the current elicited in the postjunctional neuron (held at –60 mV), in response to a sweeping-frequency sinusoidal ZAP
voltage waveform in the voltage-clamped pre-junctional neuron.
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where f(t) produced a range of frequencies as a function of time (t), from fmin = 0.1 Hz to
fmax = 4 Hz. (Vmax –Vmin) is the voltage range of the pre-junctional neuron, with Vmax = -30
mV and Vmin = –60 mV. T = 100s is the total duration of the ZAP waveform. To avoid
transients, the stimulation started with 2 cycles of a sinusoidal current applied at the lowest
frequency (fmin = 0.1 Hz) that smoothly transitioned into the ZAP waveform.
We used the ZAP protocol to measure the frequency profile of electrical coupling
conductance:

gelec ( f ) =

FFT (Vpre)
FFT ( Ielec )

(3.3)

where FFT denotes the Fast Fourier transform. In each measurement, gelec was fit with a
sixth-degree polynomial and the fit was used for analysis. We measured the peak amplitude
of the fit as the maximum conductance (gelec-max) and the frequency at which this
conductance was achieved as the resonance frequency (fres-gelec).
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3.3.3 Examine the Neuromodulatory and Co-modulatory Effects on Electrical
Synapses
The neuromodulatory substances used in this chapter were the neuropeptides proctolin
(Proc; Bachem), crustacean cardioactive peptide (CCAP; Bachem), red pigment
concentrating hormone (RPCH; Bachem), and the monoamines dopamine (DA; Sigma)
and oxotremorine (Oxo; Sigma). Proc, CCAP were dissolved in deionized water, and
RPCH was dissolved in dimethyl sulfoxide (DMSO; Sigma). All peptides were aliquoted
in 1 mM stock solutions and stored at -20 °C until use. DA and Oxo were freshly prepared
before each experiment.
The effects of single neuromodulators were measured by bath applying each
modulator at 1 µM for six minutes followed by a 10-minute wash in saline. In some
experiments, only one neuromodulator was used, in other experiments, we bath applied
multiple neuromodulators with washes in between. Because we didn’t observe any history
dependence of the neuromodulation on electrical synapses, we grouped the experiments
with single application and multiple application together for analysis (with the exception
that we do not apply neuromodulators after applying Oxo, as the effect of Oxo persisted in
wash).
We examined co-modulation of electrical synapses in a different set of experiments.
We performed the first two sets of experiments starting with bath application of either Proc
or RPCH alone, then co-application of Proc and RPCH, followed by co-application of Proc,
RPCH and CCAP. Another two sets of experiments started with either Proc or CCAP alone,
then co-application of Proc and PRCH, followed by co-application of Proc, RPCH and
CCAP. In all four sets of experiments, all modulators were applied at 1 µM.
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3.3.4

Computational Modeling

The model consisted of two neurons coupled with symmetric electrical coupling. Each
neuron was built as a two-compartment biophysical model, consisting of a soma-neurite
(SN) and an axon (A) compartment. The SN compartment included a leak and a lowthreshold (T-type) inactivating calcium current, which effectively made it a calcium spike
oscillator (Torben-Nielsen, Segev, & Yarom, 2012). The A compartment included
Hodgkin-Huxley type leak, fast sodium and delayed rectifier potassium currents, which
allowed it to spike but only when the input from the SN compartment produced a calcium
spike. The combination produced a bursting neuron. The neuron obeyed the following
standard Hodgkin-Huxley type current balance equations:

dVSN
= I L − SN + I Ca + I axial + I elec
dt
dV
C A SN = I L − A + I Na + I K − I axial
dt

CSN

(3.4)

where Cx and I L − x = g L − x (V − EL − x ) denote the membrane capacitance and leak current of the
compartments (x = SN or A), I axial = g axial (VSN − VA ) and I axial = g elec (VSN − VSN 2 ) where VSN2 is the
voltage of the other neuron’s SN compartment. The ionic currents are given as

p
q
I ion = gion mion
hion
(V − Eion )

(3.5)

where ion = Ca, Na or K, gion is the maximal conductance, and mion and hion denote the
activation and inactivation gating variables governed by
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dx 1
= [ x (V ) − x]
dt  x

(3.6)

(x = mion or hion). The activation and inactivation powers, p and q, are nonzero integers.
The model equations and parameters are provided in Table 3.1.
Table 3.1 Model Equations and Parameters. a1, b1 and c1 are scaling parameters. For cell 1, a1=0,
b1=0, c1=1; for cell 2, a1=0.412241, b1=-0.0282679, c1=1.125. All capacitances in pF, conductances
in nS, time constants in ms.
Parameter
Value
Compartment
Current
gaxial
130
C
2000
gmax
95
Leak
Erev
-63
gmax
70
Erev
60
SN
minf(v)
1/(1+exp(-0.4*(v+59.7-b1)))
p
3
Ca
taum(v)
15+25*(1-Ca_minf(v))
hinf(v)
1/(1+exp(0.8*(v+60-b1)))
tauh(v)
150+190/(1+exp(0.1*(v+60-b1)))
q
1
C
250
gmax
5
Leak
Erev
-65
gmax
3000
Erev
50
minf(v)
1/(1+exp(-0.085*(v+22)))
taum(v)
0
Na
p
3
A
hinf(v)
1/(1+exp(0.12*(v+30)))
tauh(v)
2
q
1
gmax
500
Erev
-80
K
minf(v)
1/(1+exp(-0.15*(v+20)))
taum(v)
2+14*(1-K_minf(v))
p
4
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The gelec frequency profile was modeled to show resonance at f = 0.75 Hz according
to the following equation:

gelec = 2.625 gelec [e−0.1 f − e−5 f ]

(3.7)

where 2.625 is a scaling factor so that g elec = gelec at the resonance frequency.
Simulations were done in C code, using a 4th order Runge-Kutta numerical
integrator. The two cells always started with identical initial conditions and each run was
25 s. A 15 s window, ending 1 s before the simulation end (to remove filtering artifacts),
was used for measurements of synchrony. The two voltage waveforms were sampled at 1
kHz The Slow waveform was obtained by low-pass filtering the waveforms with a moving
average window of length 81 ms. The Fast waveform was obtained as the difference
between the Full waveform and the Slow waveform. The level of synchrony was measured
as, R2, the square of the correlation coefficient between the (Full, Slow or Fast) waveforms
of the two cells in this time window. All analysis was done in MATLAB (MathWorks).
3.3.5

Data and Statistical Analysis

All data and statistical analyses were done with MATLAB (MathWorks, 2015b) and
SigmaPlot 12 (SyStat Software Inc.). Statistical tests included paired Student’s t-test, Oneor Two-way RM ANOVA, followed by the Turkey post-hoc test, if applicable. Critical
significance level was set to α=0.05. Unless otherwise indicated, all error bars in the figure
represent standard error of the mean.
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3.4 Results
3.4.1 Coupling Conductance is Insensitive to Indirect Electrical Coupling and the
Input Conductance of the Post-junctional Neuron
The strength of electrical coupling is quantified as the coupling coefficient (CC) in current
clamp experiments, measuring the ratio of post- and pre-junctional neuronal voltage
deflection in response to a current pulse injected into the pre-junctional neuron. CC is
usually used as an estimate of the coupling conductance (Gelec), which is the total
conductance of the electrical coupling through gap junctions between the two neurons. The
relationship between CC and Gelec is given by

CC =

Gelec
Gelec + GL_post

(1.8)

where GL_post is the input conductance of the post-junctional neuron. Therefore, changes in
CC reflect interactions between Gelec and GL_post, and do not necessarily reflect changes of
the electrical synapse itself. In this study, we measured the current flow through the
electrical synapse by voltage clamping both neurons to estimate Gelec, which depends solely
on properties of the electrical synapse. We demonstrated the difference between CC and
Gelec with a simple model and showed that, in a pair of electrically coupled model neurons,
changes of GL_post from 50nS to 150nS reduced the CC by half but had no impact on Gelec
(Figure 3.1A).
Neurons rarely make electrical synaptic connections to only one post-junctional
partner, for example, in the pyloric network, the two PD neurons are also electrically
coupled to the AB neuron. We therefore used a simple model to examine if the electrical

55

conductance we measured between two PD neurons is affected by their connection with
AB. As shown in Figure 3.1B, in a model network of three coupled neurons, when the
conductance of two other electrical synapses increased by four-fold, the voltage clamp
measurements of the electrical coupling conductance was affected only by 10%. Thus,
although strong indirect electrical coupling may influence the voltage-clamp estimates of
Gelec, this effect is minimal.

Figure 3.1 Coupling conductance accurately reflects the strength of the electrical
synapse. (A) Changes of GL_post from 50nS to 150nS in a model network reduced the
post-junctional voltage response by half in current clamp but had no impact on the postjunctional current measured in voltage clamp. Therefore, coupling coefficient is
sensitive to the input conductance of the post-junctional neuron (GL_post) but the coupling
conductance is not. (B) Coupling conductance (Gelec1=33.3nS) was minimally affected
by changing the coupling conductance (Gelec2) between the two neurons and a third
neuron from 10nS to 40 nS. Thus, indirect electrical coupling has a small influence on
the measurements of the direct coupling conductance.
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3.4.2 Multiple Neuromodulators Affect the Electrical Coupling Conductance in
Opposite Directions
We quantified the individual modulatory effects of several neuromodulators using a
standard step protocol (Figure 3.2A). We measured the post-junctional current of the PD
to PD electrical synapse in control and in bath applied neuromodulators with simultaneous
two-electrode voltage clamp recordings of both neurons. The two PD neurons are
connected by non-rectifying electrical synapse (Shruti et al., 2014). As expected for a nonrectifying synapse, the amplitude of post-junctional current increased linearly as the prejunctional voltage step increased (Figure 3.2B). We calculated Gelec as the slope of a linear
fit to the IV relationship, given by (3.1). The amplitude of the junctional current was
independent of the choice of the pre-junctional PD, indicating that the connection was
symmetric. Therefore, the Gelec we report in this study is the average of the Gelec measured
from both directions in each preparation.
We examined the individual modulatory effects of five neuromodulators on the
Gelec of the PD to PD electrical synapse by bath applying each modulator at 1µM. Figure
3.2C shows one example traces of the post-junctional current measured in control and in
each of the modulators. As in the control condition, in the presence of neuromodulators,
the IV relationship remains linear and symmetrical (data not shown).
Because the three peptide modulators strengthen pyloric chemical synapses and
activate a voltage gated ionic current IMI in pyloric neurons, we expected them to affect the
electrical synapse in the same direction. Surprisingly, we found that the three peptides have
different effects on Gelec of the PD to PD electrical synapse (Figure 3.2C). All three peptide
modulators RPCH, Proc and CCAP influenced the PD to PD electrical synapse. RPCH
increased Gelec by almost 50 percent, and the effect of RPCH was fully removed in wash
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Figure 3.2 Peptides modulate the PD-PD electrical coupling conductance. (A)
Measurements of electrical coupling current (Ielec) in voltage clamp. Ielec was measured
as the mean current elicited during the pre-junctional voltage steps (Vpre). (B) The
electrical coupling conductance (Gelec) was calculated from the slope of the linear fit to
the relationship between Ielec and Vpre in control saline or in the presence of 1 µM
modulator. (C) RPCH, CCAP and Proc have distinct effects on the PD-PD electrical
coupling conductance. RPCH increased Gelec, and the effect was removed in wash (left,
n=12, Ctrl vs RPCH: p<0.001, Ctrl vs Wash: p=0.540). CCAP also increased Gelec, and
the effect was removed in wash (middle, n=13, Ctrl vs CCAP: p<0.001, Ctrl vs Wash:
p=0.998). Proc decreased Gelec, and the effect was removed in wash (right, n=14, Ctrl vs
Proc: p<0.001, Ctrl vs Wash: p=0.125). All measurements One-Way RM ANOVA
followed by Tukey pairwise comparison. Dots show individual experiments.
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(Figure 3.2C). Similarly, CCAP increased Gelec by more than 50 percent, and its effect was
also removed in wash (Figure 3.2C). In contrast, Proc decreased Gelec by 25 percent and its
effect was removed in wash (Figure 3.2C).
We also examined the effect of the amine modulator DA and the muscarinic agonist
Oxo. DA was shown in an earlier study to modulate the coupling coefficient between the
two PD neurons in lobster (Johnson, Peck, & Harris-Warrick, 1993). We did not, however,
observe a modulatory effect of DA on the electrical synapse (Figure 3.3). Oxo had a
moderate effect in increasing Gelec by 25 percent (Figure 3.3). However, unlike the
peptides, the effect persisted after wash (Figure 3.3).

Figure 3.3 DA does not change the PD-PD electrical coupling conductance while Oxo
has a persistent effect. Top panels show recordings from one experiment. Bottom panels
show Gelec in control, modulator, and wash, with the individual experiments shown as
dots. DA had no effect on Gelec (left, n=5, p=0.402, One-Way RM ANOVA). Oxo
increased Gelec, and the effect persisted in wash (right, n=5, Ctrl vs Oxo: p=0.018, Oxo
vs Wash: p=0.709). All measurements One-Way RM ANOVA followed by Tukey
pairwise comparison.
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3.4.3 Convergent
Conductance

Peptidergic

Co-modulation

of

the

Electrical

Coupling

As discussed in Chapter 2, all neural circuits are multiply modulated. It is therefore
important to understand the combined actions of neuromodulators at circuit component
level in order to understand how neuromodulation shapes circuit dynamics. Here, we
qualitatively explored the combined actions of multiple peptides on the electrical synapse,
with a focus on the peptides that affect electrical synapses in opposite directions (Proc vs
CCAP and Proc vs RPCH).
We examined the combined actions of Proc and CCAP in two separate sets of
experiments. In each set, we started with the application of one peptide, either Proc or
CCAP, followed by co-application of both, and then co-application of all three peptides. In
another two sets of experiments, we started with either Proc or RPCH, followed by coapplication of both, and then of all three peptides.
In the Proc-CCAP experiment sets, as expected, the two peptides modulated the
electrical synapse in opposite directions, with Proc reducing Gelec and CCAP increasing it
(Figure 3.4A). Subsequent co-application of Proc and CCAP increased Gelec if Proc was
applied the first, but decreased Gelec if CCAP was applied first (Figure 3.4A), which
indicated that the effects of Proc and CCAP cancel each other out when co-applied.
However, co-application of all three peptides did not have an additional effect compared
to co-application of Proc and CCAP (Figure 3.4A), despite the fact that RPCH alone
increased Gelec. This could be due to the interaction between RPCH and the other two
peptides, or due to occlusion of the CCAP and RPCH effects on Gelec. In addition, comodulation of Gelec by two or three peptides did not depend on whether Proc or CCAP was
applied first (Figure 3.4A).
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Figure 3.4 Peptidergic Co-modulation of the Electrical Coupling Conductance. Comodulation of Gelec by Proc, CCAP and RPCH was evaluated with four groups of
experiments, each started with application of single peptides, followed by co-application
of two peptides with opposite effect, and then co-application of all three. All Gelec values
in each experiment were normalized by the control level. Statistical comparisons within
groups are shown on the bars; statistical comparisons between groups are shown on
labels below the bar graphs. (A) Experiments in group 1 (dark gray bar) and group 2
(light gray bar) started with application of Proc (P, blue outline) or CCAP (C, red outline)
individually, both followed by co-application of CCAP and Proc (PC, brown outline),
and then co-application of all three (PCR, purple outline). Co-application of Proc and
CCAP increased Gelec compared to Proc alone but decreased Gelec compared to CCAP
alone (P vs PC: p=0.002, C vs PC: p=0.010). RPCH did not produce any additional effect
(PC vs PCR: p=0.686). Gelec was significantly different in Proc and CCAP (p<0.001),
however subsequent co-modulation of Gelec was not history dependent (between group 1
and 2: p=0.737 (PC), p=0.610 (PCR)). (B) Experiments in group 3 (dark gray bar) and
group 4 (light gray bar) started with application of Proc (P, blue outline) or RPCH (R,
magenta outline) individually, both followed by co-application of Proc and RPCH (PR,
green outline), and then co-application of all three (PCR, purple outline). Co-application
of Proc and RPCH increased Gelec compared to Proc alone but decreased Gelec compared
to RPCH alone (P vs PR: p<0.001, R vs PR: p=0.048). CCAP produced an additional
effect (PR vs PCR: p=0.020). Gelec was significantly different in Proc and RPCH
(p<0.001), however subsequent co-modulation of Gelec was not history dependent
(between group 1 and 2: p=0.277 (PR), p=0.340 (PCR)). N=4 for each group, N=16 in
total. All measurements Two-Way RM ANOVA followed by Tukey pairwise
comparison.
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Similarly, for the experiments started with Proc and RPCH, as expected, the two
peptides modulated the electrical synapse in opposite directions, with Proc reducing Gelec
and RPCH increasing it (Figure 3.4B). Subsequent co-application of Proc and RPCH
increased Gelec if Proc was applied the first, but decreased Gelec if RPCH was applied first
(Figure 3.4B), which indicated that the effects of Proc and RPCH cancel each other out
when co-applied. Co-application of all three peptides increased Gelec by a small amount
compared to co-application of Proc and RPCH, indicating that CCAP further increased
Gelec (Figure 3.4B). This CCAP effect was a much smaller increase compared to when it
was applied alone (Figure 3.4B). This difference could be due to the interaction between
CCAP and the other two peptides, or due to occlusion of the CCAP and RPCH effects on
Gelec. As before, co-modulation of Gelec by two or three peptides did not depend on whether
Proc or RPCH was applied first (Figure 3.4B).
3.4.4

Frequency Modulation of the Electrical Coupling Conductance

Neurons and synapses can exhibit frequency selectivity that influences the dynamics of
oscillatory circuits (Tseng, Martinez, & Nadim, 2014). Resonance property is a property
that neurons or synapses produce a maximum response to oscillatory input at a non-zero
frequency (resonant frequency). Resonance in electrical synapse can either emerge from
the properties of the gap junction itself or emerge from the interaction between the
junctional current and the membrane properties of the post-junctional neuron. To examine
whether the electrical coupling conductance itself shows resonance, we used voltage clamp
to quantify the frequency-dependent property of the electrical coupling conductance.
The resonance profile of the electrical coupling conductance was measured as the
ratio of the Fourier transform of the post-junctional current and the pre-junctional voltage
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waveform (an oscillatory ZAP waveform spanning 0.1 Hz to 4 Hz). As shown in Figure
3.5A, in response to the pre-junctional voltage ZAP, the post-junctional holding current
had a maximum amplitude at a non-zero frequency. We characterized the resonance of the
electrical coupling conductance with three parameters: the amplitude of the conductance at
0.1 Hz (g0-elec) the maximum amplitude of the conductance (gelec-max), and the frequency at
which gelec-max occurs (Figure 3.5B).
Unlike the measurements with the step protocol, in which the directionality of the
electrical synapse had little influence, we found that the two directions of the synapses
produced different results. Therefore, in this part of the study, we treat the PD1 to PD2 and
the PD2 to PD1 in each preparation independently.

Figure 3.5 Electrical coupling conductance shows resonance. (A) Ielec was measured in
the post-junctional PD in voltage clamp in respond to a pre-junctional ZAP waveform
spanning from 0.1 Hz to 4 Hz. (B) An example of the frequency profile of Gelec, measured
as the ratio of the amplitudes of the Fourier transforms of Ielec and Vpre (grey dots). A
polynomial was fit to the raw data to measure the peak amplitude and the frequency at
which it occurred (circled in red). (C) The PD-PD electrical coupling conductance shows
resonance. A peak conductance occurred at a distinct frequency (gelec-max VS g0-elec:
p<0.001, paired Student’s t-test, fres-gelec vs 0.1 Hz: p<0.001, one-sample t-test). N=20.

We found that, 20 of the 28 measured PD to PD electrical synapse showed
resonance in their electrical coupling conductance measured in control conditions (peak
amplitude occurred at a non-zero frequency). Figure 3.5C shows the averaged resonance
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profile of these 20 electrical synapses. The resonance frequency occurred at 0.80±0.26 Hz,
which is close to the mean frequency of the pyloric network set by the pacemaker neurons,
including the two PDs. The peak amplitude of the electrical coupling conductance was
significantly larger than the amplitude measured at 0.1 Hz by more than 25 percent (Figure
3.5C).
3.4.5 Neuromodulation of the Frequency Dependency of the Electrical Coupling
Conductance
We next examined if neuromodulators affect the resonance of the electrical coupling
conductance. We explored the actions of two peptides: CCAP and Proc, which have
opposite effects on the amplitude of the coupling conductance measured with step protocol.
We quantified the resonance profile of the electrical coupling in control and with each of
these two peptides.
As in control conditions, the coupling conductance showed resonance in both Proc
and CCAP but with distinctly modulated frequency profiles (Figure 3.6A). We compared
the maximum conductance, and the frequency at which it occurred, in each condition. Note
that the peak values shown in Figure 3.6 do not exactly match the peak of the mean
impedance profile (solid line) due to the fact that the peak of the mean impedance profile
is determined not only by the peak of the profiles in individual experiments but also by
their slopes and amplitudes.
Consistent with the step protocol results, CCAP increased the peak amplitude of
the conductance while Proc decreased it (Figure 3.6A). Interestingly, they also had opposite
effects on the resonance frequency of the coupling conductance. CCAP decreased the
resonance frequency while Proc increased it (Figure 3.6A). In addition, despite the fact that
the coupling conductance was larger in CCAP than in control, the resonance power (gelec64

max/g0-elec)

was smaller in CCAP than in control. Proc also had a smaller effect in peak

amplification (Figure 3.6B).

Both Proc and CCAP shifted the both the frequency-

dependence and the amplitude of the electrical coupling conductance, in different manners.

Figure 3.6 CCAP and Proc differentially modulate the resonance of the electrical
coupling conductance. Each figure shows the average frequency profile of Gelec. Top
panel shows the frequency profiles normalized to g0-elec in control condition. Bottom
panel shows frequency profiles normalized to g0-elec of each measurement. (A) CCAP
decreased the resonance frequency of Gelec while Proc increased it (Ctrl vs CCAP: N=11,
p= 0.009, Ctrl vs Proc: N=9, p=0.003). CCAP increased the maximum conductance
while Proc decreased it (Ctrl vs CCAP: N=11, p= 0.043, Ctrl vs Proc: N=9, p=0.006).
(B) Both CCAP and Proc decreased the resonance power (Ctrl vs CCAP: N=11, p=
0.048, Ctrl vs Proc: N=9, p=0.015). All comparisons paired Student’s t-test.
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3.4.6 Computational Modeling to Examine the Function of Resonance in Electrical
Coupling
We explored the role of the resonance of electrical coupling conductance using a
computational model of two electrically coupled bursting neurons. We chose the
parameters of the two neurons to produce bursting oscillations with slightly different cycle
frequencies (f1 =1.2 Hz, f2 = 1.1 Hz) when uncoupled. We then coupled the two neurons
with symmetric electrical coupling and examined the synchronization of their activity at
different electrical conductance strengths. The level of synchronization was measured as
the coefficient of determination (R2) between the two voltage waveforms (see Methods)
(Lane et al., 2016). We measured the synchrony of the full bursting waveforms (Full), the
slow wave activity waveform (Slow = the low-pass filtering of Full) and the spiking
activity waveform (Fast = high-pass filtering of Full = Full−Slow) of the two neurons
(Figure 3.7A). The level of synchrony increased as the strength of the electrical coupling
increased, reaching almost perfect synchrony (R2=1) for large values of gelec. The slow
waveforms achieved synchrony at much smaller values than the fast spiking activity, and
R2 of the total waveform was, as expected, between the two.
We then examined the effect of resonance in gelec (Figure 3.7B) on the synchrony
between the two neurons. We fashioned the gelec frequency profile to be similar to that
observed experimentally, albeit with a somewhat larger amplification factor. We found
that, when the two cells oscillated at low or high frequencies, where gelec was smaller, the
cells failed to achieve significant synchrony (Figure 3.7C and Figure 3.7B left and right
insets). In contrast, at the gelec resonance frequency, where gelec was largest, the level of
synchronization was also maximal (Figure 3.7C and middle inset). Because of range of
gelec values chosen, synchrony was only seen in the slow (and full) waveforms, but not the
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fast spiking of the two neurons. If we choose the gelec values to fall within the dynamic
range of the Fast waveform R2 values (Figure 3.7A), however, we expect that the slow
waveforms would remain synchronized throughout the frequency range, but synchrony in
fast spiking would be achieved only near the gelec resonance frequency.

Figure 3.7 Electrical conductance resonance influences the level of synchrony of model
bursting neurons. (A) The level of synchrony between the two coupled neurons,
measured as a coefficient of determination R2 of their voltage waveforms, increases with
the coupling conductance. Slow is the low-pass filtering of the Full waveform. Fast is
the high-pass filtering (=Full – Slow). (B) Coupling conductance is modeled to show
resonance at the network frequency f = 0.75 Hz. Changing the network frequency
increases synchrony of the slow and full waveforms, but not the fast spiking activity.
Insets in B show voltage waveforms for a single cycle at the indicated frequencies.

3.5 Discussion
We have shown, for the first time to our knowledge, that several peptides and a muscarinic
agonist modulate the coupling conductance of the same electrical synapse. It is also the
first experimental evidence of the direct neuromodulation of electrical synapses in STG.
Notably, despite the fact that the three peptides used in this study modulate a voltage-gated
ionic current and synapses in a similar fashion, they exhibit opposite effect on electrical
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synapses. While the molecular mechanisms underlying this observation are unknown, the
opposite effects of different peptides indicate that their intracellular pathways target
different sites of the gap junction channel or have opposing effects on the same target. This
finding suggests that multiple neuromodulators could have converging effects on one set
of targets but have divergent effects on other targets.
In addition, peptides that modulate the coupling conductance in the opposite
direction can cancel out each other’s influence when co-applied. Such a cancelling effect
may be linear, so that the co-modulatory effect is the sum of the individual modulators’
actions. It may also be nonlinear, so that the presence of each peptide suppresses the actions
of the opposing peptide independent of concentration. To clarify the exact rule of comodulation of coupling conductance, an additional set of experiments is required to
quantify the dose-dependent effects of individual and co-applied peptides.
In the previous chapter, we showed that co-modulation of voltage-gated and
synaptic currents by CCAP and Proc follow distinct rules. We proposed that such distinct
co-modulation rules functionally decouple the modulation of synapses and that of voltagegated ionic currents. Our findings on co-modulation of electrical synapses in the same
neurons further extends this flexibility. For example, while co-modulation of Proc and
CCAP of chemical synapses is linearly additive, neuromodulation of electrical synapses is
suppressed.
The other important observation in this chapter is that electrical coupling
conductance exhibit resonant property. In oscillatory circuit, electrical coupling currents
also oscillate with the same frequency. By having a resonant coupling conductance,
electrical connections can have a range of strengths depending on the activity frequency.
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As our modeling results suggest, such dynamic range in the coupling strength can have
differential effects on the synchronization of both the slow waveform and the fast spiking
waveform of voltage activity. For electrically coupled neurons that are not active in phase,
having a resonant electrical synapse could also mediate the patterning of the circuit output
and inter-circuit interaction.
Interestingly, we found that Proc and CCAP also modulate the resonant frequency
of the coupling conductance in different directions. However, they both decrease the
resonance power of the coupling conductance, which means that both Proc and CCAP
stabilizes the coupling strength across a range of frequency. Thus, these two neuropeptides
modify the coupling in opposite directions independent of the frequency of network
activity.
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CHAPTER 4
4 DISTINCT MECHANISMS UNDERLIE ELECTRICAL COUPLING
RESONANCE AND ITS INTERACTION WITH MEMBRANE POTENTIAL
RESONANCE

Overview
In oscillatory circuits, neurons and synapses are subject to inputs that often span a range of
frequencies. Whether they respond more favorably in one frequency range, and whether
such frequency selectivity can be altered in different states, may have an important impact
on the dynamics of the circuit output. Many neurons exhibit frequency dependent property
known as membrane potential resonance, characterized as a maximal subthreshold voltage
amplitude response to oscillatory current input at a non-zero (resonant) frequency. In
electrically coupled networks, electrical coupling can also exhibit resonance. However, it
is not known whether coupling resonance reflects the properties of the electrical coupling,
or it emerges from the interaction between the coupling current and membrane properties
of the coupled neurons. In this chapter, we examined the resonant properties of the neurons
and their electrical coupling simultaneously, in the oscillatory pyloric network of the crab
C. borealis. We found that the electrical coupling and the neurons have distinct resonant
frequencies and are independently modulated by peptides. This finding shows that different
mechanisms are responsible for frequency dependency at different levels of circuit
organization.
4.1.1

Additional Information

This chapter is currently under preparation to be submitted to a journal as a primary
research article. Xinping Li (first author) designed and performed the research, analyzed
the data, produced the figures, drafted and edited the manuscript. Farzan Nadim (last
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author) designed the research, edited the manuscript, and will perform additional
computational modeling.

Introduction
Rhythmic activity in the central nervous system underlies many critical behaviors, sensory
states and cognitive tasks such as breathing, locomotion, sleep/wake and memory
(Feldman, Del Negro, & Gray, 2013; McCrea & Rybak, 2008; Thut, Miniussi, & Gross,
2012; Timofeev, Bazhenov, Seigneur, & Sejnowski, 2012). The dynamics of oscillatory
neural circuits depends on the properties of neurons and synapses, which can be modified
by the circuit frequency (Ainsworth et al., 2012; De Martino et al., 2013 ; Lipstein et al.,
2013; Nadim & Manor, 2000). It is therefore important to characterize the frequency
dependent properties of neurons and synapses in order to understand the mechanisms
governing circuit oscillations.
Many neurons exhibit membrane potential resonance, the ability of neurons to
produce a maximal voltage response to oscillatory input at a non-zero input frequency
(resonant frequency (Hutcheon & Yarom, 2000). Such resonance arises through
interactions of passive properties of the neuron and the kinetics of voltage gated ionic
currents (Hutcheon & Yarom, 2000; H.-a. Tseng & F. Nadim, 2010). The resonant
frequency of neurons has been shown to correlate with the network frequency in a number
of systems (Buzsaki & Draguhn, 2004; Moca, Nikolic, Singer, & Muresan, 2014; Tohidi
& Nadim, 2009; Wu, Hsiao, & Chandler, 2001). In a recent study, we showed that
membrane potential resonance directly influences network frequency through electrical
coupling (Chen, Li, Rotstein, & Nadim, 2016).
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In electrically coupled neurons, an oscillatory current input to one neuron produces
voltage oscillations in both neurons. In recent studies, both the post-junctional voltage and
the coupling coefficient (the ratio of post- and pre-junctional voltages) have been shown to
exhibit preferred frequency responses (Curti et al., 2012; Stagkourakis et al., 2018). In
Chapter 3, we also have demonstrated that such frequency dependency arises from the
resonance of the electrical coupling conductance. However, it is not understood if the
resonance properties in the neurons and the electrical coupling emerge from distinct or
related mechanisms.
We examined this question by recording pairs of electrically coupled PD neurons
in the oscillatory pyloric network of the crab C. borealis. Because both PD neurons and
the electrical synapse between them have resonance, we can examine the membrane
potential resonance and the coupling resonance simultaneously. In order to establish their
relationships, we performed both current clamp and voltage clamp recordings to quantify
the frequency dependent properties of the neurons, the coupling coefficient, and the
coupling conductance. We also examined if the frequency dependent properties of neurons
and the electrical coupling are subject to the same neuromodulatory influences.

Methods
4.3.1

Preparation and Electrophysiology Recordings

All experiments were performed on wild-caught adult male crabs (Cancer borealis)
purchased from local seafood suppliers. Prior to experiments, animals were kept in
artificial sea water tanks at 13°C. Before dissection, crabs were anesthetized by placing on
ice for 30 min. The STNS was dissected out following standard protocols (Blitz et al.,
2004; Tohidi & Nadim, 2009), placed in a Petri dish coated with clear silicon elastomer
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(Sylgard 184; Dow Corning) and superfused with C. borealis saline, containing (in mM)
11 KCl, 440 NaCl, 13 CaCl2, 26 MgCl2, 11.2 Trizma base, and 5.1 maleic acid (pH =7.4 –
7.5). A petroleum jelly well was built around the STG for constant superfusion of chilled
(10-12°C) saline during the experiment.
PD neurons were identified by their characteristic intracellular waveforms and by
matching their activities to the spikes on the corresponding motor nerves. Extracellular
activities of motor nerves were recorded with a differential AC amplifier (Model 1700; AM Systems), using stainless-steel pin wire electrodes placed inside and outside of small
petroleum jelly wells built around the nerves. Intracellular recordings, current clamp and
voltage clamp experiments were done with Axoclamp 900A amplifiers (Molecular
Devices). The STG was desheathed and the neuron cell bodies were impaled with sharp
glass electrodes, prepared with a Flaming-Brown P-97 Puller (Sutter Instruments) and
filled with 0.6 M K2SO4 + 20 mM KCl solution (15-30 MΩ electrode resistance). All
electrophysiological data were digitized at 5-10 KHz with a Digidata 1440A data
acquisition board (Molecular Devices).
4.3.2

Measure Electrical Coupling Resonance and Membrane Potential Resonance

We measured the membrane potential and electrical coupling resonance in pairs of PD
neurons, in both current clamp experiments and voltage clamp experiments, with dual twoelectrode recordings. In all experiments, we recorded the voltage in both the pre- and the
post-junctional neurons (Vpre, Vpost) and the current injected into them (Ipre, Ipost).
In current clamp experiments, a ZAP (Impedance Amplitude Profile) current was
injected into the pre-junctional neuron and produced oscillation in both the Vpre and the
Vpost. The ZAP current was given by
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I ZAP = I max sin(2 f (t )t )
fmin Lt
(e − 1)
Lt
1


T
 fmax  

L = log 
 fmin  


f (t ) =

(4.1)

Where f(t) swept a range of frequencies as a function of time (t), from fmin = 0.1 Hz to fmax
= 4 Hz. Imax = 3nA and produced Vpre roughly range from –60 mV to –30 mV. T = 100s is
the total duration of the ZAP waveform. To avoid transients, the stimulation started with 2
pre-cycles of a sinusoidal current applied at the lowest frequency (fmin = 0.1 Hz) that
smoothly transitioned into the ZAP waveform. The membrane potential impedance of the
pre-junctional neuron (Zpre) and coupling coefficient (CC) were measured, in current
clamp, as

Zpre( f ) =

FFT (Vpre)
,
FFT ( Ipre)

CC ( f ) =

FFT (Vpost )
FFT (Vpre)

(4.2)

where FFT denotes the Fast Fourier transform. For each pair of PDs, we switched the ZAP
current injection from the pre- to the post-junctional neuron to measure membrane potential
impedance of the post-junctional neuron:

Zpost ( f ) =

FFT (Vpost )
.
FFT ( Ipost )
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(4.3)

Similarly, in voltage clamp experiments, the pre- and post-junctional neurons were held at
–60 mV and the pre-junctional neuron voltage was changed with a ZAP waveform as

3
 Vmax − Vmin 
 Vmax +Vmin 
VZAP = 
 sin(2 f (t )t +  ) + 

2
2
2





(4.4)

with f(t) was the same as in Equation (4.1), Vmax = –30 mV and Vmin = –60 mV. As in the
current clamp experiments, the stimulation started with 2 pre-cycles at the lowest
frequency. The phase shift 3π/2 allowed for the ZAP waveform to start at its minimum
value Vmin. The membrane potential resonance of the pre-junctional neuron (Zpre) and
coupling conductance (gelec) were measured as

Zpre( f ) =

FFT (Vpre)
,
FFT ( Ipre)

gelec ( f ) =

FFT ( Ipost )
.
FFT (Vpre)

(4.5)

All factors measured as a function of frequency, in current or voltage clamp, were fit with
a sixth-degree polynomial and the fits were used for analysis. We measured the peak
amplitude of each fit and the frequency at which the maximum amplitude was achieved.
All experiments were done with the presence of 100 nM tetrodotoxin citrate (TTX;
Biotium) saline to block action potentials as well as the descending neuromodulatory
inputs, and 5 µM picrotoxin (PTX; Sigma) to block inhibitory glutamatergic synapses. To
examine the neuromodulatory effects on the frequency-dependent factors, we used two
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peptide modulators: proctolin (Proc; Bachem) and crustacean cardioactive peptide (CCAP;
Bachem), both aliquoted in 1 mM stock solutions and stored at -20 °C until use. We started
measure the effects of neuromodulators after bath applying each modulator at 1 µM for ten
minutes.
4.3.3

Data and Statistical Analysis

All data analysis and statistical tests were done with MATLAB (MathWorks, 2015b) and
SigmaPlot 12 (SyStat Software Inc.). Statistical tests included Pearson Correlation, paired
and unpaired Student’s t-test. Critical significance level was set to α=0.05. Unless
otherwise indicated, all error bars in the figures represent standard error of the mean.

Results
4.4.1 Resonance of the Electrical Coupling is Distinct from Membrane Potential
Resonance
In electrically coupled neurons, an oscillatory current input to the pre-junctional neuron
produces voltage oscillations in both the pre- and the post-junctional neurons. Many
neurons exhibit membrane potential resonance, a maximal subthreshold voltage amplitude
response to oscillatory current input at a non-zero (resonant) input frequency (Hutcheon &
Yarom, 2000). Electrical coupling can also exhibit resonance, as shown in Chapter 3 and
in previous studies (Curti et al., 2012; Stagkourakis et al., 2018). However, the relationship
between the resonance of the coupled neurons and that of their electrical coupling remains
to be determined. We examined this relationship using the two PD neurons, where the
membrane potential resonance and the electrical coupling resonance can be assayed
simultaneously.
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Figure 4.1 Resonances of the coupling coefficient and the membrane potential are distinct
but correlated. (A) Membrane impedance amplitude of the pre-junctional PD neuron (Zpre)
was measured as the ratio (measured in the frequency domain) of the voltage amplitude to
an oscillatory ZAP current input spanning a frequency range of 0.1 Hz to 4 Hz. Coupling
coefficient (CC) was measured as the ratio of pre- and post- junctional voltage responses
to the same ZAP current input. An example of the frequency profile of pre-junctional Zpre
and CC, measured simultaneously in one experiment is shown on the right. A polynomial
fit to the raw data was used to measure the peak amplitude and frequency (circled). (B)
ZPD (the population Zpre, because both PDs are used pre-junctionally) and CC have distinct
resonances. Averaged frequency profiles of CC and ZPD are shown, each normalized to its
amplitude at 0.1 Hz. CC showed a smaller resonant frequency than ZPD (p<0.001) and
higher resonance power (p=0.037). N=19, paired Student’s t-test. (C) The resonant
frequency of CC was correlated with the resonant frequency of both Zpre and Zpost, while
its maximum amplitude was only correlated with that of Zpost. ρ is the Pearson correlation
coefficient, p is the significance value of the fit.
We injected a ZAP current into the pre-junctional PD neuron and measured the
voltage responses in both pre-and post-junctional PDs (Figure 4.1A). Both the membrane
impedance (Zpre) and the coupling coefficient (CC) showed resonance (peak amplitude
occurred at a non-zero frequency) in 19 out of 28 measurements. Figure 4.1B Shows the
average resonance profiles of these 19 paired measurements. Note that the peak values
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shown in the figure do not exactly match the peak of the mean profile (solid line) due to
the fact that the peak of the mean of nonlinear curves is determined not by the peaks of
individual curves, but by their slopes and amplitudes. ZPD and CC showed distinct
frequency profiles (Figure 4.1B). CC had a slower resonance frequency (0.7021 ± 0.2020
Hz) than ZPD (0.9658 ± 0.3590 Hz) and the normalized peak amplitude of CC was larger
than that of ZPD. The resonance frequency of CC was correlated with the resonance
frequency of both Zpre and Zpost, while its maximum amplitude was only correlated with
that of Zpost (Figure 4.1C).
4.4.2 Distinct Resonances for Membrane Potential and Electrical Coupling Arises
from the Coupling Conductance
Because the coupling coefficient is influenced by the membrane properties of the postjunctional neuron, it is not a direct measure of the strength of electrical coupling. To
estimate the electrical coupling conductance (gelec) more directly, we measured the current
flow through the electrical synapse in voltage clamp experiments. The pre-junctional PD
was voltage clamped with a ZAP waveform while the post-junctional neuron was held at a
constant voltage, and we measured the currents in both pre-and post-junctional PDs (Figure
4.2A). Both Zpre and gelec showed resonance in 20 out of 28 measurements. Figure 4.2B
Shows the average resonance profiles of these 20 paired measurements.
Zpre and gelec showed distinct frequency profiles (Figure 4.2B). gelec had a lower
resonance frequency (0.8020 ± 0.2608 Hz) than Zpre (1.2720 ± 0.2343 Hz), but the
normalized peak amplitude of gelec was comparable to Zpre. Note that we measured different

78

Figure 4.2 Resonances of the coupling conductance and the membrane potential are
distinct and independent from each other. (A) Membrane impedance amplitude of the prejunctional PD neuron (Zpre) was measured as the ratio (measured in the frequency domain)
of an oscillatory ZAP voltage input spanning a frequency range of 0.1 Hz to 4 Hz, applied
in voltage clamp, to the current measured. Coupling conductance (Gelec) was measured as
the ratio of the post-junctional current and pre-junctional voltage. An example of the
frequency profile of pre-junctional Zpre and Gelec, measured simultaneously in one
experiment is shown on the right. A polynomial fit to the raw data was used to measure
the peak amplitude and frequency (circled). (B) ZPD (the population Zpre, because both PDs
are used pre-junctionally) and Gelec have distinct resonances. Averaged frequency profiles
of Gelec and ZPD are shown, each normalized to its amplitude at 0.1 Hz. Gelec showed a
smaller resonant frequency than ZPD (p<0.001) and comparable resonance power as ZPD
(p=0.525). N=20, paired Student’s t-test. (C) No correlation was observed between Zpre or
Zpost (recordings not shown) and Gelec. ρ is the Pearson correlation coefficient, p is the
significance value of the fit.
resonance frequencies for Zpre in current clamp and voltage clamp experiments, due to the
fact that Zpre measured in voltage clamp was restrained from non-linear interactions. As
expected, we did not observe any correlations between Zpre or Zpost and gelec, consistent with
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the fact that gelec only reflects the properties of the electrical coupling and not those of the
coupled neurons (Figure 4.2C).
4.4.3 Resonance of the Electrical Coupling and the Membrane Potential Resonance
Are Separately Modulated
In the previous chapter we showed that the strength of the electrical coupling, when
measured with pulses, is modulated by different neuropeptides. Previous studies have
shown that the membrane impedance profile maybe modulated by neuropeptides (Tseng et
al., 2014). We had also shown that neuropeptides modulate electrical synapses (Chapter
3). Because we can measure these two components simultaneously, we therefore compared
the neuromodulatory effects on the frequency-dependent properties of the electrical
coupling and the coupled neurons. We focused on two peptides, CCAP and Proc, and
performed voltage clamp experiments.
We found that the resonance of electrical coupling was modulated independent of
the membrane potential resonance of the PD neurons (Figure 4.3). Neither CCAP nor Proc
altered the resonance frequency or Zpre (Figure 4.3A). However, both peptides changed the
resonance frequency and gelec (Figure 4.3B), with CCAP produced a faster resonance
frequency than in Proc (Figure 4.3C). In addition, as in the control condition, gelec had
slower resonance frequencies than Zpre in CCAP. In Proc, however, the resonance
frequency of gelec was comparable to Zpre (Figure 4.3C).
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Figure 4.3 Resonances of the electrical coupling (Gelec) and the membrane potential
impedance (ZPD) are independently modulated. (A) Neither Proc or CCAP modulated
the PD neuron resonant frequency fres. (Ctrl-CCAP, N=11, p=0.465; Ctrl-Proc, N=9, p=
0.583). (B) The resonance frequency (fres) of the coupling conductance (Gelec) was
modulated by both Proc and CCAP. CCAP decreased the resonance frequency of Gelec
while Proc increased it (Ctrl-CCAP, N=11, p= 0.009, Ctrl-Proc, N=9, p=0.003). All
comparisons paired Student’s t-test. (C) fres of ZPD and Gelec are independently modulated.
CCAP and Proc produced comparable fres for ZPD (p=0.497) but distinct fres for Gelec
(p<0.001; unpaired Student’s t-test). While fres of ZPD and Gelec differ in CCAP (p=0.004),
they are comparable in Proc (p=0.801; paired Student’s t-test).

Discussion
In this chapter, we simultaneously characterized the frequency dependence of the electrical
synapse and the coupled neurons. We found that the electrical coupling conductance and
the impedances of the two neurons have distinct resonant frequencies. Additionally, we
found that these two frequencies are independently modulated. These findings suggest that
resonance of the electrical coupling and membrane potential resonance of neurons are
governed by distinct mechanisms. One caveat is that PD neurons are also electrically
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coupled to the AB neuron, which also exhibit resonance, and has a different resonant
frequency as the two PDs. The voltage clamp experiments we performed did not provide
voltage control on the AB neuron and, therefore, we could not isolate the influence of AB
neuron on our observations. However, we have shown in the previous chapter that indirect
coupling from AB has little effect on the measured PD-PD electrical conductance. In
addition, the influence of AB exists on both the measurements of membrane potential
resonance and the coupling conductance resonance, the fact that we observed independent
neuromodulation on these two properties suggested that our observation is not biased by
AB. Computational modeling can be used to elucidate the influence of the AB neuron.
Our findings lead to two important follow up questions: what are the roles of the
different resonant frequencies at different levels of circuit organization in regulating circuit
activity and how do these resonances interact? Previous studies have suggested that
different resonant properties of different circuit components collectively influence network
frequency (Lovett-Barron et al., 2017) . However, it remains to be determined to what
extent each component influences network frequency and how do they interact. These
findings provide a useful basis for further experimental and theoretical studies.
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CHAPTER 5
5

GENERAL DISCUSSION

Neural circuits produce robust yet adaptive output in response to changes of both the
external environment and the internal state of living animals. In many cases, such flexibly
of neural circuits is regulated by neuromodulators through modifying properties of circuit
components. Hence, the circuit dynamics we observe at a given time is a snapshot at a
particular state across a broad dynamic range. A primary reason to study neuromodulation,
therefore, is to understand circuit function and its underling mechanisms in its full dynamic
range.
In this dissertation, we explored how flexibility is introduced to circuit function by
individual neuromodulators or combinations of neuromodulators by modulating the
properties of different circuit components, including the chemical synapses, the voltagegated ionic currents, and the electrical coupling through gap junctions. We also highlighted
a particular aspect of neuromodulation: how multiple neuromodulators combine their
actions.
The presence of numerous neuromodulators in the CNS is a clear indication that
neural circuits are multiply modulated at any time. The distributions and combinations of
neuromodulators may change depending on the state of the CNS or behavioral needs,
which in turn shapes the dynamics of the neural circuits. To understand the role of
neuromodulators at the systems level, the common experimental paradigm is to manipulate
the levels of an individual neuromodulator, under the assumptions that a single dominant
neuromodulator is responsible for a specific circuit activity leading to a behavior or a
physiological state. However, there are multiple problems with this reasoning of which we
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will highlight two. First, neuromodulators are often released by multiple neurons which
may target different but interacting systems. Without knowing the dynamics of
neuromodulator release it would be impossible to decipher the global actions of the
neuromodulator. Second, because neuromodulators do not act independently or in
isolation, the actions of any neuromodulator depend on the presence of other
neuromodulators

(Mesce

et

al.,

2001;

Parker,

2000).

Such

state-dependent

neuromodulation was demonstrated in a variety of systems responsible for a variety of
behaviors including breathing, sleeping and feeding (Doi & Ramirez, 2008; Inagaki et al.,
2014; Lovett-Barron et al., 2017; Richter et al., 2014). Because neuromodulators act in
concert to shape the circuit activity and the resulting behaviors, it is important to clarify
the rules of co-modulation.
Although different neuromodulators might act on different cellular or subcellular
targets, it is commonplace for multiple neuromodulators to converge onto the same
subcellular target. We explored the rules and discussed the functional implication of comodulation at these shared targets. Our study revealed several generalizable mechanisms
of how co-modulation regulates circuit function. While we only explored the actions of a
small group of modulatory neuropeptides and a subset of pyloric neurons, this dissertation
provides a useful entry point and a basic framework towards understanding how circuit
dynamics is shaped by various neuromodulators.

Convergent Co-modulation of Different Circuit Components Provides Extra
Degree of Freedom in Regulating Circuit Output
It is common for a particular neuromodulator to target more than one circuit component.
The modulatory actions of a single neuromodulator on multiple components are always
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linked. For example, at sub-saturating concentrations, the neuropeptide CCAP’s effect on
chemical synapses, electrical synapses and neuronal excitability will increase as the
concentration increases, with a fixed ratio and dynamic range. When multiple
neuromodulators converge onto overlapping targets, however, their combined actions on
these target can be uncoupled according to specific co-modulation rules. One such example
presented in this dissertation is the co-modulation of chemical synapses, voltage-gated
ionic currents and electrical synapses by CCAP and Proc. Both CCAP and Proc activate
the same voltage-gated ionic current, strengthen chemical synapses, yet affect electrical
coupling conductance in opposite directions. When co-applied, the actions of CCAP and
Proc are linearly additive on chemical synapses, sub-linearly additive on voltage-gated
ionic currents, and cancel one another on electrical synapses. Therefore, the co-modulation
by CCAP and Proc on different circuit components is not linked by a fixed combination of
the actions of each. How different circuit components are co-modulated, consequently,
depends on the relative concentration of CCAP and Proc, which will in turn affects the
output of the circuit with a much larger dynamic range than either CCAP or Proc. In this
dissertation, we have only explored the co-modulatory actions of limited number of
neuromodulators on limited number of shared targets. Although different mechanisms may
apply with a different set of neuromodulators and a different set of circuit component
targets, we believe that the extra degree of freedom provided by co-modulation is
commonplace.
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Co-modulation in Light of Animal-to-Animal Variability
Across individuals, pyloric neurons display substantial variability in the magnitude of
synaptic and voltage-gated ionic currents, as well as in the expression levels of mRNAs
that code for ion channels (Goaillard et al., 2009; Golowasch & Marder, 1992; Schulz,
Goaillard, & Marder, 2007). Substantial variability has also been described for
neuromodulatory components. For example, CCAP receptor mRNA expression varies 3fold in the LP neuron (n=22 in Garcia et al., 2015), wheras CCAP-activated IMI in the LP
neuron varies more than 5-fold in amplitude (n=15 in Goaillard et al., 2009). There may
also be long-term regulatory changes in neuromodulation, perhaps due to seasonal or molt
cycle related hormonal changes, which are almost impossible to control for in wild caught
animals. Such seasonal variability could explain that, in contrast to the data presented in
Chapter 2, a previous study found that, in LP, CCAP activated a larger IMI than Proc did,
and the Proc response was not saturating (Garcia et al., 2015). In Chapter 2, where we
explored the quantitative rules of co-modulation, though each co-modulation combination
was tested on a small number of animals (n=4-6), the total number of animals used in this
set of experiments (n=33) matched the variability of IMI levels seen by the previous studies.
The fact that, despite this variability, the linear summation rule accurately predicted comodulation of the synapses indicates that, co-modulation rules appear to be robust across
individuals, despite component variability.
Despite the substantial variability at the circuit component level in the STG,
neuronal excitability and the patterning of circuit activity is well maintained (Bucher,
Prinz, & Marder, 2005; Goaillard et al., 2009). In a set of preliminary observation (see
Appendix A), we quantified variability at the circuit output level across animals. We

86

observed that the across animal variability was reduced by co-modulation, which led to the
hypothesis that co-modulation stabilize circuit output across population in face of the
circuit component variability. In that set of experiments, we co-applied up to four types of
neuropeptides, whereas the STG is exposed to dozens of neuromodulators (Marder &
Bucher, 2007). However, one could speculate that this seeming redundancy is conserved
during the course of evolution to maintain the integrity of the nervous system of the animal
population with a larger range of variability than that observed in small numbers of
experiments in laboratory conditions.

Studying Co-modulation in the STG and Beyond
There are a number of reasons to use the STG to study co-modulation, a topic is rather
difficult if not impossible to explore in many model systems. The first advantage of
studying co-modulation in the STG is the ability to assay co-modulation at different levels
from the molecular underpinning to the circuit output. At the biochemical/molecular level,
molecular and genetic screening can be performed to understand the expression of
neuromodulators and their receptors. At the circuit component level, various components,
as shown in this dissertation, from ionic currents to chemical and electrical synaptic
currents have been identified and electrophysiological accessible. At the circuit output
level, because the circuit output is stereotypical, it can be measured and described
quantitatively. In addition, decades of work done in the STG has provided us with a good
understanding of the neuromodulators present in the system, their targets, and how
modulation of various targets could influence circuit function (Marder & Bucher, 2007;
Nusbaum & Beenhakker, 2002).
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However, several challenges remain in studying co-modulation in the STG. The
first challenge is to understand co-modulation in the context of circuit activity, which
inevitably concerns the temporal dynamics of the neuronal processing. For example, in this
dissertation, we primarily explored neuromodulation and co-modulation at steady state.
However, circuit function could critically depend on the various time scales of comodulation caused by kinetics of projection neurons, sensory states and enzyme activities.
To address this caveat, combining experimental approaches, such as stimulating sensory
and neuromodulatory projection neurons or bath-applying neuromodulators in different
orders, and computational modeling is necessary.
In this dissertation we only explored the co-modulatory actions of neuropeptides
that have convergent sub-cellular targets, because in the STG peptides have been shown to
influence fewer subcellular targets across cell types compared to the more diverse effects
of aminergic modulators (Harris-Warrick & Johnson, 2010). The co-modulation effects of
other peptides, amines and the interaction between amines and peptides remains to be
explored. Despite the small number of neurons in the STG, the large number of potential
combination of neuromodulators, and the fact that various neuromodulators influence
circuit dynamics with different time scales, would also generate a daunting matrix of
experiments. A reasonable plan would be to break down this rather large project to several
projects of manageable scope. The first set of experiments would explore the actions of
other peptides, only at a few concentrations, to test if they obey the co-modulatory rules
we found with CCAP and Proc. The second set of experiments would follow the same
framework using amines by first quantifying the co-modulatory effects at the circuit
component level, with two amines, and then testing to see if the rules are generalizable for
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other amines. The third set of experiments would address the interaction between one
amine and one peptide. And, finally, the last set would incorporate the information on comodulation to build a family of computational models that would allow us to compare the
circuit outputs, incorporating the co-modulatory rules, in order to reproduce the circuit
outputs observed in the presence of multiple modulators.
By providing the first few steps towards a systematic understanding of comodulation, this dissertation highlighted an important point that complex interactions
between neuromodulators could arise even at the circuit component level. This finding has
a broad impact by setting an example for similar explorations and providing insight for
understanding neural computation at the systems level.

Because neuromodulatory

mechanisms are well conserved evolutionarily (Mirabeau & Joly, 2013), we believe that
the lessons learned from our findings in the STG are likely to be commonplace across
species.

89

APPENDIX A
6

CO-MODULATION AT THE CIRCUIT OUTPUT LEVEL

This appendix documents a set of preliminary observations that supported the following
hypothesis: co-modulation reduces population variability at the circuit output level in the
face of variability at the circuit component level. Pyloric circuit output was measured under
various conditions: intact (neuromodulatory inputs intact), decentralized (neuromodulatory
inputs removed by blocking or cutting the stomatogastric nerve, stn), and bath-applied
neuromodulation or co-modulation by different peptides. The dissection and extracellular
recordings followed standard procedure as described in previous chapters.
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A

B

C

Figure A.1 Measuring population variability of the pyloric circuit output. (A)
Experimental setup. Four preparations were measured simultaneously in each
experiment to reduce variability due to measurement or extrinsic factors such as
temperature. Extracellular recordings were obtained for each preparation from the motor
nerves lvn and pdn. (B) Extracellular recording traces of four different preparations in
intact condition. For each animal, the top trace is lvn and the bottom trance is pdn nerve.
All traces shown in a 30 second interval. (C) Using coefficient of variation (CV) to
quantify population variability. An example of quantifying the CV of the pyloric circuit
frequency in intact conditions.
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B

C

Figure A.2 Population variability is reduced by co-modulation. Four peptide
neuromodulators were used: Proc, CCAP, RPCH and TNRNFLRFamide. (A) Population
variability of the pyloric circuit frequency is reduced by co-modulation. Lo-1 to Lo-4
denote one to four types of peptides applied at 50 nM each. From Lo-1 to Lo-4 the four
peptides were applied in random order. Hi-4 denotes for all four peptides applied at 1
µM each. Lolo-4 denotes all four peptides at 12.5 nM each. The coefficient of variation
(CV) decreased as the number of peptides applied increased (blue bars, N=8 in 2
experiments). To control for the concentration effect, in a separate set experiments (pink
bars, N=4), all four peptides together had a greater effect than one peptide alone at the
same total concentration. (B) Population variability of the burst onset phase of the LP
neuron is reduced by co-modulation (same experiments as A) (C) Low concentration comodulation background stabilizes the activity of a dormant neuromodulator at high
concentration. The population variability of circuit frequency was reduced when a high
concentration (Hi) neuromodulator was co-applied with other three neuromodulators at
low concentrations (Blue: Proc Hi, Red: CCAP Hi, Green: RPCH Hi.

92

APPENDIX B
7

IMPEDANCE AND FREQUENCY-TRANSFER CHARACTERISTICS OF PD
NEURONS

This Appendix includes measurements of the impedance the PD neurons, and the
frequency-transfer characteristic of the PD to PD electrical coupling for the frequency
range of 0.1 to 100 Hz. The experiments were performed using two ZAP protocols with
two different but overlapping frequency ranges, one from 0.1 to 4 Hz, and the other from
2 to 100 Hz. At frequencies above 20 Hz, the coupling strength showed an amplification
in some experiments, but this may be due to the low signal-to-noise ratio at these higher
frequencies. All experiments were performed in normal saline.
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Current Clamp

Voltage Clamp

Figure B.1 The impedance amplitude (Z) and phase (φZ) of the PD neuron. Voltage or
current responses in PD neurons was measured, respectively, in current clamp (top panel;
current amplitude 3 nA) or voltage clamp (bottom panel; voltage range -60 to -30 mV)
in response to two ZAP waveforms spanning the range from 0.1 to 100 Hz. For both
voltage and current clamp experiments (N=20 each), the impedance amplitude of the PD
neuron showed a characteristic peak (left) and the phase crossed from positive values to
negative values as frequency increased, indicating the presence of membrane potential
resonance. Shaded area indicates the SEM.

94

Current Clamp

Voltage Clamp

Figure B.2 Frequency-transfer of electrical coupling between paired PD neurons. The
post-junctional response was measured in current clamp (top panel) and voltage clamp
(bottom panel) in response to two ZAP waveforms applied in the pre-junctional neuron,
spanning from 0.1 to 100 Hz. Coupling coefficient (top left) and the corresponding phase
(top right) are measured in current clamp. Coupling conductance (bottom left) and the
corresponding phase (bottom right) are measured in voltage clamp. N=20 each.
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