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Lay Abstract  

Generating appropriate behavioral responses to sensory inputs is a pivotal function of the nervous 

system. Changes in internal conditions or the environment elicit action potentials that travel along the 

axon of sensory neurons to inform the central nervous system of the occurred changes. My work shows 

for the first time that neurons in the central nervous system feed back to the sensory system and regulate 

action potential initiation in the sensory axon. This regulation increases the activity repertoire of the 

sensory system and represents a so far undiscovered mechanism to enhance flexibility in neural 

networks. 

  

1



 

 

2



Summary 

Generating appropriate behavioral responses to the challenges of everyday life is vital to animal survival 

and the most fascinating ability of the nervous system. Many vital behaviors such as breathing, 

swallowing and walking are mediated by central pattern generators (CPGs) - neural networks that 

generate rhythmic motor output (Marder and Calabrese, 1996; Nusbaum and Beenhakker, 2002; Grillner 

et al., 2005; Isa and Sparks, 2006; Kiehn, 2006; Katz and Hooper, 2007; Harris-Warrick, 2011). While 

CPGs can generate stereotypic and stable motor patterns over long periods of time - a concession to 

their vital functions - they are functionally flexible and can adjust to changing internal and external 

conditions (Barlow and Estep, 2006; Dickinson, 2006; Kiehn, 2006; Briggman and Kristan, 2008; Stein, 

2009). 

Two of the main sources of flexibility are sensory feedback from the periphery and descending 

modulatory pathways from the central nervous system (CNS) (Bässler, 1986; Wolf, 1995; Pearson, 

2004; Windhorst, 2007; Stein, 2009; Blitz and Nusbaum, 2011; Morquette et al., 2012; Nusbaum, 2013). 

CPGs have been particularly amenable to study flexibility in motor networks and demonstrated that 

virtually all levels of information processing are controlled by sensory feedback and descending 

projections (McClellan, 1984; Stein, 2009; Shaw et al., 2010; Blitz and Nusbaum, 2011; von Philipsborn 

et al., 2011; Thiele et al., 2014; Borgmann and Büschges, 2015). Mechanisms that lead to dynamic 

adaptation of motor programs are manifold and include interactions between the CPG and descending 

and sensory projections. Descending projections are well-known to alter CPG output via direct 

interactions with the neural network itself (Nusbaum, 2013). Similarly, sensory feedback can modify 

CPG output via direct interactions within the network or via long-loop actions that involve descending 

projections (Stein, 2014).  

 My work presents for the first time that descending projection neurons and motor 

circuit neurons regulate action potential initiation in sensory axons. 

In particular, I studied state-dependent regulation and modulation of ectopic spike initiation in a sensory 

neuron. Ectopic spiking, or the generation of action potentials in regions remote from the axon initial 

segment, has been identified as an important contributor to neuronal activity and functionality in both, 

vertebrates and invertebrates (Cahalan, 1975; Meyrand et al., 1992; Bostock and Bergmans, 1994; 

Bucher et al., 2003; Goaillard et al., 2004; Moalem et al., 2005; Hoffmann et al., 2008; Daur et al., 2009; 

Sheffield et al., 2011). Mounting evidence has emerged over the last decade indicating that the site of 

spike initiation - traditionally viewed solely as a trigger zone for action potential generation - plays a 

central role in tuning and regulating circuit function (Kuba et al., 2006; Grubb and Burrone, 2010; Kole 

and Stuart, 2012). While ectopic spikes affect information encoding and neuronal output, it is elusive 

why ectopic spikes are initiated spontaneously, whether specific axon regions are more susceptive for 

ectopic spike initiation, to what extent ectopic spike activity contributes to circuit flexibility and whether 

it is under neural control. 
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Chapter 1 

Studies of context-dependent regulation of ectopic spike initiation are technically difficult and best 

performed in experimentally advantageous invertebrate preparations with access to specific axon 

regions and identified sensory and descending pathways. I used one such preparation to study 

modulation of the sensory neuron AGR (anterior gastric receptor neuron, Combes et al., 1995) which is 

part of the gastric mill CPG for chewing in the crustacean stomatogastric nervous system (STNS). AGR 

is a single-cell bipolar muscle-tendon organ with a soma located in the stomatogastric ganglion (STG). 

It protrudes a central axon to upstream modulatory projection neurons in the commissural ganglia (CoG) 

and a peripheral axon to gastric mill muscles. Part of the normal activity repertoire of AGR is the 

generation of spontaneous low-frequency tonic ectopic spike activity in its central axon (Daur et al., 

2009). Although it is known that ectopic spiking occurs as soon as peripheral spiking ceases, i.e. at rest 

and in-between peripherally generated bursts (Smarandache and Stein, 2007), the exact location where 

action potentials are generated in the about 2 cm long axon is unknown. 

Establishment of optical imaging  

In order to investigate the contribution of ectopic spike initiation for network functionality an in-depth 

knowledge about the location of spike initiation is essential. Thus, one of my first steps was to determine 

the location of ectopic spike initiation in the central AGR axon. This is not a simple task since the central 

AGR axon projects through a nerve that contains approximately 56 large diameter axons (Coleman et 

al., 1992). Although axons in the crustacean STNS are experimentally very amenable in comparison 

with other nervous system preparations, finding the site of spike initiation requires comparing the 

temporal occurrence of action potentials along an axon. This is difficult to achieve with classical methods 

such as intra- and extracellular recordings. Thus, in collaboration with Dr. Wolfgang Stein (Illinois State 

University, USA) and Dr. Peter Andras (Newcastle University, UK), I established optical imaging with 

fast voltage-sensitive dyes in the crustacean STNS. My efforts led to three peer-reviewed research 

articles that have been published in the Journal of Neuroscience Methods and the Journal of Visualized 

Experiments (Stein et al., 2011a; Stein et al., 2011b; Städele et al., 2012, Chapter 2, page 27). 

The site of spontaneous ectopic spike initiation facilitates signal integration 

The establishment of optical imaging was instrumental to determine the site of spike initiation in AGR’s 

central axon. By using a combination of electrophysiology, optical imaging and optical activation of 

axons, I found that ectopic spike activity was consistently generated in a pre-determined spot in anterior 

parts of the STG neuropil, an area of dense interactions between central pattern generating neurons 

and descending projections. This location seems to be functionally important and favorable for spike 

initiation in the following way: Intracellular stainings with fluorescent dyes revealed that AGR possesses 

several neurites (one to three, depending on the preparation) in the anterior part of the STG neuropil, in 

close proximity to the site of spike initiation. Morphological inhomogeneities such as branch points and 

rapid changes in axon diameter are known to cause impedance mismatches that affect the current flow 

and excitability (Bucher and Goaillard, 2011). In specific, a decrease in diameter results in reduced 

capacitance and thus lower spike threshold. Hence, local excitability changes due to morphological 

inhomogeneities make spike generation at or in close vicinity to neurites favorable. 
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One functionally important factor for spike initiation in neuropil regions is the electrotonic vicinity of 

potential postsynaptic partners, a prerequisite for signal integration. The presence of neurites indicates 

that AGR has synaptic partners in the STG neuropil although so far no synaptic input from other neurons 

was detected when AGR activity was monitored intrasomatically (a reason for this discrepancy is 

presented in Chapter 3, page 61). I found that AGR’s spontaneous ectopic spike activity is rhythmically 

modulated when the gastric mill CPG is active: the firing frequency increased during the activity phase 

of the gastric mill (GM) motor neurons. The GM neurons are a population of four motor neurons with 

their somata located in the STG. Interestingly I found that the rhythmic oscillations in AGR firing 

frequency during GM activity were specific to ectopically generated spikes in the neuropil. When AGR 

was activated peripherally, the rhythmic oscillations were absent. The modulation of AGR’s ectopic spike 

activity via GM neurons represents an early point of interaction between the sensory and motor system 

in that the motor system can regulate sensory action potential initiation in a state-dependent manner. 

AGR is part of a sensory feedback loop that controls the gastric mill rhythm. Ectopic spikes are only 

generated when tension in the innervated muscles is low (Smarandache and Stein, 2007; Daur et al., 

2012). The rhythmic firing frequency changes in AGR, and thus the local feedback interaction between 

the motor and the sensory system, can be enabled or disabled - depending on the tension in the gastric 

mill muscles and accordingly, the active site of spike initiation. These finding are under review at the 

Journal of Neuroscience and the associated manuscript can be found in Chapter 4 (Städele and Stein, 

2015, page 79). 

The GM neurons are part of the gastric mill CPG and active during a gastric mill rhythm. The gastric mill 

rhythm is an episodic rhythm that is initiated by neuromodulator release from descending modulatory 

projection neurons in the CoG (summarized in Stein, 2009). Those descending projections neurons in 

turn are activated by several sensory pathways (Katz et al., 1989; Blitz and Nusbaum, 1997; Beenhakker 

et al., 2004; Blitz et al., 2008; Hedrich et al., 2009). I hypothesized that rhythmic oscillations in AGR 

firing frequency are specific to a particular version of gastric mill rhythm, and thus specific to a particular 

sensory pathway. I tested this hypothesis and eliciting different versions of gastric mill rhythms via 

activation of different sensory pathways. In all cases I found that as soon as a gastric mill rhythm 

occurred, rhythmic oscillations in AGR were visible. Thus, the GM mediated local feedback was not 

dependent on the type of sensory feedback. 

Control of sensory ectopic spike initiation by descending modulatory projection neurons 

Descending projections and their modulatory actions grant considerable flexibility to motor circuit 

activity. They do so by directly affecting motor circuit neurons via classical synapses or paracrine 

modulator release. In this study I show for the first time that descending projections also control axonal 

spike initiation. Activation of the inferior ventricular (IV) neurons, a pair of chemosensory projection 

neurons that descend from the brain (supraesophageal ganglion), elicited a long-lasting decrease in 

AGR ectopic spike activity. This decrease was only observed when spikes were generated ectopically 

in the central portion of the axon, i.e. the modulation was specific to the site of spontaneous spike 

initiation. The decrease could be mimicked by focal application of the IV neuron co-transmitter histamine 
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and IV neuron actions were diminished after blocking H2 receptors, indicating a direct descending 

modulation of the axonal spike initiation site. 

The effect on AGR was specific to the IV neurons and not elicited by a mechanosensory pathway (VCN) 

that also elicits gastric mill rhythms. In fact, VCN elicits its version of the rhythm via the same set of 

intercalated descending projection neurons as the IV neurons (Beenhakker and Nusbaum, 2004; 

Hedrich et al., 2009), indicating that not the mere presence of descending modulation but its distinct 

type determines AGR axon modulation. The differential response to different pathways could represent 

an understudied form of neural plasticity in that not only the ongoing motor activity, but even sensory 

feedback created by it, is differentially affected by distinct descending pathways. The results of these 

studies are described in detail in the manuscript Städele and Stein, 2015 (Chapter 5, page 107). 

Modulation of ectopic spike initiation is influenced by desheathing 

For performing intracellular recordings the connective tissue on top of the ganglion (sheath) is typically 

removed to get better access to cells and axons. Interestingly, I found that desheathing the STG caused 

subtle changes in AGR activity. In specific, the rhythmic oscillations during GM activity vanished and the 

decrease in AGR firing frequency during IV neuron activation was strongly diminished. To overcome 

those experimental limitations, I revisited the ability of voltage-sensitive dyes to stain neuronal 

structures. I found that one dye (RH795, Grinvald et al., 1994) allowed the individual identification of cell 

bodies and axons without the need of removing the ganglion sheath. The ability to visualize individual 

axons without removing the ganglion sheath is a prerequisite for future studies investigating ionic 

conductances responsible for ectopic spike initiation and frequency regulation. The manuscript 

describing these findings in detail was published in PLoS One and can be found in Chapter 3 (Goldsmith 

et al., 2014, page 63). 

In conclusion, my work demonstrates that axonal spike initiation in a sensory neuron is directly regulated 

by descending projection neurons and motor networks. The regulation was state-dependent in that it 

could be enabled or disabled depending on whether action potentials were generated at the axonal site 

or in the periphery. It was also context-dependent in that its sign depended on the sensory pathway 

activated. The regulation of axonal spike initiation allowed the fine-tuning of signal integration and 

increased the activity repertoire of the sensory neuron. The regulation of axonal spike initiation thus 

represents a so far undiscovered mechanism to increase flexibility in neural networks. 
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Introduction 
 

Adapting behavior to the conditions of the environment is a prerequisite for survival and vigor of all 

organisms. Animal behavior arises from the coordinated activity of many interconnected neurons in the 

nervous system. The number of neurons varies greatly between species - from 302 for Caenorhabditis 

elegans (White et al., 1986), to about 100,000 in the fruit fly Drosophila melanogaster (Alivisatos et al., 

2012) to many billions in humans (Herculano-Houzel, 2009). But no matter the size of the brain or the 

number of neurons, the most obvious trait that allows nervous systems to generate adequate behavior 

is their ability to respond in a flexible and dynamic fashion to sensory stimuli. 

Flexibility in the nervous system 

Beyond connectivity - Neuromodulators shape neural circuits  

What mechanisms lead to meaningful behavioral adaptation of the nervous system? The neural 

connectivity maps of many models systems for studying sensory processing have been identified. One 

particular impressive example is the connectome of C. elegans, which identifies all 302 neurons and 

their connections (White et al., 1986). However, there is a large body of studies that demonstrate that 

having anatomically characterized circuits is not sufficient to understand neural network function and 

dynamics. Rather, most neuronal actions are state- and/or context-dependent. A wiring diagram is thus 

more like a road map - it shows the streets but not the traffic. To study flexibility in the nervous system 

we first and foremost must understand the mechanisms by which flexibility in the nervous system is 

brought about. 

Neuromodulation and sensory feedback account for a large portion of flexibility (Bässler, 1986; Wolf, 

1995; Pearson, 2004; Windhorst, 2007; Stein, 2009; Blitz and Nusbaum, 2011; Morquette et al., 2012; 

Nusbaum, 2013). Neuromodulators are molecules that alter ionic conductances and modify neuronal 

dynamics, excitability, and synaptic efficiency, effectively changing the composition and dynamics of 

neuronal circuits. Neuromodulators reach their target circuits either in neuroendocrine fashion (as 

circulating hormones, for example) or via direct or local paracrine release from neurons. Neuroendocrine 

release has global actions in that the modulators typically affect all structures that display appropriate 

receptors (including muscles and non-neuronal tissue), whereas neuronal release targets specific 

regions of the nervous system, specific neurons or even specific neuronal substructures such as 

synaptic terminals or axonal membranes. 

Neuromodulators increase the output repertoire of nervous systems which is nicely demonstrated in the 

central pattern generating networks of the crustacean stomatogastric ganglion (STG). A large number 

of different neuromodulatory substances (>50) have been shown to affect the only 26 to 30 STG neurons 

(this varies between species) (summarized in Marder, 2012), with the result that the output patterns are 

highly flexible. For instance, neuromodulation can transform multiple, anatomically defined networks 
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with distinct output patterns into a combined network that generates a single output (Meyrand et al., 

1991; Meyrand et al., 1994). There is a large number of potential access sites for neuromodulators: 

Voltage-dependent and ligand-gated channels as well as chemical and electrical synapses are subject 

to neuromodulation (Marder and Calabrese, 1996). Whether a neuromodulator has excitatory or 

inhibitory effects is determined by the postsynaptic receptors and the ionic current activated. Dopamine, 

serotonin, GABA and proctolin, for example, modulate a variety of different currents in STG neurons 

(Kiehn and Harris-Warrick, 1992; Zhang and Harris-Warrick, 1995; Kloppenburg et al., 1999; Stein et 

al., 2007), with the result that each substance can cause divergent effects on the rhythmic output. 

Serotonin, for example, is released from the mechanosensory GPR neurons and has distinct effects on 

different stomatogastric neurons, owing to its differential actions on multiple ion currents (e.g. Ih, ICa, ICAN, 

Kiehn and Harris-Warrick, 1992; Zhang and Harris-Warrick, 1995) and multiple types of receptors (Katz 

and Harris-Warrick, 1990; Zhang and Harris-Warrick, 1994). However, multiple modulators can also 

converge onto the same current. Proctolin, pilocarpine and CabTRP (Cancer borealis tachykinin-related 

peptide), for example, have been shown to act on the same current, namely the modulator-activated 

inward current IMI (Swensen and Marder, 2000). Despite this convergence, these modulators elicit 

different motor patterns since postsynaptic receptor distribution varies between modulators. For 

example, proctolin can activate IMI in one neuron but not in another, whereas IMI in the other neuron may 

be activated by CabTRP Ia (Swensen and Marder, 2001). In conclusion, divergence of neuromodulatory 

substances and convergence at the current level increase the output repertoire and flexibility of neural 

networks (summarized in Marder et al., 2002).  

Recently, we demonstrated that neuromodulators can also stabilize network activity in that they 

compensate detrimental temperature-induced changes in ionic conductances. The manuscript 

describing this effect can be found in Chapter 7.2, page 165.  

Sensory pathways 

In addition to neuromodulatory pathways, sensory pathways account for a large portion of flexibility as 

they dynamically adapt nervous system function to internal and external conditions. Sensory information 

can be divided into two functional different types: sensory feedback and sensory input. Sensory 

feedback differs from sensory input in that it provides the neural network with a continuous readout of 

the consequences of motor activity on the resulting behavior. Typically, proprioceptive sense organs 

provide sensory feedback to motor circuits, i.e. they continuously measure motor output and are thus 

phasically active. Exteroceptive sense organs, in contrast, typically provide sensory input, rather than 

feedback, about changes in external conditions. Their activity is not necessarily related to motor output, 

although in some cases it can be. The mechanisms employed by sensory pathways that lead to dynamic 

adaptation of motor programs have been characterized most extensively and include direct synaptic 

interactions as well as short- and long-term modifications of synapses and ionic conductances 

(summarized in Atwood and Wojtowicz, 1986). While most of us think of sensory pathways having fast 

and direct actions of the motor circuits, sensory information has also longer-lasting long-loop actions 

(Stein, 2014). In fact, sensory pathways and modulatory pathways can converge to activate the same 

set of interneurons to modulate downstream motor circuits. For example, in the stomatogastric nervous 
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system (STNS) of the crab Cancer borealis, the single-cell muscle-tendon organ AGR (anterior gastric 

receptor neuron) and the chemosensory inferior ventricular (IV) neurons converge onto the same 

modulatory projection neurons (including the modulatory commissural neuron (MCN) 1, Coleman et al., 

1992). However, each pathway elicits a distinct motor output. In specific, AGR inhibits MCN1 resulting 

in a prolongation of the motor circuit period (the gastric mill rhythm for chewing of food, Smarandache 

and Stein, 2007), whereas the IV neurons excite MCN1 which either initiates the gastric mill rhythm or 

strengthens ongoing gastric rhythms (Hedrich et al., 2009). Simultaneously, the IV neurons directly 

influence the gastric mill motor circuit via release of histamine and an FMRF-like peptide (Christie et al., 

2004). So far, a direct influence of the motor circuit by AGR has not been identified. 

Traditionally it was thought that sensory pathways solely act in feed-forward fashion, i.e. that the sensory 

system only informs the nervous system of the sensory state. Today there is good evidence that afferent 

sensory information transmitted to the motor circuits is dynamically adjusted to the state of the system. 

Neuromodulators, for example, can modify the sensitivity of sensory organs and attenuate or amplify 

sensory responses. In several species of the male silkworm moths octopamine enhances the sensitivity 

of neurons that detect pheromones (Pophof, 2000). This change in receptor sensitivity leads to an 

increase of behavioral responses in males. After octopamine injection male moths detect pheromones 

at a concentration two orders of magnitude lower than before injection of the modulator (Linn and 

Roelofs, 1986). 

Additionally, sensory pathways have been shown to be gated by motor circuits so that the transmission 

of sensory information to postsynaptic neurons can be dynamically adapted. For example, afferent 

transmitter release is often presynaptically inhibited (Cattaert et al., 1992; Wolf and Burrows, 1995; 

Clarac and Cattaert, 1996; Sauer et al., 1997; Stein and Schmitz, 1999; Schmitz and Stein, 2000; 

Cattaert et al., 2002; Barriere et al., 2008). Presynaptic inhibition is caused by a shunt in membrane 

conductances close to the presynaptic terminal with the result that action potentials fail to propagate 

into the terminal. Presynaptic inhibition of sensory feedback by active motor circuits can act as a filter to 

bias specific sensory inputs in relation to others, for example during given phases of locomotor cycles 

(summarized in Romo and Mendell, 1998). In the sea slug Aplysia, in contrast, gating is reversed, and 

the propagation of afferent signals requires the activation of central motor circuits (Evans et al., 2003). 

Information processing in axons and ectopic spike initiation 

The functional and computational capacity of axons to shape neuronal output has long been 

underestimated. The example of presynaptic inhibition already demonstrates that axonal action potential 

propagation and transmitter release can be regulated state-dependently. However, despite the fact that 

action potential (AP) initiation and synaptic integration have long been shown to be crucial for neuron 

function, very little is known about both processes in the axon trunk. 

In most neurons APs are initiated at a specialized axonal region called the axon initial segment (AIS). 

The AIS can be typically found in close proximity to the soma and it is thought that spike initiation at this 

site occurs because the axonal membrane contains a higher density of voltage-gated channels (Kole et 

al., 2008). However, many neurons can generate APs in other parts of the axon trunk, far away from the 
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soma and the AIS. So called ectopic spike initiation may follow a normally propagated spike, increasing 

the spike rate or prolonging repetitive activity (Grubb and Burrone, 2010). Ectopic axonal spike initiation 

may also occur spontaneously or may be initiated in response to synaptic or modulatory input, making 

the axon a site of additional signal integration. The difference between spikes initiated at the AIS and 

ectopic initiated spikes is the transmission direction: spikes generated at the AIS travel orthodromically 

towards their postsynaptic target, whereas ectopic spikes typically travel orthodromically and 

antidromically. The invasion of antidromic spikes into dendritic arbors is known to trigger dendritic 

activities and to prevent AP initiation at the AIS (Turner et al., 1991; Lena et al., 1993; Stuart and 

Hausser, 1994). 

Recent studies demonstrate that the location of spike initiation is much more flexible than originally 

thought. For example, in the avian auditory system the position of spike initiation can be regulated to 

achieve the highest sensitivity to interaural time differences (Carr and Boudreau, 1996; Kuba et al., 

2006; Kuba et al., 2014). The location of spike initiation could thus represent an understudied substrate 

for neuronal plasticity. 

Since axons are not easily accessible for investigations, ectopic spike initiation, their site of initiation and 

the reason why spikes are initiated ectopically are not well understood. It is unclear to what extent 

ectopic spike activity is regulated and whether it is under neural or modulatory control. 

Hypothesis and Motivation  

Here, I am testing the hypothesis that ectopic spike initiation in sensory neurons occurs 

at a specific region of the axon trunk and its spike frequency is regulated by motor 

circuit input and descending modulation. 

I studied this hypothesis by using the anterior gastric receptor neuron AGR in the stomatogastric nervous 

system (STNS) of C. borealis as a model for ectopic spike initiation. I used this preparation since 

regulation of ectopic spike activity (or ectopic spike initiation in general) is technically difficult to study 

and best performed in experimentally advantageous invertebrate preparations with access to 

individually identified sensory and central pathways, as well as good accessibility of axons to 

experimental manipulation. The STNS offers several of these advantages. 
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The stomatogastric nervous system of Cancer borealis 

The crustacean STNS contains a set of distinct but interacting central pattern generating (CPG) circuits 

which continue to produce rhythmic outputs in vitro (Marder and Bucher, 2007). The STNS is an 

extension of the central nervous system that controls rhythmic movements of the stomach (Maynard 

and Dando, 1974). Figure 1A shows the anatomy of the isolated stomatogastric nervous system as it 

appears after dissection. 

The STNS contains four interconnected ganglia, namely the paired commissural ganglia (CoGs, about 

500 neurons each), the oesophageal ganglion (OG, 16 neurons), and the stomatogastric ganglion, or 

STG (~26 neurons in C. borealis). The ganglia are interconnected via various paired and unpaired 

nerves. The paired inferior oesophageal nerves (ion), the superior oesophageal nerves (son) and the 

unilateral stomatogastric nerve (stn), for example, connect the CoGs with the STG. In the illustration in 

Figure 1A, the STNS is connected with the supraesophageal ganglion (‘brain’). The brain is not part of 

the STNS but chemosensory information from the antennae is conveyed to the STNS to adjust motor 

circuit activity to changing olfactory and chemosensory conditions (Kirby and Nusbaum, 2007; Hedrich 

and Stein, 2008). 

The stomatogastric ganglion (STG)  

The stomatogastric ganglion (STG) contains the somata of 26 relatively large neurons (10-100 µm in 

diameter) whose cellular properties and synaptic connections have been described in detail 

(summarized in Selverston et al., 1976; Hooper, 2000; Nusbaum and Beenhakker, 2002). The photo in 

Figure 1B shows the anatomy of the STG of Cancer borealis, as it appears after removal of the ganglion 

sheath. Like most invertebrate ganglia, the STG has distinct areas for neuropil structures and cell 

bodies. The somata are located in the outer regions of the ganglion (mostly posterior) whereas the 

neuropil builds the center. Many STG neurons have primary neurites as large as 15 to 20 μm in diameter, 

and small diameter processes that ramify extensively through the neuropil with various synaptic 

connections to other neurons (King, 1976b; King, 1976a; Kilman and Marder, 1996; Bucher et al., 2007). 

The pyloric and gastric mill central pattern generators 

The STG contains the well-characterized pyloric (filtering of food) and gastric mill (chewing) CPGs, two 

distinct but interacting rhythmically active circuits that control the pylorus and gastric mill chamber in the 

foregut, respectively (Marder and Bucher, 2007). Figure 2A shows the connectivity diagram of the 26 

STG neurons with neurons participating in the pyloric rhythm depicted in green and gastric mill neurons 

depicted in blue. The pyloric rhythm is triphasic and driven by pacemaker neurons that allow it to be 

continuously active. In contrast, the gastric mill rhythm is two-phasic, episodic and driven by half center 

oscillations of two reciprocally connected neurons (LG, lateral gastric neuron and Int1, interneuron 1). 

In addition, the gastric mill CPG comprises the dorsal gastric (DG) and medial gastric (MG) neurons, 

plus four copies of the gastric mill (GM) neurons (Coleman et al., 1995; Stein et al., 2007). LG, MG and  
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Figure 1. The stomatogastric nervous system of Cancer borealis. 

(A) Schematic of the isolated stomatogastric nervous system. Names of nerves are italicized. Axonal projections 

of the paired IV neurons are depicted in red. AGR and its axonal projections are depicted in blue. AGR, the 

sensory neuron used in this study, is a bipolar neuron with soma in the STG and axonal projections in the  stn 

and dgn/agn. Green circles in the CoG represent descending projection neurons. Black circles on the dgn and 

lgn represent extracellular recording sites for the traces shown in Fig. 2B. Nerves: ivn: inferior ventricular nerve, 

ion: inferior oesophageal nerve, son: superior oesophageal nerve, stn: stomatogastric nerve, dgn: dorsal gastric 

nerve, agn: anterior gastric nerve, mvn: medial ventricular nerve, lvn: lateral ventricular nerve, lgn: lateral gastric 

nerve. Ganglia: STG: stomatogastric ganglion, CoG: commissural ganglion, brain: supraesophageal ganglion. 

Neurons: AGR: anterior gastric receptor neuron, IV: inferior ventricular neurons. With permission from W. Stein. 

(B) Photo of the stomatogastric ganglion. Connective tissue and ganglion sheath were removed and cells were 

visualized with white light transmitted through a dark field condenser. n = neuropil, scale bar 100 µm.  
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the GMs are weakly electrically coupled and active in the same phase. DG is the functional antagonist 

and active in alternation with this group. The activity pattern of the gastric mill neurons are shown in 

Figure 2B. Most STG neurons have dual function: They act as CPG neurons and as motor neurons. 

Consequently, their activity can be easily monitored on the peripheral motor nerves. The simultaneous 

activity of all gastric mill motor neurons, for example, can be recorded via two extracellular recordings, 

one on the dorsal gastric nerve (dgn, containing the axon of DG and the four GMs) and another one on 

the lateral gastric nerve (lgn, containing the axon of LG). Synapses in the CPGs are either electrical or 

inhibitory (Selverston et al., 1976).  

The detailed knowledge of the STG connections has facilitated the investigation of pattern-generating 

mechanisms and their functional relevance. It turned out that various anatomical connection patterns 

can lead to similar STG output (Gutierrez et al., 2013), which indicates that the function of a neural circuit 

is not predetermined by its connectivity, but rather dependent on the functional connections active at a 

given time. Every synapse and every neuron in the STG is subject to modulation (Stein, 2009). 

Neuromodulation thus reconfigures circuit composition, its properties, activity and behavior (Swensen 

and Marder, 2001; Stein, 2009; Marder, 2012; Nusbaum and Blitz, 2012; Diehl et al., 2013). 

The STG receives at least three classes of input: (i) descending inputs from descending projection 

neurons which initiate CPG activity, regulate CPG frequency, and alter CPG output to maintain and 

produce appropriate goal-directed behaviors such as the initiation of chewing, (ii) hormonal influences 

in the form of circulating hormones that reach the STNS via the blood stream and (iii) sensory feedback 

either via direct interactions between CPGs and sensory neurons or via long-loop pathways that involve 

descending projection neurons. 

(i) Descending neuromodulatory control of STG circuits  

The STG is innervated by neurons in the paired CoGs. The CoGs are located in anterior parts of the 

nervous system and each contains about 20 descending modulatory projection neurons (Coleman et 

al., 1992) that modulate neuronal activity of the STG CPGs. The gastric mill rhythm depends on the 

activity of these descending modulatory projection neurons, i.e. it needs extrinsic excitation to be 

activated (summarized in Nusbaum and Beenhakker, 2002; Stein, 2009). Individual projection neurons 

can start the gastric mill rhythm in vitro (Coleman et al., 1995) and in vivo (Hedrich et al., 2011). Typically, 

however, multiple descending projection neurons are activated. Sensory input, like chemo- or 

mechanosensory stimuli (Blitz et al., 2004; Hedrich and Stein, 2008; Diehl et al., 2013), as well as 

sensory feedback from proprioceptors (Blitz et al., 2004; Smarandache and Stein, 2007; Hedrich et al., 

2009) activate CoG projection neurons and elicit gastric mill activity. Once activated, neuromodulators 

and classical transmitters are released into the STG neuropil (Stein, 2009; Marder, 2012; Nusbaum and 

Blitz, 2012).  

In addition to the CoG projection neurons, the STG is innervated by projection neurons in the 

oesophageal ganglion and the brain. The descending IV neurons are a pair of chemosensory projection 

neurons in the brain (Fig. 1A). When activated, they directly inhibit the STG CPGs via release of 

histamine (Christie et al., 2004). In addition, however, they also elicit a particular version of the gastric 
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mill rhythm via long-loop actions on the CoG projection neurons. In specific, the IV neurons activate 

MCN1 and several other CoG projection neurons whose combined activity then elicits the gastric mill 

rhythm (Hedrich et al., 2009; Hedrich et al., 2011). The IV neurons (depicted in red in Fig. 1A) reach the 

CoG projection neurons via their axonal projections in the inferior ventricular nerve (ivn), sons and ions 

(Hedrich and Stein, 2008).  

 

Figure 2. The pyloric and gastric mill central pattern generators in the STG.  

(A) Connectivity diagram of the pyloric and gastric mill networks in Cancer borealis. Some neurons exist in 

several copies (stacked circles). The colors indicate the participation in a particular motor pattern. Green 

represent neurons that are part of the pyloric CPG, blue represent gastric mill CPG neurons, yellow represent 

neurons that can participate in both rhythms, grey marks neurons active in the oesophageal rhythm (a third 

rhythm not discussed here). The neurons interact via inhibitory and electrical synapses (gap junctions). Both 

CPGs are under neuromodulatory control by descending modulatory projection neurons (PNs). AB, PD and LPG 

build the pacemaker ensemble that drives the pyloric rhythm. The reciprocal inhibition (half-center) between LG 

and Int1 drives the gastric mill rhythm. Neurons: AB anterior burster, PD pyloric dilator, LPG lateral posterior 

gastric, LP lateral pyloric, IC inferior cardiac, LG lateral gastric, MG medial gastric, GM gastric mill, PY pyloric 

constrictor, VD ventricular dilator, Int1 interneuron 1, AM anterior median, DG dorsal gastric. (B) Extracellular 

recording of the gastric mill rhythm. The dgn recording (top) shows the activity of DG and the GMs. The lgn 

recording (bottom) shows the activity of LG. The dgn recording also shows the tonic spike activity of AGR 

(depicted in blue) as it appears when spikes are initiated ectopically in the axon. 
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(ii) Hormonal influence in the STNS 

Like all arthropods, C. borealis possesses an open circulatory system. The neurogenic heart (Cooke, 

2002) pumps hemolymph through a series of arteries into the hemocoel, where it bathes all internal 

organ systems and the nervous system. A variety of neurohormonal signaling agents have been 

identified in the hemolymph: Peptides are by far the largest and most diverse class of crustacean 

neurohormones, but biogenic amines, small molecule transmitters and diffusible gases have also been 

identified (summarized in Christie et al., 2010). Neurohormones are released by neuroendocrine and 

neurohemal release zones such as the x-organ/sinus gland complex in the eyestalks, the 

postcommissural organ and the pericardial organs, the major neurosecretory structures in crustaceans. 

The STG is ideally located to be targeted by neurohormones, because it is situated within the ophthalmic 

artery, which connects the heart and the supraesophageal ganglion. The same neuromodulatory 

substances that are released from the pericardial organs are often also found in the terminals of 

modulatory projection neurons that innervate the STG (Nusbaum et al., 2001; Skiebe, 2001; Thirumalai 

and Marder, 2002). It is unknown why the same substances are used both as circulating neurohormones 

and as local neuromodulators. It is possible that local release targets specific regions of the nervous 

system while circulating hormones can coordinate multiple target areas, including tissues outside the 

nervous system. 

Previous studies have shown that octopamine, serotonin and dopamine at low concentrations (similar 

to those measured in the hemolymph) can generate new ectopic spike initiation zones in axons of STG 

motor neurons (Meyrand et al., 1992; Bucher et al., 2003; Goaillard et al., 2004). In Chapter 4 (page 

79), I present that octopamine elicits new spike initation zones in AGR. Octopamine is one of the 

biogenic amines that is both found in the hemolymph and as a transmitter in STNS neurons. It could 

thus reach AGR as a neurohormon and/or via neuronal release with potential consequences for axonal 

spike initiation. 

 (iii) Sensory feedback  

The CPGs in the STG are also influenced by sensory pathways that either act directly onto the CPGs 

or via long-loop pathways. Both proprioceptive feedback and exteroceptive input adjust CPG activity in 

the STNS. Several local mechanosensory and proprioceptive pathways such as muscle tendon organs 

and stretch receptors have been demonstrated to affect STG neuron activities via long-loop actions on 

CoG projection neurons. For example, the mechanosensory ventral cardiac neurons (VCN) respond to 

mechanical stimuli in the cardiac gutter region of the foregut and activate a set of CoG projection 

neurons, including MCN1. The anterior gastric receptor AGR, a proprioceptive muscle receptor, elicits 

a distinct version of the gastric mill rhythm by having differential effects on the same set of projection 

neurons. 
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Figure 3. Axonal projections of AGR.  

AGR possesses two axons, one on each side of the cell body. The central axon projects through the stn and son 

to CoG projection neurons. The peripheral axon projects to the gm1 muscles via the dgn. AGR was visualized 

via intrasomatic injection of a fluorescent dye (Alexa Fluor 488). The position of the neuropil (n) and STG neurons 

was reconstructed using bright-light pictures of the STG. Scale bar is 100 µm.  

 

The anterior gastric receptor neuron, AGR  

AGR is part of the gastric mill central pattern generating network for chewing in the crustacean STNS. 

It is a single-cell bipolar muscle-tendon organ (Combes et al., 1995; Smarandache and Stein, 2007) 

with a soma located in the STG (depicted in blue in Fig. 1A). Figure 3 shows an example of AGR and 

its projections as it appears after intracellular staining. Although the soma location and the number of 

neurites can vary between preparations, AGR always protrudes a central axon to upstream modulatory 

projection neurons in the commissural ganglia (CoG) and a peripheral axon to the gastric mill muscles 

gm1 (Combes et al., 1995; Smarandache and Stein, 2007). AGR produces two types of spike activity: 

a tonic, ectopically generated activity pattern (2-5 Hz firing frequency) and a bursting peripherally 
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generated activity pattern (up to 40 Hz). Bursting occurs when peripheral muscle stretch is increased. 

This can be achieved either by activation of the GM motor neurons which innervate the gm1 muscles 

during a gastric mill rhythm, or via passive stretch of the muscle (Combes et al., 1995; Daur et al., 2012). 

AGR is part of a sensory feedback loop that controls the gastric mill rhythm via polysynaptic long-loop 

feedback from upstream projection neurons in the distal commissural ganglia (Daur et al., 2012). Hence, 

rhythmic peripheral bursting in AGR entrains the gastric mill rhythm in that the gastric mill cycle duration 

adapts to the duration of the AGR bursts (Smarandache and Stein, 2007). 

The effects of tonic AGR activity, in contrast, are mostly unknown. Those ectopic spikes are propagated 

antidromically (towards the periphery) and orthodromically (towards CoG projection neurons) (Daur et 

al., 2009). While it has been shown that even small changes in ectopic spike frequency causes 

pronounced changes in the postsynaptic circuits via long-loop activation of projection neurons in that 

the cycle frequency of the gastric mill rhythm decreases when AGR’s ectopic spike frequency increases 

(Daur et al., 2009), it is unclear if the excitability of the periphery is influenced by orthodromic spike 

invasion. 

The spontaneous low-frequency tonic ectopic spike activity is generated in AGR’s central axon in the 

stomatogastric nerve (stn, Smarandache et al., 2008; Daur et al., 2009; Städele and Stein, 2015). So 

far, the exact location for spike initiation is unknown. By using a computational model, Daur et al. (2009) 

revealed that the ectopically generated activity is not caused by excitatory input from another neuron, 

but rather generated intrinsically. To what extent the AGR axon possesses pacemaker currents is 

unclear. Ectopic spiking occurs as soon as peripheral spiking ceases, i.e. at rest and in-between 

peripherally generated bursts (in vivo and in vitro, Smarandache et al., 2008; Daur et al., 2009). Ectopic 

spiking is also subject to neuromodulation. Systemic application of octopamine leads to an increase in 

ectopic spike frequency in AGR (Daur et al., 2009). The source of octopamine in the STNS is unknown 

and thus it is unknown whether it reaches AGR as a circulating hormone or if it is neuronally released. 

To test the hypothesis that ectopic spiking in a sensory neuron is generated at a specific region of the 

axon trunk and that ectopic spike frequency is regulated by motor circuit input and descending 

modulation, I studied the following questions: 

 Where in the axon are ectopic spikes initiated?  

 Does ectopic spike initiation occur at a pre-determined, fixed location or does its location 

change depending on modulatory conditions?  

 Is ectopic spike frequency controlled by the STG motor circuit and/or by descending 

projections? 

 Is ectopic spike frequency influenced by neuromodulators? 

 Is ectopically generated spike activity important to fine-tune signal integration?  
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Thesis Organization 
 

In the following chapters, I describe the motivation, design and implementation of six research studies 

that investigate ectopic spike initiation in a sensory neuron and its impact on fine-tuning signal 

integration. The remainder of this thesis is organized as follows: 

In Chapter 2, I describe the establishment and use of fast-voltage-sensitive dye imaging in the 

stomatogastric nervous system of crustaceans. The establishment of this novel technique was 

fundamental for identifying the site of axonal spike initiation in AGR, an important prerequisite for the 

studies presented in Chapter 4 and 5. 

In Chapter 3, I show that the ectopic spike activity in AGR is influenced by gastric mill activity and that 

the firing frequency changes rhythmically with the activity of the gastric mill motor neurons in the STG. 

I also present that removing the connective tissue from the STG negatively influences the rhythmic 

activity changes in AGR. 

In Chapter 4, I present that the site of ectopic spike initiation in AGR can be consistently found in a pre-

determined location in anterior regions of the STG neuropil. Moreover, I present that the whole AGR 

axon is capable of generating new spike initiation zones and that the site of ectopic spike initiation 

changes in the presence of octopamine. I demonstrate that rhythmic firing frequency changes in AGR 

during gastric mill activity are caused by STG motor neurons and that this modulation of ectopic spiking 

represent an early point of interaction between the sensory and motor systems. 

In Chapter 5, I demonstrate for the first time that ectopic spike initiation is under direct neural control by 

descending projection neurons. I found that histamine release from descending projection neurons 

alters the frequency of ectopic discharges at the axon and that this represents a mechanism to fine-tune 

signal integration. 

In Chapter 6, I consider the significance of this work for future studies.  

In Chapter 7, I list two additional articles that I authored during my time as a PhD student. These articles 

are not directly related to the topic of my doctoral dissertation. 
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Chapter 2 

Establishment of fast voltage-sensitive dye 

imaging in the stomatogastric nervous system  

This chapter contains three published peer-reviewed articles that describe the establishment, use and 

advantages of fast voltage-sensitive dye imaging in the stomatogastric nervous system. Developing this 

method has been instrumental for determining the site of ectopic spike initiation in AGR, a necessary 

prerequisite for the studies presented in Chapter 4 and 5. In specific, the ability of fast voltage-sensitive 

dyes to detect membrane potential changes as well as action potentials and their propagation was 

tested. Furthermore, potential toxic influences were assessed. The remainder of this Chapter is 

organized as followed:  

Article 1: 

Single-sweep voltage-sensitive dye imaging of interacting identified 

neurons 

Wolfgang Stein, Carola Städele and Peter Andras  

This manuscript was published in full as a peer-reviewed open access research article in the Journal of 

Neuroscience Methods (Elsevier) on January 15, 2011. I was substantially involved in performing the 

research, data analysis and manuscript preparation and my contributions led to a second authorship. 

We describe the use of fast voltage-sensitive dyes (VSD) to measure neural activity as well as neuronal 

and synaptic interactions in the crab stomatogastric ganglion. As a proof of concept, here we 

intracellularly injected VSDs into single neurons to determine the signal-to noise ratio and thus the ability 

of VSDs to optically monitor neuronal activity. We present that individual action potentials and synaptic 

inputs can be detected optically. Moreover, we discuss the potential of this method to record the activity 

of many neurons simultaneously and its potential to study the integral functionality of neural networks 

when combined with classical techniques as extracellular recordings. 

Full citation: 

Wolfgang Stein, Carola Städele and Peter Andras (2011), Single-sweep voltage-sensitive dye imaging 

of interacting identified neurons, Journal of Neuroscience Methods, 194, 2:224-234. 

The Article was published under the Creative Commons Attribution 4.0 International (CC BY 4.0) license 

(http://creativecommons.org/licenses/by/4.0/).  

doi:10.1016/j.jneumeth.2010.10.007 

29



Chapter 2 

 

Article 2: 

Optical imaging of neurons in the crab stomatogastric ganglion with 

voltage-sensitive dyes 

Wolfgang Stein, Carola Städele and Peter Andras 

This manuscript was published in full as a peer-reviewed open access video article in the Journal of 

Visualized Experiments (JoVE) on March 23, 2011. The article consists of a video (which can be 

accessed on www.jove.com) and a concomitant detailed protocol and material list. I am second author 

on this publication and I was substantially involved in manuscript writing and preparation of the video 

plot. 

In this video article we present the methodology for fast and high resolution fluorescent voltage-sensitive 

dye imaging of single-cell neural activity by using the crab stomatogastric ganglion as an example. 

Filming took place in the laboratory of Dr. Andras at Newcastle University (Newcastle, UK). 

Full citation: 

Wolfgang Stein, Carola Städele and Peter Andras (2011), Optical imaging of neurons in the crab 

stomatogastric ganglion with voltage-sensitive dyes, Journal of Visualized Experiments, 49, 

http://www.jove.com/details.php?id=2567. 

The Article was published under the Creative Commons Attribution 3.0 International (CC BY-NC-ND 

3.0) license (http://creativecommons.org/licenses/by-nc-nd/3.0/). 

doi: 10.3791/2567 

Article 3: 

Simultaneous measurement of membrane potential changes in 

multiple pattern generating neurons using voltage sensitive dye 

imaging 

Carola Städele, Peter Andras and Wolfgang Stein 

This manuscript was published in full as a peer-reviewed open access research article in the Journal of 

Neuroscience Methods (Elsevier) on January 15, 2012. I am first author on this manuscript and I was 

substantially involved in designing the research, performing the research, development of data analysis 

tools, data analysis and manuscript preparation.  

30



Establishment of VSD imaging 

 

We describe the use of fast-voltage sensitive dye imaging and its potential to measure the 

simultaneous activity of many individual neurons. In specific, we present that the signal-to noise 

ratio of optical recordings is high enough to detect single action potentials and excitatory and inhibitory 

postsynaptic potentials after bulk staining of all neural membranes with VSD in the STG. Moreover, we 

discuss the advantages and caveats of this novel technique and its potential to measure the activity of 

many individual neurons simultaneously. 

Full citation: 

Carola Städele, Peter Andras and Wolfgang Stein (2012), Simultaneous measurement of membrane 

potential changes in multiple pattern generating neurons using voltage sensitive dye imaging, Journal 

of Neuroscience Methods, 203, 1:78-88. 

The Article was published under the Creative Commons Attribution 4.0 International (CC BY 4.0) license 

(http://creativecommons.org/licenses/by/4.0/).  

doi:10.1016/j.jneumeth.2011.09.015 
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a b s t r a c t

The simultaneous recording of many individual neurons is fundamental to understanding the inte-
gral functionality of neural systems. Imaging with voltage-sensitive dyes (VSDs) is a key approach to
achieve this goal and a promising technique to supplement electrophysiological recordings. However,
the lack of connectivity maps between imaged neurons and the requirement of averaging over repeated
trials impede functional interpretations. Here we demonstrate fast, high resolution and single-sweep
VSD imaging of identified and synaptically interacting neurons. We show for the first time the optical
recording of individual action potentials and mutual inhibitory synaptic input of two key players in the
well-characterized pyloric central pattern generator in the crab stomatogastric ganglion (STG). We also
demonstrate the presence of individual synaptic potentials from other identified circuit neurons. We
argue that imaging of neural networks with identifiable neurons with well-known connectivity, like in
the STG, is crucial for the understanding of emergence of network functionality.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Simultaneous imaging of several or many neurons is a key
approach to uncover how neural circuits and networks deliver their
integral functionality as an emergent result of the interactions and
activities of participating neurons (Grinvald et al., 1977; Zecevic
et al., 1989; Wu et al., 1994; O’Malley et al., 1996; Obaid et al., 1999;
Stosiek et al., 2003; Briggman et al., 2005; Dombeck et al., 2007;
Frost et al., 2007; Orger et al., 2008; Yaksi et al., 2008; Mukamel
et al., 2009; Rotschild et al., 2010; Briggman et al., 2010). Yet, at
the same time knowledge of the underlying network connectivity
and intrinsic properties of the network neurons is indispensable
for determining the mechanisms that generate the network activ-
ity. One of the major endeavours in current neuroscience is thus to
combine network connectivity and physiology with that of indi-
vidual neurons. The connectivity within large networks is often
unknown and single cell electrophysiology is insufficient to iden-
tify it due to the sheer number of neurons involved. On the other
hand, many classical model systems have been studied on the single
neuron level and connectivities in these networks are often well-
described. However, the combined network activity, the network

∗ Corresponding author at: School of Computing Science, Newcastle University,
Claremont Tower, Claremont Road, Newcastle upon Tyne NE1 7RU, UK. Tel.: +44 191
2227946; fax: +44 191 2228232.

E-mail address: peter.andras@ncl.ac.uk (P. Andras).

level integral functionalities, and the control by higher centers are
much more difficult to study with traditional recording techniques
such as simultaneous intra- and extracellular recording of several
neurons (e.g. Miller, 1987). The significant limitations here are due
to physical limits on the spatial positioning of the electrodes. One of
the biggest challenges today is to combine analysis at network and
single cell level. This can be done in the most meaningful way in
systems with identified neurons and well-established connectivity.

Here, we demonstrate the use of voltage-sensitive dyes to mea-
sure neural activity and neuronal interactions in a model system for
motor pattern generation that has been thoroughly characterized
on the single cell level, namely the crab stomatogastric ganglion
(STG; Stein, 2009; Nusbaum and Beenhakker, 2002). The STG is a
vital component of the crab nervous system and drives the rhyth-
mic movement of muscles in the foregut (three internal teeth in the
gastric mill of the stomach and the movements of the pyloric filter
apparatus; Harris-Warrick et al., 1992; Nusbaum and Beenhakker,
2002; Marder and Bucher, 2007). All neurons in the STG are identi-
fied, as is their connectivity. STG neurons receive their input from
higher ganglia through a single nerve (stn; Fig. 1A; Coleman et al.,
1992) and deliver their function quasi-autonomously, i.e. they form
central pattern generators (CPGs) which are located in the STG itself
(Marder and Weimann, 1992; Nusbaum and Beenhakker, 2002).
The activity of many, but not all, STG neurons can be recorded and
identified extracellularly from motor nerves that originate from
the STG to determine the mode of function (or system functional-
ity or behaviour) of the STG (Harris-Warrick et al., 1992). Synaptic

0165-0270/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jneumeth.2010.10.007
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Fig. 1. (A) Schematic drawing of the STNS showing the location of the STG neuron cell bodies and the experimental approach. Neurons were impaled and recorded with sharp
microelectrodes and filled with di-8-ANEPPQ. CoG: commissural ganglion; OG: esophageal ganglion; STG: stomatogastric ganglion; stn: stomatogastric nerve; lvn: lateral
ventricular nerve. (B) (I) Photo of the STG in bright field and overlay of two neurons (LP and PD) stained with di-8-ANEPPQ and visualized in fluorescent light. PD: pyloric
dilator neuron; LP: lateral pyloric neuron. (II) Simplified representation of the connectivity between PD, LP and PY neurons. PD and LP as well as LP and PY are connected
via reciprocal inhibition. PY: pyloric constrictor neuron. (C) Excitation with fluorescent light did neither affect network nor single cell spike activity after filling PD and LP
neurons. Extracellular recording of the lvn, showing the rhythmic activity of LP, PY and PD during the pyloric rhythm. Average (12 cycles) period of the pyloric rhythm before
illumination: 1.85 ± 0.1 s, during illumination: 1.81 ± 0.2 s. Mean number of LP spikes before illumination: 3.75 ± 0.6, during illumination: 3.58 ± 0.8. LP duty cycle before
illumination: 0.14 ± 0.04, during illumination: 0.13 ± 0.04. LP spike frequency before illumination: 10.62 ± 1.2 Hz, during illumination: 10.93 ± 2.9 Hz. PD duty cycle before
illumination: 0.15 ± 0.01, during illumination: 0.15 ± 0.03. Other parameters for PD and PY could not be determined from the extracellular recording since it contains the
action potentials of several PD and PY neurons.

interactions and ion channel activities are typically studied using
intracellular recording techniques (Harris-Warrick et al., 1992;
Marder and Bucher, 2007). There are two principle restrictions to
these approaches: (1) the number of such recordings is limited
by the space needed to place micromanipulators and electrodes
(e.g. Miller (1987) reports the use of four intracellular electrodes
simultaneously); (2) synaptic and ionic currents are recorded with
sharp microelectrodes in the soma and thus electrotonically rela-
tively far from the neuropile, in which most of the processing in
these neurons is accomplished, thus leading to attenuation of the
recorded signals. Optical imaging may offer a solution to both prob-
lems: for example, calcium imaging has been applied successfully
to analyse the processing within individual STG neurons follow-
ing loading of the selected neuron with calcium dye (Graubard
and Ross, 1985; Ross and Graubard, 1989). Yet, calcium dyes lack
the appropriate time resolution to observe quick neural events and
only act as indirect reporters for changes in membrane potential.
In principle, the STG is an ideal system for simultaneous optical
imaging of many neurons, because its 26 neurons are arranged
in a flat crescent or semi-circle shape in the posterior part of the
ganglion.

Here we report for the first time the simultaneous recording of
STG neuron activity with traditional intra- and extracellular record-
ings and optical imaging of membrane potential changes using
voltage-sensitive dyes (VSDs). This technique opens the avenue for
the systematic analysis of processing within individual neurons and
of the multi-neuron activity of a pattern generating circuit whose
connectivity and intrinsic properties have been well characterized.
Pioneering the analysis of neuronal activities on both single cell
and network levels will have major impact on STG research, but
also on a wide range of areas of neuroscience research: the STG
is a prototype system of CPG networks (containing two separate,
but interacting CPGs – the pyloric and gastric mill circuits) and as
such the understanding of its emergent system level properties will
improve the understanding of CPG networks in general. Such CPG
networks being at the heart of vital systems such as movement
generation, coordination (Grillner, 2006; Goulding, 2009) and res-
piration (Ramirez and Richter, 1996), better understanding of how
they are organized and deliver their system level functionality may
have a major impact on a wide range of neuroscience research
related to motor control, but also to that concerned with cognitive
functions (Yuste et al., 2005).
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2. Materials and methods

2.1. Dissection

Adult Cancer pagurus L. were obtained from local sources (New-
castle University, Dove Marine Laboratories) and kept in filtered,
aerated seawater (10–12 ◦C). Altogether, more than 20 prepara-
tions were used. Animals were anesthetized by packing them in
ice for 20–40 min before dissection. We used isolated nervous
systems to perform our experiments (Gutierrez and Grashow,
2009). The STNS was pinned down in a silicone elastomer-lined
(ELASTOSIL RT-601, Wacker, Munich, Germany) Petri dish and con-
tinuously superfused (7–12 ml/min) with chilled saline (10–13 ◦C;
Fig. 1A). Physiological saline consisted of (mMol l−1): NaCl, 440;
MgCl2, 26; CaCl2, 13; KCl, 11; trisma base, 10; maleic acid, 5.
Saline was kept at a constant temperature of 11–13 ◦C and at pH
7.4–7.6. All experiments were carried out in accordance with the
European Communities Council Directive of 24th November 1986
(86/609/EEC).

2.2. Intracellular and extracellular recording

We used standard methods to perform electrophysiology
(Bartos and Nusbaum, 1997; Blitz and Nusbaum, 1997; Stein et al.,
2006). We desheathed the STG to facilitate intracellular record-
ings. Glass electrodes (GB 100TF-8P, Science Products, Hofheim,
Germany; 25–40 M�) filled with 3 M KCl solution were used.
Signals were amplified using a BA 01X Amplifier (NPI, Tamm,
Germany) (in bridge mode and digitized using an NI PIC 6220
(National Instruments, Austin, TX, USA). Files were recorded and
saved using WinEDR v2.9 (Strathclyde Electrophysiology Software;
University of Strathclyde, Glasgow, UK). Files were then converted
and analysed using Spike 2 v6.10 (Cambridge Electronic Design,
Cambridge, UK). The signal was also recorded with the MiCAM02
imaging system (SciMedia Ltd., Tokyo, Japan; using the analogue
input; see below). For extracellular recordings, a petroleum jelly-
based cylindrical compartment was built around a section of the
nerve to electrically isolate STNS nerves from the bath. One of two
stainless steel electrode wires was placed in this compartment, the
other one in the bath as a reference electrode. The differential sig-
nal was recorded, filtered and amplified with an AC differential
amplifier (Univ. Kaiserslautern, Germany). Activity patterns and
axonal projection pathways were used to identify STG neurons, as
described previously (Heinzel et al., 1993; Bartos and Nusbaum,
1997; Blitz and Nusbaum, 1997).

2.3. Preparation of the dye and electrode loading

VSDs are lipophilic molecules that are anchored inside the neu-
ronal membrane. Several different types exist (Loew, 1996) and,
depending on the type, they report the changes in membrane
potential using different mechanisms. We used fluorescent dyes
and epifluorescence imaging, which have some advantages com-
pared to other kinds of dyes (e.g. the signal is larger than in the case
of absorption dyes (e.g. Zecevic et al., 1989), and only a single kind
of dye molecule is required and not two as in the case of FRET dyes
(e.g. Briggman and Kristan, 2006)). The toxicity (especially photo-
toxicity) of the dyes may be an issue in optical imaging. We tested
earlier the sensitivity of the crab STG in the context of epifluores-
cent optical imaging with ANEP dyes (Stein and Andras, 2010) and
we found that they had no sustained toxic effect on STG neurons.

We used di-8-ANEPPQ (Cambridge Bioscience, Cambridge, UK)
and applied it using intracellular iontophoretic injection with sharp
microelectrodes. For this, the tips of standard glass microelectrodes
with filament were filled with the dye: the stock solution of di-
8-ANEPPQ was made by mixing 5 mg dye with 1 ml 20% F-127

pluronic acid DMSO solution (Invitrogen, Paisley, UK) (resulting dye
concentration: 6.97 × 10−3 M) and then centrifuged for 20 min at
12,000 rpm with an Eppendorf Centrifuge 8504 (Eppendorf, Ham-
burg, Germany) to separate larger particles in the dye stock solution
that may cause clogging of the microelectrode. The supernatant
was used for filling the electrodes: a droplet was injected into the
electrode and placed close to the tip using a MicroFil (34 gauge;
WPI, Berlin, Germany) needle. Following this the glass electrode
was backfilled with 3 M KCl solution and placed in a dust-protected
chamber for at least 1 h to allow diffusion of the dye into the
tip. Electrodes resistances were typically between 30 and 50 M�.
Electrodes above 50 M� and below 20 M� were discarded. After
successful impalement and identification of the neuron, the neu-
ron was filled with the dye. Pulses of 10 nA positive current with a
duration of 1.5 s and 1.5 s interpulse duration were used to drive the
dye molecules into the cell. We used positive current because the
di-8-ANEPPQ dye molecules have a double positive charge (in solu-
tion, the di-8-ANEPPS molecule forms an ionic mix with two Br−

ions per dye molecule). The loading procedure lasted 20–30 min
per neuron and resulted in a bright staining of the soma and the
primary neurite (Fig. 1B).

2.4. Imaging of fluorescence

For the fluorescence imaging we used a MiCAM 02 imaging sys-
tem (SciMedia Ltd., Tokyo, Japan) using the HR (high resolution)
camera (6.4 mm × 4.8 mm actual sensor size) set at 96 × 64 pixel
spatial resolution, 2.2 ms temporal resolution and a 20× objective
(XLUMPLFL20XW/0.95, NA 0.95, WD 2.0 mm; Olympus Corpora-
tion, Tokyo, Japan) mounted on a standard upright fluorescence
microscope (BX51 WI, Olympus Corporation, Tokyo, Japan) or the
same camera and objective but having the camera settings at
48 × 32 pixel spatial, resolution and 1.5 ms temporal resolution.
The illumination was provided by a 150 W ultra-low ripple halo-
gen light source (HL-151, Moritex Corporation, Tokyo, Japan) with
computer controlled shutter. To get the exciting green light we used
a wide green filter cube (480–550 nm excitation filter, MSWG2,
Olympus Corporation, Tokyo, Japan).

2.5. Data analysis and visualization

For data analysis and visualization we used the BrainVision soft-
ware (SciMedia Ltd., Tokyo, Japan) associated with the MiCAM02
imaging system. Final figures were prepared with CorelDraw (ver-
sion 12 for Windows, Corel Corporation, Ottawa, ON, Canada).
Graphics and statistics were generated using Excel (Microsoft). The
cycle period of the pyloric rhythm was defined as the duration
between the onset of a PD neuron burst and the onset of the subse-
quent PD burst. Burst durations were defined as the time between
the first and last action potential (spike) within a burst.

3. Results

3.1. Simultaneous intracellular and optical recording of neural
activity as a proof of concept

Imaging analysis of STG neurons so far was limited to the use
of calcium dyes (Graubard and Ross, 1985; Ross and Graubard,
1989) that allow only indirect tracking of membrane potential vari-
ations. In contrast, fluorescent VSDs allow a much quicker (in the
millisecond range) and more direct detection of membrane poten-
tial changes, since they reside within the cell membrane and their
fluorescence depends on the voltage difference across the mem-
brane. Yet, imaging of STG neurons remained elusive due to various
problems with dyes that were tried (e.g. toxicity, lack of effective
loading).
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Fig. 2. (A) Optical recording of a gastric mill (GM) neuron during current injection with the microelectrode. (B) The slope of the optical signal corresponding to the direction
of the current injection in all instances. Slope was normalized by first eliminating the trend from the data series (the trend is occasionally present in the data series, showing
a gradual increase or decrease of all data values), and then scaling the data to be in the same value range for all data series, and also considering the different temporal
resolutions that we used for data acquisition. The box plot gives minimum and maximum values, as well as mean and standard deviation. (C) Time delays (in ms) between
the start times of the current pulses and the corresponding changes in the optical recording. Extreme outliers (>65 ms) were ignored.

Here, to perform VSD imaging, we loaded individual STG neu-
rons intracellularly with di-8-ANEPPQ VSD (see Section 2 and
Fig. 1B). We did not see any obvious toxic effects following the load-
ing procedure and during the experiments (n > 10 imaging sessions,
each over a few hours period): the neurons kept their regular activ-
ity, i.e. their duty cycle and phase relationship within the pyloric
rhythm remained constant, as was action potential firing (Fig. 1C).

To test whether di-8-ANEPPQ fluorescence changed with the
membrane potential of the recorded cell, we first drove the mem-
brane potential of the neuron with pulsed current injections of
several nA (de- and hyperpolarizing pulses). The variation of the
optical signal recorded from the dye-filled neurons followed closely
the current injection. Fig. 2A shows an example of a GM (gastric
mill) neuron recording. The GM neurons are particularly well suited
for these tests since they participate in the gastric mill rhythm,
which is episodic and often absent in isolated preparations (in con-
trast to the pyloric rhythm; Stein, 2009). The GM neurons thus
typically show tonic activity and their membrane potential can eas-
ily be changed with current injections. We quantified the response
on the optical signal in two ways: (1) in each trial we measured
the slope of the optical signal when the membrane voltage was
at the mid-point between the corresponding maximum and min-
imum values. We found that in all instances (n = 83) the slope in
the change of the optical signal corresponded to that of the cur-
rent pulse (Fig. 2B); (2) we measured the difference between the
time of switching the polarity of the driving current and the time
when this switch was indicated by the change in the optical record-
ings (Fig. 2C). To measure this latency, we considered the times
of the midpoint of the transition between the high and low value
recordings of the current and of the optical signal recorded from
the neuron (Fig. 2A) and binned the values in 10 ms bins. 75.9%
of all switches in the optical signal occurred within 25 ms after
the current stimulus changed polarity. On average the time delay
was 15.17 ± 19 ms (n = 83). This confirmed that the di-8-ANEPPQ
responded reliably and with detectable changes in fluorescence to
membrane potential changes in STG neurons.

After this first step, we applied hyperpolarizing current pulses,
which in most neurons induced rebound spikes after release from
inhibition. The simultaneous optical and intracellular recordings
show that even single action potentials could be detected with

very good match by the optical recording. Fig. 3A shows an exam-
ple of the simultaneous optical and intracellular recordings of a
GM neuron. Note that we did not apply any averaging over mul-
tiple spike recordings or rebound trials, but rather single-sweep
imaging of neural activity. We calculated the start, end and peak
times for recorded spikes both from the optical and the electri-
cal signal, and the duration of the spikes as well in both cases.
The distributions of the difference between corresponding time
values (e.g. the difference between voltage recording start time
of a given spike and optical recording start time of the same
spike) are shown in Fig. 3B–E. These show that indeed, the differ-
ence value distributions are centred around or below 1 ms with
a narrow variance, i.e. on average the difference of spike peak
times was 0.91 ± 1.37 ms (n = 18), the difference of spike start times
was 0.58 ± 3.49 ms (n = 18), the difference of spike end times was
1.08 ± 4.45 ms (n = 18), and the average difference of durations
was 0.5 ± 5.37 ms (n = 18). This confirmed that optical and electri-
cal recording of spikes were well matched and that di-8-ANEPPQ
reported changes in the membrane voltage with only a very short
delay. We also calculated the correlation between voltage record-
ings of induced spikes and the corresponding optical recordings
of the neural activity (Fig. 3F). This analysis shows that the two
readings are well correlated with a correlation coefficient r = 0.6893
(p < 0.001, n = 351 data points).

An important application of VSD imaging is to investigate signal
processing within a given neuron. As a first step, we thus compared
the optical signals obtained from the neuron’s soma with those
from the neuron’s primary neurite. Fig. 4 shows the results for an
LP neuron. Both, the single-sweep recordings and the average show
the correlated activity in the soma and the neurite (Fig. 4A and B). In
the STG, action potentials are generated in the axon and passively
invade the soma (the spike initiation zone is outside of the soma in
the part of the axon that is within the ganglion; the action poten-
tials have to pass through the primary neurite in order to reach the
soma). Correspondingly, we found a clear delay between the peaks
of the action potentials in soma and neurite. On average, action
potentials occurred 3.52 ms (n = 48) earlier in the neurite than in
the soma (Fig. 4C).

Our data thus demonstrates that high temporal and spatial
resolution VSD imaging of STG neurons is possible and that the
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Fig. 3. (A) Simultaneous intracellular and optical recordings of a rebound from inhibition in a GM neuron. GM fires 4 action potentials during the rebound which are all clearly
visible in the optical signal. Distributions of the delays between voltage recording of a given action potential and optical recording. (B) Action potential peak, (C) start times,
(D) end times, (E) difference of duration. (F) Correlation between membrane potential changes during action potentials and the corresponding optical recordings (n = 351,
slope: 0.70, r = 0.6893; significantly different from zero with P < 0.05; Pearson product–moment correlation and subsequent t-test).

recorded fluorescence signals follow very closely the membrane
potential variation of the neurons, both in the soma and the neurite.
More importantly we demonstrate that it is possible to do single-
sweep recording of spiking activity of neurons, without the need
for averaging over many spiking events or trials. This means that
this method allows following of the activity of individual neurons
in instant detail, without requiring repetition of the experimental
conditions (such as neuronal or sensory stimulation, for example).

3.2. Single-sweep optical recordings of synaptically interacting
identified neurons

The activity produced by a network is generated by both intrin-
sic neuron properties and synaptic connections. Recent studies
have shown that both are under neuromodulatory control and
that neuromodulator actions are essential to determine the net-
work activity (Marder and Thirumalai, 2002), even in the long term
(Khorkova and Golowasch, 2007; Zhao et al., 2010). For example,
the strength of the sole feedback synapse from the pyloric network
to the pacemaker kernel, namely that between the lateral pyloric
neuron (LP) and the pyloric dilator (PD) neurons, is altered by a
peptide modulator (RPCH; Thirumalai et al., 2006). While simulta-
neous intracellular recordings of several STG neurons are possible,
there are space limitations that impose a limit on how many neu-
rons can be recorded and time limitation that restrict the maximum
time of a recording (for example due to manipulator drift or leak-
age of electrode electrolyte into the cell). For proper understanding
of how a network of neurons delivers its system level functionality

many (ideally all) neurons and their synaptic interactions should be
recorded individually and simultaneously, over an extended period
of time.

Here, we demonstrate a one-by-one filling of an LP and a PD
neuron with di-8-ANEPPQ and a subsequent optical recording of
their interacting activity. LP and PD neurons are essential for gen-
erating the pyloric rhythm and are connected with a reciprocal
synaptic inhibition. Here, we identified them on the basis of their
intracellularly recorded individual activity pattern and the relation-
ship of their intracellular activity to the extracellular recordings of
the lateral ventricular nerve (lvn) (Heinzel et al., 1993; Bartos and
Nusbaum, 1997; Blitz and Nusbaum, 1997). Using these neurons
will allow us to determine both the feasibility of optical recordings
to measure the activity of several neurons simultaneously and to
determine synaptic interactions between them.

After successive filling of both neurons (Fig. 1B), we removed
the intracellular electrodes and started the simultaneous optical
recording of both neurons. We compared the optical signal to their
spike activity recorded extracellularly on the lvn, on which LP and
PD spikes can easily be separated. They occur in bursts at iden-
tifiable phases during the pyloric rhythm (Fig. 1C; Stein, 2009).
Examples of the optical recordings are shown in Fig. 5A.

Our recordings show that in regularly bursting neurons we could
clearly identify spikes and membrane potential oscillations. In fact,
the phase relationship between PD and LP could easily be detected
(Fig. 5A and E; see also supplementary Movie S1): LP and PD showed
alternating peaks of activity in the optical recording, as expected
from the spike activity on the lvn. When we compared the period of
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Fig. 4. (A) Simultaneous single-sweep optical recordings from LP soma and primary neurite (for location see (C)) along with extracellular recording of the lvn showing the
spike activity of PD, LP and PY neurons. (B) Average of optical signals from soma and neurite. The duration of one pyloric cycle is shown. (C) Left: average of action potentials
measured in soma and neurite (note the difference in the time scale in comparison to (B)). Action potentials detected on the extracellular recording were used to trigger
the average (not shown). The peak of the action potentials occurred earlier in the neurite, indicating that action potentials were generated in the axon or neuropile and
subsequently invaded the soma via the primary neurite. Right: photo of LP. The circles indicate the locations where the optical signals were recorded from.

the pyloric rhythm measured from the optical signal with that mea-
sured from the spike activity on the lvn, we found that they were
virtually identical (lvn: 1.51 ± 0.09 s (n = 16); optical: 1.50 ± 0.09 s
(n = 15)). The appropriately separated spiking activity of the two
interconnected neurons was also clearly identifiable on the optical
recordings from their soma and primary neurite and corresponds to
that of the extracellular recording on the lvn (Figs. 4–6). To quantify
the match between optically and electrically recorded spikes we
calculated the differences between the times of the optically and
extracellularly measured spike peaks. The distribution of the dif-
ference values is shown in Fig. 5B. The delay between optically and
extracellularly measured spikes was centered around their average
value 12.57 ± 3.96 ms (n = 34). The non-zero average value corre-
sponds to the time delay between the arrival of the action potential
in the soma and its arrival at the axon site in the lvn from where we
recorded extracellularly. The delay corresponded well to that mea-
sured with intracellular electrodes (12 ms), before we removed the
electrode from the soma. In Fig. 5C and D several sweeps of both,
optical LP and PD spikes and those of the corresponding spikes on
the lvn are shown, along with the average, demonstrating the small
variation in the optical signal.

Besides spike activity, the recordings also show the mutually
inhibitory effect of LP and PD on each other. While PD is part of the
pacemaker kernel and its oscillations are generated by endogenous
properties, LP oscillations depend on synaptic inhibition (and sub-
sequent rebound) from PD (Nusbaum and Beenhakker, 2002; Stein,
2009). Yet, as most synaptic actions in the STG, the PD to LP synapse
shows graded synaptic transmission, i.e. even subthreshold mem-
brane potential of PD affect the postsynaptic LP cell (Hooper and
DiCaprio, 2004). This was also clearly visible in the optical signal
when we compared the average waveform of both LP and PD, in
which LP started to hyperpolarize even before the PD reached its
peak depolarization (Fig. 5E, arrow). This rather slow hyperpolar-

ization of LP due to the graded synaptic effect of PD was even visible
in single-sweep recordings of LP (Fig. 6A). In addition to identifying
these slow inhibitory postsynaptic potentials (IPSPs), we also mon-
itored the occurrence of other synaptic inputs in LP, again without
time averaging (Fig. 6A and C). These originated from the pyloric
constrictor neurons (PY), which possess an inhibitory connection
to LP (Fig. 1B, II). In fact, the optical signal closely mirrored the
waveform of the LP membrane potential typically obtained during
intracellular recordings (Fig. 6B) and individual PY–IPSPs could be
seen in the optical recording. Fig. 6D shows an overlay of several
single sweeps plus average of optically recorded PY–IPSPs and the
closest PY spike recorded in the lvn. The PY induced IPSPs in the
LP neuron are very clearly identifiable by averaging over several
detected PY spikes (Fig. 6E). The averaging also shows the time
delays of consecutive IPSPs caused by PY neuron activity – the
multiple IPSP peaks represent the effect of the summing of tempo-
rally close PY spikes. These data thus demonstrate that even single
synaptic events can reliably be detected with optical recordings.

4. Discussion

4.1. Optical recording of neurons in identified circuits

Optical recording of network activity with calcium- or voltage-
sensitive dyes is one of the cutting-edge techniques used to
measure the activity of large populations of neurons. Since the mid
1990s a growing number of papers have been published about the
use of calcium imaging at neuron resolution that also allows the
detection of simultaneous spiking activity of many neurons (up to
around 100 neurons) (O’Malley et al., 1996; Stosiek et al., 2003;
Dombeck et al., 2007; Greenberg et al., 2008; Holekamp et al., 2008;
Kerr et al., 2007; Ohki et al., 2005; Yaksi et al., 2008; Mukamel
et al., 2009; Rotschild et al., 2010). While calcium imaging allows
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Fig. 5. (A) Simultaneous single-sweep optical recordings of LP and PD neurons, along with their extracellularly recorded spike activity on the lvn. (B) Distribution of delays
between the peak of optically detected action potentials and extracellularly measured spike activity on the lvn – see also supplementary Movie S1. (C) Single sweeps and
average (red) of LP spikes on the lvn (bottom) and in the optical signal (top). The average was triggered on the LP spikes on the lvn. (D) Average of optically detected PD
spikes. Since the spike activity of the two PD neurons is recorded on the lvn, i.e. there is an ambiguity in the identity of the PD spikes. Action potentials here were triggered
using the clearly detectable peaks in the optical signal. (E) Average of the slow waveform of the PD and LP optical signals. The arrow indicates the slow inhibition received
by LP, which is caused mostly by graded synaptic release from PD.

the inference of spiking activity, it is an indirect method that works
best if the neurons fire single action potentials at low frequencies
and the reliability of spike detection decreases as the number of
spikes in a burst over short time period increases (Milojkovic et al.,
2007). In contrast, VSDs are much faster and directly report changes
in the membrane potential. VSDs have been promising to supple-
ment or even replace electrophysiological recordings of membrane
voltages for over two decades now. The first results about simulta-
neous imaging of neurons with VSDs were published in the late
1970s (Grinvald et al., 1977). Yet, most functional applications
have targeted the measurement of population activities, i.e. the
summed activity of whole brain areas rather than the membrane
potential of single cells. In particular examples of imaging stud-
ies of individual neurons embedded in a functional neural circuit
with known function and identifiable and synaptically interact-
ing neurons are rare (Frost et al., 2007; Briggman et al., 2010).
Even the detection of single action potentials in identified neu-
rons has mostly been shown exemplary, for instance in the squid
axon or the giant metacerebral neurons in snails (Baker et al.,
2005).

An important problem of simultaneous optical imaging of neu-
rons is the interpretation of the data, i.e. how can the recorded
data be used to unveil the integration of individually recorded
neural activities into the overall functionality of the network(s)
to which these neurons belong. A principal underlying problem is
often that the connectivity pattern of the imaged neurons is not
known (i.e. it is known that the imaged neurons belong to a large
network, but the topology of the network is not known), which
is why in most experiments action potentials were elicited with
current injections and thus showing little advantage over intracel-
lular recordings with microelectrodes and revealing only limited
functional conclusions. One approach to deal with the data inter-
pretation problem is to induce functional behaviour in the network
by stimulation and associate neural activities to induced function
by analysing the correlation of recorded activities of neurons and
the stimulus inducing the behaviour or hallmarks of the behaviour
that can be recorded from the whole system (e.g. by extracellular
recordings from nerves) (Cacciatore et al., 1999; Briggman et al.,
2005; Wu et al., 1994; Orger et al., 2008; Rotschild et al., 2010;
Ohki et al., 2005). Another approach is to infer the functional con-
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Fig. 6. (A) Single-sweep optical recording of LP during two pyloric cycles and corre-
sponding extracellular recording of the lvn. LP spikes as well as synaptic inputs are
clearly visible in the optical signal. (B) Intracellular recording of LP (different prepa-
ration) demonstrating the membrane potential changes in LP during two pyloric
cycles. Note the similarity to the optical signal in (A). (C) Magnification (single
sweep) of the LP optical signal. After the end of LP’s spike activity, several IPSPs
arrive that can be attributed to the PY spikes on the lvn (arrows). There are several
PY neurons (Stein, 2009). Hence, since the conduction velocities between the differ-
ent PY neurons vary to some extend, PY action potentials arrive with varying delays
at the lvn recording site, which in turn results in arrows with different angles. (D)
Single sweeps and average (red) of the optically recorded IPSP in LP and the corre-
sponding PY spikes on the lvn. The lvn action potentials of a particular PY neuron
were used for triggering. (E) Average triggered on all PY neuron spikes, demonstrat-
ing the timing of the corresponding IPSP in the optical signal (outlined arrow) and
those of surrounding PY neurons (black arrows).

nectedness of imaged neurons (or groups of them) for example by
analysing the correlations of firing patterns of the imaged neurons
(e.g. Greenberg et al., 2008).

In principle, optical imaging with voltage-sensitive dyes faces
the same problems that early electrophysiology had, namely that

a functional analysis of neural activities requires the knowledge
of the connectivity in the underlying circuit (which is difficult
to determine with optical recordings). Ideally, in order to deter-
mine and understand how individual neural activities organize into
spatio-temporal patterns and through this deliver the functionality
of the network(s) to which they belong, the activities of individual
neurons should be recorded in neural systems where the func-
tional connectivities and neuronal interactions are known and the
system functionality is easy to identify through additional electro-
physiological recordings of the system output. In principle, if these
conditions are satisfied, it should be relatively straightforward to
derive a valid interpretation of how individual neural activities lead
to the emergence of system level behaviour and functionality.

Yet, in particular electrophysiologists face several problems
which may contribute to the lack of functional approaches: (1)
to put the optical signal in a functional context, control record-
ings with electrophysiological methods are required, but they
are limited by the small distance between neurons and objective
which makes difficult to place electrodes; (2) for the same rea-
sons (electrode placement and control recordings) and also because
of possible lack of tissue transparency, upright microscopes and
illumination from the top (epifluorescence rather than absorption
dye methods) are preferred; (3) a good match between the opti-
cal signal and the morphology of the recorded neurons is required.
This is particularly important in circuits in which single cells are
already identified and their morphological characteristics are used
to determine their identity, such as in most classical model system
preparations. Only recently the development of high-speed and
low-noise cameras has allowed to replace low-resolution photodi-
ode arrays (Baker et al., 2005); (4) in the light of current approaches
to study functional aspects of neural activities that include vari-
able and non-repetitive stimuli (for example in in vivo conditions)
it is important to achieve a direct measurement of single action
potentials or even synaptic inputs without the need for extensive
averaging over many trials. Demonstrating the continuous mea-
surement of current injections from −100 mV to +150 mV is thus
not sufficient, but that of individual action potentials is. Thus, the
optical signal and the recording device have to be fast and sen-
sitive to small membrane potential changes; (5) in addition, the
toxicity of the VSDs is often a problem, especially when high light
levels are required. Also, since VSDs are often charged molecules
they may change the electrical properties of the neurons (such as
capacitance; Sjulson and Miesenbock, 2008), which is particularly
unfortunate during long-term recordings; (6) only if simple ways to
apply VSDs and to read the optical signal are available, researchers
will be ready to pay the high prices for the microscope and camera
equipment (about 10 times that of a good intracellular amplifier).
It will also allow them to use these techniques themselves rather
than having a separate expert in the lab. This is where our study
comes into play. We are using simple dye injections that have been
routinely used for other dyes in most physiology labs. Consecutive
staining of several neurons is also a standard method. We demon-
strate the optical recording of two synaptically interacting neurons
– their firing activities and their synaptic potentials – in their
functional context, i.e. without artificial stimulation (Fig. 5). No
extensive averaging is necessary to detect synaptic input and action
potentials. Since all neurons in the STG are identified (Nusbaum
and Beenhakker, 2002; Marder and Bucher, 2007; Stein, 2009), the
impalement with microelectrodes to inject the dye is sufficient to
detect which neuron is filled with the dye and cells can easily be
separated by the location of their somata (an advantage of the CCD
camera system over photodiode arrays).

The advantage of recording neurons for which we know how
they are connected is that we can have clear expectations about
what we should see in optical imaging recordings in the context
of the baseline settings (i.e. spontaneous activity in this case) of
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the system. Naturally, this allows checking that the system level
recordings (i.e. the simultaneous recording of neurons) are correct
(i.e. there is no imaging or preparation induced artefact). Having an
easy way to check the correctness of the optical recordings makes
also easier to analyse any change in the joint activity of the recorded
neurons due to changes in the recording conditions (e.g. effect of
neuromodulators or sensory activity on neurons).

While the injection of individual neurons takes 20–30 min, the
relative ease of maintaining the STG stable in the experimental set-
ting allows in principle the filling of many neurons with dye. An
alternative for the proposed method is to use micro-injection that
may speed up the delivery of the dye into the neurons. We are also
considering the use of other voltage-sensitive dyes that allow the
dyeing of many neurons simultaneously by bathing the whole STG
in dye solution (e.g. di-4-ANEPPS).

4.2. Understanding of emergent functionality of biological neural
networks

The VSD imaging of STG neurons allows single-sweep record-
ing of details of neural activities (e.g. IPSPs), reducing potential
sources of computational errors and artefacts, and allowing the
measurement of true details of neural interactions without filter-
ing out of occasional outlier events, which otherwise may indicate
significant events in the activity of the neuron and of the neural
network (Figs. 5 and 6). Even more, it allows a single-event-based
analysis, which contains more information than the average. Sin-
gle action potential resolution has been achieved in a few systems,
including the giant squid axon and the giant metacerebral neu-
ron in helix (for summary see Baker et al., 2005). The spread of
the action potentials within these large neurons was traced with
photodiode arrays. Action potentials were recorded and elicited
with microelectrodes, which also allowed the averaging of multiple
trials to detect the action potentials. A successful demonstration
of the detection of synaptic potentials with VSDs was given in a
high-resolution study of the dendritic tuft of mitral cells in the
olfactory bulb of the rat (Baker et al., 2005). Unlike single action
potentials, EPSPs could only clearly be resolved when averaged.
Individual action potentials could also be detected in cardiomy-
ocytes (Bu et al., 2009; Warren et al., 2010), which are particularly
suitable for these studies since they posses a rather slow time
course.

In cell culture, it is rather easy to demonstrate the detection of
action potentials and EPSPs. For example HEK293 cell culture is
used as a test bed for new VSDs. Bradley et al. (2009) used the com-
mon tracer dye DiO (Cohen et al., 1974; Honig and Hume, 1986)
as a fluorescent donor with dipicrylamine during laser spot illu-
mination and were able to detect single PSPs through averaging.
While this method is potentially very fast, it also disturbs the elec-
trical properties of the cells by increasing the cell capacitance. Kuhn
et al. (2004) used the VSD ANNINE-6 in HEK293 cells and showed
that it possesses more than three times the signal-to-noise ratio
of ANEP dyes. Yet, in in vivo recordings of the mouse barrel cor-
tex only about a 1% change could be detected (Kuhn et al., 2008).
FRET (Förster/fluorescence resonance energy transfer) dyes were
also successfully used in HEK cells (Maher et al., 2007) and in
pancreatic islets (Kuznetsov et al., 2005). While new microscope
techniques are also promising (for example second harmonic gen-
eration microscopy; Dombeck et al., 2004; Nuriya et al., 2006) they
have mostly been used for demonstration purposes. Functional
studies involving the activities of individual neurons, in contrast,
are rare. In an elegant study by Cacciatore et al. (1999) identified
individual neurons involved in the initiation of swimming in leech
were identified using FRET dyes and averaging over many trials.
Yet, as is the case for the aplysia abdominal ganglion, in which up to
1000 individual cells can be imaged (Baker et al., 2005), the under-

lying circuitry is unknown, which makes a functional interpretation
of the obtained results very difficult.

One of the reasons why central pattern generators are stud-
ied is their reliable and repetitive activity, but also the universal
applicability of the mechanisms that drive them (Nusbaum and
Beenhakker, 2002; Yuste et al., 2005; Marder and Bucher, 2007;
Stein, 2009). It is because of this why the cellular and synaptic
properties of many of these model circuits are well-known. Yet, the
electrophysiological methods used in these preparations are insuf-
ficient to fulfill all requirements of current investigations, given
the complex morphology of neurons and the homeostatic changes
these neurons undergo during long-term measurements (Bucher
et al., 2005). CPGs thus present themselves as ideal candidates for
using VSD imaging. We here present the first example of the optical
measurement of two individual neurons that synaptically interact
in a functional central pattern generating circuit (Figs. 5 and 6).
Not only were we able to derive the period of the network activity
from the optical signal, we could also detect the phase-relationship
between the LP and PD neurons. While the PDs belong to the pace-
maker kernel of the CPG, LP provides the only feedback synapse
from the follower network and accordingly can play a major role
in rhythm generation (Thirumalai et al., 2006). We show that not
only individual action potentials can be detected in single sweeps,
but also that single IPSPs from the LP to PD feedback synapse and
from PY neurons to LP are visible (Figs. 5E and 6). Since in many
cases of other optical recordings extensive averaging and data post-
processing is required (e.g. Cacciatore et al., 1999; Zecevic et al.,
1989) the avoidance of these in the case of crab STG VSD imaging
is important for understanding the details of true network dynam-
ics (i.e. not only in an average or mean field sense, but in its actual
fine details). We used low light levels and thus avoided the neg-
ative effects of photo-damage – in contrast to the use of lasers or
high intensity light required for absorption imaging is much more
likely to cause photo-damage (Sacconi et al., 2006; Karu, 1999). In
addition, we were able to trace action potentials in the primary
neurite (Fig. 4), providing an initial framework for future studies to
monitor inter-cell interactions on a subcellular level in a functional
environment.

While molecular approaches have gained much attention in
recent years (e.g. Dickinson et al., 2009; Ma et al., 2009), the long-
term measurement of simultaneous multi-neuron activity has been
disregarded. This is despite the fact that the STG is a model system
for the actions of neuromodulators, which often have long-term
effects on their target circuits, and that the STG has lately been
used to study the motor pattern recovery after nerve injury (Zhang
et al., 2009). Our work opens new avenues for STG research allow-
ing simultaneous and long-term recording of many STG neurons
(in principle of all) in fine details (i.e. much faster recording than
in the case of calcium imaging) and without requiring averaging of
data over many trials. Imaging also removes the worry of losing the
recording or damaging the neurons, which is typical in case of (long-
term) intracellular recordings. This could allow the detailed study
of functional recovery processes in the STG in previously impossi-
ble detail (e.g. tracking the changes of individual neurons as they
resume their activity after losing the modulatory input to the STG
from higher ganglia).

The effects of neuromodulators are well known for individ-
ual STG neurons (Harris-Warrick et al., 1995; Marder and Hooper,
1985; Ayali and Harris-Warrick, 1998; Gruhn et al., 2005; Johnson
et al., 2005), however, the effects of these modulators (e.g.
dopamine, serotonin) on the whole ganglion are known in much
less detail. In particular, there is much to learn about the details of
action mechanisms of neuromodulators on the CPGs that switch the
behaviour of these, or switch the participation of certain neurons
in them, or promote the synchronization or desynchronization of
rhythms produced by different CPGs (Harris-Warrick et al., 1992;
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Marder and Bucher, 2007). The combination with VSD imaging
offers the opportunity to unravel the mysteries of the details of
neuromodulation in the STG, due to the possibility of simultaneous
tracking of the activity of multiple neurons in fine detail.

Intracellular recordings in the STG typically measure the mem-
brane potential in the soma and thus report a somewhat pruned
picture of the activity. Many fine details of neural interactions that
happen in the neuropile (e.g. Ayali et al., 1998) may not be repre-
sented at the level of the soma or in axonal recordings. To gain a
better understanding synaptic interactions and dynamics it would
be helpful to also record neural events that happen in the neuropile
using high magnification and high spatial resolution VSD imaging
of selected dye filled neurons.

Finally, molecular studies of the STG (e.g. Dickinson et al., 2009;
Ma et al., 2009) have revealed many details of STG neurons and
opened up new possibilities for investigation of how these neu-
rons work. The use of VSD imaging in combination with methods
of molecular biology (e.g. over-expression or knock-out of chan-
nels or receptor molecules in selected neurons) has the potential
to discover the role of molecular details of neurons in the context
of STG neural dynamics.

VSD imaging of the STG has the potential to improve funda-
mentally our understanding of how the roles and interactions of
neurons get dynamically determined in the context of a neural
network. Since the STG is a relatively small, but still complex in
behavioural terms, and also well-known in terms of details and
connections of individual neurons, it offers an excellent test bed
to create well-designed experiments aimed to untangle details of
neural interactions in the context of emergence of network func-
tionality. Better understanding of the emergent dynamics of the
STG can help to improve the understanding of CPGs in general,
and especially the understanding of interactions of CPGs. How does
a single joint rhythm emerge from the orchestration of multiple
CPGs? How does a CPG re-organize and restart its activity after
losing its higher regulatory input? These and similar questions
are very important in many areas of neuroscience, for example in
understanding of motor control in the spinal cord (Grillner, 2006;
Hagglund et al., 2010), motor control break-down in Parkinson’s
disease (Hausdorff et al., 2003), and also of higher cognitive func-
tions (Yuste et al., 2005). VSD imaging of the STG can provide
unprecedented detail about how the STG CPG get organized, how
individual neurons get involved, to what extent are these neu-
rons unique or interchangeable, and how the network behaviour
emerges from interactions between individual neurons.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jneumeth.2010.10.007.
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Abstract
Voltage-sensitive dye imaging of neurons is a key methodology for the understanding of how neuronal networks are organised and how the
simultaneous activity of participating neurons leads to the emergence of the integral functionality of the network. Here we present the
methodology of application of this technique to identified pattern generating neurons in the crab stomatogastric ganglion. We demonstrate the
loading of these neurons with the fluorescent voltage-sensitive dye Di-8-ANEPPQ and we show how to image the activity of dye loaded neurons
using the MiCAM02 high speed and high resolution CCD camera imaging system. We demonstrate the analysis of the recorded imaging data
using the BVAna imaging software associated with the MiCAM02 imaging system. The simultaneous voltage-sensitive dye imaging of the detailed
activity of multiple neurons in the crab stomatogastric ganglion applied together with traditional electrophysiology techniques (intracellular and
extracellular recordings) opens radically new opportunities for the understanding of how central pattern generator neural networks work.

Protocol

1. Preparation of the Crab Stomatogastric Nervous System

Adult Cancer pagurus L. were obtained from local sources (Newcastle University, Dove Marine Laboratories) and kept in filtered, aerated
seawater (10 - 12°C). Animals were anesthetized by packing them in ice for 20 - 40 min before dissection. We used isolated stomatogastric
nervous systems (STNS)1. The STNS was pinned down in a silicone elastomer-lined (ELASTOSIL RT-601, Wacker, Munich, Germany) Petri dish
and continuously superfused (7 - 12 mL/min) with chilled saline (10-13°C). Physiological saline consisted of (mMol*l-1): NaCl, 440; MgCl2, 26;
CaCl2, 13; KCl, 11; trisma base, 10; maleic acid, 5. Saline was kept at a constant temperature of 11 - 13°C and at pH 7.4 - 7.6.

The detailed steps of the STNS dissection and preparation, including the desheathing of the stomatoastric ganglion (STG), are presented in the
JoVE article by Guttierez and Grashow1. All experiments were carried out in accordance with the European Communities Council Directive of 24th
November 1986 (86/609/EEC). Figure 1A shows a schematic diagram of the STNS and Figure 1B shows a typical desheathed STG having its
neurons arranged as a flat semicircle in the posterior part of the ganglion.

The Petri dish with the STNS is fixed to the operating platform of the imaging microscope (BW51 WI; Olympus, Tokyo, Japan) with modelling clay.
Both, the microscope stage and the microscope are mounted on a vibration isolated table (Scientifica, Uckfield, UK) to prevent movement
artefacts during the optical recording. The motor patterns generated in the stomatogastric ganglion (STG) are monitored using extracellular
recordings2-4. This is done through the following steps:

2. Preparation of the Dye Solution

We used the fluorescent voltage-sensitive dye Di-8-ANEPPQ (Cambridge Bioscience)5, which has a double positive charge that facilitates the
loading of the dye through microelectrodes by using positive current pulses. The dye solution should be protected from light as much as possible.
The dye solution is prepared as follows:

3. Dye Loading by Intracellular Injection using Sharp Microelectrodes
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1. A petroleum jelly-based cylindrical compartment is built around a section of the main motor nerve (lvn) to electrically isolate the nerve from
the bath (this is done on the dissection stage before the Petri dish is placed on the operating platform of the imaging microscope).

2. One of two stainless steel electrode wires is placed in this compartment, the other one in the bath as a reference electrode.
3. The differential signal is recorded, filtered and amplified with an AC differential amplifier (Univ. Kaiserslautern, Germany).
4. The motor activity of the ganglion is monitored using an oscilloscope (DL708E; Yokogawa, Tokyo, Japan) and is additionally recorded using a

data acquisition board (CED Power, 1401, Cambridge Electronic Design, Cambridge, UK) and the Spike 2 v6.10 software (Cambridge
Electronic Design, Cambridge, UK). Files are analyzed using Spike 2 v6.10 (Cambridge Electronic Design, Cambridge, UK).

1. 5 mg of dye is mixed with 1 mL of F-127 Pluronic acid in DMSO (Invitrogen) solution.
2. The plastic vial containing the dissolved dye is centrifuged for 20 minutes at 12,000 rotation/minute in a Sigma Microcentrifuge 1-14 (Sigma,

Osterode, Germany) in order to separate larger dye particles that may clog the microelectrode.
3. The supernatant (top 200 μL) of the dye solution is separated using a pipettor and stored in a separate plastic vial. Both vials are wrapped in

aluminium foil to prevent exposure to light.
4. The dye solution is frozen at -20 °C.
5. Before use the dye solution is melted by placing the closed and wrapped vial in warm (25 °C) water for 10-15 minutes.
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We used sharp microelectrodes to load the neurons with the dye. To check the dye loading we use the MiCAM02 imaging system (SciMedia,
Tokyo, Japan)6. The imaging system has two CCD cameras: the HR camera has a larger sensor chip (6.4 mm x 4.8 mm) providing better spatial
resolution with the best temporal resolution being 1.4 ms, the HS camera has a smaller (2.9 mm x 2.1 mm) but faster sensor chip allowing faster
imaging having 0.7 ms as its best temporal resolution. The steps of the dye loading are as follows:

4. Imaging of Dyed Neurons

The activity of the single neurons can be imaged after the dye filling procedure. Alternatively two or more neurons may be filled to image the
simultaneous activity of several STG neurons. In principle many and possibly all STG neurons can be filled with dye. The imaging of the neurons
is done with the MiCAM 02 imaging system using the HR camera. The procedure of the imaging is as follows:

5. Analysis of the Optical Imaging Data

To analyse the imaging data we used the BVAna software (version 10.08; SciMedia Ltd, Tokyo, Japan) associated with the MiCAM 02 imaging
system. The software supports the visualisation of the imaging data and provides a range of analysis tools as well. The steps of the data analysis
and interpretation are as follows:
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1. Microelectrodes are pulled with a P-97 Flaming - Brown (Sutter Instruments, Novato, CA, USA) electrode puller using 10 cm long, 1 mm outer
diameter glass tubes with filament (GB100TF 8P, Science Products, Hofheim, Germany). The electrodes are pulled to have a resistance in
the range of 25 - 40 MOhm in 3M KCl (for appropriate pulling parameter settings follow the pipette cookbook provided by the maker of the
electrode puller).

2. The frozen dye solution is molten and a very small amount of it is sucked up into a microfil needle (MicroFil - 34G, World Precision
Instruments, Sarasota, FL, USA) - the sucked up dye fills around 2/3rd of the microfil needle.

3. The dye solution in the microfil needle is injected into the tip of a microelectrode. The microelectrode is placed in a dark box for 15 minutes.
4. The microelectrode is backfilled with 3M KCl solution. The electrode is then placed back into a dark electrode storage box for another 10-20

minutes to allow the dye solution to reach the fine tip of the electrode by the suction of the capillary force acting in the microelectrode.
5. The ready microelectrode is placed into an electrode holder and fixed onto the headstage of the intracellular amplifier (IA-251A, Warner

Instruments Corporation, Hamden, CT, USA).
6. The intracellular amplifier is connected to the data acquisition board that provides a pulse signal to drive current pulses into the

microelectrode.
7. The microelectrode is placed gently into the membrane of an STG neuron using a microelectrode manipulator (PatchStar, Scientifica Ltd,

Uckfield, UK). Since the working distance of the 10x objective (UMPLFL10XW, NA 0.30, WD 3.3mm; Olympus Corporation, Tokyo, Japan) of
the imaging microscope is very small, the microelectrode should be positioned in an oblique position (around 30°) and the movement of the
microelectrode into the right position requires several steps of re-focusing of the microscope objective and moving the microelectrode. To start
the microelectrode is moved in a position such that its tip is above the STG. The microscope objective is lowered until the electrode tip
appears in focus. Then it is lowered further but not as much to touch the microelectrode. The microelectrode is lowered until it re-appears in
the focus of the objective. These steps are repeated until the neurons appear clearly in the focus plane of the objective. Then the
microelectrode is lowered until it touches and gently pierces the membrane of the selected STG neuron. This is monitored using the
oscilloscope.

8. The intracellular electrode is used to record the activity of the selected STG neuron in order to identify the neuron given its activity profile and
the relationship between its activity and the STG activity recorded from the extracellular electrode2,3,7.

9. The intracellular amplifier is switched into current injection mode and is used for 30 minutes to inject 10 nA positive current steps into the
microelectrode that last for 1 second and are separated by 1 second gaps with no current injected into the microelectrode. The injected
current drives the positively charged dye molecules into the recorded neuron. If equipment is available multiple neurons may be injected
simultaneously.

10. Ten minutes into the injection period and after the end of the injection the dye spread within the neuron is checked. To do this we use the
MiCAM02 imaging system (SciMedia Ltd, Tokyo, Japan) with the 10x objective and illumination by the ultra-low ripple halogen light source
(HL-151; Moritex, Tokyo, Japan) through the filter cube MSWG2 (with 480-550 nm excitation filter; Olympus Corporation, Tokyo, Japan). The
imaging system is set to use the HR camera with 192 x 128 pixel resolution, 40 ms imaging time, the 'hbin' mode, and 10 frames per imaging
session. If the dye filling is successful the imaging should show a dyed patch in the neuron around the location of the microelectrode, and this
dyed patch should grow between the images taken after 10 minutes and after 30 minutes. If the spread of the dye is insufficient after 30 min,
more injection time is granted. Alternatively, a new dye electrode may be used.

11. The electrode is pulled out of the neuron and the neuron is left to relax for at least 20-30 minutes. Within this time, the next neuron may be
injected with dye.

1. The microscope objective is changed and a high light transmission efficiency 20x objective (XLUMPLFL20XW/0.95, NA 0.95, WD 2.0mm;
Olympus Corporation, Tokyo, Japan) is used for the imaging data collection. This objective collects much more light that the 10x objective and
also gives higher magnification providing more detailed image of the neurons. Being more light efficient means that small amount of dye
loading is already visible with this objective and also that we can use lower light intensity for the imaging reducing the potential photo damage
that may be caused to the neurons by the dye.

2. The microscope's operating stage is positioned such that the neurons that are meant to be imaged are in the field of view of the objective and
the objective is focused onto them.

3. The extracellular recording data is also fed into the MiCAM 02 imaging system through its analogue input channel. This allows the relatively
easy relating of optical signals and corresponding motor patterns or extracellularly recorded spikes in the analysis phase.

4. The MiCAM 02 system is set to use 96 x 64 pixel resolution with 2.2 ms imaging time or 48 x 32 pixel resolution with 1.5 ms imaging time. In
both cases the 'hbin' setting may be used if the dyeing of the neurons is not very strong.

5. The light level is set as low as possible (i.e. the dye in the neurons should generate still sufficient fluorescence for the imaging) to avoid photo
modulation and photo damage of the recorded neurons.

6. The room lighting and all remaining light sources are turned off. In addition, a black curtain may be closed around the recording rig to prevent
light exposure from external sources.

7. The imaging sessions are set to be between 4 - 16 seconds long.
8. The spontaneous activity of the dyed neurons is recorded over several imaging sessions.

1. An appropriate circular region of interest is selected on each recorded neurons. Typically we use 2 - 3 pixel radius regions of interest for
investigating neurons at the 48 x 32 pixel resolution, and 6 - 8 pixel radius regions of interest for investigating neurons at 96 x 64 resolution.
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6. Representative Results

Figure 2 shows the simultaneous recording of two neurons (LP, lateral pyloric neuron; PD, pyloric dilator neuron) in the pyloric central pattern
generator of a crab STG together with the recording from the lvn. The optical recordings of the LP and PD neurons identified on the basis of their
intracellular recordings show that indeed these match well with the extracellular recordings corresponding to LP and PD neurons. There is a
consistent 12 ms delay between the optical and lvn recordings of spike peaks (see inset of Figure 2) due to the axonal transmission delay
between the ganglion and the extracellular recording site. The presented data also shows that the neural activity in the soma that corresponds to
spikes of the recorded neurons is clearly detectable.

Figure 1. A) Schematic diagram of the stomatogastric nervous system (STNS). CoG, commissural ganglion; OG, esophageal ganglion; STG,
stomatogastric ganglion; stn, stomatogastric nerve; lvn, lateral ventricular nerve. B) The crab stomatogastric ganglion (STG) - the image shows
the semicircular posterior arrangement of STG neurons.
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2. The temporal smoothing of the data may be necessary, especially if the dye generates relatively low amount of fluorescence (low background
value in the data indicates this; it may be due to the low light level that is used or low level dye loading, for example in a neurite of the
recorded neuron). Typically in such cases we used temporal smoothing with 3 - 5 time units.

3. In addition to the optical recordings we also display the extracellular recording by selecting to display the analogue input of the imaging
system.

4. The parameters for the visualisation of the optical data and the analogue input should be set appropriately in order to see all recordings on
the computer screen.

5. Considering the optical recordings of the neurons, the extracellular recording from the lvn, and the classification of the neuron based on the
earlier intracellular recording, it is possible to determine the identity of the neuron and to relate its activity to the neural activities recorded
from the nerve.

6. It is expected that the optical recordings show clearly, and without the need of averaging over multiple similar events, the neural activities
corresponding to extracellularly recorded spikes and also subthreshold events such as inhibitory post-synaptic potentials caused by the
activity of other neurons.

7. The data export features of the BVAna software can be used to export the optical recordings calculated for the selected regions of interest
and also the analogue input that contains the recording from the lvn. The exported data can be processed and analyzed further using other
data analysis software as well (e.g. in the simplest case Microsoft Excel (Microsoft, Redmond, WA, US) may be used for additional
visualisation and data processing).
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Figure 2. Simultaneous single-sweep recording of a PD and an LP neuron together with the recording of the lvn. The data shows that that the
optical and nerve recordings match very well and that we can identify the neural activities corresponding to spikes recorded form the nerve. The
inset shows an overlay of several sweeps of LP action potentials - both optically and electrically recorded - and their average demonstrating the
match between optically and electrically recorded activities. Due to the fact that our optical recording method does not filter out the low frequency
components of the data we are also able to record slow membrane potential changes characteristic for PD and LP neurons14.

Discussion
The voltage sensitive dye imaging8,9 of STG neurons in combination with traditional electrophysiology methods (intra- and extracellular electrode
recordings) allows an improved understanding of how this small, well-known and still complex neural system works. The STG is a prototype of
central pattern generator (CPG) neuronal networks (it includes the pyloric and gastric mill rhythm networks)10,,11, thus a better understanding of
the emergent functional properties of the STG will also help to understand how in general CPG networks generate their network level
functionality. CPG networks play a critical role in motor control12 and also in higher cognitive functions13, consequently the better understanding of
their emergent properties may have a major impact in many areas of neuroscience.
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a  b  s  t  r  a  c  t

Optical  imaging  using  voltage-sensitive  dyes  (VSDs)  is a promising  technique  for  the  simultaneous  activity
recording  of many  individual  neurons.  While  such  simultaneous  recordings  are critical  for  the under-
standing  of  the  integral  functionality  of  neural  systems,  functional  interpretations  on  a  single  neuron  level
are difficult  without  knowledge  of  the  connectivity  of  the  underlying  circuit.  Central  pattern  generating
circuits,  such  as  the  pyloric  and  gastric  mill  circuits  in the  stomatogastric  ganglion  (STG)  of  crustaceans,
allow  such  investigations  due  to  their  well-known  connectivities  and  have  already  contributed  much  to
our  understanding  of  general  neuronal  mechanisms.

Here  we present  for the  first time  simultaneous  optical  recordings  of  the  pattern  generating  neurons
in  the  STG  of  two  crustacean  species  using  bulk  loading  of the  VSD  di-4-ANEPPS.  We  demonstrate  the
recording  of  firing  activities  and  synaptic  interactions  of  the  circuit  neurons  as  well  as  inter-circuit  inter-
actions  in  their  functional  context,  i.e.  without  artificial  stimulation.  Neurons  could  be  uniquely  identified
using  simple  event-triggered  averaging.  We  tested  this  technique  in two  different  species  of  crustaceans
(lobsters  and  crabs),  since  several  crustacean  species  are used  for  studying  motor  pattern  generation.  The
signal-to-noise  ratio  of the  optical  signal  was  high  enough  in both  species  to  derive  phase-relationship
between  the  network  neurons,  as  well  as action  potentials  and  excitatory  and  inhibitory  postsynap-
tic  potentials.  We  argue  that  imaging  of  neural  networks  with  identifiable  neurons  with  well-known
connectivity,  like  in the  STG,  is crucial  for the  understanding  of  emergence  of  network  functionality.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Neural systems deliver their functionality through the inter-
action of neurons that compose them; however the interactions
of neurons in their physiological environment that leads to the
emergent functionality of the neural system are not very well
understood. This is often due to the technical difficulties imped-
ing the simultaneous recording of many interacting neurons using
conventional electrophysiology methods. Recently there has been
significant progress in this respect through the use of multi-
electrode arrays (MEA) (Meister et al., 1994; Segev et al., 2004;
Harris et al., 2010) and the use of calcium (Dombeck et al., 2007;
Mukamel et al., 2009; Yaksi et al., 2009; Rothschild et al., 2010) and
voltage-sensitive dye (VSD) imaging (Salzberg et al., 1977; Zecevic
et al., 1989; Wu  et al., 1994; O’Malley et al., 1996; Obaid et al.,
1999; Stosiek et al., 2003; Briggman et al., 2005; Frost et al., 2007).

∗ Corresponding author. Tel.: +49 731 5022636; fax: +49 731 50 22629.
E-mail address: wstein@neurobiologie.de (W.  Stein).

1 These authors contributed equally to this work.

However, in most of these cases the underlying network architec-
ture of the simultaneously recorded neurons is not known, which
limits the impact of these results on the understanding of the emer-
gence of joint functionality of the involved neurons.

Previously (Stein et al., 2011) we  reported the use of a VSD to
simultaneously record the activities of multiple neurons in the crab
stomatogastric ganglion (STG) following the electrophoretic injec-
tion of such dyes into these neurons. The 25–30 neurons in this
ganglion build two interacting central pattern generators, which
serve as a generic model for pattern generation. Since the architec-
ture of the neuronal circuits in the STG is very well-known thanks
to over a half century of intensive study of this ganglion (Harris-
Warrick et al., 1992; Nusbaum and Beenhakker, 2002; Marder and
Bucher, 2007; Stein, 2009), the simultaneous recording of STG neu-
rons may provide deep insight into how neurons interact to deliver
the emergent functionality of the network that they compose. The
recording of the superthreshold spike activity of most (but not all)
network neurons is possible with extracellular recordings. How-
ever, since graded release at subthreshold membrane potential is
important for the functioning of the STG networks, such record-
ings can only give an estimate of the neuronal interactions. In

0165-0270/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jneumeth.2011.09.015
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addition, the neurons from which functionally equivalent spikes
on these recordings originate may  not be uniquely identifiable (e.g.
in the crab STG there are two pyloric dilator (PD) neurons and four
pyloric constrictor neurons (PY) the activities of which are carried
by shared nerves). Intracellular recordings from STG neurons using
micro-electrodes are usually limited to 4–6 neurons (with a few
exceptions; Heinzel and Selverston, 1988) due to space limitations
around the preparation. In contrast, optical imaging with VSDs has,
in principle, no space limitation and even allows detecting individ-
ual synaptic events without the need of averaging across multiple
recordings (Stein et al., 2011). Yet, while loading neurons individ-
ually with dye results in a good signal-to-noise ratio, it is very time
intensive to do.

Here we report the successful imaging of subthreshold mem-
brane potential changes in multiple neurons after bath application
of VSDs. This alternative approach to load the dye into neurons is
much less time consuming (<30 min) than the loading of individ-
ual neurons by electrophoretic injection of the dye and allows the
simultaneous loading of all neurons of the STG. We  used event-
triggered averaging over several neural events of the same kind to
improve the signal-to-noise ratio of the recording data. Our method
allows the simultaneous recording of all STG neurons – the limit in
our case being imposed by the size of the field of view of the record-
ing camera and the objective used. Lower power objectives offer
the possibility to record more neurons, but typically their numeri-
cal aperture is smaller and they do not collect enough light (but see
Section 3.4.2).

In principle, the STG is an ideal system for simultaneous optical
imaging of many neurons, because its neurons are arranged in a
flat crescent or semi-circle shape in the posterior part of the gan-
glion (Fig. 1A). The STG is also an ideal system to study emergent
functionality of neuronal interactions since its neurons deliver their
function quasi-autonomously by forming central pattern genera-
tors that drive the rhythmic movement of muscles in the foregut
(Harris-Warrick et al., 1992; Nusbaum and Beenhakker, 2002;
Marder and Bucher, 2007). VSD imaging of the STG can extend the
scope of simultaneous recording of STG neurons beyond the range
offered by the traditional methods and provide crucial informa-
tion for the investigation of emergent activity of neural systems
that is based on interactions of individual neurons. Since central
pattern generator circuits are generally involved in movement gen-
eration and control (Ramirez and Richter, 1996; Yuste et al., 2005;
Grillner, 2006; Goulding, 2009) in many animals, understanding
their emergent system level properties will have a major impact
on the understanding of other motor systems as well.

2. Materials and methods

2.1. Dissection

Adult crabs (Cancer pagurus L.) and lobsters (Homarus gam-
marus L.) were obtained from local sources (Newcastle University,
Dove Marine Laboratories) and kept in filtered, aerated seawater
(10–12 ◦C). In total, 20 preparations were used. We  used isolated
nervous systems to perform our experiments. Crabs were dissected
according to Gutierrez and Grashow (2009), lobsters according to
Bierman and Tobin (2009) and Tobin and Bierman (2009).  The STNS
was pinned down in a silicone elastomer-lined (ELASTOSIL RT-601,
Wacker, Munich, Germany) Petri dish and continuously superfused
(7–12 ml/min) with constant temperature saline (10–13 ◦C). Can-
cer saline consisted of (mMol  l−1): NaCl, 440; MgCl2·6H2O, 26;
CaCl2·2H2O, 13; KCl, 11; trisma base, 10; maleic acid, 5; Homarus
saline of: NaCl, 479.12; KCl, 12.74; CaCl2·2H2O, 13.67; MgSO4,
10; Na2SO4, 3.91; Hepes, 5. Both salines had a pH between 7.4
and 7.6. All experiments were carried out in accordance with the

European Communities Council Directive of 24th November 1986
(86/609/EEC).

2.2. Intracellular and extracellular recording

We  used standard methods to perform electrophysiology as
previously described in this system (Hedrich et al., 2009). To facil-
itate intracellular recordings and for penetration of the dye we
desheathed the STG. For intracellular recordings, glass electrodes
(TW120F-3, World Precision Instruments, Aston, Stevenage, UK;
15–25 M�)  were filled with a solution containing 0.6 mol  l−1 K2SO4
and 0.02 mol  l−1 KCl. Signals were amplified using a IE-251A Ampli-
fier (Warner Instruments Corporation, Hamden, CT) in bridge mode
and digitized using a Power 1401 (Cambridge Electronic Design,
Cambridge, UK). Files were recorded and saved using Spike2 ver.
6.14 (Cambridge Electronic Design, Cambridge, UK) at a sampling
rate of 10 kHz. Depending on the experiment, either the extra-
or the intracellular recording was additionally recorded with the
MiCAM02 imaging system (SciMedia Ltd., Tokyo, Japan) using the
analogue input at 13.3 kHz. For extracellular recordings, petroleum
jelly-based cylindrical compartments were built around sections of
several nerves to electrically isolate them from the bath. One of two
stainless steel electrode wires was  placed in each compartment,
the other one in the bath as a reference electrode. The differential
signal was recorded, filtered and amplified with an AC differential
amplifier (Univ. Kaiserslautern, Germany) or with an AM Systems
amplifier (Model 1700, AM Systems, Sequim, WA). Activity patterns
and axonal projection pathways were used to identify STG neurons,
as described previously (e.g. Hedrich and Stein, 2008).

2.3. Preparation of the dye

We  used di-4-ANEPPS (Cambridge Bioscience, Cambridge, UK)
and bath-applied it to the isolated ganglion preparation. VSDs are
lipophilic molecules and bath-application led to a strong staining
of all membranes in the STG (see Fig. 1A). Di-4-ANEPPS was  kept as
a stock solution. For this 5 mg  di-4-ANEPPS were dissolved in 1 ml
Pluronic F-127 (20% solution in DMSO). Immediately before each
experiment, 10 �l of stock solution was added to 500 �l of saline.

2.4. Imaging of fluorescence

For the fluorescence imaging we  used a MiCAM02 imaging sys-
tem (SciMedia Ltd., Tokyo, Japan) using the HR (High Resolution)
camera (6.4 mm × 4.8 mm actual sensor size) set at 96 × 64 pixel
spatial resolution, 3.7 ms  or 2.2 ms  temporal resolution and a 20×
objective (XLUMPLFL20XW/0.95, NA 0.95, WD 2.0 mm;  Olympus
Corporation, Tokyo, Japan) mounted on a standard upright fluores-
cence microscope (BX51 WI,  Olympus Corporation, Tokyo, Japan)
or the same camera and objective but having the camera settings
at 48 × 32 pixel spatial, resolution and 1.5 ms  temporal resolution.
In some cases, a 10× (UMPLFL10XW, NA 0.30, WD  3.30 mm,  Olym-
pus Corporation, Tokyo) or a 40× objective (LUMPLFL40XW/IR2,
40XWI-IR, NA 0.8, WD 3.3 mm,  Olympus Corporation, Tokyo, Japan)
was  used to combine optical imaging and intracellular record-
ings. The total field of view was  600 �m × 400 �m (10× objective),
300 �m × 200 �m (20× objective) or 150 �m × 100 �m (40×). Illu-
mination was provided by a 150 W ultra-low ripple halogen light
source (HL-151, Moritex Corporation, Tokyo, Japan) with com-
puter controlled shutter. We  used a wide green excitation filter
(480–550 nm,  MSWG2, Olympus Corporation, Tokyo, Japan). Light
levels were adjusted such that we  used the minimal necessary
light intensity to get good recordings in order to avoid as much
as possible the potential phototoxic damage to the STG neurons. In
particular we were careful to limit as much as possible the expo-
sure of the STG neuropile to excitation light, since this may  result in
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Fig. 1. Optical recording of multiple neurons in the stomatogastric ganglion. (A) After bath-application of di-4-ANEPPS, the boundaries of the neuronal somata in the STG
were  stained and showed fluorescence. Photograph of the STG, taken with the 10× objective. The dye was excited with green light (480–550 nm) and emission was measured
>590  nm.  17 areas of interest were selected: 15 neuron somata (numbers 2–16), one region outside of the neuronal tissue (number 17) and one region which contained
several axons (number 1). The 17 areas were imaged later in three groups of areas of interest forming three parts of the full STG (see (C)). (B) Single-sweep simultaneous
optical recordings of 9 areas of interest plus corresponding pyloric motor activity on the extracellular lvn recording. The 9 areas of interest contain 8 neurons and one area
that  covers axons leaving the STG. The 20× objective was used. (C) Merged representation of the event-triggered average response of all 17 areas of interest (for areas see
(A)).  Recordings were obtained from successive optical recordings of three different parts of the same STG (each with a duration of 24.5 s). One recording for each part
was  taken and the objective was  moved to a new location after each recording. The beginning of the pyloric cycle (as revealed by the beginning of the PD burst) was used
for  triggering (n = 25 pyloric cycles were used in each optical recording). Three cycles per average are shown. All but one neuron (number 4) showed rhythmic activity
that  corresponded to the motor pattern. For reference, three cycles of pyloric motor activity are shown (not averaged, bottom panel in the middle) along with the activity
phases of the LP, PY and PD neurons (gray). (D) Identification of the LP neuron. The extracellular spikes of the LP neuron on the lvn were used as trigger to create an average
of  the optical signal (see Section 3.2)  of neuron number 9 (top trace) and of the extracellular lvn recording (bottom trace). Three successive recordings of region number
9  (each with a duration of 24.5 s, containing a total of more than n = 800 LP action potentials) were used. The DC components of the optical signal were removed before
averaging. Top to bottom: An increasing number of trigger events was  used. The dashed line marks the trigger time. Most STG neurons fire bursts of action potentials. Hence,
each  spike is neighbour to one or multiple other spikes. Action potentials in STG neurons occur in bursts and ride on top of slow membrane potential oscillations. Since
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a change of the activity pattern (Stein and Andras, 2010). To reduce
mechanical noise, microscope and preparation stand were placed
on an anti-vibration table (63-500 Series, Technical Manufacturing
Corporation Peabody, MA).

2.5. Data analysis and visualization

For data analysis and visualization we used the BrainVision soft-
ware (SciMedia Ltd., Tokyo, Japan) associated with the MiCAM02
imaging system. Alternatively, we used a self-developed software
(VSD-Analyser) to measure and export the optical signal. The VSD-
Analyser is freely available at www.STNS.net. Imaging data and
electrical recordings were then combined in Spike2 ver. 6.12 (Cam-
bridge Electronic Design, Cambridge, UK) for further processing
(triggering and averaging). Graphics and statistics were gener-
ated using Excel (Microsoft). Final figures were prepared with
CorelDraw (version 12 for Windows, Corel Corporation, Ottawa,
ON, Canada). We  calculated the spatial average of signals mea-
sured at pixels belonging to images of identifiable individual
neurons. The cycle period of the pyloric rhythm was defined as the
duration between the onset of a PD neuron burst and the onset of
the subsequent PD burst. The signal-to-noise ratio was calculated
as the mean of the response divided by the standard deviation of
the noise. For some figures, we used event-triggered averaging to
improve the signal-to-noise ratio of our data. For this purpose the
extra- or intracellular recordings were used to determine the tim-
ing of neural events (e.g. the occurrence of an action potential or
the start time of the pyloric cycle). The signals were averaged over
multiple time periods defined by the considered neural events.
In some experiments, principal component analysis (applied to
spatio-temporal data, i.e. signals corresponding to pixels belonging
to images of neurons over several consecutive time steps) was  used
to separate optical signal from noise (see Section 3.4 for details).

3. Results

3.1. Imaging following bulk dye loading of neurons in the STG
central pattern generators

The central pattern generating circuits in the crustacean STG
consist of 20–30 neurons (depending on species), which are all
identifiable by the slow waveform of subthreshold membrane
potential changes and by their spike activities (Stein, 2009). Iden-
tification of these neurons is typically done using intracellular
recordings with sharp microelectrodes in combination with sev-
eral extracellular recordings from the corresponding motor nerves,
which means that neurons have to be impaled successively.
Approaches to optically record the activities of multiple STG neu-
rons have so far been limited to the use of calcium dyes (Graubard
and Ross, 1985; Ross and Graubard, 1989) and individual neurons
filled with voltage-sensitive dyes (Stein et al., 2011). Calcium dyes
only indirectly track membrane potential variations and are thus
not suitable for cell identification. In contrast, voltage-sensitive
dyes are much quicker and allow the detection of single action
potentials and subthreshold potentials, even without averaging
(Stein et al., 2011). Yet, cell-by-cell staining takes many hours and
neurons have to be impaled with microelectrodes, a procedure that
can damage neuronal cell membranes. Here, we  optically recorded
multiple neurons simultaneously after bath-application of the VSD
di-4-ANEPPS to the STG.

To bath-apply di-4-ANEPPS, we built a petroleum-jelly cham-
ber around the STG which held between 250 and 500 �l of saline.
Saline was  exchanged with the dye solution (see Section 2.3) using
a syringe and left for 30 min, after which continuous superfu-
sion of fresh saline was started to wash off the excess dye. Care
was  taken that the preparation did not heat up above 16 ◦C dur-
ing the dyeing procedure. The activity of the STG circuits was
monitored at all times using an extracellular recording of the main
motor nerve lvn (lateral ventricular nerve). As previously reported
(Stein and Andras, 2010), we did not observe any obvious toxic
effects during the dye loading procedure (N = 20 preparations): The
motor neurons kept their regular firing activity, their duty cycle and
phase relationship. After dyeing the preparation was left to rest for
another 30 min before optical recording started.

We  then successively recorded the fluorescent changes of sev-
eral sections of the STG (each section corresponding to the field of
view of the camera in a certain position of the preparation) using a
20× objective (see Section 2.4), each of which typically contained
between 5 and 8 neuronal somata. The maximum number analysed
with the 20× objective was  10 (see also Section 3.4). In each record-
ing we collected 16,384 frames. The change of the fluorescent signal
over time of all visible neurons was then analyzed by defining the
surround of each soma in the BVAna software or the VSD-Analyzer
and averaging the optical signal of all pixels contained within sep-
arately for each time frame. The change in fluorescent signal was
then represented as percent change.

Fig. 1A shows an overview photograph of an STG taken with
the 10× objective. Seventeen areas of interest are marked: 15 neu-
ronal somata (number 2–16) and two areas outside of neuronal
somata (number 1 and 17). These areas were optically recorded
later in three successive trials with the 20× objective (since the
higher magnification prevented the simultaneous recording of all
areas). Fig. 1B shows the simultaneous recording of 8 somata (sec-
tion 2–9) and one section (number 1), which represents the optical
signal of several motor axons that leave the STG. In most areas that
corresponded to neuronal somata, the changes in fluorescence over
time were related to the motor activity, indicating that they may
represent the (well-known) slow membrane potential oscillations
of these neurons.

Although fluorescence changes were visible even in single
sweep recordings (i.e. without temporal averaging), their relation
to the motor activity was  much clearer when we used the aver-
aged signal. For this, we used the simultaneously extracellularly
recorded activity of the PD neurons on the lvn,  which are part of the
pyloric pacemaker ensemble that drives the rhythm. Their rhyth-
mic  activity can be used to determine the beginning and end of a
pyloric cycle, which allowed us to average across several pyloric
cycles (Fig. 1C; merged representation of the optical recordings
obtained from three separate parts of the same STG). Each time
point was  time averaged for the time period lasting for three con-
secutive pyloric cycles. Before averaging, the DC components of
the optical recordings were removed with a built-in function of
Spike 2 (“DC remove”), which uses only a single variable: the time
period p. The optical signal at a given time t is calculated as the sig-
nal input at time t minus the average value of the signal between
time t − p to t + p. Here, p was  2 s, which removed slow drifts in
the fluorescence signal, but kept the oscillations in the membrane
potential.

In the two control sections that where placed outside of the neu-
ronal somata (number 1 and 17) no clear change in the optical signal

Fig. 1. interspike-intervals vary within bursts, the surrounding spikes are not time-locked to the spike triggered on and are thus diminished in amplitude. The main peak in
the  optical signal corresponded to the spike that was  used as a trigger on the extracellular recording (arrow) and preceded it by 6 ms  due to the conduction latency between
soma  and nerve recording. Similar to the electrical recording, the maximum peak of the optical recording was  surrounded by smaller peaks that were due to the circumjacent
LP  spikes. A time period (p) of 0.01 s was used for removing the DC components.
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could be detected that corresponded to the motor pattern recorded.
Our analysis demonstrates, however, that all but one (number 4)
selected neurons showed changes in fluorescence that correlated
with the phasing of the motor neurons on the lvn.  For example,
neuron number 13 showed a clear increase in activity when the
(extracellularly recorded) PD neurons were active, while neuron
number 9 was active in time with the LP neuron. In fact, using
spike-triggered averaging (a method typically used for identify-
ing neurons in this system during intracellular recordings; Bucher
et al., 2003), these neurons were subsequently identified as PD and
LP neurons, respectively. An example for the LP neuron is shown in
Fig. 1D, which illustrates that the peaks in the optical signal were
time-locked to the extracellularly recorded action potentials of LP.
Here, we triggered on the extracellular spike of LP to create an
average. Since action potentials in STG neurons ride on top of slow
membrane potential depolarizations, we removed the DC compo-
nents of the optical signal (with p = 0.01 s) prior to averaging. The
maximum peak of the optical recording is surrounded by smaller
peaks which represent circumjacent LP spikes that occur within
bursts. In contrast to the detection of the slow membrane poten-
tial oscillations, extensive averaging was necessary to achieve an
appropriate signal-to-noise ratio (see also Section 4).

3.2. Simultaneous intracellular and optical recordings

To test whether the observed changes in fluorescence were
indeed caused by changes in the neuronal membrane potential, we
intracellularly recorded from a PD neuron using sharp microelec-
trodes while we imaged the fluorescence. For this, we switched to
the 40× objective (see Section 2.4), since the working distance of
the 20× objective very much constrains the electrode placement
for sharp microelectrode recording. The 40× objective possesses a
numerical aperture of 0.8 and collects significantly less light than
the 20× objective with a NA of 0.95, reducing the signal-to-noise
ratio of the optical recording. Nevertheless, using spike-triggered
averaging, we found a clear match between intracellular and opti-
cal signal. Fig. 2A shows the comparison between action potentials
recorded optically (top), intracellularly (middle) and extracellularly
(bottom) and clearly demonstrate that the peak in the optical sig-
nal corresponded to the action potential in PD. In this case, each
intracellularly recorded action potential was used for triggering the
average. In the optical signal, the DC components were removed
with p = 0.01 s, which removed the slow membrane potential oscil-
lations from the average. In contrast, Fig. 2B shows an average of the
optical signal that was triggered by the first intracellularly recorded
action potential in each pyloric cycle. Here, the DC components
were not removed and the optical signal contained all slow com-
ponents. As a result, we were able to follow the slow changes in the
fluorescence along with fast action potentials, which both revealed
a very good match with the intracellularly recorded changes of
the membrane potential. In fact, we found a significant correlation
between the changes in the membrane potential and the optical sig-
nal (Fig. 2C; P < 0.001; R2 = 0.97). For this correlation, each optical
frame (frame duration 1.5 ms)  was compared to the average of the
electrical signal during that frame (sampling rate 13.3 kHz). Also,
the frequency content of the slow wave optical signal corresponded
to that of the intracellular recording (Fig. 2D, normalized to maxi-
mum  count) and reflected the cycle period of the rhythm. Taken
together, these results demonstrate that the observed changes
in fluorescence were caused by membrane potential changes
in the imaged neurons. The optical signal contained both, fast
components (action potentials) and slow oscillations that corre-
sponded to the cycle period of the pyloric rhythm.

In addition to measuring rather large membrane potential oscil-
lations and action potentials, the signal-to-noise ratio of the optical
signal was sufficiently high to allow the detection of subthreshold

inhibitory synaptic potentials. In the example shown in Fig. 2E,
both optical and intracellular PD signals were triggered on the
spike of the lateral pyloric neuron LP on the extracellular recording.
PD is part of the pacemaker kernel and its oscillations are gener-
ated by endogenous properties (Nusbaum and Beenhakker, 2002;
Stein, 2009). The only feedback synapse from the pyloric network
to the pacemaker kernel is coming from LP. In fact, the optical sig-
nal closely mirrored the waveform of the PD membrane potential
typically obtained during intracellular recordings when LP is active
(Fig. 2E) and individual LP-IPSPs could be seen in the optical record-
ing. The averaging also shows the timing of previous, but time
locked IPSPs caused by LP neuron activity – the multiple IPSP peaks
represent the effect of the summing of temporally close LP spikes.
These data thus demonstrate that even single synaptic events can
reliably be detected with optical recordings after bath application
of the dye.

3.3. Measuring inter-circuit interactions and subthreshold
synaptic potentials

One of the advantages of studying identified pattern generat-
ing circuits is that besides the mechanisms of pattern generation,
inter-circuit interactions can also be characterized. In the stom-
atogastric ganglion, pyloric activity coordinates the timing of the
much slower gastric mill rhythm via inhibitory input to one of
the gastric mill CPG neurons, Interneuron 1 (Bartos et al., 1999).
Interneuron 1 and the lateral gastric neuron LG mutually inhibit
each other and together build the half-center that drives the gas-
tric mill motor pattern (Stein et al., 2007). Descending modulatory
projection neurons, such as the modulatory commissural neuron
1 (MCN1), excite the half-center and start the gastric mill rhythm
(Stein et al., 2007). The timing influence of the pyloric pacemakers
on the gastric mill rhythm can be seen as pyloric-timed disin-
hibitions (depolarizations) in LG that increase in amplitude due
to an increase of transmitter release from MCN1 (Marder et al.,
1998; Bartos et al., 1999). These, of course, cannot be monitored
with extracellular recordings. Likewise, optical imaging is often
restricted to registering action potentials (Hill et al., 2010). Here,
we demonstrate that the signal-to-noise ratio in our recordings
was  high enough to allow monitoring the subthreshold influences
of both Interneuron 1 and MCN1 on LG (Fig. 3A) and gastro-pyloric
circuit interactions. In these experiments, we again used the 20×
objective. A single sweep is shown, i.e. no triggered averaging was
used. The fluorescence changes observed closely match the intra-
cellular membrane potential changes observed in LG when a gastric
mill rhythm is active (Fig. 3D; recorded in a control preparation
without imaging). The subthreshold depolarizations (deriving from
both, MCN1 transmitter release and disinhibition from Interneu-
ron 1) were phase-locked to the pyloric cycle period (Fig. 3B). Their
maximum peak occurred at the beginning of the LP burst, as did
those measured with intracellular recordings (Fig. 3E). When we
triggered on the LG spike on the extracellular lvn recording (Figs. 3C
and F), we found a clear match to both, optical signal and intracellu-
lar membrane potential, respectively, which proved that we were
indeed recording the LG neuron.

In summary, VSD imaging is sufficient to characterize interac-
tions between different pattern generating circuits and, in addition,
the synaptic actions of a descending modulatory projection neuron
and of mutually inhibitory neurons can be monitored. VSD imaging
may  thus well be suited to complement and enhance intracellu-
lar electrophysiology. In fact, we  found that the dye showed no
significant bleaching even after several hours of imaging and that
the voltage signal could still be monitored (our longest imaging
session was  between 7 and 8 h). The dye showed fluorescence up
to several days after staining and although we  did not test this
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Fig. 2. Fluorescence changes report the neuronal membrane potential. (A) Simultaneous extracellular (bottom), intracellular (middle) and optical recording (top, DC compo-
nents  removed) of a PD neuron. PD was identified using the intracellular recording according to its previously published properties. Here, the PD spikes on the intracellular
recording were used to create a spike-triggered average of all recorded signals. Optical and intracellular signal showed a very good match. The DC components of the optical
recording were removed with p = 0.01 s. (B) Same recordings as in (A), but here the beginning of the pyloric cycle (as measure by the first action potential of the PD burst) was
used  as a trigger for the average. The DC components were not removed. Three averaged cycles are shown. Since the cycle in the middle contained the trigger signal, spikes are
well  aligned and visible in the average. In the surrounding cycles, spikes are not fully time-locked and thus disappear in the averaged signal. (C) There was a good correlation
between the averaged optical and intracellular signals (linear regression). Both signals were normalized to a range between 0 and 1 before the correlation. (D) Power spectra
of  optical and intracellular signal showing the frequency content between 1 and 3 Hz, which reflects the cycle frequency of the pyloric rhythm. (E) LP spike-triggered average
of  extracellular lvn recording, intracellular PD recording and optical signal demonstrating the detection of inhibitory postsynaptic potentials from LP (arrows).

thoroughly, the optical signal could be monitored without obvious
deterioration up to 48 h after dye application.

3.4. The impact of imaging settings on the signal-to-noise ratio

One of the major difficulties in optical imaging is to find the
appropriate settings for light level, recording frame rate, objective
magnification and numerical aperture in order to achieve a good
signal-to-noise ratio. These settings depend on the preparation of
choice and the dye used.

3.4.1. Frame rate
We  found that the signal-to-noise ratio depended on the frame

rate chosen for sampling. DI-4-ANEPPS is a very fast dye and
responds within a few �s (Cohen, 2010). The number of photons
detected by the camera, however, depends on the frame rate of the
camera. Faster frame rates will collect fewer photons, but can detect
fast neuronal events. Slower frame rates collect more light, but may
under-sample fast neuronal events. When we  measured the signal-
to-noise ratio for different frame rates (1.5 ms/frame = 666 Hz,
2.2 ms/frame = 454 Hz, 3.7 ms/frame = 270 Hz) we found that the
highest signal-to-noise ratio for the slow membrane potential
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Fig. 3. Inter-circuit interactions. (A) Optical recording of the lateral gastric neuron LG along with extracellular recordings of the lateral gastric nerve (lgn; containing the axon
of  LG) and the main pyloric motor nerve lvn.  Pyloric-timed de- and hyperpolarizations were apparent in the optical signal as well as slower gastric mill timed depolarizations
during the LG burst. (B) Overlay of multiple sweeps (gray) and average (black) demonstrating the pyloric timing of the subthreshold changes in the optical signal. (C) LG
spike-triggered average of extracellular lgn recording and corresponding optical signal of LG. (D) Intracellular recording of LG (different preparation) along with extracellular
recordings of the pyloric dilator nerve (pdn), the gastro-pyloric nerve (gpn), the lgn and the lvn. Note the similarity of the intracellular recording to the optical recording shown
in  (A). (E) Overlay of multiple sweeps (gray) and average (black) of the subthreshold membrane potential changes in LG. Their timing during the pyloric rhythm matched
well  with those seen in the optical signal. (F) LG spike-triggered average of extracellular lgn recording and corresponding intracellular recording of LG.

oscillations was achieved with 2.2 ms  (Fig. 4A). Since the signal-to-
noise ratio is difficult to compare across animals (it also depends
on the amplitude of the neuronal membrane potential oscillations,
the level of illumination (see below) and the size of the selected
area), this analysis was performed in single animals. Five animals
were tested, and all revealed similar results.

The detection of action potentials, however, was more difficult
and signal-to-noise ratios dropped to values below 2. Most often,
action potentials could not be discerned in single sweep record-
ings. Apparently, fast membrane potential changes, such as action

potentials, were not well represented in the optical signal due to
under-sampling by the camera, which was  particularly true when
slow frame rates were used.

3.4.2. Objectives
One way to improve the signal-to-noise ratio is to use objec-

tives with high numerical aperture. We  tested 3 objectives (10×,
NA = 0.3; 20×,  NA = 0.95; 40×,  NA = 0.8). With all objectives, we
were able to record the changes in the fluorescence of the dye that
corresponded to the slow waveform membrane potential changes
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Fig. 4. Signal-to-noise ratio with different settings. (A) Comparison of signal-to-noise ratio (S/N) using different camera frame rates. *P < 0.05 (One Way  Anova with post
hoc  Holm Sidak test), n > 10 for all measurements. (B) Left: photo of STG neurons after staining with di-4-ANEPPS, taken with the 10× objective. Right: single-sweep optical
recordings of two  PD neurons (outlined in the photo) using the 10× objective, along with intracellular recording of one of the PDs. (C) Comparison of signal-to-noise ratio
using  different excitation light intensities. *P < 0.05 (One Way  Anova with post hoc Holm Sidak test), n > 15 for all measurements.

of the STG neurons (10×: Fig. 4B; 20×:  Fig. 1B; 40×:  Fig. 5A). With
the 10× objective, the field of view was large enough to cover all
neurons in the STG. Fig. 4B shows the optical recordings of 2 PD
neurons along with a simultaneous intracellular recording of one of
the PDs. The working distance between objective and ganglion was
sufficiently large to permit the simultaneous intracellular recording
in this case. Yet, the signal-to-noise ratio was low in comparison to
the other objectives. There was an additional caveat: With respect
to phototoxicity we found that high intensity light aimed at the
STG neuropile, where all synaptic connections between the net-
work neurons are made and the most of the neuronal membrane
is accumulated, could permanently damage the neuronal activity.
This was particularly true when the neuropile was exposed to high
light levels for several imaging sessions. Toxic effects could entirely
be prevented by using lower light levels or by only exposing the
somata to exciting light. The latter, however, was difficult to achieve
with the 10× objective, since the field of view covers approximately
the whole ganglion.

With the 20× objective, the number of neurons in the field of
view was reduced to a maximum of 10. The signal-to-noise ratio
was highest and light could be aimed at the somata only, thus pre-
venting phototoxic damage to the system. At frame rates of 666 Hz
(1.5 ms/frame) the signal-to-noise ratio of the slow waveform oscil-
lations was sufficiently large and even action potentials could be
detected. This was also the reason why we used these settings for
most of our experiments, although we lost the capability to simul-
taneously monitor all neurons in the STG. Yet, since the field of

view can be quickly changed in between imaging sessions (this
takes only a few seconds), different neurons can be recorded suc-
cessively. We were thus able to monitor the membrane potential
changes of all STG neurons even with the 20× objective, although
not simultaneously.

The field of view of the 40× objective was  rather small and only
covered a few neurons, which prevented phototoxic effects to the
neuropile. The working distance allowed the simultaneous use of
intracellular recordings.

3.4.3. Light intensity
The signal-to-noise ratio also depended on light intensity. Fig. 4C

shows a comparison of three light intensities and the resulting
signal-to-noise ratio of the slow waveform oscillations. The ratio
was  highest with intermediate light levels, suggesting that the dye
possesses an optimum intensity range for excitation.

3.4.4. Mechanical and optical noise
One of the biggest challenges in optical imaging is to remove

noise from the recording. During the experiment, optical noise
was  kept at a minimum by turning off ambient room lights and
all light sources inside the Faraday cage. In addition, the Faraday
cage was covered with light-tight blackout cloth. Mechanical noise
was  reduced by using an anti-vibration air table and by keeping all
mechanical devices (for example, the shutter) outside of the rig.
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Fig. 5. Optical imaging in the lobster stomatogastric ganglion using di-4-ANEPPS.
(A) Simultaneous optical (top) and intracellular (bottom) recordings of a PY neuron
in  Homarus gammarus.  The beginning of the PY burst was  used to create the event-
triggered average. Two  pyloric cycles are shown, the second contains the trigger
signal. (B) There was  a good correlation between the averaged optical and intracel-
lular  signals (linear regression). Both signals were normalized to a range between 0
and  1 before the correlation.

3.4.5. Data analysis
During data analysis, the signal-to-noise ratio was  further

increased by averaging. In our hands the signal-to-noise ratio varied
between 2.5:1 and 6:1 for single sweep recordings (20× objective)
and increased up to 40:1 after time triggered averaging and was
thus sufficiently high to refrain from other, more complicated ways
to analyze the data.

We  also considered the use of principal component analysis
(PCA; Haykin, 2008) and independent component analysis (ICA;
Stone, 2004) to improve the signal-to-noise ratio. We  implemented
standard algorithms for these data analysis methods (Stone, 2004;
Haykin, 2008) in Matlab and Delphi. However, contrary to our
hopes, the PCA and ICA analysis of the data did not gener-
ate synthetic data series with statistically significantly improved
signal-to-noise ratios.

3.5. Optical recordings in the European lobster

Finally, since different crustacean species (various lobster and
crab species) are used to study pattern generation, and differences
in anatomy and circuit connectivity exist between species, we here
show the application of VSD imaging after bath-application of di-4-
ANEPPS in the European lobster, H. gammarus.  For this, we used the
40× objective again, because we wanted to directly show the corre-
lation between intracellular membrane potential and optical signal.
Fig. 5A shows an average of 46 pyloric cycles, both for the intracellu-
lar membrane potential and the fluorescence changes. In this case,

the neuron was identified as a PY neuron due to its match between
action potentials on the intracellular and extracellular recordings
(not shown). We  found a significant correlation between opti-
cal signal and intracellular membrane potential (Fig. 5B; P < 0.001,
R2 = 0.77), which demonstrates that the dye application was  suc-
cessful and that the fluorescence of the dye consistently reported
the neuronal membrane potential. Thus, the protocol for voltage-
sensitive dye imaging described here may  be generic and feasible
in other crustacean species besides C. pagurus.

4. Discussion

In principle, in order to understand how individual neural activ-
ities interact to build spatio-temporal population patterns and
through this deliver their functionality, the activities of all indi-
vidual network neurons should be recorded and their functional
connectivities and neuronal interactions should be identified. There
are several model systems used in neuroscience that, in essence,
allow such investigations and have already contributed much to our
understanding of basic neuronal mechanisms. Central pattern gen-
erating circuits, for example, are studied because of their reliable
and repetitive activity, but also because of the universal applicabil-
ity of the mechanisms that drive them (Nusbaum and Beenhakker,
2002; Yuste et al., 2005; Marder and Bucher, 2007; Stein, 2009).
Yet, in most systems in which the topology of the network is
well known, the electrophysiological methods used to study these
preparations are insufficient to simultaneously monitor the activ-
ity of all involved neurons. We  here present for the first time the
neuron resolution optical recording of many identified pattern gen-
erating neurons with VSDs in the STG of two  crustacean species.
The STG circuits have been used extensively as models for cen-
tral pattern generation and neuronal processing in general (Stein,
2009).

We demonstrate the simultaneous optical recording of several
synaptically interacting neurons – their firing activities and their
synaptic potentials – in their functional context, i.e. without artifi-
cial stimulation. We  tested this technique in two  different species
of crustaceans (lobsters and crabs), since several crustacean species
are used for studying motor pattern generation (Stein, 2009). We
were not only able to derive the rhythmic activity of the network
from the optical signal in both species and we  could also identify the
phase-relationship between the different network neurons (Fig. 1).
We further show that action potentials as well as excitatory and
inhibitory postsynaptic potentials can be monitored (Figs. 1–3).
In fact, the signal-to-noise ratio was  good enough to determine
inter-circuit interactions between the two pattern generating cir-
cuits (gastric mill and pyloric networks) in the STG. This was  even
possible without event-triggered time-averaging (Fig. 3). However,
the signal-to-noise ratio was  smaller than when single neurons
were injected with a different VSD (Stein et al., 2011), possibly
due to the higher background noise when all membranes in the
STG are stained (including those of glia cells that partly cover the
STG somata; Baro et al., 1996). Here, in order to clearly separate
the neurons according to their phase relationship in the rhythm,
simple event-triggered averaging over several cycles of the rhythm
was  sufficient.

There are three major issues that currently prevent the com-
prehensive use of VSD for functional studies: (1) the perceived
difficulty of use (i.e. researchers may  assume that the use of VSD
imaging requires in-depth knowledge and experience of oper-
ationally difficult techniques); (2) low signal-to-noise ratio and
bad reliability (i.e. the recorded signals may  be weak and noisy,
and the same procedure may  lead to widely different level of
dyeing and signal quality in subsequent preparations that may
appear highly similar from a general observational perspective); (3)
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difficult data analysis and interpretation of the resulting data (i.e.
the lack of connectivity information, the lack of experimental
manipulation options for the preparation due to technical con-
straints and the low signal-to-noise ration often imply that the
imaging data needs complex processing to yield meaningful results
and these may  be limited in their scope). Most importantly in this
study, we demonstrate the ease of use of this technique, the reli-
ability of the recorded data and a straightforward way to analyze
the data. Given these prerequisites will allow researchers to use
these techniques in the laboratory without hiring a separate expert.
We  are using simple bath application of a VSD, a technique that is
routinely used for drugs and modulators in this system (Marder
and Thirumalai, 2002). For data analysis, individual neurons can
be easily separated by the location of their somata in the STG. The
advantage of recording neurons for which we know how they are
connected is that we can have clear expectations about what we
should see in optical imaging recordings in the context of the base-
line settings (i.e. spontaneous activity in this case) of the system.
Naturally, this allows checking that the system level recordings (i.e.
the simultaneous recording of neurons) are correct (i.e. that there is
no imaging or preparation induced artefact). Having an easy way  to
check the correctness of the optical recordings makes it also easier
to analyse any change in the joint activity of the recorded neurons
due to changes in the recording conditions (e.g. effect of neuro-
modulators or sensory activity on neurons). For example, when
modulatory projection neurons become active, such as MCN1 (Stein
et al., 2007), neurons of the gastric mill central pattern generator
become active and show long bursts of activity, but their activity
is timed by the pyloric rhythm (Marder et al., 1998; Bartos et al.,
1999). The signal-to-noise ratio of our optical recordings was good
enough to monitor these inter-circuit interactions and, in addition,
to also record the subthreshold actions of MCN1 and Interneuron 1
in the LG neuron.

Although the signal-to-noise ratio was sufficiently high to detect
these slow membrane potential changes, action potential detection
was more difficult. Most often, the optical recording approximated
a low-pass filtered version of the intracellular recorded membrane
potential. Apparently, fast membrane potential changes, such as
action potentials, were not well represented in the optical signal.
This cannot be due to a slow response of the dye, since di-4-ANEPPS
has been shown to report membrane potential changes in the
microsecond range (Loew, 2010). Here, the speed of the camera
was the limiting factor. The MiCAM02 sampled at 660 Hz (1.5 ms
for each frame), leading to temporal and spatial broadening of the
optical signal, as well as to amplitude modulations, since action
potential duration is usually in the millisecond range and the action
potential may  leave the field of view during a single frame when
conducted quickly.

Molecular approaches have gained much attention in recent
years (e.g. Dickinson et al., 2009; Ma  et al., 2009) and revealed
many details of neuromodulator actions in STG neurons. The use
of VSD imaging in combination with such molecular approaches
has the potential to discover the role of molecular details of neu-
rons in the context of STG neural dynamics. In particular, the STG
is a model system for the actions of neuromodulators (Nusbaum
and Beenhakker, 2002), which often have long-term effects on
their target circuits. The long-term measurement of subthresh-
old membrane potential changes, however, is difficult to achieve
with intracellular recordings since the typical drift of manipula-
tors used is in the range of 1 �m/h. This leads to a maximum
duration of the intracellular recording of a few hours and possibly
to neuronal damage. Alternatively, the neuron has to be impaled
repetitively, a process again potentially harmful to the neuron. The
technique described here allows the simultaneous and long-term
recording of many STG neurons (in principle of all), thus remov-
ing the worry of losing the recording or damaging the neurons. It

will facilitate recent efforts to monitor the long-term recovery of
neuronal activity after loss of neuromodulatory input (Luther et al.,
2003; Khorkova and Golowasch, 2007), but also the simultaneous
monitoring of the subthreshold effects of neuromodulators on STG
neurons that occur in several copies (such as the PY neurons) and
are notoriously difficult to localize using sharp microelectrodes.
The method described here also provides the foundation for optical
recordings from descending modulatory projection neurons that
innervate the STG.
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Chapter 3 

Optical imaging of neuronal activity and 

visualization of fine neural structures in non-

desheathed nervous systems 

Christopher J. Goldsmith, Carola Städele* and Wolfgang Stein  
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We describe that removing the connective tissue from the STG causes significant changes in AGR 

activity. Rhythmic oscillations in ectopic firing frequency of AGR that appear during gastric mill rhythms 

can no longer be observed after removing the ganglion sheath. We describe the ability of the fast 

voltage-sensitive dye RH795 to specifically stain membranes of neurons without removing the ganglion 

sheath, allowing not only the visual identification of neuronal somata, but also to optically record from 

individual pattern generating neurons whose activities are influenced by AGR. Additionally, we explain 

a previously published, conspicuous finding, namely that AGR possesses several neurites and putative 

postsynaptic structures in the STG but so far AGR activity appeared to be unaffected by other neurons 

after the STG was desheathed. 
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Abstract

Locating circuit neurons and recording from them with single-cell resolution is a prerequisite for studying neural circuits.
Determining neuron location can be challenging even in small nervous systems because neurons are densely packed, found
in different layers, and are often covered by ganglion and nerve sheaths that impede access for recording electrodes and
neuronal markers. We revisited the voltage-sensitive dye RH795 for its ability to stain and record neurons through the
ganglion sheath. Bath-application of RH795 stained neuronal membranes in cricket, earthworm and crab ganglia without
removing the ganglion sheath, revealing neuron cell body locations in different ganglion layers. Using the pyloric and
gastric mill central pattern generating neurons in the stomatogastric ganglion (STG) of the crab, Cancer borealis, we found
that RH795 permeated the ganglion without major residue in the sheath and brightly stained somatic, axonal and dendritic
membranes. Visibility improved significantly in comparison to unstained ganglia, allowing the identification of somata
location and number of most STG neurons. RH795 also stained axons and varicosities in non-desheathed nerves, and it
revealed the location of sensory cell bodies in peripheral nerves. Importantly, the spike activity of the sensory neuron AGR,
which influences the STG motor patterns, remained unaffected by RH795, while desheathing caused significant changes in
AGR activity. With respect to recording neural activity, RH795 allowed us to optically record membrane potential changes of
sub-sheath neuronal membranes without impairing sensory activity. The signal-to-noise ratio was comparable with that
previously observed in desheathed preparations and sufficiently high to identify neurons in single-sweep recordings and
synaptic events after spike-triggered averaging. In conclusion, RH795 enabled staining and optical recording of neurons
through the ganglion sheath and is therefore both a good anatomical marker for living neural tissue and a promising tool
for studying neural activity of an entire network with single-cell resolution.
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Introduction

An important prerequisite for studying the properties and

connectivity of neural circuits is to locate the same neuron or

classes of neurons in each preparation. However, even in nervous

systems with a small number of neurons, determining neuron

location can be challenging because neurons are densely packed

and found in different layers, and the nervous system is often

covered by a protective sheath. Another challenge in identifying

circuits is to simultaneously record the activities of the circuit

neurons. Besides field potential recordings and the use of multi-

electrode arrays, optical imaging with either expressed or bath-

applied calcium- or voltage-indicators is often the preferred

method (for reviews see [1–3]). Yet, in systems where expression

is not possible the success of the dye application is impeded by the

presence of a ganglion sheath or connective tissue that prevents

dye permeability [4]. Consequently, tissue slices are taken, or the

ganglion sheath and connective tissue are removed by microsur-

gery or enzymatic treatment before dye application, procedures

both difficult and potentially harmful to the neurons [5–7]. In the

thoracic ganglia of the phasmid Extatosoma tiaratum, for example,

surgically removing the sheath results in a loss of hydrostatic

pressure inside the ganglion and a bulging out of the neurons [8].

Even when desheathing is possible, it is time-intensive, requires

specific protocols (enzymatic approach) and/or many months of

training in microsurgery [6,9–11]. There is always the potential of

damaging neurons, leading to a rather significant failure rate of the

desheathing process in some systems. Even when the procedure is

successful, the influence of removing the sheath on the neural

activity is often unclear because a direct comparison of neural

activity before and after desheathing is missing. This is despite the

fact that there is evidence that the ganglion sheath can affect

interstitial voltage and ion concentrations [12].

Here, we are revisiting the voltage-sensitive dye (VSD) RH795

for its ability to stain neurons through the ganglion sheath. We
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found that bath-application of RH795 specifically stains mem-

branes of neurons and axons without removing the ganglion

sheath. We tested various nervous systems (cricket, earthworm,

and crab), and in all cases we observed that RH795 had a stronger

affinity for neural membranes than to the ganglion sheath, such

that the sheath itself was not strongly stained. Besides being an

extraordinary anatomical marker for cell membranes, RH795

allowed us to record neuronal activity through the sheath. For this,

we used the stomatogastric ganglion (STG) of the crab Cancer
borealis, a classic model for studying neural circuit connectivity

and neuromodulation on the single cell level. In the STG, the

ganglion sheath is typically removed via microsurgery to enhance

visibility in the ganglion and facilitating intracellular recordings.

Desheathing is also necessary to allow some of the most commonly

used voltage-sensitive dyes (for example ANEP dyes) to label

neural membranes in the STG [13].

The STG contains the pyloric and gastric mill central pattern

generators (CPGs, which control the filtering and chewing of food,

respectively), and like other CPGs [14–20], they produce regular

and predictable oscillatory activities even in isolated preparations.

Both CPG circuits in the STG have been characterized in great

detail [18,21,22] using mostly traditional extra- and intracellular

electrophysiology after desheathing. The gastric mill CPG is

influenced by sensory pathways, such as the proprioceptive

anterior gastric receptor (AGR, [23]). Even small changes in

spontaneous AGR activity cause significant changes in the activity

of the gastric mill motor neurons [23]. We found that desheathing

the STG caused subtle changes in neural activity, namely that

rhythmic oscillations in the firing frequency of AGR can no longer

be observed after the ganglion is desheathed. RH795, however,

specifically stained the membranes of the pattern generating

neurons in the STG without removing the ganglion sheath,

allowing not only the visual identification of all neuronal somata in

the STG, plus several axons, but also optical recording from

individual pattern generating neurons whose activities are

influenced by AGR. Since activities were recorded through the

sheath, no mechanical stress had been imposed during desheath-

ing and AGR’s rhythmic activity persisted. Thus, bath-application

of RH795 is a noteworthy tool for locating and recording many

neurons simultaneously in living tissues, without the need for

removing neural sheaths.

Materials and methods

Dissection
Adult crabs (Cancer borealis) were delivered from The Fresh

Lobster Company (Gloucester, MA, USA) or Ocean Resources

Inc. (Sedgwick, ME, USA). Invertebrate animals used in research

are not subject to ethics approval at Illinois State University, and

Cancer borealis is not a protected species. We adhered to general

animal welfare considerations regarding humane care and use of

animals while conducting our research. Crabs were kept in tanks

with artificial sea water (salt content ,1.025 g/cm3) made from

artificial sea salt (Instant Ocean Sea Salt Mix, Blacksburg, VA,

USA) for a maximum of 16 days. Tanks were kept at a

temperature of 10–12uC and a 12-hour light-dark cycle. Before

dissection, animals were anesthetized on ice for 20 minutes [10].

Adult crickets (Gryllodes sigillatus) were a gift from Scott Sakaluk

(Illinois State University, Normal, IL) and earthworms (Eisenia
hortensis) were bought at a local bait shop. We used isolated

nervous systems to perform all of our experiments. In short, the

nervous system was pinned down in a silicone elastomer-lined

(ELASTOSIL RT-601, Wacker, Munich, Germany) Petri dish

and continuously superfused (7–12 ml/min) with saline (10–13uC

for C. borealis, room temperature for G. sigillatus and E.
hortensis). Physiological crab saline consisted of: NaCl, 440 mM;

KCl, 11 mM; MgCl2?6H20, 26 mM; CaCl2, 13 mM; trisma base,

10 mM; maleic acid, 5 mM (pH 7.4–7.6). Insect saline consisted

of: NaCl, 187 mM; KCl, 21 mM; CaCl2, 5.6 mM; MgCl2?6H20,

4.1 mM and earthworm saline consisted of: NaCl, 103 mM; KCl,

1.6 mM; CaCl2, 1.4 mM; NaHCO3, 1.2 mM. Crabs were

sacrificed on ice, and crickets and earthworms using 100%

Ethanol. Both methods are recognized as acceptable under the

AVMA guidelines for euthanasia of invertebrates.

Extracellular recording
We used the stomatogastric nervous system (STNS) of C.

borealis to perform activity measurements. Neuronal activity was

recorded extracellularly on one of the main motor nerves. The

generalized recording setup is shown in Figure 1. For monitoring

the pyloric rhythm we recorded either the lateral ventricular nerve

(lvn) or the dorsal ventricular nerve (dvn); for the gastric mill

rhythm we recorded DG and the GMs extracellulary on the dorsal

gastric nerve (dgn) and LG on the lateral gastric nerve (lgn)

(Fig. 1). The gastric mill cycle period was defined as the duration

between the onset of an impulse burst in LG and the onset of the

subsequent LG burst. AGR activity was assessed with extracellular

recordings of the dgn, stn (stomatogastric nerve) and/or son
(superior oesophageal nerve). AGR activity was measured as

instantaneous firing frequency (inst. ff.) as determined by

reciprocal of the interspike interval. Mean values for all gastric

mill-related parameters were determined from measurements of

20 consecutive cycles of gastric mill activity. For phase analysis,

AGR inst. ff. was normalized to the minimum and maximum

frequencies measured in each cycle. In some experiments the

pyloric dilator nerve (pdn), which contains the axons of the two

pyloric dilator (PD) neurons, was recorded in addition. The PD

neurons are part of the pacemaker ensemble of the pyloric circuit

[21]. We used petroleum jelly wells and subsequent measurements

of field potential changes between two stainless steel wires (one

inside and one outside of each well) to extracellularly record action

potentials. The differential signal was recorded, filtered and

amplified with an AC differential amplifier (A-M Systems Modell

1700, Carlsborg, WA, USA). Files were recorded, saved and

analyzed using Spike 2 Software (version 7.11; CED, Cambridge,

UK).

Stimulation parameters
To show the rhythmic modulation of the AGR inst. ff. we

elicited a gastric mill rhythm. For this, the ventral cardiac neurons

(VCNs) were activated by stimulating the dorsal posterior

oesophageal nerve (dpon) extracellularly with 10 consecutive

stimulus trains of 15 Hz stimulation frequency, 6 s train durations

and 4 s intertrain intervals [24].

Preparation and application of the dyes
In all experiments we used the styryl dye RH795 (Pyridinium, 4-

[4-[4-(diethylamino)phenyl]-1,3-butadienyl]-1-[2-hydroxy-3-[(2-

hydroxyethyl)dimethylammonio]propyl]-,dibromide/172807-13-

5; Biotium, Hayward, CA) which was first synthesized by Rina

Hildesheim and Amiram Grinvald [25]. A 10 mM stock solution

was prepared by diluting 5 mg dye in 854 ml of ultrapure water

and kept in darkness at 4uC. Immediately before bath-application,

the stock solution was diluted in saline to the final concentrations

of 0.3 mM. Figure 1 shows the application setup for the STG.

Application procedures were similar for cricket and earthworm

ganglia. In contrast to most other studies, we did not desheath the

STG for performing the optical recordings. Rather, a petroleum
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jelly well that isolated the STG from other parts of the STNS was

built and approximately 50 ml of RH795 were bath-applied to the

well (similar to [26]). The part of the STNS that was located on the

outside of the well was constantly superfused with chilled saline

(10–12uC) during dye application. The dye was applied for 30–

60 minutes, after which the petroleum jelly well was removed and

the whole preparation was superfused with chilled saline for the

remainder of the experiment. For comparing the visibility between

stained/non-desheathed and stained/desheathed ganglia, we

desheathed the STG and took a count of the visible cells in some

experiments.

Optical imaging and picture processing
For comparing the fluorescence before and after desheathing,

we used a 5 mega pixel color CMOS camera (TCA-5.0C, Ample

Scientific LLC, Norcross, GA, USA) and TSView software

(Version 7.3.1.7, Tucsen Imaging Technology Co., Fujian, China).

Fluorescent excitation light was provided by a CoolLED system

(narrowband LED with 535 nm; Yorktown Heights, NY) and

fluorescence emission was detected using a 560 nm beam splitter

and a 570–640 nm emission filter (Olympus, Center Valley, PA).

Excitation light intensities and imaging exposure time varied and

were adjusted to the individual preparation. We either used a 206
objective (XLUMPlanFL N, NA 1.0, WD 2.0 mm, cc = water;

Olympus Corporation, Tokyo, Japan) or a 106 objective

(UMPlanFL N, NA 0.30, WD 3.3 mm, cc = water; Olympus

Corporation, Tokyo, Japan) mounted on an upright epifluores-

cence microscope (modified BX51, Scientifica, East Sussex, UK).

For recording fluorescence changes (‘optical imaging’) the

MiCam02 imaging system and software (Brain-Vision Analyzer,

BV-ANA, Version 11.08.20; SciMedia Ltd, Tokyo, Japan) were

used with the HR (High Resolution) camera (6.464.8 mm actual

sensor size) set at either 3846256 pixel spatial resolution for high

resolution photos or at 1926128, 96664, or 48632 pixel spatial

resolution for optical imaging. A temporal resolution of 2–20 ms

was chosen. Typical recordings lasted between 16 and 32 seconds,

and were repeated many times in a given experiment.

Data Analysis
Averaging of signals was performed using associated scripts for

Spike2 (www.neurobiologie.de/spike2). The cycle period of the

pyloric rhythm was defined as the duration between the onset of a

PD neuron burst and the onset of the subsequent PD burst. In

some experiments, cycle-based and spike-triggered averaging were

used to improve signal quality, according to the protocols given in

[13] and analyzed in Spike2. Cell counts were performed in dark-

field illumination using a Wild M8 stereomicroscope (Heerbrugg,

Switzerland) or an upright epifluorescence microscope (modified

BX51, Scientifica, East Sussex, UK), before and after desheathing

and before and after staining with RH795.

In selected experiments, the frequency components of optical

and extracellular signals were plotted as a spectrogram. In these

cases, frequency analysis was restricted to a frequency band of 0–

10 Hz, which contains the main frequencies present during the

pyloric and gastric mill rhythms. Additionally, the correlation of

the frequency distribution was calculated for each point in time

during the recordings, allowing the direct comparison of the

frequency components of different neurons. This allows for a

quantification of the correlative strength of activity from neuron-

to-neuron, along with showing if a given neuron participates in a

particular rhythm at all times. Time resolution was 0.1 seconds

and frequency resolution was 0.1 Hz (resulting in 100 frequency

steps from 0–10 Hz that were correlated at each time point).

Waveform correlations were calculated by multiplying two

waveforms together, point by point, and summing the products.

The sum was normalized to allow for waveform amplitudes and

the number of points. The reference waveform was then repeated

for all time bins. Results range between +1.0, meaning the waves

Figure 1. Schematic overview of the stomatogastric nervous system (STNS) of the crab, Cancer borealis. The pink circle marks the
application site for the VSD RH795. The black circles illustrate two different extracellular recording sites and the corresponding neuronal signals. The
three main neuron types (PD, LP, PY) participating in the pyloric rhythm can be monitored on the lvn. The pdn selectively shows the activity of the
two PD neurons. Grey cell bodies illustrate neurons in the stomatogastric ganglion (STG), the oesophageal ganglion (OG) and the commissural
ganglia (CoG). Neurons: PD, pyloric dilator neuron; LP, lateral pyloric neuron; PY, pyloric constrictor neuron. Nerves: ivn, inferior ventricular nerve; ion,
inferior esophageal nerve; son, superior esophageal nerve; dpon, dorsal posterior oesophageal nerve; stn, stomatogastric nerve; aln, anterior lateral
nerve; mvn, median ventricular nerve; dgn, dorsal gastric nerve; dvn, dorsal ventricular nerve; lvn, lateral ventricular nerve; gpn, gastro pyloric nerve;
lgn, lateral gastric nerve; pdn, pyloric dilator nerve.
doi:10.1371/journal.pone.0103459.g001
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are identical except for amplitude through 0 (uncorrelated) to 2

1.0, meaning identical but inverted. The bin width corresponded

to the sampling bin width.

Optically recorded neurons were identified after cycle-based

averaging by comparing waveform shape, phasing, and timing of

action potential occurrence relative to extracellular recordings

(similar to the identification of intracellularly recorded neurons).

Statistics and figure making
For spreadsheet analysis, Excel (version 2010 for Windows,

Microsoft) or SigmaPlot (version 11 for Windows, Systat Software

GmbH, Erkrath, Germany) were used. Normally distributed data

are given as mean 6 SD. ‘‘N’’ denotes the number of animals,

while ‘‘n’’ is the number of trials. In all figures significance is

indicated using * (p,0.05), ** (p,0.01), *** (p,0.001). Statistical

tests for data analysis were t-test, Pearson product-moment

correlation coefficients or One Way ANOVA with Holm Sidak

posthoc test. Final figures were prepared with CorelDraw (version

X3 for Windows, Corel Corporation, Ottawa, ON, Canada).

Results

One of the major advantages of small system approaches in

neuroscience is the use of identified neurons or neuronal

populations [27–29]. However, recordings are often hindered by

(a) the difficulty to localize neuron somata and arborizations in

living tissue and (b) having to penetrate neurons through non-

neural tissue such as the ganglion sheath in most invertebrate

preparations. Here, we revisit RH795, a voltage-sensitive dye used

for optical imaging, and assesses its ability (a) to stain populations

of neurons in living tissue and (b) to allow recording through the

ganglion sheath. We used three different model systems with partly

identified neural circuits to test RH795: the cricket metathoracic

ganglion, the earthworm ventral ganglion chain, and the

crustacean stomatogastric nervous system.

RH795 is a good anatomical marker for cell body location
After dissection, the isolated nervous system was placed into a

Petri-dish containing physiological saline. For the control, the

ganglion was photographed in white light before RH795 was bath-

applied. RH795 was left on for one hour and subsequently washed

out with saline. Fluorescence imaging began 15 minutes after the

washout was started. We found similar results for all ganglia used:

before dye application, very few, if any, neuronal somata or

arborizations were visible. Figure 2A shows a cricket metathoracic

ganglion before and after dye application. As in most insect

thoracic ganglia, the cricket ganglion has distinct areas for

neuropil structures and cell bodies, respectively [30]. This broad

distinction was visible before staining: lighter areas around the

outline of the ganglion, where the cell bodies are located, and

denser neuropil areas in the middle of the ganglion. However, no

individual neural structures could be discerned. After dye

application, the outlines of many neuronal somata were visible

in the fluorescent light. Moving the focal plane of the microscope

from dorsal to ventral revealed multiple layers of neurons that

were all individually identifiable (arrows in Figs. 2A(i)–(iii)).

We found similar results for the staining of the earthworm

ventral ganglia (Fig. 2B): before dye application, very few

individual cell bodies were visible. After staining with RH795

the outlines of distinct neuronal somata were evident, and in

particular at the lateral borders, where large neuronal somata are

located [31]. As for the cricket ganglion, changing the focal plane

revealed the location of different distinct neuronal layers.

In contrast to most other arthropod ganglia, the STG of the

crab, Cancer borealis, contains only 26 neurons, all of which are

individually identifiable by their firing and axonal projection

pattern [21]. Due to the extensive knowledge about the circuit

connectivity and the neural activity, we used the STG to study

RH795 in more detail. In none of the crustacean species studied

are the location of STG neurons fixed, i.e. neuron location differs

from animal to animal [32]. Hence, the desheathed ganglion is

typically used to increase visibility in the ganglion and to facilitate

access to the neurons. Indeed, desheathing improved visibility in

our experiments as well (Fig. 3A): On average, the location of

10.362.9 somata (N = 15) could be determined before desheath-

ing. After desheathing the number of unambiguously identifiable

neurons increased significantly to 19.863.2 (N = 55, p,0.001;

One Way ANOVA with Holm Sidak posthoc test). Voltage-

sensitive dyes have been used to study small invertebrate nervous

systems for some decades (primarily absorption VSDs [33,34]). We

have previously shown that fluorescent VSDs, such as ANEP dyes

[35,36] and RH795 [26], stain neural membranes in the STG and

allow the visual recognition of most STG neurons [13,26].

However, VSDs are typically applied after removing the ganglion

sheath [2,4–6,9,11,35,37,38]. Here, as for the cricket and

earthworm, we bath-applied RH795 to the non-desheathed

ganglion to test its ability as a neural marker without removing

the ganglion sheath. RH795 was bath-applied for 60 minutes,

Figure 2. RH795 stains through the ganglion sheath and allows
the visualization of cell body location. A: Metathoracic ganglion of
the cricket G. sigillatus before (white light) and after staining
(fluorescence light). Scale bar is 100 mm. (i–iii) Higher magnification
of the dotted area in the picture above. Changing the focal plane from
dorsal (i) to ventral (iii) revealed multiple layers of distinct neurons (see
arrows). Scale bar is 50 mm. B: Subpharyngeal ganglion of the
earthworm E. hortensis before and after staining with RH795. Large
neuronal somata were visible after staining (see arrows). Scale bar is
100 mm.
doi:10.1371/journal.pone.0103459.g002
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after which dye washout was started and another cell count was

taken. At this point in time, the sheath still contained large

amounts of dye, obscuring some of the fine details of the intra-

ganglionic structures (Fig. 3B, left). Nevertheless, most of the 26

STG cell bodies could be located (21.263.6, N = 21, significantly

different from before desheathing/not stained, p,0.01; One Way

ANOVA with Holm Sidak posthoc test). Contrast and visibility

improved within the next 20 minutes, after which a stable staining

was observed for at least the following hour and up to 3 hours

(Fig. 3B). Apparently, the dye had stained through the ganglion

sheath without excessive residual staining of the sheath. To

confirm that indeed neuronal membranes had been stained, we

desheathed the ganglion after the staining procedure and

compared the visibility before and after desheathing (Fig. 3B,

right). There were no obvious differences in location, size and

shape of the neurons, and the number of neurons that could be

accounted for by visual inspection of the ganglion was not

significantly different from the non-desheathed/stained ganglia

(19.564.8; N = 6; p.0.2; One Way ANOVA with Holm Sidak

posthoc test).

RH795 reveals fine neuronal structures like neurites,
axons and varicosities

RH795 also revealed individual axons in the STG (Fig. 3C (i)),

which typically cannot be seen without fluorescence staining even

when the ganglion is desheathed (for comparison see Fig. 3A (ii)).

Figure 3C (i) shows the anterior part of the STG, where the stn
enters the STG. The stn connects the STG to three other ganglia

as well as to the rest of the CNS and contains approximately 60

axons [39]. A striking feature is that axons that enter the STG tend

to be larger in diameter and more spread out than they are in

middle parts of the same nerve [39]. For example, axons cover

over a width of ,200 mm when they enter the STG, while they

are bundled and stacked and take up less than 100 mm in the

middle of the stn. After staining with RH795 stn axons were

clearly visible, both in the STG and in the stn. In some cases, we

could even identify specific axons: Figure 3C(i) shows an axon

entering the STG via the stn and leaving the STG (arrows 1 and 2)

via one of the side nerves (aln). This is the axon of the CD1 neuron

(cardiac sac dilator neuron 1), the only neuron that projects an

axon via the stn to the aln [40,41]. RH795 also revealed structures

usually invisible even after desheathing, such as axons lying on top

of neurons (arrow 3) and the shape of primary neurites (dotted

square). We tested whether individual axons could also be traced

in nerves with bundled axons by bath-applying RH795 to

individual nerves. We compared nerves containing densely

bundled axons (middle part of the stn) with motor nerves

containing only a few axons (pdn) and sensory nerves (gpn: gastro

pyloric nerve [42] and ivn: inferior ventricular nerve [43]). We

used the same procedure as for the ganglion staining. In general,

we found that RH795 clearly stained axon bundles without strong

residual staining of the nerve sheath. Staining the middle part of

the stn revealed many individual axons and the staining was good

enough to trace a particular axon over a large distance

(Fig. 3C(ii)). In addition, several varicosities could be seen in the

vicinity of the stn axons (arrows in Fig. 3C(ii)). Identifying

individual axons was easier in nerves containing only a few axons,

such as the ivn. The ivn contains only 8 axons [44], namely those

of two identified projection neurons and 6 axons of so far

undescribed neurons. After staining with RH795 we could clearly

separate 6 of the 8 axons from each other (Fig. 3C(iii)), even in a

single optical focal plane. Stainings of the pdn (Fig. 3C(iv)),

through which the two PD neurons project to the pyloric muscles,

revealed two large axons plus at least one small diameter axon

(possibly sensory). In the case of the gpn (Fig. 3C(v)), the dye

revealed not only individual axons, but also the location of the

soma of the gastro-pyloric receptor neuron [45], a muscle stretch

receptor, which so far has only been located with retrograde

backfill stainings in fixed tissues [42]. Finally, RH795 allowed us to

visualize the soma of the sensory neuron AGR [46] with relative

ease (Fig. 3D). The AGR soma is located in the posterior part of

the STG, separated from the motor neurons. The AGR soma is

embedded in in connective tissue and can typically not be detected

without desheathing.

In summary, RH795 staining allowed the comprehensive

mapping of structural details never achieved in white light or

dark-field views of intact STNS nerve tissue, demonstrating its

ability to function as an anatomical marker.

Desheathing the STG causes subtle changes in neuronal
activity

The extraordinary access to neurons in the STG also allows

testing the ability of RH795 for measuring membrane potential

changes. The main reason for removing the ganglion sheath of the

STG is that desheathing facilitates the recording of membrane

potential changes with glass microelectrodes. Generally, the

pyloric and gastric mill motor patterns are similar after desheath-

ing to those generated without desheathing and to those generated

in vivo [44,47]. However, quantitative comparisons are absent. It

is understood that neuromodulators are released from descending

neurons in the STG [21,27], and that extracellular peptidases limit

the actions of these molecules and significantly affect neuronal

output [48]. Desheathing may compromise this balanced system of

peptidase activity and diffusion of neuromodulators and lead to

changes in the response of neurons when neuromodulators are

released. The anterior gastric receptor (AGR) neuron shows a

conspicuous absence of response to neuromodulatory input, for

example. AGR possesses neurites with postsynaptic structures in

the STG neuropil [49], but reports about influences of STG motor

activity and neuromodulator release on AGR are absent. Previous

studies have failed to show any influence of pyloric, gastric mill, or

descending neurons on the activity of AGR [49]. We hypothesized

that this conspicuous absence is due to the missing ganglion sheath

in these experiments. Hence, we tested whether the presence of a

sheath was influencing the activity of AGR, and found that

desheathing can have subtle, but consistent influences on its firing

patterns. Figure 4A shows an extracellular recording of the activity

of the sensory neuron AGR [23] during a gastric mill rhythm

elicited by stimulation of the sensory nerve dpon ([24], for details

see Materials and Methods). AGR activity showed small fluctu-

ations in firing frequency without desheathing that were timed with

the gastric mill motor neurons (Fig. 4B). On average, AGR

instantaneous firing frequency (inst. ff.) was significantly higher

during the activity phase of the lateral gastric motor neuron (LG;

AGR inst. ff. 6.2960.27 Hz, n = 20) than during its functional

antagonist, the dorsal gastric neuron (DG; AGR inst. ff.

5.8860.22 Hz, n = 20; t-test, p,0.001, n = 20). When we

compared the change of AGR inst. ff. at different phases of the

gastric mill rhythm, we found that the maximum occurred at

phase 0.3 and the minimum at phase 0.7, and that AGR inst. ff.

was significantly different between these phases (t-test, p,0.001,

n = 20). After desheathing, however, AGR activity was tonic and

no longer timed with the gastric mill rhythm (Figs. 4A & B, right).

No significant differences were present between phases 0.3 and 0.7

(t-test, n = 20, p.0.6). In all animals tested (N.10), desheathing

abolished the oscillations in the AGR firing frequency.
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RH795 does not alter neuronal activity in the STG
We were curious whether RH795 would not only allow us to

stain all neurons in the STG, but also would enable us to record

membrane potential changes in the stained tissue using optical

imaging without desheathing. As a prerequisite, we tested whether

application of RH795 interfered with neuronal activity patterns.

This was not the case, as also reported previously [26]: pyloric and

gastric mill motor patterns could still be observed after staining the

ganglion. Figure 4B shows that even the rhythmic changes in

AGR inst. ff. where still present after RH795. In both conditions,

non-stained and stained (but non-desheathed), AGR’s inst. ff. was

significantly higher (t-test, p,0.001, n = 20) during the activity

phase of LG (mean ff. 4.9360.24 Hz, n = 20) than during the DG

phase (Fig. 4D, mean ff. 4.1360.19 Hz, n = 20). We also found a

significant difference between phases 0.3 and 0.7 for both

conditions (t-tests, p,0.001 STG non-stained; p,0.01 STG

stained, n = 20), which is consistent with our previous observations.

In fact, there was no indication that staining the STG with RH795

had any influence on the AGR activity. A comparison of the mean

values of all phases before and after staining shows no statistical

difference (t-test, p.0.8, n = 20 for each comparison). In

summary, the gastric mill-timed oscillations in the AGR firing

frequency were, unlike after desheathing (Fig. 4A), still present

after staining with RH795 (Fig. 4C & D), indicating that removing

the ganglion sheath can in some instances change neuronal

activity. The use of RH795 may circumvent these issues since it

allows localizing the AGR soma (Fig. 3D) without influencing

AGR activity, and hence may allow AGR activity measurements

without desheathing.

Neuronal activity can be imaged through the ganglion
sheath

The neurons in the pyloric circuit in the STG are well-described

[21], and their membrane potential oscillations and firing phases

relative to other neurons and extracellularly recorded activity

patterns are sufficient to unambiguously identify most neuron

types participating in the gastric mill and pyloric rhythms [21].

The pyloric rhythm is triphasic, has a cycle period of 0.5–2

seconds and can be monitored by recording the activities of the

lateral pyloric (LP), pyloric dilator (PD) and pyloric constrictor

(PY) neurons on the corresponding motor nerves (dvn or lvn for

monitoring all three neuron types, pdn and pyn for exclusively

monitoring the PDs and PYs, respectfully).

To test whether RH795 permits optical recording of STG

neuron activity through the ganglion sheath, we monitored the

changes in fluorescence over time and compared them to the

extracellularly recorded pyloric motor pattern without desheathing

the STG. Figure 5A shows a high-resolution photo of three

adjacent STG neurons (206 objective) and the corresponding

optical recordings from three selected regions of interest. The

corresponding extracellular recording of the pdn (bottom trace)

shows the timing of the pyloric rhythm. All recordings were taken

simultaneously (non-averaged data). While no consistent change in

fluorescence was detected outside of neural structures (data not

shown), the three neuronal somata showed fluorescence signals

that correlated with the phasing of the pyloric motor neurons on

the pdn (for visualization, see movie S1). Previously published

measurements of the desheathed ganglion demonstrate that these

changes in fluorescence represent the slow membrane potential

oscillations of these neurons [13]. Often, we were able to identify

neurons solely based on their single-sweep optical signal (without

averaging over multiple cycles) because the signal-to-noise ratio

was high enough for a distinct comparison with the extracellular

recording. For example, the top and bottom traces in Figure 5A

show a clear increase in fluorescence when the PD neurons were

active, while the middle trace shows antiphasic activity that was in

time with the LP neuron. Further analysis (cycle-triggered average,

Fig. 5B) revealed that the two PD-timed optical recordings indeed

were PD neurons and that the LP-timed optical recording was the

inferior cardiac (IC) neuron, which is active at approximately the

same phase of the pyloric cycle as LP [21]. For averaging, we used

the simultaneously recorded activity of the PD neurons on the pdn
to determine the beginning and end of pyloric cycles, and then

averaged across several pyloric cycles (see also [13]). Since

averaging relies on the rhythmic activity of the motor neurons,

this procedure facilitated neuron identification, and also revealed

more of the neuronal subthreshold membrane potential changes,

in particular of the PD neuron recording (since its action potentials

were used to time the average). When we compared the frequency

of the pyloric rhythm measured from the optical signal with that

measured from the spike activity on the pdn, we found that they

were virtually identical: Comparing the spectrograms of extracel-

lular recording and optical signal (see Materials and Methods)

revealed a high correlation in the frequency band that corre-

sponded to the pyloric cycle frequency (Fig. 5A, right) and there

was a high correlation between the frequency components of the

optical signals and the extracellular recording (top heat maps). All

recordings showed a significant correlation (p,0.05, n = 131 for

all comparisons) in the frequency domain. The highest correlation

was found between the two PD neurons (Pearson product-moment

correlation coefficients: IC and PD1: 0.8360.13, PD2 and IC:

0.8860.1, PD1 and PD2: 0.9160.09, IC and pdn: 0.6560.1, PD1

and pdn: 0.6860.07, PD2 to pdn: 0.6160.12).

No individual action potentials could be detected in single-

sweep recordings - a possible consequence of the slow sampling

intervals of the camera (4 ms) and an undersampling of the fast

membrane potential changes during the action potential. Howev-

er, when we used spike-triggered averaging (a method typically

used for identifying neurons in this system during intracellular

recordings [50]), we were able to measure synaptic interactions

Figure 3. RH795 staining in the stomatogastric nervous system of the crab, Cancer borealis. A: Cell visibility before (i) and after
desheathing (ii) the STG (note that the ganglion was not stained here). Pictures show the same ganglion, illuminated with a dark-field condenser and
taken using the same light intensity, magnification, and camera settings. n, neuropil; m, motor neurons; * minuten pin. Scale bar is 100 mm. B: RH795
stains STG neurons through the ganglion sheath and causes a clear and long-lasting staining of neural structures. Comparison of visibility of the non-
desheathed ganglion during 180 min of washout of the dye (left 5 pictures) and after desheathing (right). Immediately after removing the dye, the
sheath still contained a lot of dye (1 min), but contrast and visibility improved quickly. The dye caused a long-lasting staining through the ganglion
sheath without excessive residual staining of the sheath. Visibility did not further improve after desheathing the ganglion. Scale bar is 50 mm. C:
RH795 revealed fine neuronal structures like neurites, axons and varicosities. (i) Anterior part of the STG showing individual axons entering the
ganglion via the stn (see arrows). Distinct neurites in the STG neuropil could be identified, which is impossible with regular light microscopy. (ii)
Middle part of the non-desheathed stn. Individual axons and varicosities (arrows) were visible after staining. (iii) Staining of the ivn, (iv) the pdn and
(v) the gpn. Arrow indicates the location of the soma of the gastro-pyloric receptor neuron GPR. Scale bar is 100 mm. D: The AGR soma shown here
stained with RH795 is anatomically isolated from other STG neurons, located more posteriorly than the somata of STG motor neurons. Scale bar is
50 mm.
doi:10.1371/journal.pone.0103459.g003
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Figure 4. Desheathing causes subtle changes in neuronal activity. A: Rhythmic changes in AGR inst. ff. disappear after desheathing. During a
gastric mill rhythm, AGR inst. ff. (top trace) changed rhythmically. Bottom traces: extracellular recordings of mvn, dgn and lgn showing the timing of
the gastric mill rhythm. Left: before desheathing; right: after desheathing the STG. Raw data are included in Raw Data.xlsx S1. B: Phase diagram of
normalized averaged AGR inst. ff. and the gastric mill motor neurons LG, GM and DG before (left) and after (right) desheathing, from the same animal.
AGR inst. ff. was binned (bin width 0.1). The grey surface shows the standard deviation. ***significant difference with p,0.001. C: Rhythmic changes
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between neurons. PD receives inhibitory synaptic input from LP

[21], and we have shown previously that synaptic potentials can be

detected using optical recordings after spike-triggered averaging

[13,37,38]. Here, we triggered on the LP action potentials on the

extracellular lvn recording and simultaneously recorded PD

fluorescence emission. Distinct IPSPs were obvious in the averaged

signal of PD that occurred in response to the LP action potentials

(Fig. 5C), indicating that VSD imaging of synaptic events through

the sheath is feasible and effective. The signal-to-noise ratio after

averaging was high enough to also recognize the temporal synaptic

dynamics of the LP-PD synapse. When we compared the averaged

fluorescence change in PD that was elicited by the first LP action

potential in the LP burst to that elicited by the last action potential,

a clear decrease was obvious. This is due to synaptic depression

present at this synapse [51].

For all optical recordings, we recognized a slow decrease in

fluorescence intensity over time along with a diminution of the

signal-to-noise ratio. Whether the reduction in fluorescence and

signal quality was caused by bleaching or a slow washout of the

dyes is unclear, but repetitive application of the dye was able to re-

establish the staining and the signal-to-noise ratio (Fig. 6).

in AGR inst. ff. were not affected by RH795. Left: non-desheathed STG, before staining, right: non-desheathed STG after 1 h staining and 20 minutes
washout. D: Phase diagram of the same animal before (left) and after (right) staining with RH795. For detail see (B). Phases 0.3 and 0.7 were
significantly different. ***p,0.001 before staining and **p,0.01 after staining. There was no significant difference between the mean values of all
phases before and after staining (see text for details).
doi:10.1371/journal.pone.0103459.g004

Figure 5. Optical imaging through the ganglion sheath. A: Left, Single-sweep simultaneous optical recording of IC and the two PD neurons,
along with an extracellular recording of the pdn. In this particular recording the pdn also shows the action potentials of LP. Top: Photo showing the
three somata selected for recording. Scale bar is 50 mm; n, neuropil. PDs and IC showed rhythmic and alternating changes in their fluorescence.
Vertical scale bars are 0.04%. Right: spectrogram showing the major frequency components of optical and extracellular recordings. Warmer colors
indicate higher power. Top traces, correlation of frequency distribution (1–10 Hz) for each time point for PD and pdn, as well as for PD and IC. There
was a high correlation of the frequency components at all points in time. Note the different time scale (slightly compressed to fit page). B: Cycle-
triggered average of PD and IC, plus pdn, showing the phase dependence of the optical signal. The first PD spike in each cycle was used for
triggering. C: LP spike-triggered average of lvn and PD optical recording showing LP-timed synaptic inhibition in PD and its temporal dynamics.
doi:10.1371/journal.pone.0103459.g005
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Continuous application thus allowed long-lasting staining exper-

iments.

Simultaneous recordings of multiple gastric mill motor
neurons through the ganglion sheath

Because neurons in the STG are rather large (10–100 mm in

diameter) and typically arranged in a single layer, they are easily

accessible for intracellular recordings if the ganglion is desheathed.

However, as we have shown above, desheathing can cause subtle

changes in neural activities. RH795 might solve this dilemma by

allowing us to localize and record most STG neurons simulta-

neously without the need for desheathing. The counterpoint to this

would emphasize that the spike activity of most STG neurons can

be recorded extracellularly. However, synaptic potentials and

membrane potential changes cannot be observed. Also, not all

STG neurons can be identified uniquely using extracellular

recordings: one example is the two PD neurons shown in Fig. 5A.

There is no single nerve that contains individual PD axons for a

separation of their activities. Yet, the PD neurons are strongly

electrically coupled and usually they act in unison. For other

neurons this is not clear. The 4 GM (gastric mill) neurons, for

example, are weakly electrically coupled, but are active together

since they receive similar synaptic input [52]. Since their spikes on

extracellular recordings are small and intermingled, they cannot

reliably be separated on such recordings. As is the case for the PD

neurons, there is no nerve that contains individual GM axons. In

contrast to PD neurons, however, there are indications that the 4

GM neurons have dissimilarities: The average number of GM

axons on the mvn is 2.95 [53] (and not 4), indicating that in any

given animal, only a subset of GM neurons project through a given

nerve and that, consequently, the GM neurons do not necessarily

share the same axonal projection pathways. Here, we were using

RH795 to simultaneously record the 4 GM neurons to determine

if they were active in unison, and if not, how conspicuous their

differences were.

Figure 7 shows a photo of the STG taken with the 106
objective after RH795 staining, and the corresponding optical

recordings from 5 selected regions of interest. The 4 blue traces

show single-sweep recordings of the 4 GMs. The yellow trace

shows an optical recording of Interneuron 1 (Int1).Int1 is one of

the smallest neurons in the STG and cannot be identified on

extracellular recordings, since its action potential is buried among

many others on the stn. Due to its small soma (,5–10 mm

diameter), it also cannot be seen through the ganglion sheath, and

even after desheathing, impalements are difficult. However, after

RH795 staining, even small cell bodies such as that of Int1 were

clearly visible without desheathing, and could be recorded

optically. For comparing GM and Int1 activities, a gastric mill

rhythm was elicited with dpon stimulation (see Materials and

Methods). The corresponding extracellular recording of the lgn
and dgn (bottom 2 traces) show the timing of the gastric mill

rhythm after stimulation. All recordings were taken simultaneously

with 20 ms sampling rate. The membrane potential changes of all

4 GM neurons, plus those of Int1 can easily be seen (visualized in

movie S2). The GMs were active during the phase of the LG

neuron, while Int1 was antiphasic to it, as previously described

[54]. The correlation diagram (Fig. 7, bottom) shows high

synchrony between the 4 GM neurons, and antiphasic correlation

between GMs and Int1. As indicated by the heat maps, while all

maximum GM correlation factors were .0.9, slight variations

existed when comparing each GM neuron in this condition. To

confirm the identity of the neurons, after imaging we desheathed

the ganglion and impaled the neurons with sharp microelectrodes

and compared their spike activity and membrane potential

oscillations to previously published data [54,55].

Our experiments thus show that using RH795, we can record

and separate the activities of STG neurons that are inaccessible for

other types of recordings without desheathing the ganglion. With

respect to the 4 GM neurons, within the limitation of the used

imaging technique (frame rate and signal-to-noise ratio), we found

a high synchrony amongst the GM neurons.

Discussion

We demonstrate that when bath-applied to neural tissue,

RH795 permeates neural sheaths and stains sub-sheath neuronal

compartments, indicating its potential as an anatomical marker

without desheathing. In addition, we successfully recorded neural

activity through the sheath via changes in fluorescence of neuronal

membrane-bound RH795. These findings suggest the use of

optical imaging with RH795 as an alternative to protocols that

require the removal of the sheath prior to experimentation.

RH795 as an anatomical marker for living neural tissue
Discriminating between individual neurons is essential in any

attempt to study neural networks and their function—a task

particularly difficult in living tissue and during the recording of

neural activities. Most recent studies thus now comprise combi-

nations of several techniques that allow staining the neural tissue

and the simultaneous measurement of activity [56,57]. Identifying

cellular structures such as somata and axons is particularly

important in light of current efforts to decipher the connectome

Figure 6. Repetitive staining permits long-term experiments. Photos with regions of interest and simultaneous single-sweep recording of
two pyloric neurons, plus pdn. Left: first staining; right: second staining. Recordings were taken roughly 5 hours apart from one another. Staining
duration was 1 hour in each case. Scale bars: 100 mm (photo) and 0.1% (optical recordings).
doi:10.1371/journal.pone.0103459.g006
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of neural networks in many systems [58–60]. In the simplest case,

activity measurements are performed without detailed visual

guidance (‘blind recordings’) and only afterwards, neural structures

are then identified (using retrograde labeling, chemical precipita-

tion or stereotactic placement of the electrodes, for example). For

single cell recording with microelectrodes, intracellular injection of

(fluorescent) dyes can label the recorded neurons during the

experiment, and allows the analysis of the associated neuritic

arborizations after the experiments, producing an anatomical

layout of the recorded cells [61]. In any of these cases, the success

of the experiment usually depends on the experience of the

experimenter in localizing the neurons in question. More recently,

the use of fluorescence techniques has become an aid in

determining the anatomical structure of otherwise unidentifiable

neuronal features [62,63]. While retrograde backfilling of axons

with fluorescent dyes allows the staining of distinct neurons even

before an experiment, the expression of fluorescent proteins such

as GFP, calcium- or voltage-indicators in selected neural tissues

has facilitated neuronal identification in living tissue [1,64–66].

Targeted expression of fluorescent proteins now provides a tool for

guiding electrode placement and anatomical descriptions of

distinct neural tissue even in large brains. Since expression is

targeted to single neuron types, several driver lines are needed to

dissect whole circuits, as these consist of many neuron types.

Targeted expression is thus equivalent to the identification of

individual neurons in smaller nervous systems. Using Brainbow, a

protein translation of fluorescent protein variants to yield a vast

array of coloring, even individual cells of the same type can be

visually separated [67–69], albeit with the disadvantage that each

color combination is unique for each animal. All expression

techniques are reserved for genetically well-characterized organ-

isms with appropriate driver lines, and are thus not available for

many classical model systems with already defined anatomical and

functional connectivity. In addition, due to its specificity, genetic

expression only ever targets subsets of neural circuits, and

visualizing other circuit neurons depends on the availability of

appropriate driver lines.

As an alternative, bath- and focal-applications, which are

routinely used for drug and modulator administration, can be

employed to deliver fluorescent dyes for bulk staining of cells

[13,26,33,70]. Various dyes are available that stain different

cellular structures. While DAPI, for example, stains nuclear

material in living tissue [71], exogenous applications of VSDs and

calcium-sensitive dyes stain cell membranes and cytoplasm,

respectively. While fluorometric calcium imaging requires mem-

brane-permeant acetoxymethyl (AM) ester forms of the dye, many

VSD associate with the neuronal membrane, revealing the outline

of the stained neurons. Only cells within the application site will be

stained, but within this area, the staining will lack specificity. One

of the drawbacks of these dyes is that, for unknown reasons, not all

dyes work in all systems [2,72]. Potentially, chemical or

mechanical differences between systems prevent the dyes from

Figure 7. RH795 allows the simultaneous recording of gastric mill neurons through the ganglion sheath. Left: photo of STG with 5
regions of interest representing the locations of the 4 GM neurons and Int1. Actual optical recording region indicated by dotted-white lines. Scale bar
is 100 mm. Right: simultaneous optical recording of GMs and Int1. Scale bars are 0.4%. Bottom traces: extracellular recordings of lgn and dgn, showing
the burst activities of LG, DG and GMs. Note that GM spikes (blue) are small, preventing their individual identification on the extracellular recording.
Bottom: Waveform correlation of GMs and Int1, showing high synchrony of the 4 GMs and antiphasic correlation of GMs and Int1. Colors code
correlation factor (1: strong correlation; 0: no correlation; 21: strong antiphasic correlation). GM1 was used as a reference for all correlations, with the
top trace showing the GM1 autocorrelation.
doi:10.1371/journal.pone.0103459.g007
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reaching the neural tissue. In particular in small invertebrate

preparations, dyes have to either penetrate a nerve sheath in the

periphery, or a ganglion sheath in more central regions of the

nervous system. Often sheaths, glia cells and connective tissue

impede dye penetration and must be removed surgically or

enzymatically. During this potentially dangerous process, one risks

mechanically damaging the nervous system while performing a

microsurgery, along with more subtle effects related to changes in

neural activity. We show that oscillations in the firing frequency of

the proprioceptive neuron AGR in the STG disappear once the

ganglion is desheathed, although all other features of neural

activity remained intact. Thus, removing the sheath had subtle

effects on the behavior of the system, potentially making the

information acquired from such experiments less reliable. While

the contribution of the ganglion sheath to neural activity is unclear

in most systems, there are indications in several systems that

removing the sheath might interfere with ionic balance [12] and

mechanical properties [8]. We show that bath-application of the

fluorescent VSD RH795 enhanced visibility of neural structures

from the pre-stained condition in ganglia of three different species

across two phyla without the need for removing the sheath.

RH795 reliably stained somata, neurites and axons. In all ganglia

cell bodies in several different layers of the ganglion could be

located, despite the three dimensional structure of most ganglia. In

the STG, which comprises only a single to a few layers of neurons,

RH795 revealed many individually identifiable axons and neurites

in a clarity never reported before in living tissue. In particular at

the anterior end of the STG where axons were spatially spread

out, individual axons of modulatory projection neurons that enter

the STG [39] could be separated, in addition to identified motor

neurons such as CD1 [41]. Intracellular recordings from these

axons are traditionally performed in dark-field illumination [73],

but our comparison of dark-field and fluorescence staining clearly

reveals the superiority of the RH795 staining. It is thus conceivable

that visually locating distinct axons before impalement will

significantly increase recording success. Furthermore, our staining

revealed axons that lay on top of cell bodies of other neurons,

potentially impeding access to these neurons.

More importantly, RH795 stained axons and cell bodies in

peripheral nerves through the sheath. In recent years, the

modulation of axonal action potential propagation has attracted

a lot of attention, demonstrating that axons are not mere cables

that faithfully conduct information [74]. Rather, the intrinsic

properties of peripheral axons are modified by neuromodulators

via metabotropic receptors in the axon membrane. Axonal

recordings are experimentally difficult and locating axons in the

nerve is a major concern when multiple locations along the axon

need to be recorded. Even in small invertebrates, motor and

sensory axons are several centimeters long, enwrapped in a nerve

sheath and packed into axon bundles [39]. Traditional methods

for axon stainings, such as intracellular injection of dyes, only work

at short distances, since diffusion of the dye inside of the neuron

reduces dye concentration with distance. RH795 reliably stained

axons through the nerve sheath without noteworthy residual

staining of the sheath and revealed the fine details of individual

axons and varicosities even in nerves with many (.60) axons. In

nerves with fewer axons, almost all axons were immediately

visible. For example, the axons of the two PD neurons, which are

modulated by dopamine [75], were obvious in stainings of the pdn.

In the small sensorimotor nerve gpn, we were able to locate the

cell body of the gastro-pyloric receptor neuron, which has so far

only been possible with retrograde labeling [42]. Furthermore, we

were able to successfully localize AGR with RH795 staining

through the sheath. We have shown that AGR activity changes

when desheathing, so RH795 stainings will be particularly helpful

in future experiments for locating the AGR soma for intracellular

or optical recordings through the sheath.

In summary, RH795 staining allowed the comprehensive

mapping of structural details in the STG never achieved in intact

nerve tissue. Hence, RH795 is a good anatomical marker for

determining cell body location as well as neuritic organization in

living tissue.

RH795 can be used to monitor neuronal activity through
nerve sheaths

To understand neural circuit function, the detailed character-

ization of the activity of many, if not all, circuit neurons is needed

[6,9,60], and ideally the location of the recorded neurons should

be determined before or during the recording attempt. RH795 not

only revealed anatomical features not observable in a non-stained

ganglion, but also allowed us to record membrane potential

changes through the sheath. While removing the sheath also

enhances visibility in non-stained ganglia and facilitates access to

neurons with microelectrodes, it comes with the caveats of possible

damage to cells and activity. Most VSDs and calcium AM dyes are

applied to desheathed ganglia [7,9,11,13,76] and, in the STG, do

not appear to permeate the sheath (data not shown). We

demonstrate that staining neurons through the sheath with

RH795 not only retained the fine details of the neuronal activity,

but also allowed us to record multiple neurons simultaneously and

identify them using single-sweep (non-averaged) recordings. After

spike-triggered averaging, the signal-to-noise ratio was high

enough to detect the temporal synaptic dynamics of IPSPs

between the LP and PD neurons. In general, the signal-to-noise

ratio of optical imaging is lower than for direct measurements of

the membrane potential with glass microelectrodes, although there

have been significant improvements in the last decade [33,35,77–

80]. There are more sources of optical noise than electrical (e.g.

shot noise, dark noise and extraneous noise, [81,82]). However, by

averaging over multiple cycles, most of the noise can be removed.

Toxicity of the dyes is also an issue that needs to be taken into

account. Most VSDs cause toxic effects over time, or affect

neuronal properties that alter activity [83]. We have previously

shown that RH795 has no discernable effect on the STG motor

patterns and no apparent toxic influence when applied [26].

Prolonged illumination, however, can have deleterious effects on

the motor pattern, limiting the duration of the imaging session

[26,38]. We also recognized a slow diminution of the staining over

the course of several hours and along with it a diminishing signal-

to-noise ratio. This effect was reversible by additional RH795

applications. Most importantly, RH795 allowed us to accurately

monitor both the activity of fast pyloric and slow gastric mill

neurons over an extended period of time. For the latter, we

demonstrate the simultaneous recording of 4 GM neurons and

Int1. We chose these particular neurons since their recording

demonstrates the advantages of optical imaging over other

recording techniques when it comes to separating the activities

of neurons of the same type (such as the GMs) or recoding from

small interneurons. The GMs are particularly interesting: they

innervate the gm1 muscle [84], and intracellular recordings from

individual GMs revealed similar synaptic input in all GMs [52].

Yet, GM neurons appear to vary in the projection pattern of their

axons: The average number of GM axons on the mvn is 2.95 [53],

indicating that subpopulations of GM neurons with different

axonal projection patterns and possibly distinct activity patterns

may exist. Nevertheless, our results indicate that, within the

limitations of the optical imaging, GM membrane potentials were
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highly correlated during a VCN-elicited gastric mill rhythm

[24,47].

Functional implications
Int1 and GM neurons are part of the gastric mill CPG [85]

whose activity pattern is influenced by indirect feedback from the

aforementioned proprioceptive neuron AGR. Our findings

support the conclusion of Daur et al. [23] in that axonal

modulation not only occurs spontaneously, but is reliably present

when gastric mill rhythms are elicited. While changes in AGR

firing frequency had been observed, they had never been

correlated to the motor pattern before. We have previously shown

that such small changes in AGR’s spontaneous activity have

significant effects on the motor pattern produced, as they

determine the state of the neuromodulatory system that drives

the gastric mill rhythm [23]. Thus, as AGR loses its oscillatory

activity after desheathing, it is particularly important to keep the

sheath intact while recording from Int1 and the GM neurons,

which for all intents and purposes prevents multiple intracellular

recordings. Extracellular recordings from motor nerves, on the

other hand, cannot reveal Int1 activity, and do not allow

separation of the 4 GMs from one another, a task easily solved

by optical imaging with RH795.

With respect to AGR, our findings explain a previously

published, conspicuous finding, namely that AGR activity

appeared to be unaffected by other STG neurons despite the fact

that it possesses putative postsynaptic structures on neurites in the

STG [49]. In these experiments, desheathing the ganglion was

necessary to locate AGR and its axons, but apparently reduced or

abolished the postsynaptic response of AGR. We show that such a

response is present in the non-desheathed ganglion and that

applying RH795 does not influence the AGR response. Moreover,

RH795 allows the localization of the AGR cell body without

desheathing.

Because of the dual character of RH795 to function as an

anatomical marker and as voltage indicator of membrane potential

changes, there are multiple applications of this technique in

addition to the examples demonstrated in this paper. In general,

studies using semi-intact preparations may benefit from this

approach as it can be difficult to maintain intracellular somatic

recordings from neurons while the musculature is present and

allowed to move. Depending on the species used, it may also be

difficult to desheath ganglia in semi-intact preparations, given that

nerves and connectives must remain intact.

This technique can also be applied to other ganglia in the

STNS, like the commissural ganglia, which contains neurons that

modulate the activity of STG neurons [21,27] and are much less

characterized. In particular for preliminary studies, using RH795

may be an expeditious technique to acquire information about

populations of modulatory cells, and to characterize the response

and location of these neurons.

In summary, RH795 provides a relatively unique tool for

recording many neurons simultaneously in living tissues without

the need for removing neural sheaths, and has a plethora of other

potential applications not yet investigated.

Supporting Information

Movie S1 Simultaneous single-sweep optical recordings
through the ganglion sheath of 3 pyloric neurons (IC and
two PDs, compare to Figure 5A). Left: Fluorescence change

over time of three regions of interest, as marked in the photo on

the right. Right: Changes in fluorescence are represented as

changes in the color intensity. Intense colors represent a

depolarization of the membrane potential and correspond to the

point in time indicated by the vertical line in the left diagram. For

better visualization of the pyloric details, the video speed is

decreased by a factor of two.

(AVI)

Movie S2 Simultaneous single-sweep optical recordings
through the ganglion sheath of 5 gastric mill neurons
(Int1 and 4 GMs, compare to Figure 7). Left: Fluorescence

change over time of 5 regions of interest, as marked in the photo

on the right. Intense colors represent a depolarization of the

membrane potential and correspond to the point in time indicated

by the vertical line in the left diagram. For better visualization of

alternating gastric mill neuron activities, the video speed is

increased by a factor of two.

(AVI)

Raw Data S1 Raw data for figures 4, 5, 6, and 7.

(XLSX)
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12. Dörr H, Heb D, Gramoll S (1996) Interstitial voltage and potassium

concentration in the mesothoracic ganglion of a stick insect at rest and during

neuronal activation. J Insect Physiol 42: 967–974.
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Chapter 4 

The site of spontaneous ectopic spike initiation 

facilitates signal integration in a sensory neuron  

Carola Städele and Wolfgang Stein  

The following manuscript was submitted as a research article to the Journal of Neuroscience on July 

21, 2015 and is currently under review. I am first author on this manuscript and I contributed to research 

design, performed all experiments presented in the manuscript, analyzed data and was substantially 

involved in manuscript preparation. 

I located the site of ectopic spike initiation in the AGR axon by using a combination of optical imaging 

with voltage-sensitive dyes, intra- and extracellular recording techniques and light-induced excitability 

changes of axonal membranes. I found that AGR’s tonic spike activity is generated at a pre-determined 

location in the anterior region of the STG neuropil. The site of spike initiation could be consistently found 

at this location, electrotonically close to motor circuits, most likely facilitating signal integration and 

providing an early point of interaction between the sensory and motor systems. I further present that 

local axonal excitability changes caused by neuromodulator application and illumination of fluorescent 

probes can relocate the site of AP initiation from the neuropil to other axonal parts. Interestingly, the 

rhythmic modulation of AGR firing frequency during ongoing gastric mill activity could only be observed 

when spike initiation occurred in the anterior part of the STG neuropil, and were absent when the site of 

spike initiation was relocated to peripheral sites. In conclusion, I demonstrate that the site where action 

potentials are generated within a neuron is functionally important in that it allows the fine-tuning of signal 

integration and increases the activity repertoire of sensory neurons. 

Full citation: 

Carola Städele and Wolfgang Stein (2015), The site of spontaneous ectopic spike initiation facilitates 

signal integration in a sensory neuron, The Journal of Neuroscience, under review.  
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ABSTRACT 

While action potentials are usually thought to be elicited specifically at the axon initial segment, recent 

findings show that both vertebrate and invertebrate axons can generate relevant action potentials in 

regions remote from the initial segment. These ectopic spikes can be initiated spontaneously when 

activity at the initial segment is reduced or when excitability in the axon trunk increases. While ectopic 

spikes affect information encoding and neuronal output, it is elusive why ectopic spikes are initiated 

spontaneously and whether specific axon regions are more susceptive for ectopic spike initiation than 

others. In particular, it is not clear whether the location of ectopic spike initiation is functionally important 

and what controls ectopic spike frequency. 

Here, we addressed these questions by studying spontaneous ectopic spike initiation in a sensory axon 

of the crustacean stomatogastric nervous system. Focal application of the biogenic amine octopamine 

revealed that the whole axon is capable of creating new initiation sites. Yet, spontaneous ectopic spiking 

was always initiated at a specific location close to the motor neuropil through which the axon projects. 

Correspondingly, the frequency at this site was modulated by motor neuron activity without displacing 

the spike initiation site. Ectopic spike initiation occurred electrotonically close to motor circuits to facilitate 

signal integration and to provide an early point of interaction between the sensory and motor systems. 

In contrast, amine modulation of less excitable parts of the axon occluded activity at the spontaneous 

initiation site, allowing the state-dependent elimination of these interactions. 
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Chapter 4 

SIGNIFICANCE STATEMENT 

Action potential (AP) initiation at regions remote from the initial segment is shown for invertebrate 

and vertebrate neurons. Neural polarity is fundamental for proper nervous system function and 

relocation of AP initiation is shown to affect signal integration, neural coding and potentiation of 

synapses. Here, we demonstrate that local excitability changes, caused by neuromodulator 

application and illumination of fluorescent probes, can lead to AP initiation anywhere along the axon 

of an invertebrate sensory neuron, leading to suppression of local feedback. Since neuromodulators 

are often applied systemically and fluorescence probes are commonly used to monitor or modify 

neural activity, it is important to ask how common this form of AP relocation is and what 

physiological and pathological conditions can facilitate it. 

INTRODUCTION 

The ability of neurons to properly initiate and conduct action potentials is fundamental for neuron function 

and information processing. While it has long been thought that spike generation is restricted to 

specialized regions like the axon initial segment, recent studies demonstrate that the location of spike 

initiation is much more flexible than originally thought. For example, in the avian auditory system the 

position of spike initiation can be regulated to achieve the highest sensitivity to interaural time differences 

(Carr and Boudreau, 1996; Kuba et al., 2006; Kuba et al., 2014). There is also evidence that changes 

in electrical activity or modulatory environment can alter the location of spike initiation (Grubb and 

Burrone, 2010; Kuba et al., 2010) or create new ectopic spike initiation sites (eSIZs) far away from the 

axon initial segment (Meyrand et al., 1992; Bostock and Bergmans, 1994; Bucher et al., 2003; Goaillard 

et al., 2004; Moalem et al., 2005; Hoffmann et al., 2008; Daur et al., 2009; Sheffield et al., 2011). The 

location of spike initiation could thus dynamically change and represent an understudied substrate for 

neuronal plasticity. 

Neurons can show spontaneous ectopic spiking as soon as activity generated at the axon initial segment 

is suppressed or absent (Calabrese, 1980; Bucher et al., 2003; Daur et al., 2009). The mechanisms that 

cause ectopic spike initiation are not well understood. Yet, there is evidence that changing the excitability 

at the axon can elicit ectopic spiking (Ballo and Bucher, 2009). However, it is not clear whether eSIZs 

are consistently found in the same locations and if so, why they are located there. It is also unclear what 

controls the firing frequencies at those sites. This is mostly due to experimental restrictions. The site of 

spike initiation cannot be determined by channel distribution, for example, since electrotonic and 

electromorphological properties of the axon will make significant contributions (e.g. branching of the 

axon, Pinault, 1995; Bucher and Goaillard, 2011; Gunay et al., 2015). 

Here we asked if the location of spontaneously initiated spikes is randomly assigned on the axon or if 

ectopic spikes are initiated at or near a specialized region. We used the anterior gastric receptor (AGR) 

neuron, a single-cell muscle tendon organ in the stomatogastric nervous system of crustaceans 

(Smarandache and Stein, 2007; Smarandache et al., 2008; Hedrich et al., 2009), because part of the 
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normal repertoire of AGR’s activity is the generation of spontaneous tonic ectopic spike activity in its 

axon. Ectopic spiking occurs as soon as peripheral spiking ceases, i.e. it is present at rest and in-

between bursts generated in the periphery (in vivo and in vitro, Smarandache et al., 2008; Daur et al., 

2009). Those ectopic spikes are propagated orthodromically (towards upstream modulatory projection 

neurons in the commissural ganglia) and antidromically (towards the periphery, gastric mill muscles). 

Ectopic spiking can be increased by application of octopamine (OA, Daur et al., 2009), the invertebrate 

analog to norepinephrine. 

We demonstrate that while focal application of OA generates eSIZs at very different locations along the 

axon trunk, spontaneous spike initiation in AGR is not randomly assigned. Rather, spontaneous ectopic 

spiking occurs at an electrotonic and electromorphologic distinct region, close to synaptic partners and 

easily accessible for frequency modulation. By using a combination of electrophysiological and optical 

imaging, we show that the location of AGR’s spontaneous eSIZ is consistently found in vicinity to axonal 

arborizations and neuropil regions of motor circuits in the stomatogastric ganglion and that its frequency 

is modulated locally by the gastric mill (GM) neurons. This modulation could not be observed when 

AGR’s eSIZ was pharmacologically moved to another region of the axon. We conclude that ectopic 

spike initiation is not randomly distributed in the axon, but rather occurs at a functionally relevant location 

to facilitate signal integration. 

MATERIAL AND METHODS 

Dissection 

Adult crabs (Cancer borealis) of either sex were purchased from The Fresh Lobster Company 

(Gloucester, MA) or Ocean Resources Inc. (Sedgwick, ME) and kept in tanks with artificial sea water 

(salt content ~1.025g/cm³, Instant Ocean Sea Salt Mix, Blacksburg, VA) at 11°C and a 12-hour light-

dark cycle. Before dissection, animals were anesthetized on ice for 20-40 minutes. All experiments were 

performed in vitro on isolated nervous systems. The stomatogastric nervous system was isolated from 

the animal following standard procedures (Gutierrez and Grashow, 2009), pinned out in a silicone lined 

(Wacker) petri dish and continuously superfused (7-12 ml/min) with physiological saline (10-12°C). 

Solutions and modulators 

C. borealis saline was composed of (in mM) 440 NaCl, 26 MgCl2, 13 CaCl2, 11 KCl, 11.2 Trisma base, 

5 Maleic acid, pH 7.4-7.6 (Sigma Aldrich). High-divalent saline (“HiDi”) contained 5 times the amount of 

Ca2+ and Mg2+ than the regular saline and was composed of 439 NaCl, 130 MgCl2, 64.5 CaCl2, 11 KCl, 

12.4 Trisma base, 5 Maleic acid. Octopamine hydrochloride (50 µM, Sigma Aldrich) was diluted in saline 

to the desired concentration. All solutions were prepared from concentrated stock solutions immediately 

before the experiment. Stock solutions were stored at -20°C in small quantities. 
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Neuromodulator application 

Previously, we have shown that removing the connective tissue from the stomatogastric ganglion (STG) 

causes subtle changes in AGRs activity, namely that rhythmic oscillations of the firing frequency can no 

longer be observed (Goldsmith et al., 2014). To exclude that desheathing influences AGRs response to 

neuromodulator application, we applied neuromodulators to non-desheathed preparations. Petroleum-

jelly wells were used to isolate the application site from the rest of the nervous system. Neuromodulators 

were applied to anterior, middle, and posterior parts of the stomatogastric nerve (stn). The whole length 

of the nerve (on average 1.25±0.27cm, N=16) was divided in three parts with equal size (Fig. 1A). Each 

compartment had an inner diameter of approximately 300-400 µm. Octopamine (OA) was cooled to 10-

12°C and manually applied into the compartments using a 1ml syringe with a 22 gauge injection needle. 

As a control saline was applied at the same temperature 5 minutes before each neuromodulator 

application. Measurements were taken in steady-state (5 minutes after OA wash in). Wash outs were 

done for 20 minutes with continuous superfusion of cooled saline. 

High-divalent saline was superfused to the posterior half of the stn including the STG neuropil. AGR 

spike activity was monitored extracellularly in the anterior part of the stn (close to the stn/son junction). 

This part was not affected by HiDi. 

Extracellular and intracellular recordings 

Standard techniques were used for extracellular and intracellular recordings (Stein et al. 2005). 

Previously, we showed that desheathing the stomatogastric ganglion (STG) influences modulation of 

AGRs ectopic spiking (Goldsmith et al., 2014). Thus, most experiments were carried out using non-

desheathed nervous system preparations and extracellular recording techniques. For extracellular 

recordings, we used petroleum jelly-wells to electrically isolate a small part of the nerve from the 

surrounding bath. One of two stainless steel electrodes was placed inside the well to record neuronal 

activity of all axons projecting through a particular nerve. The other wire was placed in the bath as 

reference electrode. Extracellular signals were recorded, filtered and amplified through an amplifier (AM 

Systems, Model 1700, Carlsborg, WA). The activity of AGR was monitored on multiple extracellular 

recordings simultaneously, namely on the stn (anterior, middle and posterior), the dorsal gastric nerve 

(dgn), and the supraoesophageal nerve (son), see Fig. 1A). AGR activity was measured as 

instantaneous firing frequency (inst. ff.) as determined by reciprocal of the interspike interval. 

To facilitate intracellular recordings and dye injections, we desheathed the STG and visualized STG 

somata with white light transmitted through a dark field condenser (Nikon, Tokyo, Japan). Intracellular 

recordings were obtained from AGR’s cell body using 20-30 MΩ glass microelectrodes (Sutter 1000 

puller, 0.6M K2SO4 + 20mM KCl solution) and an Axoclamp 900A amplifier (Molecular Devices) in 

current clamp mode. Files were recorded, saved and analyzed using Spike2 Software at 10kHz (version 

7.11; CED). For dye injections, glass microelectrodes tips were filled with 10mM Alexa Fluor® 568 or 

Alexa Fluor® 488 (Life Technologies, Grand Island, NY) in 200mM KCl. Repetitive negative current 

pulses ranging between -3 and -6nA with pulse durations of 1 -2 seconds were used to iontophoretically 

inject the dye. 
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Extracellular axon stimulation  

We used retrograde extracellular nerve stimulation to activate all 4 GM neurons simultaneously. A 

petroleum jelly well was built around one of those branches leaving the dgn that contains exclusively 

axons of GM neurons. One of two stainless steel stimulation electrodes was placed inside the 

compartment, the other was placed outside. Action potentials were elicited with 30 stimulus trains each 

of 40Hz stimulation frequency, 10s stimulus train, 20s intertrain intervals and 1ms pulse duration.  

In some experiments gastric mill rhythms were elicited by activating the ventral cardiac neurons (VCN). 

VCN were activated by stimulating the dorsal posterior oesophageal nerve (dpon) extracellularly with 

10 consecutive stimulus trains of 15 Hz stimulation frequency, 6s stimulus train, 4s intertrain intervals 

and 1ms pulse duration (Beenhakker et al., 2004). 

Voltage-sensitive dye preparation and application  

For optical imaging the voltage-sensitive dyes Di-4-ANEPPS and Di-4-ANNEPDHQ (Obaid et al., 2004; 

Life Technologies, Grand Island, NY) were used. 5mM stock solutions were prepared by diluting dyes 

in Dimethyl Sulfoxide (DMSO, Simga Aldrich) and stored in small quantities (2µl) at -20°C, protected 

from light. Immediately before an experiment Pluronic F-127 20% solution in DMSO (Biotium, Hayward, 

CA) was added 1:1 to the stock solution to obtain a final concentration of 2.5mM dye with 10% Pluronic. 

Dyes were diluted further to a working concentration of 50µM in physiological salt solution. To facilitate 

access of the dye to the STG neurons and stn axons we removed the connective tissue from the 

ganglion and the nerve. A petroleum jelly well was built around the STG and stn and 200µl of either dye 

was bath-applied to the well by using two pipettes - one to apply the dye on one side of the well and the 

other to remove the saline on the other side. Other parts of the STNS were constantly superfused with 

chilled saline (10-12°C) during dye application. Dye application duration was limited to 30 minutes after 

which the well was removed and washout started for 15-20 minutes. During the whole duration of the 

experiment all parts of the preparation were continuously superfused with chilled saline (10-12°C). 

Optical imaging  

For optical imaging changes in fluorescence signal were measured using the MiCam02 imaging system 

and BVAna Software (Version 13.07.04.8, SciMedia Ltd, Tokyo, Japan) with the HR (High Resolution) 

camera (6.4 x 4.8mm actual sensor size). Spatial resolution was 48x32 pixels with a temporal resolution 

of 1.3ms and 28s recording length. Due to AGRs low firing frequency (2-5Hz) recordings were repeated 

3 times on a given region of interest to gather enough data for averaging. Excitation was provided by 

LED-illumination system (470nm and 535nm, PE-100, CoolLED, Andover, UK) with 525nm/50nm 

bandwidth and 605nm/70nm bandwidth excitation filters (Olympus, Hamburg, Germany). Fluorescence 

was detected with a 20x objective (XLUMPlanFL N, NA 1.0, WD 2.0mm, cc=water; Olympus 

Corporation, Tokyo, Japan) or a 10x objective (UMPlanFL N, NA 0.30, WD 3.3mm, cc=water; Olympus 

Corporation, Tokyo, Japan) mounted on an upright epifluorescence microscope (modified BX51, 

Scientifica, East Sussex, UK). Illumination during optical imaging was 5-25% of the maximum LED 
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strength. The position of recording sites and the AGR axon in the stn was reconstructed with high 

resolution pictures (384x256 pixel) and via tracing the position of the motorized microscope stage 

(SlicePlatform Pro 2000, Scientifica, East Sussex, UK) and the associated software (LinLab, version 2). 

Imaging data was collected for many locations along the axon trunk. In specific, imaging started at the 

anterior end of the stn and ended either at the anterior end of the STG, where the neuropil starts (Di-4-

ANEPPS) or the posterior end of the STG, where the motor nerves are leaving the ganglion (Di-4-

ANNEPDHQ). After each recording trial, the objective was moved to a more posterior recording site. 

Extracellular recordings of the dgn and son were used to monitor AGRs spike activity during optical 

imaging and to perform time comparison analyses for identifying the location of spike generation. In 

specific, we compared the time difference of the occurrence of the AGR spike on the optical recording 

sites with the extracellular dgn recording. With this configuration the optical imaging site that shows the 

longest delay to the extracellular dgn recording reveals the location of AGRs ectopic spike initiation 

zone. AGRs ectopic spikes are generated in-between the anterior stn (where imaging was started) and 

the dgn. Due to the fact that ectopic action potentials travel forwards (orthodromic) and backwards 

(antidromic) along the axon, the time difference between optical and extracellular signal is getting longer 

as the optical recoding moves closer to the initiation zone. For example, the time difference would be 

zero if the optical and extracellular recording sites were exactly at the same distance from the initiation 

site, but on opposite sides of the axon. The time difference would be maximal when the optical recording 

is directly at the initiation site. The time resolution of the optical recording also determines the spatial 

resolution. The central AGR axon propagates action potentials at a velocity of around 0.9m/s. At this 

speed, action potentials travel ~1.2mm per frame (at 1.3ms per frame), which is three times the field of 

view of the camera (field of view is 400µm at a magnification of 20x). Additionally, action potentials occur 

at randomly distributed times during the imaging. Thus, the spatial resolution is not determined by the 

field of view, but rather by the time resolution of the camera. 

Calculation of conduction velocity 

To determine the conduction velocity of AGRs central axon, we measured the time difference of spike 

occurrences between extracellular recordings at the anterior stn and the son by averaging across 

multiple AGR action potential (≥60). We used the anterior stn and son for calculating the conduction 

velocity because the action potential is not generated in between those recording sites but rather passes 

the recording sites one after the other. The location of the recording sites was photographed and the 

distance was analyzed using ImageJ (NIH, Bethesda, MD). Conduction velocity was calculated by 

dividing the time difference between son and stn by the distance between recording sites. 

Data Analysis, statistics and figure making 

Data were analyzed using scripts for Spike2 (available on www.neurobiologie.de/spike2) and by using 

built-in software functions. In some experiments, spike-triggered averaging was used to improve signal 

quality of both extracellular and optical imaging data according to Städele et al. (2012). For spike 

detection a voltage threshold was used and the subsequent maximum or minimum voltage deflection of 
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the signal passing through this threshold was used as trigger. In cases where extracellular stimulus 

artifacts or the action potentials of other neurons obscured the neuron of interest, obscuring signals 

were eliminated from recordings using a sliding average script in Spike2. For phase analysis, AGR inst. 

ff. was normalized to the minimum and maximum frequencies measured in each cycle and plotted over 

the activity phase of the GM neurons. For VCN stimulations phase was determined by dividing the 

duration of the GM burst by the time between two consecutive GM bursts. For extracellular GM neuron 

stimulation phase was determined by dividing the stimulation duration by the time between the beginning 

of the extracellular GM stimulation and the beginning of the subsequent stimulus. For spreadsheet 

analysis, Excel (version 2010 for Windows, Microsoft) or SigmaPlot (version 12 for Windows, Systat 

Software GmbH, Erkrath, Germany) were used. Normally distributed data are given as mean ± SD. “N” 

denotes the number of animals, while “n” is the number of trials. In all figures significance is indicated 

using * (p<0.05), ** (p<0.01), *** (p<0.001). Statistical tests are given individually in the corresponding 

figure legend. Final figures were prepared with CorelDRAW Graphics Suite (version X7, Corel 

Corporation, Ottawa, ON, Canada). 

RESULTS 

Neuromodulator application determines the location of ectopic spike initiation 

Ectopic axonal spike initiation in the axon trunk can occur spontaneously or in response to 

neuromodulator application (summarized in Bucher and Goaillard, 2011). The sensory neuron AGR is 

a bipolar neuron in the crustacean stomatogastric nervous system (STNS) that spontaneously generates 

tonic ectopic spiking (Daur et al., 2009). The AGR axon projects from the periphery via the dorsal gastric 

nerve to the soma in the STG and continues via the stomatogastric nerve to the commissural ganglia 

(Fig. 1A). AGR’s ectopic firing frequency is generated in the stn. It changes spontaneously in vitro and 

in vivo (Smarandache et al., 2008; Daur et al., 2009), but can be increased by extrinsic application of 

the invertebrate analog of norepinephrine (octopamine; Daur et al., 2009). It is unknown where the 

spontaneous ectopic spiking is initiated, if this initiation zone is at a fixed axon location or if spike initiation 

can occur at multiple locations on the axon trunk when amine modulation occurs. 

To test the hypothesis that while neuromodulator-induced ectopic spiking can occur at various locations 

along the axon trunk, the location of spontaneously induced ectopic spikes is restricted to specific axon 

compartments we first applied octopamine (50µM, similar to Goaillard et al., 2004; Daur et al., 2009) to 

different regions of the central AGR axon. Octopamine was either applied close to the STG (posterior 

stn), along the stn (middle part) or close to the stn/son junction (anterior stn, Fig. 1A).  
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Figure 1. Octopamine elicits ectopic spiking at various locations of the AGR axon.  

(A) Schematic of the stomatogastric nervous system with AGR and its axonal projections depicted in blue. Red 

circles indicate the extracellular axonal recording sites and the sites for octopamine (OA, 50µM) application. 

Nerve names are italicized. (B) AGR instantaneous firing frequency (inst. ff.) in response to OA application (grey 

bar). A large portion of the central AGR axon is OA sensitive. OA was applied to the petroleum-jelly wells on the 

stn anterior (top), stn middle (middle) and stn posterior (bottom). Recordings are from the same animal and 

scaled identically. (C) Averages (n=60) of the AGR spike activity showing the spike occurrence at the 5 

extracellular recording sites depicted in A. Extracellular AGR spikes on the dgn were used as trigger for the 

average. The site of OA application is indicated in bold. Delays between recording sites changed with respect to 

control (top) when OA was applied at the anterior (i), middle (ii) or posterior stn (iii). Action potentials always 

occurred first on those recordings that were closest to the site of OA application (red traces). (D) Mean changes 

(n=60) in AGR spike delays of the experiment shown in C. Delays were aligned so that the site with the largest 

delay to the dgn (=site of action potential initiation) appears at time 0. Arrows indicate the recording site where 

the action potential occurred first. Standard deviations were close to 0 and thus too small to be depicted. (E) 

Average conduction delays between dgn and anterior stn before and during OA application to the stn anterior for 

11 experiments. AGR spike occurrence on the dgn was set as time 0. Negative values illustrate that the spike 

first appeared on the anterior stn. Across animals, there was a significant shift of AGR’s eSIZ towards the site of 
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OA application (p<0.001, paired t-test, N=11). OA: octopamine. Nerves: son: superior oesophageal nerve, stn: 

stomatogastric nerve, mvn: medial ventricular nerve, dgn: dorsal gastric nerve; dpon: dorsal posterior 

oesophageal nerve. Ganglia: STG: stomatogastric ganglion, CoG: commissural ganglion. 

AGRs spike activity was monitored extracellularly on the dgn, on three sites along the stn (posterior, 

middle and anterior), and on the son. As reported before, we found that AGR spike activity increased 

during OA application (Fig. 1B) indicating that OA increases the excitability of the axon membrane. This 

increase in firing frequency occurred at every application site and no obvious differences in the strength 

of the responses at the different application sites could be found, i.e. the whole AGR axon seems to be 

equally sensitive to OA. Interestingly, we found that the increase in firing frequency was accompanied 

by a dislocation of the eSIZ: Figures 1C and D show the average responses of the AGR axon to 

application of OA at the three locations on the stn. AGR spike occurrence at the different recording sites 

before and during OA application was compared. We found that the site where spikes are initiated 

changed with the application site such that action potentials were always initiated at the axon location 

where OA was applied to. For example, when OA was applied to the anterior stn (Figs. 1C & D, trace i), 

action potentials appeared first on this recording site and then propagated towards the other axonal 

sections (antidromically towards the stn middle and stn posterior, orthodromically towards the son). In 

contrast, when OA was applied to the posterior stn (iii), action potentials were first observed on the 

respective recording, before they propagated antidromically towards the stn middle and stn anterior and 

orthodromically towards the son. When compared across several animals, we found a significant shift 

of the axonal spike initiation zone away from the control location in saline towards the site of OA 

application (Fig. 1E). This effect was reversible, i.e. after OA was washed out the delay between the 

recording sites returned to control values and AGRs ‘original’ ectopic spike initiation zone was restored. 

Together, these results indicate that (1) the AGR axon possesses receptors for OA along its entire 

central axon, (2) OA application displaced the eSIZ towards the site of modulation and (3) axonal 

membranes are able to generate ectopic spikes on multiple sites along the axon trunk. The location of 

the neuromodulator-induced eSIZ was thus rather flexible, indicating that the specific location along the 

axon trunk may not be important for the function of modulation. 

Spontaneous ectopic spikes are initiated at a pre-determined location 

AGR generates spontaneous tonic spike activity in its central axon distal to the soma (Daur et al., 2009) 

whenever sensory stimuli are absent. Ectopic spiking is part of the normal activity repertoire of this 

neuron in vivo and in vitro (Smarandache et al., 2008; Daur et al., 2009). It occurs as soon as sensory 

spikes from the periphery are absent, i.e. ectopic spikes are present at rest and in-between bursts 

generated in the periphery. To test whether the location of this spontaneous eSIZ shows a similar 

flexibility as the modulation-induced eSIZ, we carried out experiments to determine the location of the 

AGR spike initiation zone in control (saline) conditions. Determining the location of spontaneously 

occurring action potentials is not a simple task. We thus used several independent approaches: (i) 

optical imaging with fast voltage-sensitive dyes, (ii) intra- and extracellular recordings and (iii) light 

induced eSIZ formation due to excitability changes of the axonal membrane. 
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(i) Estimating the location of AGR’s eSIZ using optical imaging 

The AGR axon projects through an area of a few hundred micrometers that has previously been 

associated with neuronal release of neuromodulators, and in particular with octopamine (Goaillard et 

al., 2004). This area of the stn is located close to the stn/son junction in the anterior stn and can easily 

be recognized due to its wider diameter (see anterior stn in Fig. 1A). We hypothesized that the location 

of the spontaneous spike initiation zone is located in this area of the stn. We used optical imaging with 

voltage-sensitive dyes (see Materials and Methods) along the axon to determine the timing of ectopic 

action potentials relative to an extracellular recording of the same action potentials on the dgn in order 

to estimate the location of the spike initiation zone. After staining the desheathed stn with Di-4-ANEPPS, 

optical imaging was performed at different sites along the central AGR axon, starting at the anterior stn 

(close to the stn/son junction). Several imaging sessions were recorded at each location resulting in 200 

to 400 action potentials that were then averaged. The stn contains approximately 56 large diameter 

axons (Coleman et al., 1992). These axons were easily recognizable after staining with the voltage-

sensitive dye (Fig. 2A), but they were distributed across several vertical focal planes. For optical imaging 

to be successful, the object of interest has to be in focus. Whether the AGR axon is consistently found 

ventral, medial or dorsal in the stn is unknown. We thus first determined the vertical position of AGRs 

axon in the stn in a series of experiments in which we injected a fluorescent marker (Alexa Fluor 488, 

see Materials and Methods) into the AGR soma and traced the axon in the stn with a counterstaining of 

Di-4-ANEPPS. The intracellular staining was strong enough to trace the central AGR axon for 5.42 to 

9.82mm (average 8.39±1.76mm, N=6; ~2/3 of the stn length). The AGR axon was always found in the 

most ventral focal plane (Fig. 2A).  

Optical imaging of AGR was performed in preparations without dye injection since intracellular injection 

of fluorescent markers potentially reduces the signal-to-noise ratio of the optical signal. We initially 

analyzed the change in fluorescence for individual axons in the most ventral focal planes by selecting 

individual axons as regions of interest (Fig. 2B, i to iii). In all cases, exactly one axon showed a peak in 

fluorescence that was time-locked to the AGR action potential on the extracellular recording (Fig. 2B, i: 

axon 1). Our analysis revealed however that the signal-to-noise ratio after averaging >100 action 

potentials was high enough to detect the AGR action potential even when multiple axons were selected 

simultaneously. This allowed us to use a rectangular region of interest (Fig. 2B, b: box). The average 

change in fluorescence was slightly decreased in amplitude and broadened in comparison to individual 

axons, but distinct enough to detect the AGR action potential. Thus, this method appears to be sensitive 

enough to detect action potentials of individual neurons in a nerve containing >50 axons without knowing 

the exact location of a particular object of interest. By moving the objective (and consequently the region 

of interest) along the stn in posterior direction (towards the STG, ~330µm step size) we were able to 

track the AGR action potential in 3 out of 5 preparations. In 2 preparations the signal-to-noise ratio of 

the optical signal was not sufficient to continuously detect the AGR action potential along the stn. When 

comparing the time difference between action potential occurrence on the optical recording and the 

extracellular dgn recording, the longest time difference between the optical and the extracellular 

recording site reveals the site of spike initiation (explained in detail in Material and Methods). We found 

that the time difference between the optical and the dgn recording continuously increased from anterior 
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Figure 2. Estimating the location of AGR’s ectopic spike initiation zone using optical imaging.  

(A) Z-stack of photos showing axons projecting through the stn for 5 different focal planes (dorsal=left, 

ventral=right, 8µm steps). Photos were at the anterior stn (top, 4,386µm away from anterior neuropil end) and 

posterior stn (bottom, 527µm from away from anterior neuropil end). The stn was desheathed and stained with 

Di-4-ANNEPS. The AGR axon was visualized via intrasomatic Alexa Fluor 488 injection. The AGR axon (arrow) 

was found consistently in the most ventral focal plane. Note that all axons in the -30µm focal plane are out of 

focus, i.e. this focal plane was outside of the STG axon bundle. Scale bars: 50µm. (B) Optical recordings of 

AGRs spike activity in the stn (3.3 mm anterior of the STG neuropil). Left: High resolution picture. Different 

regions of interest were selected (i-iii: axon 1 to 3, r: rectangular region) and the change in fluorescence of all 

pixels within a given region of interest was analyzed. Right: Averaged optical signals (opt, n=84 sweeps) triggered 

on the extracellular AGR action potential on the dgn (top). In the example shown, traces from axon 1 (i) and the 

rectangle (r) showed fluorescence changes correlated with the AGR action potential on the dgn recording. As 

control, when the fluorescence signal of axon 1 was subtracted from the rectangle (trace iv) no peak remained, 
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indicating that those regions contained the AGR axon. The conduction delay between the optical recordings and 

the dgn is depicted in red. Vertical scale bars: 0.1% fluorescence change. (C) Optical imaging along the stn. Left: 

Composite photograph of STG and stn after staining with Di-4-ANNEPS, showing the location of three selected 

optical recording sites (blue squares). Right: Averaged optical signal (top) and extracellular dgn recording 

(bottom) for the three depicted recording sites. The delay between the optical recording and the dgn (shown in 

red) is largest at the most posterior recording site (bottom). The white rectangle indicates the area where the 

eSIZ can be expected. n: neuropil, horizontal scale bar: 150µm, vertical scale bars: 0.1% fluorescence change. 

(D) Time difference between optical and dgn recording as a function of the imaging position along the stn for 3 

preparations. The delay increases towards position 0 (=the anterior end of the STG neuropil) showing that AGRs 

eSIZ is either close to the STG neuropil or lies within it. 

optical recording sites to more posterior recording sites, i.e. when the objective was moved closer 

towards the posterior part of the stn (Fig. 2C). Across preparations the time difference between optical 

recoding and dgn was highest near the anterior end of the STG (Fig. 2D), indicating that spontaneous 

ectopic spiking was initiated nearby. Optical recordings were not continued further posteriorly as the 

AGR axon enters the STG neuropil and long-term illumination of the STG neuropil with this dye has 

been shown to change neural activity and to cause permanent phototoxic damage (Stein and Andras, 

2010; Preuss and Stein, 2013). Illumination of the stn, in contrast, did not change the AGR firing 

frequency or the activity of the STG circuits in any of our experiments. Likewise, the delay between the 

dgn and a second extracellular recording site (the son) remained unchanged independently of which 

part of the stn was illuminated. Thus, application of Di-4-ANEPPS and illumination of the axonal 

membrane neither affected spike initiation nor the initiation zone. In conclusion, AGR’s SIZ is likely to 

be located near the posterior part of the stn or in the STG neuropil. 

The spatial resolution of optical imaging is not determined by the field of view, but rather by the temporal 

resolution of the camera (described in Materials and Methods) and how far the action potential travels 

during each camera frame. To assess the spatial acuity of our experiments, we thus calculated the 

conduction velocity of the AGR axon in the stn. On average we found that spikes propagated with an 

average conduction velocity of 0.90±0.11m/s (N=24). Thus, with a maximum temporal optical imaging 

resolution of 1.3ms the site of AGR’s ectopic spike initiation must have been within 1.17±0.14mm of the 

recorded axon site. The average length of the stn from the anterior end of the STG neuropil to the 

stn/son junction was 12.5±2.7mm (N=16). The average distance between the AGR soma and the 

anterior end of the STG neuropil was 0.86±0.35mm (N=13). Since AGR’s ectopic action potentials were 

not generated in the soma (see below, Fig. 3A), the eSIZ was located between AGR soma and up to 

1.17mm away from the anterior border of the STG neuropil (less than 10% of the length of the stn, 

depicted by the squared area in Fig. 2B). 

(ii) Estimating the location of AGR’s eSIZ using intra- and extracellular recording techniques  

To determine the location of AGR’s spontaneous SIZ more accurately we used a combination of extra- 

and intracellular recording techniques. In specific, the timing of the AGR action potential was determined 

using several extracellular recordings along the AGR axon (dgn, stn posterior, stn middle, stn anterior, 

son; similar to Fig. 1A). Because the STG region is inaccessible for extracellular recordings we 
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additionally performed intracellular recordings from the AGR soma. As predicted by our optical imaging 

experiments, we found that the AGR spike always occurred first on the posterior stn recording site (Fig. 

3A). This was true for all preparations tested (N=6, Fig. 3B). On average we found a 1.12±0.92ms delay 

between the soma and the posterior stn recording. Thus, AGR’s eSIZ was either located within the 

posterior stn recording well, or in close vicinity to it, i.e. closer to the posterior stn recording site than to 

the soma. 

Figure 3. Tracking of AGR’s ectopic spike 

initiation zone with electro-physiology.  

(A) Averages (n=60) of AGR spike activity in 

saline showing the spike conduction along 5 

extracellular recording sites plus an intracellular 

recording of the AGR soma. Intracellular AGR 

spikes from the soma were used as trigger. The 

AGR spike occurred first on the stn posterior 

recording (red trace), indicating that AGRs eSIZ 

is closer to the stn recordings site than to the 

soma. Scale bar: 40 mV. (B) Analysis of the 

spike delay for 6 experiments. Delays were aligned so that the site with the largest delay to the dgn (=site of 

action potential initiation) appears at time 0. In all experiments, the AGR spike occurred first on the posterior stn 

recording (arrow). 

 (iii) Identifying the location of AGR’s eSIZ by optical activation of ectopic spiking in the axon 

Our data indicate that AGR’s eSIZ is either located in the posterior part of the stn or in anterior regions 

of the STG neuropil. Given that the STG neuropil is inaccessible for intra- and extracellular recordings, 

we employed an approach that enabled us to optically excite AGR’s axon membrane at specific spots 

along the stn. To achieve this, we exploited the fact that AGR can generate new eSIZ at any given spot 

in its axon. We artificially moved the site of spike initiation away from the spontaneous eSIZ and 

measured changes in spike arrival times between recording sites. For this, the STG and stn were stained 

with the voltage-sensitive dye Di-4-ANNEPDHQ (Obaid and Salzberg, 2009). Note, that this is a different 

dye than was used in our previous imaging experiments. We found that illuminating the stained axons 

increased AGR firing frequency (Fig. 4A) and generated a new eSIZ at the illuminated spot. Excitatory 

side effects of lipophilic VSD have been reported before (Stein and Andras, 2010; Preuss and Stein, 

2013), and while usually undesired they were instrumental in our efforts to locate the SIZ. The excitation 

light was focused with a pinhole such that an area with a diameter of 225µm was illuminated. We covered 

the most posterior parts of the stn (>20% of the stn length, ~2.5mm distant from the anterior end of the 

STG neuropil) and the whole STG in these experiments (Fig. 4C, right), as our previous experiments 

had indicated that ectopic spikes were generated in this area. Simultaneously, we recorded AGR spike 

occurrence extracellulary on the dgn and son to measure changes in spike timing between recording 

sites. Illumination caused ectopic action potentials at the site of illumination (Fig. 4B), i.e. a new eSIZ 

was formed at the illuminated location. This effect was reversible, i.e. when illumination was stopped 

the original eSIZ became active and continued to generate action potentials for the remainder of the 

experiment (Fig. 4B, trace iii). By moving the site of illumination to more posterior parts along the stn 
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Figure 4. Tracking of AGRs ectopic spike initiation zone via light-induced local excitability changes. 

(A) Illumination of 225µm of the stn after axons were stained with Di-4-ANNEPDHQ increases AGR firing 

frequency. Instantaneous firing frequency and original recording of AGR activity on the dgn are shown. (B) During 

illumination, the spike delays between dgn and stn recordings changed, indicating that the eSIZ moved to a 

different location. Overlay of multiple AGR action potentials before, during and after illumination. (C) Comparison 

of the timing of the AGR spike on the son when different areas of the stn were illuminated. The eSIZ traveled 

with the optical stimulus and only when the STG neuropil was reached, no change in timing in comparison to 

control (top, blue) was found. Right: composite photo of STG and stn after staining. The white box depicts the 

area of spike initiation. (D) Deviation of action potential timing during illumination from control (no illumination). 

Shown is the delay of action potential occurrence on the son for 4 separate experiments (grey) plus average 

(green, means±SD) and its change as different axon areas were illuminated. Positions at the axon were aligned 

to the anterior border of the STG, i.e. negative values correspond to more posterior regions and positive values 

to more anterior regions in the stn. The arrows mark areas where no change to control was seen. * marks areas 

where illumination caused a significant change in spike timing to all other areas, with no significant change to 

control. * p<0.05, One way ANOVA, F(3,15)=132.177, N=4, Holm-Sidak post-hoc test. The location of the STG 

neuropil is indicated with a grey box. 
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action potentials were elicited at various axonal locations (Fig. 4C). By doing so we were able to 

determine the location of AGRs eSIZ with 225µm acuity. The location of the SIZ was reached when 

illumination did not alter the timing of the action potentials as compared to control situations (red trace 

in Fig. 4C). All of our experiments (N=4) show that the SIZ was located at the anterior border of the STG 

neuropil (Fig. 4D). To compare the location of the SIZ across multiple experiments, we defined the 

anterior end of the STG neuropil as position 0. Negative values correspond to positions posterior to the 

neuropil border, positive values to positions in the stn. Across preparations the position of the eSIZ 

varied only slightly. In three preparations (1 - 3, Fig. 4D), there was exactly on location where illumination 

was ineffective in moving the spike initiation site (indicated by arrow). Illumination of further anterior or 

posterior spots resulted in clear changes in delay times. In preparation 4, illumination of two successive 

spots did not alter delay times, indicating that the SIZ was located in or between both locations. On 

average, spike delays were significantly different from control in areas outside of +225 and -225µm from 

the anterior neuropil border. Thus, the spontaneous spike initiation zone was consistently located at the 

anterior border of the STG neuropil and had a maximum expansion of 500µm. Interestingly the variability 

in the timing of the ectopic spikes (‘jitter’) increased with distance from the spontaneous eSIZ (Fig. 4C). 

This may indicate that the location of spike initiation was most spatially restricted at the spontaneous 

eSIZ, while at more distant axon locations action potentials were elicited at multiple positions within the 

225µm that were illuminated. 

In summary, our results so far show that in contrast to the modulator-induced SIZ, the spontaneous eSIZ 

was spatially restricted and consistently located near the anterior end of the STG neuropil. 

AGRs spontaneous eSIZ is in close vicinity to axonal arborizations  

Why is the spontaneously active eSIZ in a designated location while the influences of external 

modulators can move the SIZ away from its original location? Goeritz et al. (2013) have shown that AGR 

possesses between 1 and 3 neurites that branch off the main axon in the STG neuropil and make 

putative synaptic contacts to STG motor neurons. In particular synaptic connections between AGR and 

the gastric mill (GM) neurons have been suggested.  

However, no responses to synaptic input from the GMs or other STG neurons were detected in 

intrasomatic AGR recordings (Goeritz et al., 2013). We hypothesized that instead spontaneous ectopic 

spiking may be influenced by synaptic input from the GMs. We predicted that the SIZ is in close vicinity 

of the branch points of the AGR neurites and thus of the putative synaptic input. We studied the anatomy 

of the AGR axon in more detail by iontophoretically injecting fluorescent dyes into AGR to stain axon 

and neurites (see Materials and Methods). We found that AGR possesses between 1 and 3 primary 

neurites leaving the central axon in the STG (Fig. 5A, average: 1.65±0.81 neurites, 11 with 1 neurite, 5 

with 2 and 4 with 3 neurites, N=20). To determine the origin of the neurites we normalized the length 

and width of the neuropil for comparison across animals (length: posterior border=0, anterior border =1; 

width: left=0, right=1; average length: 454.33±133.82µm, width: 301.14±99.10µm, N=20). AGR showed 

at least one primary neurite in the STG neuropil. While the origins of these neurites were rather 
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distributed within the neuropil (Fig. 5B) we found that in 18 of the 20 stained AGR neurons at least one 

neurite originated in the upper half of the STG neuropil (Fig. 5C) where the eSIZ is located. Most primary 

neurites also ended within the STG neuropil. Only few extended beyond its border (Fig. 5B). 

Figure 5. The AGR axon possesses neurites in the anterior STG neuropil. 

(A) Example stainings of four AGR somata and axons. AGR axons either had one (i, ii), two (iii) or three neurites 

(iv) that projected into the STG neuropil. (i) Double staining of AGR via intrasomatic injection of Alexa Fluor 568 

plus staining of all neuronal membranes with Di-4-ANNEPS. (ii-iv) AGR was stained with intrasomatic Alexa Fluor 

568 injection. The position of the neuropil and STG neurons was reconstructed using bright-light pictures of the 

STG. The inset in (iv) shows the 2 neurites leaving the AGR axon in higher magnification. Scale bars: 100µm. 

20µm for inset. n: neuropil. (B) 2-dimensional reconstruction of AGR neurite origin in the STG. Blue circles 

represent the positions where neurites originate at the AGR axon. Shown are 33 neurite positions collected from 

20 preparations, plotted as a function of the normalized neuropil length (y axis) and width (x axis). For better 

visualization, the location of the neuropil and the STG neurons was exemplary added to the plot. The average 

position of AGRs soma is shown in orange. The grey line represents the half length of the neuropil (0.5). (C) 

Representation of AGR neurite origin in the STG, showing only the most anterior neurite position of a given AGR 

neuron. Data was sorted by neurons with 1, 2 or 3 neurites branching off the AGR axon. The grey area indicates 

the location of the neuropil. (D) Distribution of the most anterior neurite in the STG neuropil. Binsize: 0.1 

normalized neuropil length. Of the 20 AGR axons shown, only two had neurites in the lower half of the neuropil. 
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AGR’s ectopic spiking is modulated by STG motor neurons  

The STG neuropil is an area of extensive synaptic communication, densely packed with dendrites and 

unmyelinated axons. The fact that the location of the eSIZ is consistently found here could thus be due 

to a functional necessity, namely allowing an ‘easy’ control of ectopic firing frequency. We have 

previously reported that AGR’s firing frequency can be modulated by gastric mill activity (Goldsmith et 

al., 2014). In specific, AGR’s frequency changes rhythmically as soon as a gastric mill rhythm is present. 

Yet, this effect can only be observed when the STG remained undesheathed, a condition that impedes 

intracellular recordings from STG neurons. Fig. 6A shows the change in AGR firing frequency when a 

long-lasting gastric mill rhythm was started by stimulation of the mechanosensory VCN pathway 

(Beenhakker et al., 2004). The AGR frequency increase coincided with the activity phase of the 

protractor motor neurons (such as the gastric mill (GM) neurons, Fig. 6B). Did this modulation of the 

AGR firing frequency occur at the eSIZ or did the modulation activate a different site for spike initiation 

(similar to the extrinsic neuromodulator application)? To test this we measured the time delays of the 

AGR action potential occurrence at the stn and dgn recording sites (Fig. 6C). A shift in the SIZ during 

VCN stimulation should manifest itself in a shift of the relative timing between the two recordings. This 

was not the case, indicating that the modulation occurred at the eSIZ. 

To test whether the GM neurons contributed to the modulation of AGR’s ectopic spiking we retrogradely 

activated them with extracellular stimulation. All GM motor neurons innervate their target structure 

(gastric mill muscles) via projections in a side nerve leaving the dgn, which exclusively contains the 

axons of the GM motor neurons. We used extracellular stimulation because intracellular activation of 

the GM neurons was not feasible without desheathing the ganglion, and as mentioned above, 

desheathing impedes the modulation of AGR’s firing frequency (Goldsmith et al., 2014). We stimulated 

the GMs using trains of stimuli with stimulation frequencies of 40Hz and train durations of 10s with 20s 

intertrain intervals. Figure 6D shows an original recording of the stn (with AGR spikes) and the GM 

stimulation. The top trace depicts the AGR firing frequency. Whenever the GM neurons were activated, 

AGR’s firing frequency increased, indicating that AGR’s ectopic spiking is indeed affected by STG motor 

neuron activity. This increase occurred specifically during the activity phase of the GM neurons (Fig. 

6E). 

Similar to the VCN stimulation, direct activation of the GM neurons had no effect on the relative timing 

of the AGR action potential on the extracellular recordings (Fig. 6F), indicating that the GM neurons 

were electrotonically close to the eSIZ and affected AGR spike frequency by modulating the 

spontaneous eSIZ in the neuropil rather than at other axonal sites. 

In fact, when we moved the spike initiation zone away from its original location, no modulation of AGR’s 

firing frequency occurred. In these experiments we reduced axon excitability on the stn by application 

of high-divalent saline (‘HiDi’). This raises spike threshold and causes other ectopic spike initiation zones 

with lower intrinsic excitability to become active (Daur et al., 2009). Fig. 7A shows an experiment in 

which HiDi was focally applied to the anterior half of the STG, including ~1mm of the stn. AGR firing 

frequency dropped in response to application and eventually, the site of spike initiation changed and 

spikes were generated more posteriorly, namely in the dgn (Fig. 7B). In contrast, no change in spike 
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initiation was seen when HiDi was applied to other parts of the stn, further supporting our conclusion 

that spontaneous spike initiation occurs close to the anterior end of the STG neuropil. In 3 of 9 

experiments, spiking in AGR was completely suppressed in HiDi and no secondary eSIZ was activated. 

In all other experiments (N=6), the new eSIZ was located posterior to the original eSIZ (Fig. 7C). This 

indicates that the original eSIZ possesses the highest intrinsic excitability and that excitability in the 

periphery was low and insufficient to induce spontaneous action potentials. To test whether the GM-

mediated modulation of AGR’s firing frequency selectively affected the spontaneous eSIZ rather than 

other axonal sites we suppressed the spontaneous eSIZ with HiDi and stimulated the VCN. We used 

VCN stimulation in these experiments rather than direct GM stimulation to prevent an accidental direct 

activation of the eSIZ in the dgn (as GM stimulation was carried out by stimulating a side branch of the 

dgn). Fig. 7D shows the control situation with the spontaneous eSIZ active (right) after VCN stimulation. 

AGR’s firing frequency increased in time with the GM neuron bursts (left). In contrast, when HiDi was 

applied, spikes were initiated closer to the dgn and no modulation was present (Fig. 7E). We found 

similar results in all preparations tested (N=6). 

Figure 6. GM neurons modulate AGR’s spontaneous ectopic firing.  

(A-C) Extracellular VCN stimulation, (D-F) extracellular GM neuron stimulation. (A) AGR instantaneous firing 

frequency before and 5 minutes after VCN stimulation (top) and extracellular recording of the dgn site branch, 

containing only GM axons. After VCN stimulation AGR inst. ff. increased rhythmically in time with GM bursts. (B) 

Phase analysis of rhythmic AGR inst. ff. changes for 16 animals after VCN stimulation. Shown are the activity 

phase of the GM neurons (top, mean ± SD) and the normalized mean AGR inst. ff. (bottom). The grey surface 

represents the SD. AGR ff. was binned (Binsize: 0.1 phase). VCN stimulation elicited a significant increase in 

AGR firing frequency during GM bursts (paired t-test, p<0.001, N=16). (C) There was no change in spike delays 

between dgn, stn anterior and son when VCN was stimulated. (D) AGR instantaneous firing frequency before 

and during rhythmic extracellular GM neuron stimulation (top) and extracellular recording of the dgn (bottom), 

showing the stimulus response of the GM neurons. AGR inst. ff. increased during GM stimulation. (E) Phase 

analysis of AGR inst. ff. changes in response to GM stimulation for 6 animals. GM stimulation elicited a significant 

increase in AGR firing frequency (paired t-test, p<0.001, N=16). (F) There was no change in spike delays 

between dgn, stn anterior and son before and during GM stimulation. 
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In summary, thus, our results demonstrate that while extrinsic modulation of an axon can activate spike 

initiation zones at many locations of the axon, without modulation only one specific region of the axon 

serves as spike initiation zone. This zone is in close vicinity of its synaptic partners to allow modulation 

of the ectopic firing frequency at the site of spike initiation. 

Figure 7. Neuronal modulation only occurs when AGR’s spontaneous eSIZ in the stn is active.  

(A) Change in AGR instantaneous firing frequency after HiDi saline application to the stn (grey bar). Rectangles 

mark the areas used for conduction delay analysis in B. (B) Average (n=60) change in conduction delay between 

dgn, stn anterior and son before and after HiDi application. In control (top), action potentials occurred first on the 

stn anterior recording (red trace). In HiDi, action potentials are initially generated both in the stn and the dgn 

(middle) until the eSIZ in the stn is fully silenced and spikes are solely generated in the dgn (bottom). (C) 

Conduction delays between dgn and stn anterior before and during HiDi application for all experiments. AGR 

spike occurrence on the dgn was set as time 0. Negative values illustrate that the spike first appeared on the stn 

anterior, positive values indicate that the spike first appeared on the dgn. Across animals, there was a significant 

shift of AGR’s eSIZ towards the dgn (p<0.001, paired t-test, N=6). (D, E): AGR instantaneous firing frequency 

before (D) and during HiDi saline application (E) to the posterior stn. The extracellular recording of a dgn side 

branch shows the activity of the GM neurons. In HiDi, AGR inst. ff. decreased and rhythmic modulation ceased 

albeit the GM neurons continued to burst. 
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DISCUSSION 

Knowing where action potentials are generated within neurons is fundamental to understand how 

ectopic action potentials are generated, why they are generated where they are and what controls their 

frequency. Neurotransmitters and modulators are known to alter axonal excitability and induce ectopic 

spike initiation in unmyelinated and myelinated axons in vertebrates and invertebrates (Meyrand et al., 

1992;Cahalan, 1975 Bostock and Bergmans, 1994; Bucher et al., 2003; Goaillard et al., 2004; Moalem 

et al., 2005; Hoffmann et al., 2008; Daur et al., 2009; Sheffield et al., 2011). Ectopic spike initiation in 

response to axonal neuromodulation depends on the presence of suitable receptors in the axonal 

membrane. Thus it is not surprising that both myelinated and unmyelinated axons can be endowed with 

ionotropic and metabotropic receptors for transmitters and neuromodulators (Swadlow et al., 1980; 

Bucher and Goaillard, 2011). Yet, despite of numerous reports on ectopic spike initiation in response to 

neuromodulation, only few have addressed whether the formation of new eSIZ is restricted to particular 

axonal areas. 

Here, we demonstrate that the neuromodulator octopamine elicits ectopic spiking at different locations 

along the axon of the sensory neuron AGR and that the SIZ moved towards the application site. In 

contrast, spontaneous ectopic spike initiation was consistently located near the anterior end of the STG 

neuropil. The firing frequency of this eSIZ was modulated by GM motor neurons in the STG. Modulation 

was local as other spike initiation sites were not affected by motor neuron activity. 

Neuronal and hormonal modulation of ectopic spiking 

The biogenic amine octopamine, which was used in this study, is the invertebrate analog of 

norepinephrine. It has been shown to modulate many physiological processes in invertebrates (Roeder, 

1999), including STG motor patters (Flamm and Harris-Warrick, 1986). OA can reach the STNS either 

via neuronal release or as circulating hormone. It is present in relatively high concentrations in neuronal 

and non-neuronal tissues of most invertebrate species studied (up to several mM; Roeder, 1999). We 

found that the whole AGR axon trunk was receptive for OA and the response at all tested location was 

similar. Hence there was no preferred site for modulation, indicating that OA may act hormonally on 

AGR. In a previous study, Goaillard et al. (2004) have shown that local application of OA to the anterior 

part of the stn can start a gastric mill rhythm by activating ectopic spiking in a descending projection 

neuron (MCN5). Whether the MCN5 axon is sensitive to OA in other areas was not specifically tested, 

but the anterior part of the stn contains synaptic structures with small clear and dense core vesicles 

indicating that neuronal release at this site may occur. Yet, OA releasing neurons have not been 

described in the STNS, but OA has been shown to be present in the stn (Barker et al., 1979). 

Global axon modulation may have additional effects: As large portions of the axon are affected by 

hormonal neuromodulators, APs traveling along the axon may experience more interactions (and thus 

possibly display more dynamics) between hormonally-induced changes in excitability than those elicited 

by local input at a fixed location. This may even be the case at subthreshold concentrations or when 

ectopic action potentials are absent due to strong activity of the neuron (such as peripheral activation in 
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the case of AGR). For example, dopamine at hormonal concentrations induces ectopic spiking in 

stomatogastric motor neurons, but also affects the propagations dynamics of action potentials generated 

at the axon initial segment (Bucher and Goaillard, 2011). 

Modulator actions along the axon may also explain why eSIZ formation is so effective in causing 

pathological activity patterns: Epileptic seizures, for example, can be elicited neurochemically by 

activating high frequency SIZs. Modulation along large sections of the axonal membrane increases 

excitability more strongly than local effects. In particular for fast spiking type II neurons overcoming the 

low excitability of the axon trunk may then immediately result in high frequency ectopic firing. 

AP initiation near axon branches is energetically favorable 

Part of AGR’s normal repertoire is tonic spike generation (2-5 Hz) initiated spontaneously at a site 

remote from the soma as soon as sensory input from the periphery ceases (Daur et al., 2012). Tonic 

ectopic spiking in AGR has been shown to be functionally important as even small changes in AGR 

firing frequency alter the motor output of the gastric mill circuit (Daur et al., 2009). The response of the 

motor circuits includes transient effects, suggesting that quick changes in ectopic spiking are relevant 

for the postsynaptic response. Hence, one would expect that firing frequency is controlled via synaptic 

or fast modulatory interactions rather than by slow hormonal actions. The AGR axon projects through 

the STG neuropil, an area of dense interaction between central pattern generating neurons. We found 

that spontaneous spike initiation always occurred within ±250µm of the anterior border of the STG 

neuropil (Fig. 4) and that AGR possesses at least one neurite that branches off the axon trunk in this 

area (Fig. 5). Why is the eSIZ located there? The diameter of the neurites is small in comparison to the 

main axon. Morphological inhomogeneities such as branch points and rapid changes in axon diameter 

are known to cause impedance mismatches that affect the current flow and conduction velocity (Bucher 

and Goaillard, 2011). In specific, a decrease in diameter results in reduced capacitance and thus lower 

rheobase. Hence, morphological inhomogeneities cause local excitability changes with the result that 

AP generation at or in close vicinity to neurites will be energetically favorable. Similarly, the heightened 

excitability may favor modulation of ectopic spiking by synaptic input. Naturally, there may be additional 

factors influencing axonal excitability at the eSIZ, such as the density and repertoire of voltage-gated 

channels. 

Potential mechanisms of synaptic modulation of ectopic spiking 

Goeritz et al. (2013) showed that AGR neurites contain clustered sites of putative chemical synapses 

and that the GM neurons are potential synaptic partners of AGR. The GM neurons are part of the gastric 

mill motor circuit that drives chewing and mastication of food. We found that the spontaneous ectopic 

spiking is modulated by the GM motor neurons (Fig. 6). GM neuron activation increased AGR’s firing 

frequency without affecting the location of the spike initiation zone. Whether this effect is mediated 

chemically or electrically is not clear. While the GM neurons excite the gastric mill muscles via 

acetylcholine (Marder, 1976), it appears that they only interact via gap junctions within the STG 

(Nusbaum and Beenhakker, 2002). Fast synaptic actions on AGR seem unlikely, however, due to the 
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rather slow changes in AGR firing frequency. Rather, slow metabotropic actions or weak electrical 

connections may elicit the observed modulation. In any case, interaction with ectopic spikes requires 

that the input can be integrated and is electrotonically close to the site of spike initiation. This is reflected 

in the finding that the GM induced increase in AGR firing frequency could only be observed when the 

eSIZ in the neuropil was active (Fig. 7). 

Relocation of the site of ectopic spike initiation to gate local feedback and modulatory influences 

AGR is part of a sensory feedback loop that controls the gastric mill rhythm. It is activated by high tension 

in gastric mill powerstroke muscles that protract the medial tooth. These muscles are activated by the 

GM motor neurons, which in turn receive polysynaptic long-loop feedback from AGR via upstream 

projection neurons in the distal commissural ganglia (Daur et al., 2012).  

Modulation of AGR ectopic spiking via GM neurons may thus represent local feedback interactions 

between the sensory and motor system, intermediary to long-loop feedback from upstream projection 

neurons. With this in regard, simultaneous hormonal and synaptic modulation at different sites of the 

axon offers an interesting functionality. When hormonal modulation exerts its slow and longer-lasting 

excitatory effect, it occludes and thus disables the local modulation exerted by the motor circuits. This 

is due to two effects: an increase in spike frequency and the migration of the eSIZ to a spot outside of 

the reach of the synaptic modulation. Simultaneous hormonal and synaptic modulation at different sites 

might thus represent a convenient way of eliciting state-dependent interactions between sensory and 

motor structures and to enable or disable local feedback. In this scenario, fast local synaptic modulation 

will instead act as feedback from neuronal circuits while global actions would modulate the state of the 

sensory axon and its susceptibility to synaptic input. Neurons that can initiate action potentials at multiple 

locations may thus perform different behaviorally relevant outputs according to which eSIZ is activated. 

One might even argue that each site of spike initiation is a site of information processing able to operate 

independently or in coordination. In case of AGR, the modulation of AGR ectopic spiking via GM neurons 

thus represents an early point of interaction between the sensory and motor system, far away from 

postsynaptic circuits. 
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Chapter 5 

Control of sensory ectopic spike initiation by 

descending modulatory projection neurons  

Carola Städele and Wolfgang Stein 

This manuscript is currently deposited on bioRxiv (Cold Spring Harbor Laboratory), an open access 

preprint server for the life sciences (uploaded on 23rd August 2015). Deposition of manuscripts on online 

archives as bioRxiv offers the advantage that scientific feedback from experts in the field can be obtained 

prior to manuscript submission. We intend to submit the manuscript as research article to a peer-reviewed 

neuroscience journal. 

I am first author on this manuscript and I contributed to research design, performed all experiments 

presented in the manuscript, analyzed data and was substantially involved in manuscript preparation. 

We demonstrate that spike initiation in AGR is under direct neuromodulatory control by descending 

projection neurons. In specific, we found that activation of the inferior ventricular (IV) neurons, a pair of 

descending chemosensory projection neurons from the brain, elicited a long-lasting decrease in AGR 

spike frequency. This decrease was specific to IV neuron activation and could not be observed when 

another descending pathway was active. We present that ectopic spike initiation in AGR is under direct 

neural control by IV neurons and is mediated by the release of histamine acting on H2 receptors. Our data 

strongly suggests that descending control of sensory spike initiation can increase the physiological 

repertoire of CPG activity and that activity-dependent modification of sensory feedback could represent 

an understudied substrate for neuronal plasticity. 
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ABSTRACT 

Descending pathways are important modulators of motor networks and allow the dynamic adjustment 

of behaviors to changing internal and external conditions. Central pattern generating networks (CPG) 

have been particularly amenable to study the modulation of motor networks and demonstrated that 

virtually all levels of information processing are controlled by descending projections. CPGs receive 

sensory feedback and while it is known that sensory activity can be gated by central pathways, we here 

present for the first time that descending projection neurons modulate action potential initiation in 

sensory neurons. 

We used the fact that the anterior gastric receptor neuron (AGR), a single-cell bipolar muscle tendon 

organ in the crustacean stomatogastric nervous system, generates spontaneous ectopic action 

potentials in its axon. We found that axonal spike initiation is under direct neuromodulatory control by a 

pair of descending projection neurons. These IV (inferior ventricular) neurons descend from the brain 

and are known to control CPGs in the stomatogastric ganglion (STG). Activation of the IV neurons 

elicited a long-lasting decrease in AGR ectopic spike activity. This decrease was only observed when 

spikes were generated ectopically in the central portion of the axon, i.e. the modulation was specific to 

the site of spontaneous spike initiation. The decrease could be mimicked by focal application of the IV 

neuron co-transmitter histamine and IV neuron actions were diminished after blocking H2 receptors, 

indicating a direct descending modulation of the axonal spike initiation site. In contrast, the propagation 

dynamics of en-passant action potentials were not affected. Descending modulatory projection neurons 

therefore control axonal spike initiation in sensory neurons without affecting afferent spike propagation 

to increase the physiological activity repertoire of sensory pathways. 
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INTRODUCTION 

Many rhythmic behaviors such as breathing, swallowing and walking are mediated by central pattern 

generators (CPGs). CPGs are neural networks that generate rhythmic motor output, and they often do 

so even in the absence of afferent input (Delcomyn, 1980; Marder and Calabrese, 1996; Nusbaum and 

Beenhakker, 2002; Grillner, 2009; Selverston, 2010; Harris-Warrick, 2011). Nevertheless, CPGs receive 

sensory input to adjust their output to changes in the periphery (reviewed in Bässler, 1986; Wolf, 1995; 

Ausborn et al., 2007; Büschges et al., 2011; Stein, 2014). When this occurs, the stimulus properties are 

not the only factors to contribute to motor activity. Instead, peripheral and central influences interact to 

produce the output, making the state of the system and ongoing activity important contributors to 

stimulus-induced changes in motor output. 

A number of mechanisms have been identified that affect sensory pathways, including activity- or state-

dependent reduction of afferent spike amplitude (Clarac and Cattaert, 1996; Schmitz and Stein, 2000; 

Margrie et al., 2001; Barriere et al., 2008), spike conduction block (Burrows and Matheson, 1994; Xiong 

and Chen, 2002; Lee et al., 2012) and regulation of spike initiation (Evans et al., 2003; Cropper et al., 

2004). In addition, encoding of sensory information has been shown to be subject to neuromodulation 

in several systems (Katz and Frost, 1996; Birmingham, 2001; Birmingham et al., 2003; Mitchell and 

Johnson, 2003; Dickinson, 2006; Stein, 2009; Nadim and Bucher, 2014), although in most cases the 

source of the modulation is unknown. 

Studies of activity-dependent regulation and modulation are technically difficult and best performed in 

experimentally advantageous invertebrate preparations with access to individually identified sensory 

and central pathways. We use one such preparation to study central modulation of the sensory neuron 

AGR (anterior gastric receptor neuron) which is part of the gastric mill CPG for chewing in the crustacean 

stomatogastric nervous system (STNS). AGR is a single-cell bipolar muscle-tendon organ (Combes et 

al., 1995; Smarandache and Stein, 2007). Its soma is located in the stomatogastric ganglion (STG) and 

protrudes a central axon to upstream modulatory projection neurons in the commissural ganglia (CoG) 

and a peripheral axon to gastric mill muscles (Fig. 1A, Combes et al., 1995; Smarandache and Stein, 

2005; Diehl and Stein, 2008). Part of the normal activity repertoire of AGR is the generation of 

spontaneous low-frequency tonic ectopic spike activity in its central axon (Smarandache et al., 2008; 

Daur et al., 2009; Städele and Stein, 2015). Ectopic spiking occurs as soon as peripheral spiking ceases, 

i.e. at rest and in-between peripherally generated bursts (in vivo and in vitro, Smarandache et al., 2008; 

Daur et al., 2009). Those ectopic spikes are propagated orthodromically (towards CoG projection 

neurons) and antidromically (towards the periphery) (Daur et al., 2009; Städele and Stein, 2015). Ectopic 

spiking has been identified in sensory and central neurons in a number of different systems and can 

affect spike initiation (via antidromic propagation) and transmitter release (via orthodromic propagation) 

(Lena et al., 1993; Pinault, 1995; Cattaert et al., 1999; Bucher and Goaillard, 2011). While the effects of 

antidromic propagating ectopic spikes in AGR are unknown, Daur et al. (2009) have shown that even 

small changes in ectopic spike frequency causes pronounced changes in the postsynaptic circuits. To 

what extent ectopic spike activity is regulated and under neural control is unclear, as well as whether it 

is influenced by central or sensory pathways. 
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We have previously shown that ectopic firing in AGR appears to be weakly excited by gastric mill motor 

neurons in the STG (Goldsmith et al., 2014; Städele and Stein, 2015). Here, we show that axonal spike 

initiation in AGR is directly modified by descending modulatory projection neurons that control the CPGs 

in the STG. We found that the inferior ventricular neurons (IV, Christie et al., 2004; Hedrich and Stein, 

2008), a pair of descending chemosensory projection neurons located in the supraesophageal ganglion 

(brain, Fig. 1A), elicited a long-lasting decrease in AGR spike frequency. This decrease could only be 

observed when spikes were generated ectopically in the central axon (close to the STG neuropil). The 

IV neuron effect was mediated via release of Histamine at the central spike initiation zone. We thus 

demonstrate that the direct control of ectopic spiking in a sensory neuron can increase the physiological 

repertoire of sensory feedback without the need for changing circuit connectivity or synaptic weighting. 

MATERIALS AND METHODS 

Dissection 

Adult crabs (Cancer borealis) were purchased from The Fresh Lobster Company (Gloucester, MA) or 

Ocean Resources Inc. (Sedgwick, ME) and kept in tanks with artificial sea water (salt content 

~1.025g/cm³, Instant Ocean Sea Salt Mix, Blacksburg, VA) at 11°C and a 12-hour light-dark cycle. 

Before dissection, animals were anesthetized on ice for 20-40 minutes. All experiments were performed 

in vitro on isolated nervous systems. The stomatogastric nervous system (STNS) including the 

supraesophageal ganglion (brain, Fig. 1A) was isolated from the animal following standard procedures, 

pinned out in a silicone lined (Wacker) petri dish and continuously superfused (7-12 ml/min) with 

physiological saline (10-11°C). Experiments were performed on fully intact and decentralized 

preparations. In the latter, the CoGs were removed by transecting the paired ion and son. 

All animal procedures were performed in accordance with the Illinois State University animal care 

committee's regulations. We adhered to general animal welfare considerations regarding humane care 

and use of animals and Guidelines laid down by the NIH. Animals were sacrificed on ice, a method 

recognized as acceptable under the AVMA guidelines for euthanasia of invertebrates. 

Solutions and modulators 

C. borealis saline was composed of (in mM) 440 NaCl, 26 MgCl2, 13 CaCl2, 11 KCl, 11.2 Trisma base, 

5 Maleic acid, pH 7.4-7.6 (Sigma Aldrich). In some experiments, low Ca2+ saline was applied to the 

posterior part of the stn (close to the STG neuropil) to block chemical transmission. Low Ca2+ saline was 

composed of 440 NaCl, 11 KCl, 26 MgCl2, 0.1 CaCl2, 11.2 Trisma base, 5.1 Maleic acid, 12.9 MnCl2, pH 

7.4-7.5. High-divalent saline (“HiDi”) was composed of 439 NaCl, 130 MgCl2, 64.5 CaCl2, 11 KCl, 12.4 

Trisma base, 5 Maleic acid and contained five times the amount of Ca2+ and Mg2+ than regular saline. 

HiDi was superfused to the posterior half of the stn including the STG neuropil. In these experiments, 

AGR spike activity was monitored extracellularly in the anterior part of the stn (close to the stn/son 

junction) which was not affected by HiDi. 
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Extracellular and intracellular recordings 

Previously, Goldsmith et al. (2014) demonstrated that removing the sheath of the stomatogastric 

ganglion (STG) influences modulation of AGRs ectopic spiking. Thus, if not stated otherwise, all 

experiments were carried out using non-desheathed nervous system preparations and extracellular 

recording techniques. For extracellular recordings, petroleum jelly-wells were built to electrically isolate 

a small part of the nerve from the surrounding bath. One of two stainless steel electrodes was placed 

inside the well to record neuronal activity of all axons projecting through a particular nerve. The other 

wire was placed in the bath as reference electrode. Extracellular signals were recorded, filtered and 

amplified through AM Systems amplifier (Model 1700, Carlsborg, WA). Files were recorded, saved and 

analyzed using Spike2 Software (version 7.11; CED, UK) at 10 kHz. The activity of AGR was monitored 

on multiple extracellular recordings simultaneously, namely on the stn, dgn, and the son (see Fig. 1A). 

AGR activity was measured as instantaneous firing frequency (inst. ff.) as determined by the reciprocal 

of the interspike interval. 

Extracellular axon stimulation  

Retrograde extracellular nerve stimulations were performed using a Master-8 pulse stimulator (A.M.P.I., 

Israel) controlled by self-programmed Spike2 scripts. Extracellular activation of sensory modalities is 

well established in the STNS and we used standard stimulation protocols to activate the IV neurons 

(Hedrich and Stein, 2008), the ventral cardiac neurons (VCN, Beenhakker et al., 2004) and AGR 

(Smarandache and Stein, 20057). A petroleum jelly well was built around a nerve containing the axons 

of the neuron of interest. One of two stainless steel stimulation electrodes was placed inside the 

compartment, the other was placed outside. The IV neurons were activated via extracellular stimulation 

of the inferior ventricular nerve (ivn, see Fig. 1A) with 10 consecutive stimulus trains, 10 to 50 Hz 

stimulation frequency, 6 sec stimulus trains, 6 sec intertrain intervals ,1 ms pulse duration, 0.5 to 2 Volt 

stimulation voltage (Hedrich et al., 2009; Hedrich et al., 2011). The VCNs, were activated via 

extracellular stimulation of the paired dorsal posterior oesophageal nerves (dpon) with 10 consecutive 

stimulus trains, 15 Hz stimulation frequency, 6 sec stimulus trains, 4 sec intertrain intervals,1 ms pulse 

duration, 2 to 3 Volt stimulation voltage (Beenhakker et al., 2004). In all experiments both dpons were 

stimulated simultaneously using different channels on the Master-8 stimulator. AGR was stimulated on 

the anterior gastric nerve (agn, Fig. 1A), a side branch leaving the dgn that exclusively contains the AGR 

axon. To detect differences in spike failures before and during IV neuron modulation, the agn was 

stimulated with 10 consecutive trains, 10 to 40 Hz stimulation frequency, 9 sec stimulus trains, 9 sec 

intertrain intervals, 1 ms pulse duration and 0.5 to 1 Volt. To determine changes in spike conduction 

velocity we used 5 consecutive trains of 15 Hz stimulation frequency, each train with 28 pulses, 6 to 9 

sec intertrain interval and 1 ms pulse duration. 

Neuromodulator and antagonist application 

Neuromodulators and antagonists were diluted in ultrapure water (18.3 MΩ) and stored in small 

quantities as concentrated stock solutions at -20°C. Immediately before an experiment the 

neuromodulators were diluted in saline to the desired concentration. Concentrations varied between 
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neuromodulators and are stated in the text. Histamine dihydrochloride (Sigma Aldrich), FMRF-like 

peptide F1 (TNRNFLRF-NH2, Bachem) and cimetidine hydrochloride (Sigma Aldrich) were bought 

commercially. Cimetidine hydrochloride was dissolved in dimethyl sulfoxide (DMSO) and protected from 

light throughout the length of the experiment. The two orcokinin isoforms used ([Ala13] and [Val13] 

orcokinin, Li et al., 2002) were a gift from Lingjun Li (University of Wisconsin at Madison, WI, USA). 

Neuromodulators and antagonists were applied selectively to the posterior part of the stn where AGR’s 

ectopic spike initiation zone is located (Städele and Stein, 2015). A petroleum-jelly well was used to 

isolate the application site from the rest of the nervous system. The well had an inner diameter of 

approximately 300-400 µm. Neuromodulators and antagonists were cooled to 10-12°C and manually 

applied into the well using a 1 ml syringe with an injection needle. To exclude temperature-induced 

changes in AGR frequency, saline with the same temperature as the neuromodulators/antagonists was 

applied 5 minutes before each application. Measurements were taken in steady-state (5 minutes after 

neuromodulator/antagonist wash in). Modulators were washed out for 20 to 40 minutes with continuous 

superfusion of cooled saline. 

Similar to observations by Goldsmith et al. (2014) we found that removing the connective tissue from 

the STG caused subtle changes in AGR activity, namely a diminishment of AGR’s response to IV neuron 

stimulation. Thus, all neuromodulators and antagonists were applied to non-desheathed preparations. 

To test whether a particular substance can penetrate the connective tissue, we performed control 

experiments where we applied the modulator/antagonist to the non-desheathed STG and observed 

whether or not the substance affected the STG circuits in a similar fashion as previously published for 

desheathed ganglia (FMRF-like peptide F1: Christie et al., 2004, histamine: Stein et al., 2007, orcokinin: 

Li et al., 2002). For each substance, several concentrations were tested to determine the effective 

concentration. 

Data Analysis, statistics and figure making 

Data were analyzed using scripts for Spike2 (available on www.neurobiologie.de/spike2) and by using 

built-in software functions. For spike detection a voltage threshold was used and the subsequent 

maximum or minimum voltage deflection of the signal passing through this threshold was used as 

trigger. In cases where extracellular stimulus artifacts or the action potentials of other neurons obscured 

the neuron of interest, obscuring signals were eliminated from recordings by subtracting the average 

stimulus artifact with Spike2. For spreadsheet analysis, Excel (version 2010 for Windows, Microsoft) or 

SigmaPlot (version 12 for Windows, Systat Software GmbH, Erkrath, Germany) were used. Normally 

distributed data are given as mean ± SD. “N” denotes the number of animals, while “n” is the number of 

trials. Significant differences are indicated using * (p<0.05), ** (p<0.01), *** (p<0.001). Detailed 

information about statistical tests is given in the corresponding figure legend. Final figures were prepared 

with CorelDRAW Graphics Suite (version X7, Corel Corporation, Ottawa, ON, Canada). 
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RESULTS 

We have previously shown that ectopic spikes in AGR are initiated in posterior parts of the stn, in vicinity 

to the anterior border of the STG. Those ectopic spikes are weakly excited by  the STG gastric mill (GM) 

motor neurons during ongoing gastric mill rhythms (Städele and Stein, 2015). The STG is innervated by 

a set of descending modulatory projection neurons from the commissural and oesophageal ganglia as 

well as from the brain. These projections initiate or modulate the pyloric and gastric mill CPGs 

(summarized in Marder and Bucher, 2001; Selverston et al., 2009; Stein, 2009; Blitz and Nusbaum, 

2011). The AGR axon projects through the STG (Fig. 1A) and albeit no connections from AGR to 

descending projection neurons have been identified, Goeritz et al. (2013) suggested putative chemical 

connections to an unknown modulatory projection neuron. 

AGR’s ectopic spike activity is influenced by descending projection neurons 

To test whether ectopic spike initiation in AGR is under neural control by descending projections, we 

selectively activated the two chemosensory IV neurons. This pair of neurons descends from the brain 

and innervates both the STG and the commissural ganglia (Fig. 1A). To activate the IV neurons we 

performed repetitive extracellular nerve stimulations (according to their in vivo firing pattern, Hedrich 

and Stein, 2008) of the inferior ventricular nerve (ivn) through which the IV neuron axons project (Fig. 

1A). We monitored AGR ectopic spike frequency extracellularly on several nerves (the peripheral dorsal 

gastric nerve (dgn), the central stomatogastric nerve (stn) and close to CoG projection neurons on the 

superior oesophageal nerve (son)). Figure 1B shows the response of AGR and the gastric mill motor 

circuit to IV neuron stimulation. IV neurons were stimulated with 40 Hz and 10 consecutive trains of 6 

sec train/intertrain duration. IV neuron stimulation induced a strong decrease in AGR instantaneous 

firing frequency (from 3.9 Hz to 2.3 Hz, f=1.6 Hz) that outlasted the stimulation for more than 300 

seconds. Across preparations, IV neuron stimulation caused a significantly decrease in AGR firing 

frequency by 26.7±7.9% (Fig. 1C, one way RM ANOVA, p<0.01, N=14). 

Additionally, as described previously (Hedrich and Stein, 2008) IV neuron stimulation started a long-

lasting gastric mill rhythm with alternating burst activity of the lateral gastric (LG) neuron on the lateral 

gastric nerve (lgn) and the dorsal gastric (DG) neuron on the dgn (Fig. 1B, bottom). The gastric mill 

rhythm was accompanied by small rhythmic frequency changes in AGR which are likely to be mediated 

by the gastric mill (GM) motor neurons (Goldsmith et al., 2014; Städele and Stein, 2015). We found that 

the decrease in AGR firing frequency could be prolonged when the IV neurons were stimulated for longer 

durations (up to 40 stimulus trains, N=5, data not shown). In these cases, the beginning of the recovery 

back to baseline frequency was also delayed until the end of the stimulation. 

To characterize the time course of the IV neuron-mediated effect we measured AGR firing frequency 

before IV stimulation (control), during the 5th and 10th stimulation train and 80 sec and 200 sec after the 

last stimulation (Fig. 1C). Across animals (N=14) we found that the IV neuron-mediated effect had a 

slow time course: AGR firing frequency was significantly diminished starting with the 5th stimulation and 

up to 80 sec after the last IV stimulation (p<0.01, one way RM ANOVA, N=14). On average, AGR  
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Figure 1. AGR firing frequency diminished during IV neuron stimulation but was not influenced by VCN 

neurons. 

(A) Schematic of the stomatogastric nervous system. Axonal projections of the paired IV neurons are depicted 

in red. AGR and its axonal projections are depicted in blue. AGR, the sensory neuron used in this study, is a 

bipolar neuron with its soma in the STG (see inset on the left) and axonal projections in the stn and dgn. AGR 

was visualized via intracellular injection of Alexa Fluor 568. Neural structures were visualized via bath-application 

of the voltage-sensitive dye Di-4 ANNEPS (Städele et al., 2012). Scale bar, 100 µm. n=neuropil. Nerve names 

are italicized. Green circles in the CoG represent descending projection neurons. Nerves: ivn: inferior ventricular 

nerve, ion: inferior oesophageal nerve, son: superior oesophageal nerve, dpon: dorsal posterior oesophageal 
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nerve, stn: stomatogastric nerve, dgn: dorsal gastric nerve; agn: anterior gastric nerve, lvn: lateral ventricular 

nerve, lgn: lateral gastric nerve. Ganglia: STG: stomatogastric ganglion, CoG: commissural ganglion, brain: 

supraesophageal ganglion. Neurons: AGR: anterior gastric receptor neuron, IV: inferior ventricular neurons. 

Adapted from Hedrich and Stein (2008). (B) AGR instantaneous firing frequency (inst. ff.) before and during IV 

neuron stimulation (grey bar). The extracellular nerve recordings of the lgn and dgn show the response of the 

STG gastric mill CPG to IV stimulation. Consecutive stimulation of the IV neurons with 40 Hz elicited a gastric 

mill rhythm (note the alternating activity of LG on the lgn and DG on the dgn) and a concurrent 41% decrease in 

AGR inst. ff. (C) Average time course of the change in AGR firing frequency during IV neuron stimulation (10 

consecutive trains, 40 Hz stimulation frequency) for 14 experiments. AGR firing frequency was normalized to the 

frequency measured 100 sec before IV neuron stimulation (=baseline). Control refers to the frequency measured 

immediately before the stimulation. Shown are mean values ± SD (grey area). AGR inst. ff. was significantly 

diminished for all measurements after the 5th IV neuron stimulation train and up to 80 sec after the end of the 

stimulation. One way RM ANOVA, F(4,55)=49.21, p<0.001, Holm-Sidak post-hoc test with p<0.01 significance 

level, N=14. (D) Average time course of the change in normalized AGR inst. ff. during IV neuron stimulation with 

10 to 50 Hz. Shown are the mean values for 14 experiments. (E) AGR inst. ff. before and during VCN stimulation 

(grey bar) for the same experiment as shown in A. VCN stimulation did not affect AGR inst. ff., but started a 

gastric mill rhythm (see LG on the lgn and DG on the dgn). (F) Average time course of normalized AGR inst. ff. 

in response to VCN stimulation. Shown are means ± SD for 12 preparations. VCN stimulation did not cause a 

significant change in AGR firing frequency (one way RM ANOVA, F(4,47)=0.65, p=0.66, N=12). 

firing frequency was most diminished at the end of the IV stimulation (= 10th stim). The response of AGR 

to IV neuron stimulation depended on stimulation frequency. When we stimulated the IV neurons with 

frequencies between 10 to 50 Hz (Fig. 1D, 10 Hz step intervals) stimulation elicited gastric mill rhythms 

at all frequencies, with higher stimulation frequencies causing longer lasting and stronger rhythms. 

However, although 50 Hz stimulation elicited the strongest gastric mill rhythms, 40 Hz elicited the 

strongest reduction in AGR firing frequency. Higher and lower frequencies were less effective. 

Significant responses could be observed at 20 Hz, but lower frequencies (10 Hz) had no effect on AGR 

(AGR inst. ff. after 5th stim. with 20 Hz was significant different from control, one way RM ANOVA, 

F(4,55)=3.73, p<0.01, N=14). 

Axonal spike initiation is directly controlled via chemical synaptic transmission  

The IV neurons exert their actions on the STG motor circuits directly via direct histaminergic inhibition 

of STG circuits and indirectly via activation of modulatory projection neurons in the commissural ganglia 

(Christie et al., 2004; Hedrich et al., 2009). Their latter actions are required for activation of the gastric 

mill rhythm and involve two identified projection neurons, MCN1 (modulatory commissural neuron 1) 

and CPN2 (commissural projection neuron 2) (Christie et al., 2004; Hedrich et al., 2009; Hedrich et al., 

2011). The fact that the observed decrease in AGR firing frequency during IV neuron stimulation was 

always accompanied by a gastric mill rhythm suggested that the commissural neurons might be 

involved. To test whether  commissural projections contributed to the response of AGR, we elicited 

gastric mill rhythms that involved the same two projection neurons (but not IV neurons) via activation of 

the mechanosensory VCN neurons (Beenhakker et al., 2004). 

For that purpose, we activated the VCNs via extracellularly stimulation of the dorsal posterior 

oesophageal nerve (dpon, Fig. 1A) with 10 consecutive stimulus trains, each with 15 Hz stimulation 

frequency (according to Beenhakker et al., 2004). VCN stimulation started a strong and long-lasting 
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gastric mill rhythm (note the alternating activity of LG and DG; Fig. 1E) which was accompanied by 

rhythmic firing frequency changes in AGR (similarly as previously reported; Goldsmith et al., 2014; 

Städele and Stein, 2015). However, there was no consistent or long-lasting decrease in AGR firing 

frequency. We found this to be true for all preparations tested (Fig. 1F, N=8). With the exception of the 

small rhythmic firing frequency changes, AGR firing frequency remained unaffected during and after 

VCN stimulation. This indicated that the decrease in AGR firing frequency was specific to the IV neurons 

and not dependent on the activation of MCN1 and CPN2. 

 

 

 

 

 

 

Figure 2. The IV neurons directly diminish 

ectopic spiking via chemical synaptic 

transmission.  

(A, B) AGR inst. ff. during IV neuron activation in 

the intact nervous system (A, top) and after CoG 

transection (A, bottom), and after block of 

chemical transmission via application of low Ca2+ 

saline to the posterior stn (B). Recordings are 

from the same preparation. (C) Average change 

in AGR inst. ff. during IV neuron stimulation in 

control, after CoG transection and after chemical 

transmission was blocked (low Ca2+) for 6 tested 

preparations. Shown are means ± SD. Baseline 

refers to the frequency measured before IV 

stimulation. One way RM ANOVA, 

F(3,15)=32.36, p<0.001, Holm-Sidak post-hoc 

test with p<0.01 significance level, N=14). n.s. = 

not significant different with p>0.8. 
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To further scrutinize this result, we completely removed the CoG projection neurons by transecting the 

ions and sons. This left the direct connection of the IV neurons to the STG intact but eliminated indirect 

effects via CoG neurons. Figure 2A shows the AGR ectopic firing frequency before and after CoG 

transection. Recordings are from the same preparation. IV neuron activation elicited similar decreases 

in AGR firing frequency in both conditions. This was consistent across preparations (Fig. 2C) and there 

was no significant change in AGR firing frequency decrease when the CoGs were transected in 

comparison to control (p=0.85, one way RM ANOVA, N=8). We also noted that in this condition the 

smaller AGR frequency oscillations were absent. 

The above experiments indicated that the decrease in AGR firing frequency could be mediated via a 

direct influence of the IV neurons onto AGR. The IV neurons are modulatory projection neurons known 

to contain at least two co-transmitters, namely Histamine (Stein et al., 2007) and FMRF-like peptide F1 

(Christie et al., 2004). Li et al. (2002) suggested that the IV neurons might potentially also contain 

different orcokinin isoforms. 

To test if the diminishment in AGR firing frequency was mediated by one of the IV co-transmitters, we 

first examined whether the decrease in AGR firing frequency was chemically transmitted. For this, we 

blocked chemical transmission at AGR’s ectopic spike initiation zone (eSIZ) by reducing the extracellular 

calcium concentration via focal application of low Ca2+ saline to the posterior part of the stn. When 

chemical transmission was blocked, IV neuron stimulation did no longer cause a decrease in AGR firing 

frequency (Fig. 2B). We found this to be true for all preparations tested (N=6, Fig. 2C). 

We then tested the effects of the IV neuron co-transmitters on AGR by bath applying them individually 

to the posterior stn. We used Histamine (HA), FMRF-like peptide F1 and two different Orcokinin isoforms 

([Ala13] and [Val13] orcokinin, Li et al., 2002) at different concentrations. Figures 3A-C show the AGR 

response to modulator application. Measurements were taken in steady-state, i.e. 5 minutes after 

application. The two Orcokinin isoforms never elicited a change in AGR firing frequency (Figs. 3A and 

D, N=5) despite the fact that both isoforms influence the pyloric and gastric mill CPGs when applied to 

the STG (Li et al., 2002). This was true for all concentrations tested (1 to 100 µM, N=5). Application of 

100 µM FMRF-like peptide F1 to the posterior part of the stn excited AGR and elicited a strong increase 

in firing frequency (Fig. 3B). This increase was concentration-dependent. 1 µM FMRF-like peptide 

already caused an increase in AGR firing frequency, but the effect was much smaller. On average we 

found that 100 µM FMRF-like peptide caused a significant increase in AGR firing frequency by 32±15% 

(Fig. 3D middle, from 2.76±0.90 Hz to 3.58 ±1.02 Hz, p<0.001, paired t-test, N=6). In all cases, the time 

constant of the increase was slow and steady state was reached after about 120 sec. Application of 

histamine (10mM), in contrast, caused a strong diminishment in AGR firing frequency (Fig. 3C) with a 

similar time course as seen during IV neuron activation (for comparison see Fig. 1B). On average, 

histamine caused a significant decrease in AGR firing frequency by 28±9% (Fig. 3D bottom, from 

3.08±0.8 Hz to 2.43±0.91 Hz, p<0.001, paired t-test, N=13) that outlasted the application by about 250 

seconds. 
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Figure 3. The IV neuron co-transmitter histamine diminishes the inst. AGR. ff. mainly via acting on H2 

receptors. 

(A-C) AGR inst. ff. in response to [Ala13] orcokinin application (A, green bar), FMRF-like peptide F1 (B) and 

histamine (C) to the posterior stn. Recordings are from different preparations and are scaled differently. The 

arrows in C indicate a switch in the site of spike initiation. (D) Average change in AGR inst. ff. before and during 

application of the different IV neuron co-transmitters to the posterior stn. Black circles represent individual data, 

diamonds represent means ± SD. AGR. inst. ff. changed significantly (paired t-test, p<0.001) after application of 

FMRF-like peptide F1 (middle) and histamine (bottom). (E) AGR inst. ff. in response to 40 Hz IV neuron 

stimulation in saline (i), after blocking of H2 receptors with Cimetidine (ii) and after Cimetidine wash-out (iii). 

Recordings are from the same preparation and scaled identically. (F) Response of AGR inst. ff. to IV stimulation 

in saline (control stim) and after Cimetidine application for 3 preparations. Baseline refers to the AGR inst. ff. 

measured before IV stimulation. The decrease in AGR inst. ff. was significantly different from control stimulations. 

Paired t=test, p<0.01, N=3. 

We have recently shown that the whole length of the central AGR axon is sensitive to modulation by the 

monoamine octopamine (OA, the invertebrate analog of norepinephrine), namely that AGR spike 

frequency increases independently of where OA is applied along the axon (Städele and Stein, 2015). 

To test whether histamine’s effects were restricted to the posterior stn or affected the whole axon trunk 

we also applied histamine specifically to anterior and middle parts of the stn, as well as to the dgn. In 

none of our experiments (N=3) did histamine cause a change in AGR firing frequency when applied to 

these stn parts. 
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To test whether histamine released from the IV neurons caused the diminishment of AGR’s firing 

frequency, we blocked the actions of histamine during IV neuron stimulation. We used cimetidine, an H2 

receptor antagonist shown to effectively block IV neuron-mediated histaminergic effects in the STG 

(Christie et al., 2004). In specific, we stimulated the IV neurons in regular saline, observed the decrease 

in AGR firing frequency, applied cimetidine (5 mM) to AGR’s ectopic SIZ in the posterior stn and 

stimulated the IV neurons again. Figure 3E shows the response of AGR to IV neuron stimulation before 

and during cimetidine application. AGR's response was significantly reduced in cimetidine (trace ii), 

indicating that histamine contributed to the IV neurons' effect on AGR. The effect was reversible and the 

decrease in AGR firing frequency could be partly restored after cimetidine wash-out (trace iii). Across 

preparations, we found that in the presence of cimetidine the decrease in AGR firing frequency during 

IV stimulation was significantly reduced when compared to control stimulations (Fig. 3F, average AGR 

inst. ff. in control conditions: 2.23±0.76 Hz, cimetidine: 2.96±0.88 Hz, paired t-test, p<0.01, N=3). In 

summary, thus, our results demonstrate that the IV neuron co-transmitter histamine diminished AGR 

firing frequency, likely via H2 receptor activation. Since the decrease in AGR firing frequency was not 

fully suppressed when H2 receptors were blocked, other receptors may contribute as well. \ 

Figure 4. IV neuron stimulation does not relocate the site of spike initiation and specifically affects the 

stn spike initiation site. 

(A) Overlay of 70 AGR action potentials showing the spike occurrence at 3 extracellular recording sites before, 

during and after 40Hz IV neuron stimulation. Extracellular AGR spikes on the stn and son were aligned to the 

dgn. The site where the AGR action potential occurred first is indicated in bold. In control conditions (i) spikes 

first occurred on the stn and then traveled antidromically towards the dgn and orthodromically towards the son. 

IV neurons stimulation did not relocate the site of spike initiation since the delays between recording sites did not 

change during (ii) or after IV neuron stimulation (iii). (B) Change in conduction delays between dgn, stn and son 

before and after HiDi application to the posterior stn. HiDi application moved the site of spike initiation towards 

the periphery. In control condition (saline, top), action potentials first occurred on the stn recording. After HiDi 
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application, action potentials first appear on the dgn and propagated orthodromically towards the stn and son. 

(C) AGR instantaneous firing frequency before and during IV neuron stimulation with spike activity generated at 

the eSIZ in the stn (top) and in the periphery (bottom, HiDi saline application to the posterior stn). The large unit 

on the dgn is the DG neuron. In HiDi, IV neuron stimulation did not affect AGR inst. ff. despite the fact that it 

elicited a strong and long-lasting gastric mill rhythm. Recordings from B and C are from the same preparation. 

Descending projection neuron activity can relocate the site of spike initiation  

We have recently shown that AGR can initiate action potentials everywhere along its axon trunk when 

excitability changes (Städele and Stein, 2015). Our results indicate that the IV neurons' effect on AGR 

was targeted specifically at the ectopic spike initiation zone in the posterior stn. Thus, we predicted that 

spike initiation will remain at this particular spike initiation site until AGR firing frequency decreases 

below the intrinsic frequency of other axonal initiation sites. We monitored AGR's spike activity 

extracellularly on the dgn, the anterior stn and the son and compared the delay between recording sites 

before, during and after IV stimulation. With the central spike initiation zone active, action potentials first 

occurred on the stn and then traveled antidromically towards the dgn and orthodromically towards the 

son. A relocation of the spike initiation site would cause a change in the relative spike timing between 

these recordings. Figure 4A shows the AGR spike occurrence of 70 action potentials for each recording 

site before, during and after IV neuron stimulation. We found that IV neuron activation did not change 

the initiation site during modest AGR frequency changes and that spike timing did not change during or 

after IV neuron stimulation (N=14). 

In several experiments (N=9 out of 45), however, the decrease in AGR firing frequency during IV neuron 

stimulation was so dramatic that the site of ectopic spike initiation switched to a different spike initiation 

site. In these cases spikes first occurred on the dgn. Such switches have previously been reported when 

the excitability at the stn spike initiation site is reduced. Daur et. al. (2009) showed that the stn SIZ 

competes with a spike initiation site in the dgn so that always the SIZ with the higher intrinsic firing 

frequency is active. Both in vitro and in vivo, the intrinsic firing frequency of the dgn SIZ is always lower 

than that of the stn SIZ. Our experiments show for the first time that descending neuromodulation can 

change this relation and allow for a switch of spike initiation zone: IV neuron activity reduced the intrinsic 

spike frequency of the stn SIZ to below that of the peripheral one, causing the switch of spike initiation 

site. Figure 5A and B shows the switch in AGR spike initiation during IV stimulation exemplarily for one 

preparation. Note the different time scales in Fig. 5A and B. In this particular example, IV neuron 

activation diminished AGR firing frequency by about 25% (from 2.8 to 2.1 Hz). Relatively quickly after 

the onset of the diminishment, AGR spike shape and amplitude on the dgn changed noticeably (arrows 

in Fig. 5B). As described previously (Daur et al., 2009) this change in AGR spike shape is an indication 

that the site of spike initiation moved to another location. When we compared the delay in spike 

occurrence on the different recordings, we found that spikes with negative amplitude were generated at 

the stn SIZ (Fig. 5C, trace i, *). In contrast, spikes with positive amplitude (**) were generated in the dgn 

(trace ii). In the example shown spike initiation switched back and forth between both SIZs, indicating 

that the intrinsic firing frequencies of both SIZs were approximately the  
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Figure 5. IV neuron stimulation can lead to a switch in the site of spike initiation. 

(A) Extracellular recording of the dgn showing that AGR spike amplitude changes during strong decrease of AGR 

instantaneous firing frequency (grey bar). (B) Magnification of the area marked in A. While AGR spikes on the 

dgn had similar shapes and amplitudes before IV neuron stimulation, spike amplitude continuously changed 

during IV stimulation. Arrows mark the changes in AGR amplitude. * highlights action potentials with large trough, 

** those with large positive peaks. (C) Comparison of spike occurrence of AGR action potentials with large trough 

(i) and large positive peaks (ii) on the dgn, stn and son. Action potentials were aligned to the dgn. (i. ii) single 

sweeps. (iii) shows 66 action potentials with large positive peak. Action potentials with large trough (i) were 

generated at AGR’s central SIZ and appeared first on the stn whereas action potentials with large positive peak 

(ii) were initiated in the periphery and first appeared on the dgn. (iii) Jitter in spike timing of peripherally generated 
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spikes. (D) Example for a complete stop in AGR spike initiation during IV stimulation. Shown is the change in 

AGR inst. ff. before, during (grey bar) and after repetitive 40 Hz IV stimulation for one preparation. 

same. The continuous switching affected spike timing dramatically and we found a strong jitter in spike 

timing (Fig. 5C, iii) when all action potentials with positive amplitude were taken into account. 

In conclusion, these results show that the IV neuron modulation can relocate the site of spike initiation 

by diminishing the AGR spike frequency at the stn SIZ. In some cases (N=4), IV stimulation even 

completely suppressed ectopic spike initiation (Fig. 5D). 

To test whether histamine could be responsible for the switch in spike initiation site, we determined the 

site of spike initiation during focal application of histamine. Similar to IV neuron stimulation we found 

that in several experiments (N=5 out of 13) the decrease in AGR firing frequency was strong enough to 

switch the site of ectopic spike initiation to the dgn (arrows in Fig. 3C). 

Axonal modulation is spatially restricted 

Since IV neuron stimulation shifted spike initiation to the dgn, we next tested whether this spike initiation 

site was similarly affected by descending modulation. We artificially moved the site of spike initiation 

away from the physiological location in the stn to the dgn via focal application of high-divalent saline 

(HiDi) to the posterior stn. HiDi is known to increase the spike threshold (Daur et al., 2009) and lead to 

a relocation of spike initiation to the dgn (Fig. 4B). This was also the case in our experiments. When we 

activated the IV neurons while spikes were initiated in the dgn, we found no further decrease in AGR 

firing frequency. Figure 4C shows the decrease in AGR firing frequency during 40 Hz IV neuron 

stimulation when spikes were elicited in the stn (normal saline) and when spikes were elicited in the dgn 

(HiDi application) for the same preparation. Although IV neuron stimulation elicited in both cases a 

strong and long-lasting gastric mill rhythm, AGR instantaneous firing frequency did not diminish when 

spikes were initiated in the dgn. Similarly as described by Städele and Stein (2015), the small gastric 

mill-timed oscillations of the AGR firing frequency were absent. We found this to be true for all 

preparations tested (N=5). In conclusion, thus, descending modulation specifically targeted the stn spike 

initiation site, allowing a direct regulation of ectopic spike frequency at this site. In contrast, the dgn spike 

initiation site was unaffected by descending modulation.  

Axon propagation dynamics are not influenced by descending modulation 

Axons are often seen as faithful conduits of action potentials. However, there are numerous reports 

demonstrating that action potential transmission and thus information content can be modified on its 

way to postsynaptic targets (summarized in Bucher and Goaillard, 2011). Ectopic spike initiation elicited 

by neuromodulators like dopamine, serotonin or octopamine, for example, can add additional action 

potentials to the ones generated at the axon hillock (Meyrand et al., 1992; Bucher et al., 2003; Goaillard 

et al., 2004; Städele and Stein, 2015). Neuromodulators can also affect the dynamics of action potential 

propagation and affect spike frequency in a history-dependent way (Panzeri et al., 2001; Petersen et 

al., 2001; Lang et al., 2006; Ballo and Bucher, 2009). We have shown above that the IV neurons regulate 
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ectopic action potential frequency. We thus tested whether this regulation also results in a modification 

of en-passant action potentials as they pass the site of modulation. Such modulation could result in a 

change in conduction dynamics and thus a change in the temporal structure of spike discharges or even 

spike failures. 

We activated AGR in the periphery and measured the delays with which action potentials occurred on 

the stn and son before and during IV neuron modulation. In specific, we stimulated AGR extracellularly 

on the anterior gastric nerve (agn), a nerve that exclusively contains the AGR axon and innervates the 

muscles in the periphery. The agn was stimulated with 5 consecutive trains, each with 28 pulse and 15 

Hz stimulation frequency, which approximately corresponds to AGR's in vivo activity (Smarandache and 

Stein, 2005; Daur et al., 2009; Daur et al., 2012). Figure 6A shows the occurrence of action potentials 

on the stn and son before (control) and during IV modulation in one experiment. Action potentials were 

aligned to the stimulus and plotted on top of each other so that the first spike appears at the bottom and 

the last one at the top. For better comparison, spike times were extracted and plotted as a function of 

delay to the agn stimulation (Fig. 6B). We found that the AGR conduction velocity was history-dependent 

even in control in that it initially decreased and then increased.. When we compared the temporal 

occurrence of each AGR spike during IV neuron stimulation to that in control we found no change. Figure 

6C shows the difference in spike delay (= delay) on the stn and son before and during IV neuron 

modulation for 6 experiments. On average, we found that  delay for each spike was not significantly 

different from 0 (one sided t-test, p>0.5, N=6). Thus, IV neuron modulation of AGR spike initiation did 

not influence the temporal coding of en-passant action potentials. 

Moderate or high frequency stimulation (10-50 Hz) of axons can lead to propagation failures (Krnjevic 

and Miledi, 1959; Grossman et al., 1979) so that action potentials fail to propagate along the axon and 

information is ‘deleted’ before it reaches the postsynaptic target. Neuromodulators that act on axon can 

cause excitability changes and may thus alter the rate of conduction failures (Debanne, 2004). We tested 

whether the rate of propagation failures and the maximum conduction frequency in AGR is affected by 

the IV neurons. We stimulated the agn with 10 trains of 10 to 50 Hz (10 Hz steps) for 9 seconds and 

compared the number of spikes passing through the site of modulation before and during IV neuron 

activation. 50 Hz simulation reliably caused spike failures of >50% even in control conditions (without IV 

neuron modulation), indicating that AGR’s maximum firing frequency is limited to lower frequencies. 

Stimulation frequencies between 10 and 30 Hz did not result in any spike failures (neither in control nor 

during IV neuron modulation). At 40 Hz (arrows in Fig. 6 D) spike failures started to occur both in control 

and during IV neuron stimulation. On average, however, we found no significant difference between the 

number of spike failures during IV neuron modulation when compared to control conditions (Fig. 6E, 

paired t-test, p=0.5, N=6). Thus, the maximum transmission frequency of the AGR axon appeared to be 

unaffected by IV neuron modulation. Taken together, our results demonstrate that descending 

modulation of axonal spike initiation did not affect axonal propagation dynamics.  
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Figure 6. IV neuron modulation does not affect en-passant information. 

(A) Single burst of peripherally initiated AGR action potentials in response to extracellular stimulation of the agn 

with 28 consecutive pulses and 15 Hz stimulation frequency. Shown are spike occurrences on stn (i) and son (ii) 

before (black) and during IV neuron stimulation (purple). Action potentials were aligned to the stimulus and plotted 

on top of each other so that the first spike occurs at the bottom. The arrow marks the time of the first peak of the 

first action potential. (B) Comparison of spike occurrence for the example shown in A. Spike times were extracted 

and plotted as a function of delay to the agn stimulation. (C) Analysis of the difference in spike delay (= delay) 

on the stn and son before (control) and during IV neuron modulation for 6 experiments. The delay was calculated 

by subtracting the time when a given action potential occurred on the extracellular recording site during IV neuron 

stimulation from control values. Shown are means ± SD (grey area). (D) Example extracellular recording of the 

stn showing spike failures of peripherally activated AGR action potentials before and during IV neuron 

modulation. Recordings are from the same preparation. AGR was activated via extracellular repetitive agn 

stimulation (40 Hz, 9 sec train/intertrain duration). Arrows highlight areas where spike failures occurred. (E) 

Analysis of the number of spike failures during repetitive agn stimulation with 40 Hz before (control) and during 

IV neuron modulation. Circles represent data from single experiments; diamonds represent the mean ± SEM, 

N=6. 
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DISCUSSION 

Descending control of sensory spike initiation 

Many vital behaviors such as breathing, swallowing, and chewing, as well as locomotion and saccadic 

eye movements are driven by central pattern generating circuits that produce rhythmic output patterns 

(Marder and Calabrese, 1996; Grillner et al., 2005; Dickinson, 2006; Gordon and Whelan, 2006; Isa and 

Sparks, 2006; Kiehn, 2006; Katz and Hooper, 2007; Chevallier et al., 2008; Doi and Ramirez, 2008; 

Berkowitz et al., 2010; El Manira et al., 2010; Büschges et al., 2011; Harris-Warrick, 2011; Marder, 

2012). Some behaviors driven by CPGs are continuous and stereotypic (Calabrese and De Schutter, 

1992; Cleland and Selverston, 1998; Norris et al., 2011; Roffman et al., 2012) while others are episodic 

and flexible (Katz, 2009; Selverston et al., 2009; Büschges et al., 2011). This flexibility is often the result 

of numerous influences affecting CPG circuits, such as hormonal or neurally released neuromodulators, 

sensory pathways and descending projections. 

Descending modulatory projection neurons, for example, modify CPG output on almost every level, 

including short and long-term modifications of synapses and ionic conductances in circuit neurons as 

well as other projection neurons (McClellan, 1984; Stein, 2009; Shaw et al., 2010; Blitz and Nusbaum, 

2011; von Philipsborn et al., 2011; Thiele et al., 2014; Borgmann and Büschges, 2015). Modulation 

results in an immense plasticity of motor network output through dynamic adaptation of existing pattern 

generating circuits. Descending neuromodulatory control is thus fundamentally involved in the process 

how nervous systems select distinct behaviors. 

To our knowledge, this study is the first that demonstrates two distinct actions of descending projection 

neurons, namely that spike initiation in axons is under extrinsic neuromodulatory control and that 

descending projection neurons directly modulate sensory neurons. So far there were no indications that 

ectopic spike initiation in sensory neurons can be directly regulated by descending neurons. While 

neuromodulators such as neuropeptides and monoamines have been shown to affect both muscle 

contraction and sensory activity in the periphery (Birmingham et al., 1999; Birmingham, 2001), there is 

no evidence of the source of these modulators. In many cases, assumptions about modulator sources 

stem from the concentration threshold for bath-applied neuromodulators. If the concentration is low, it is 

generally assumed that they reach the periphery as circulating hormones (Meyrand et al., 1992; Bucher 

et al., 2003; Goaillard et al., 2004). If modulators were released from descending neurons, however, this 

could allow CPGs to interfere with sensory spike activity, at least in principle. CPGs provide ascending 

feedback onto descending modulatory neurons that control CPG activity, but also release 

neuromodulatory substances in a paracrine fashion (Antri et al., 2009; Buchanan, 2011; Blitz and 

Nusbaum, 2012). If these neuromodulators reach the periphery, muscle contraction and sensory activity 

may be affected, allowing CPGs to indirectly control sensory activity. 

Sensory pathways have been shown to interact on many levels with CPGs and their descending inputs 

to dynamically adjust CPG output in response to changing internal and external conditions (Bässler, 

1986; Wolf, 1991; Prochazka et al., 2002; Beenhakker et al., 2004; Büschges, 2005; Doi and Ramirez, 

2008; DeLong and Nusbaum, 2010; Büschges et al., 2011; Stein, 2014). While most sensory influences 
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are feed-forward in that the sensory neurons inform the CNS of changes in the environment or the body, 

there is also feedback from the CNS to the afferent pathways. In particular, gating of sensory and 

sensory-related information in central pathways via presynaptic inhibition is common in many systems 

(El Manira and Clarac, 1994; Coleman et al., 1995; Sauer et al., 1997; Stein and Schmitz, 1999; 

Beenhakker et al., 2005; Beenhakker et al., 2007; Barriere et al., 2008; DeLong et al., 2009; Bardoni et 

al., 2013). In locusts, for example, the sensory feedback from the femoral chordotonal organ, which 

measures the position of the femur-tibia joint during walking, is gated with the phase of the walking 

motor pattern, disabling feedback during certain phases of this pattern (Wolf and Burrows, 1995). The 

underlying mechanism is a phase-dependent presynaptic inhibition of the sensory terminals and a 

concomitant decrease in transmitter release without affecting sensory activity and action potential 

propagation to the terminals. While the central pathways that elicit presynaptic inhibition are still 

somewhat nebulous, it has been demonstrated that proprioceptors can presynaptically inhibit the 

terminals of neurons from other proprioceptive sense organs (Stein and Schmitz, 1999, Clarac and 

Cattaert, 1996; Cattaert et al., 1999; Barriere et al., 2008). Since proprioceptors typically show phasic 

activity, this could contribute to the gating of sensory feedback at specific phases of the motor pattern.  

Gating of sensory information often results in a diminishment or even complete block of afferent spike 

propagation at the terminal (Burrows and Matheson, 1994; Clarac and Cattaert, 1996; Schmitz and 

Stein, 2000; Margrie et al., 2001; Xiong and Chen, 2002; Evans et al., 2003; Barriere et al., 2008; Lee 

et al., 2012). In contrast, our results show that afferent spike transmission in AGR was not gated by IV 

neurons. Modulation of ectopic spike initiation had no influence on axon dynamics and action potential 

propagation dynamics of en-passant action potentials (Fig. 6). In specific, there was no influence of IV 

neuron activity on action potential propagation delay and history-dependence. This occurred despite the 

fact that modulator actions on axons have been shown to determine propagation dynamics (Panzeri et 

al., 2001; Ballo and Bucher, 2009; Ballo et al., 2010; Ballo et al., 2012). However, modulatory influences 

on propagation dynamics are more effective if they are exerted along a large stretch of the axon (Ballo 

and Bucher, 2009). This was not the case in our experiments as the spike initiation zone is a rather 

restricted locus on the axon. There was also no effect on the maximum frequency, i.e. action potential 

conduction seemed unaffected. 

In summary, thus, the modulation of axonal spike initiation by descending projection neurons represents 

a convenient way of altering sensory spike activity without affecting afferent information transfer. Since 

most motor networks are under descending modulatory control and receive sensory feedback, direct 

neuronal control of sensory spike initiation may be a common and understudied principle for activity-

dependent regulation of sensory activity. 

Mechanism of modulation 

How can descending modulatory neurons affect spike initiation without altering spike propagation 

dynamics? The IV neurons contain at least 2 co-transmitters (histamine and FMRF-like peptide F1, 

Christie et al., 2004; Stein et al., 2007). Our data show that while both can affect AGR, only histamine 

caused a decrease in AGR firing rate (Fig. 3C). We were able to partially block the histamine effect with 
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the competitive H2 receptor antagonist cimetidine (Fig. 3E). Histamine, just like other biogenic amines, 

has been shown to mediate a plethora of different actions on neurons. It is known to be involved in 

thermoregulation, feeding rhythms, sensory and motor control, and circadian control of sleep, metabolic 

rates and appetite (summarized in Haas et al., 2008). Histamine can either act via metabotropic G-

protein coupled receptors (H1-H4) that mediate an increase in intracellular cAMP or via ionotropic 

receptors that activate chloride conductances. The latter can be found in the hypothalamus (Hatton and 

Yang, 2001) and thalamus (Lee et al., 2004), olfactory neurons of the spiny lobster (McClintock and 

Ache, 1989), neurosecretory cells in crayfish (Cebada and Garcia, 2007), motor neurons of the lobster 

cardiac ganglion (Hashemzadeh-Gargari and Freschi, 1992) and the antennal lobe in honey bee 

(Sachse et al., 2006). Albeit the overall effect on neural networks is mostly inhibitory, this inhibition is 

typically indirect and mediated via excitation of inhibitory interneurons (Haas et al., 2008). In the STNS, 

in contrast, all hitherto described histaminergic actions are inhibitory (Claiborne and Selverston, 1984; 

Pulver et al., 2003; Christie et al., 2004). Histamine elicits a strong and fast hyperpolarization of the 

pyloric pacemaker neurons in the STG that subsides a few seconds after the end of the IV neuron 

stimulation (Christie et al., 2004). Since the histaminergic effects on AGR were much slower and 

maintained for much longer, the kinetics seem distinct from histaminergic actions exerted on STG motor 

neurons. 

What mechanisms could be responsible for the observed decrease in ectopic spike initiation during IV 

neuron activity? Potential mechanisms include a reduction in depolarizing ionic conductances or 

activation of hyperpolarizing conductances (e.g. chloride or potassium) by histamine. We found that 

blocking H2 receptors with cimetidine substantially diminished the IV neuron mediated effect (Fig. 3E). 

H2 receptors have been shown to interact with ionic conductance such as IK(Ca) (Haas and Konnerth, 

1983; Pedarzani and Storm, 1993) and Ih (McCormick and Williamson, 1991; Pedarzani and Storm, 

1995). While Ih is present in AGR (Daur et al., 2012), IK(Ca) has not been identified yet. In any case, a 

histamine-induced reduction of either conductance or a shift in their voltage- or calcium-dependence 

could alter cell resting potential and spike activity. For example, Ballo et al. (2010) show that axonal Ih 

depolarizes the resting membrane potential in the axon and causes ectopic spiking. However, due to its 

depolarizing effect, Ih also affects action potential propagation. In specific, Ih influences the slow 

hyperpolarization (sAHP) of action potentials (Grafe et al., 1997; Soleng et al., 2003; Baginskas et al., 

2009). The relative contribution of Ih determines the degree to which an axon hyperpolarizes during 

repetitive activity (Kiernan et al., 2004). The sAHP, in turn, has been implicated in a general slowing of 

action potential propagation (Bostock and Grafe, 1985; Grafe et al., 1997; Moalem-Taylor et al., 2007; 

Ballo et al., 2010; Ballo et al., 2012). The fact that in our experiments action potential propagation during 

IV neuron modulation did not change (Fig. 6) indicates that if H2 receptors modulate Ih or another 

conductance in AGR, this effect is spatially restricted to the ectopic spike initiation zone. 

We noted that histamine influenced AGR only at rather high concentrations (10 mM, Fig. 3C). The high 

concentration needed in our experiments might be explained in part by the fact that all neuromodulators 

were applied to the non-desheathed nervous system (see Material and Methods). The reason for this 

was that removal of the sheath impaired the IV neuron-mediated influence on AGR, similarly to 
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previously described effects by Goldsmith et al (2014). The high concentrations needed could indicate 

that histamine is unable to fully penetrate the nerve sheath. This further supports the idea that histamine 

reaches the AGR axon only via chemical synaptic transmission rather than as circulating hormone. 

Hormone concentrations are typically very low in contrast to neurally released transmitters. If the sheath 

indeed interferes with histamine actions then low hormonal concentrations will not be sufficient to affect 

AGR. 

Functional implications 

The result of the AGR modulation is a change in its tonic spike frequency. Changes of a few Hertz in 

tonic activity modify ongoing gastric mill rhythms (Daur et al., 2009). Magnitude and timing of the gastric 

mill motor pattern correlate with the tonic spike activity of the muscle receptor, making the state of the 

system and ongoing activity important contributors to stimulus-induced changes in motor output. 

Interestingly, the effect on AGR was specific to the IV neurons and not elicited by a mechanosensory 

pathway (VCN) that also elicits gastric mill rhythms (Fig. 1). In fact, VCN elicits its version of the rhythm 

via the same set of descending projection neurons (MCN1 and CPN2) as the IV neurons (Beenhakker 

and Nusbaum, 2004; Hedrich et al., 2009), indicating that not the mere presence of descending 

modulation but its distinct type determines AGR axon modulation. The differential response to different 

pathways could represent an understudied form of neural plasticity in that not only the ongoing motor 

activity but even sensory feedback created by it is differentially affected by distinct descending 

pathways. 
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Chapter 6 

Significance of my work for future studies 

 

The contribution of non-canonical axonal ion conductances on (ectopic) spike initiation and 

information processing  

AGR generates tonic spontaneous spike activity in its central axon as soon as peripheral input is 

absent (Daur et al., 2009). Centrally generated ectopic discharges have relatively regular frequencies, 

indicating that spike initiation is triggered intrinsically at a point of high excitability, e.g. by a pacemaker 

potential at the spike initiation zone. There are many mechanisms that can generate pacemaker 

potentials and/or increase excitability. While the density of voltage-dependent Na
+
 and K

+
 at the axon 

initial segment is known to underlie the high excitability for non-ectopic action potential initiation, there 

is no indication that this is the case for ectopic spike initiation sites. In fact, the ability to modulate 

spike frequency suggests that other, non-canonical ionic conductances or ion pumps may be involved 

in ectopic action potential generation. Neuromodulators have been shown to alter membrane 

excitability (summarized in Pinault, 1995; Bucher and Goaillard, 2011). For example, most peptidergic 

descending projection neurons in the STNS elicit the modulator-induced current (IMI), which increases 

excitability (see Chapter 7.2; Städele et al. 2015, PLoS Biology) and acts as a pacemaker current 

(Zhao et al., 2010). Other non-canonical conductances such as Ih and IA, for example, are known to 

induce pacemaker activity in a variety of neurons. Daur et al. (2012) show that Ih is present in AGR 

and Ballo et al. (2010) show that axonal Ih depolarizes the resting membrane potential in the axon of 

pyloric motor neurons, causing ectopic spiking. My studies indicate that histamine modulates the AGR 

axon. Together with the fact that histamine can modulate Ih (McCormick and Williamson, 1991; 

Pedarzani and Storm, 1995), it seems reasonable to assume that histamine could affect Ih in AGR, 

leading to a reduction in spike initiation as seen during IV neuron stimulation. Future experiments 

should address the mechanisms of ectopic spike initiation and modulation. Scrutinizing the 

contribution of non-canonical conductances such as Ih on axonal spike initiation will not only provide 

fundamental insights into how spike initiation zones are formed, but may also open new avenues for 

elucidating mechanisms for information processing in neurons. 

Influence of peripheral activity by changes in ectopic spike activity  

My work demonstrates that descending projection neurons and motor activity can influence ectopic 

spike activity in the central axon of AGR (Chapter 4 and 5). In addition to ectopic spiking, AGR can 

initiate high frequency bursts of action potentials (up to 40 Hz) in the periphery in response to tension 

increase in the gm1 muscles. Spontaneous ectopic discharges are known to modify membrane 
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excitability and spike initiation probability (Pinault, 1995). With this in regard it is interesting to 

speculate whether changes in the frequency of ectopic discharges in AGR are able to regulate the 

burst probability in the periphery. It could be that the frequency of central discharges determines the 

peripheral burst characteristic (e.g. burst duration, interspike and interburst frequency). In this case, 

changes in AGR firing frequency during IV and gastric mill motor neuron activity would then represent 

a mechanism to modify the sensitivity of the system to sensory input via central modulation of ectopic 

spike initiation. 

Descending control of sensory feedback as a mechanism to adjust circuit output 

The output of many central pattern generating networks is strongly influenced by sensory input. AGR 

is part of a sensory feedback loop that controls the gastric mill rhythm. It is activated by high tension in 

the gastric mill powerstroke muscles that protract the medial tooth. These muscles are activated by the 

GM motor neurons, which in turn receive polysynaptic long-loop feedback from AGR via upstream 

projection neurons in the distal commissural ganglia (Hedrich et al., 2009 ). My work demonstrates 

that the information transmitted by AGR to projection neurons in the CoG is under descending 

neuromodulatory control in the form of ectopic spikes generated in the axon. Although my studies are 

the first to demonstrate that sensory feedback information can be regulated by central pathways acting 

on the axon, this mechanism is likely to be common in other systems as well. 

Optical Imaging as a novel technique 

Mounting evidence has emerged over the last decade indicating that the site of spike initiation, 

traditionally solely viewed as a trigger zone for AP generation, plays a central role in tuning and 

regulating circuit function. Rapidly expanding technical advances now allow physiological 

manipulations and recordings of structures difficult to access, such as axons and spike initiation 

zones. For example, it is possible to use optical imaging in individually identifiable axons of the 

crustacean stomatogastric nervous system, as demonstrated in Chapter 4. My work demonstrates that 

optical imaging in combination with classical intra- and extracellular recordings is a powerful technique 

not only for the investigation of fine neural structures such as axons and spike initiation zones but also 

to monitor population activity of whole circuits and interactions between multiple circuits. Since many 

different voltage-sensitive dyes with different characteristics are available, the application of optical 

imaging is manifold and expected to open new avenues for targeting future research on signal 

integration, information processing, spike initiation dynamics, descending control of nervous system 

function, pattern selection and decision making. 
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Chapter 7 

Additional Manuscripts 

This chapter contains two peer-reviewed articles that I co-authored during my time as a PhD student. 

These papers are about related topics, but do not directly contribute to the main topic of my doctoral 

dissertation. 

Article 1*: 

Evolutionary aspects of motor control and coordination: the central 

pattern generators in the crustacean stomatogastric and swimmeret 

systems. 

Wolfgang Stein, Carola Städele and Carmen R. Smarandache-Wellmann 

This is a peer-reviewed draft of a chapter that has been accepted for publication by Oxford University 

Press in the forthcoming book Structure and Evolution of Invertebrate Nervous System edited by 

Andreas Schmidt-Rhaesa, Steffen Harzsch and Günter Purschke due for publication in 2016. 

The book chapter consists of an overview and two subdivisions, namely: 

1. Stability and flexibility: Evolutionary aspects of motor pattern generation in the crustacean 

stomatogastric nervous system.  

Wolfgang Stein and Carola Städele 

2. Comparison of coordination in the crustacean swimmeret system 

Carmen R. Smarandache-Wellmann 

I am co-author on this book chapter and I was substantially involved in the preparation of the manuscripts 

(overview and subdivision 1), figure preparation and all other affairs prior to publication. Since I was not 

involved in the writing of subdivision 2 (other than proofreading), it is not included in this thesis. 

Full citation:  

Wolfgang Stein, Carola Städele and Carmen R. Smarandache-Wellmann (2015), Evolutionary aspects 

of motor control and coordination: the central pattern generators in the crustacean stomatogastric and 

swimmeret systems. Structure and Evolution of Invertebrate Nervous System. Edited by Andreas 

Schmidt-Rhaesa, Steffen Harzsch and Günter Purschke, Oxford University Press 201, Chapter 46, in 

press. 

ISBN 978–0–19–968220–1 
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Article 2: 

Neuromodulation to the rescue: compensation of temperature -

induced breakdown of rhythmic motor patterns via extrinsic 

neuromodulatory input. 

Carola Städele, Stefanie Heigele and Wolfgang Stein  

This peer-reviewed research article was published in full as a peer-reviewed open access research 

article in PLoS Biology on September 29, 2015. I am first author on this manuscript and I contributed to 

research design, performed the majority of the experiments presented in the manuscript, analyzed data 

and was substantially involved in manuscript preparation and publication. 

Full citation: 

Carola Städele, Stefanie Heigele and Wolfgang Stein (2015), Neuromodulation to the rescue: 

compensation of temperature-induced breakdown of rhythmic motor patterns via extrinsic 

neuromodulatory input, PLoS Biology, 13(9): e1002265.  

The Article was published under the Creative Commons Attribution 4.0 International (CC BY 4.0) license 

(http://creativecommons.org/licenses/by/4.0/). 

doi: 10.1371/journal.pbio.1002265 
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ABSTRACT 

Most, if not all, rhythmic behaviors in animals are driven by sets of neurons called central pattern 

generators (CPGs) that autonomically produce rhythmic activity patterns. CPGs have evolved 

independently many times and they show functional and phylogenetic diversity as they control a 

spectrum of different behaviors in a variety of taxa. This phylogenetic and functional diversity not only 

allows us to distill the core features of CPG circuits in order to understand general principles of neural 

function, it may also help to understand the evolution of CPG circuits by studying common functional 

and structural motifs that arose over and over again. While CPGs are at the core of producing rhythmic 

activity, more complex behaviors require the coordination of many CPGs to adequately move body 

appendages. Coordinating influences are less well studied than the CPGs themselves, but it would not 

be surprising if coordinating influences were to be brought about by a set of common neural principles 

and mechanisms regardless of specific function and taxa. Here, we review two systems that are at the 

forefront of studying central pattern generation and coordination of CPGs. The crustacean 

stomatogastric nervous system will be used as a generic model for addressing evolutionary aspects of 

CPG function, focusing on multifunctionality as an adaptive trait allowing both inter- and intraspecies 

plasticity. The known mechanisms of coordination of segmented CPGs are then reviewed in the crayfish 

swimmeret system.  
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OVERVIEW 

Central pattern generators (CPGs) are assemblies of neurons that autonomically produce rhythmic 

patterns of neural activity. Most, if not all, rhythmic behaviors in animals are driven by such CPGs, and 

examples are manifold across all taxa. CPGs have evolved independently many times and they show 

phylogenetic and functional diversity. They control a spectrum of very different behaviors in both 

vertebrates and invertebrates, including some that require the coordination of several body segments 

or even the whole body (Arshavsky et al. 1998; Bass and Remage-Healey 2008; Brodfuehrer and 

Thorogood 2001; Eisenhart et al. 2000; Gamkrelidze et al. 1995; Grillner et al. 1998; Hocker et al. 2000; 

Jing and Gillette 1999; Katz et al. 2001; Katz and Hooper 2007; Newcomb and Katz 2009; Newcomb et 

al. 2012; Sakurai et al. 2011; Selverston 2010; Stockl et al. 2011; Thompson and Watson 2005; Zach 

et al. 2005) and others that move limited anatomical appendages (Calabrese and De Schutter 1992; 

Clarac and Pearlstein 2007; Cleland and Selverston 1998; Katz and Tazaki 1992; Meyrand et al. 2000; 

Mulloney and Smarandache-Wellmann 2012; Norris et al. 2011; Roffman et al. 2012; Selverston et al. 

2009; Skinner et al. 1997; Skinner and Mulloney 1998a; Stein 2009). Some behaviors driven by CPGs 

are continuous and stereotypic (Calabrese and De Schutter 1992; Cleland and Selverston 1998; Norris 

et al. 2011; Nusbaum and Beenhakker 2002; Roffman et al. 2012; Stein 2009), while others are episodic 

and more flexible (Büschges et al. 2011; Katz 2009; Selverston et al. 2009). Some are impervious to 

sensory feedback (Harris-Warrick 2011; Katz 2009), while others are strongly influenced by sensory 

feedback (Ausborn et al. 2007; Borgmann et al. 2009; Büschges et al. 2011; Kemenes et al. 2001). This 

phylogenetic and functional diversity, although precluding a comparison of CPG circuitry in detail, allows 

us to distill the core features of CPG circuits and to learn general principles of neural function that 

underlie some of the most vital behaviors in animals. 

While only in very few cases the evolutionary history of these circuits can be traced, there are common 

principles and mechanisms in motor pattern generation regardless of the function and taxon. These 

motifs (or “building-blocks”) can be either structural or functional (Getting 1989). Structurally, CPGs are 

typically divided into either pacemaker-driven CPGs or network-driven oscillators. CPGs do not require 

sensory feedback or rhythmic input signals to produce their activity patterns, and in pacemaker-driven 

CPGs neurons with intrinsic bursting properties (“pacemaker neurons”) are responsible for rhythm 

generation. In contrast, network-driven oscillators use an emergent network property based on the 

synaptic connectivity between neurons to create rhythmicity (Getting 1989). In the simplest case, a half-

center oscillator generates rhythmic activity due to reciprocal inhibitory synapses between two 

antagonistic neurons or populations of neurons and a restorative mechanism that enables the half-

center to escape from the inhibition of the other (Sharp et al. 1996). Typically, however, most CPGs 

utilize both network-driven and endogenous mechanisms to generate rhythmic activity patterns, often 

exceeding the minimally required motifs to generate the output activity pattern. Hence, CPGs often 

consist of multiple building blocks, of which only some may be necessary for generating the basic 

pattern. While this complexity has made it difficult to formulate generalizations about the organization 

and functioning of CPGs, there are some remarkable similarities in nervous system architecture across 

different species even when they are not closely related (Getting 1989). This may allow us to elucidate 
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fundamental mechanisms in CPG design and to trace the evolution of CPG circuits. Most notably, there 

is the common occurrence of reciprocal inhibition and recurrent inhibition in CPG circuits, which 

corresponds to the fact that the majority of interconnections between CPG neurons are typically 

inhibitory (Grillner et al. 2005; Harris-Warrick 2011; Selverston 2010). 

Anatomically defined neural circuits would seem to constrain the output of a CPG to a single function or 

a single motor pattern. However, circuits and neurons can be multifunctional. Most motor systems can 

generate a variety of behaviors, including categorically different behaviors and variants of a single motor 

act within the same behavioral category. For example, neurons in the CPG for swimming in Tritonia also 

participate in crawling (Popescu and Frost 2002). Similar multifunctionality was observed in neurons 

participating in leech swimming and crawling (Kristan et al. 2005; Zheng et al. 2007). This is not to say 

that there are no functionally dedicated circuits: Examples include leech heartbeat (Kristan et al. 2005; 

Norris et al. 2011). Yet, even dedicated circuits can produce variants of motor patterns caused by 

neuromodulatory inputs, which alter the membrane and synaptic properties of CPG components (Harris-

Warrick 2011; Marder 2012; Zach et al. 2005). For example, in the stomatogastric ganglion of decapod 

crustaceans, the number of neuromodulators present exceeds the number of CPG neurons, leading to 

a broad variety of motor pattern variants (Marder 2012). 

Since CPGs have evolved innumerable times, these common functional and structural motifs are not 

idiosyncrasies of any particular CPG, but appear to be important design features that arose over and 

over again. This attests to their general importance in motor pattern generation.  

CPGs are a prerequisite for producing rhythmic activity. For more complex behaviors that involve 

movements of several limbs or the whole body, however, the coordination of many CPGs is required. 

Locomotion is a prime example for the coordination of several neural circuits. Across taxa, locomotion 

is a sequence of rhythmic movement patterns driven by CPGs. Yet, while the behavioral task may be 

similar - the movement of the body over ground, through water or in air - the preconditions of nervous 

system and body structures in each species for achieving locomotion are quite different. For example, 

flight has evolved several times in evolution (in pterosaurs, birds, insects, and mammals), but the 

demands for flight vary greatly between animals of different taxa and also members of the same taxon. 

In more primitive insects, such as locusts (Orthoptera) for example, the flight CPG controls direct 

muscles that are responsible for developing the power for the up and down strokes of the four wings, 

and the CPG directly determines the frequency of the wing beat. The CPG also has to coordinate the 

movement of two pairs of wings. In contrast, in more derived orders of insects such as flies (Diptera), 

indirect flight muscles are activated by motor neurons that fire at much lower rates than the muscle 

contracts. Wing beat frequency is mainly determined by the mechanical properties of the thorax and 

CPG frequency controls the amplitude of the wing beat and due to the lack of the hind wings, no 

coordination is necessary (except for minor adjustments in steering and course control). 

Walking, crawling or swimming typically involve the coordination of several body segments, limbs and 

joints (Büschges et al. 2011; Eisenhart et al. 2000; Kristan et al. 2005; Mulloney and Smarandache-

Wellmann 2012). More often than not the coordinated activities of several pattern generating circuits 

contribute to these complex behaviors, adding another layer of complexity to the control of rhythmic 
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behaviors (Daun-Gruhn and Büschges 2011). Coordinating influences between CPGs are less well 

studied, but like for the pattern generating circuits themselves, common principles and mechanisms may 

underlie coordination, regardless of specific function and taxon. It would not be surprising if coordinating 

influences were to be brought about by a set of common neural principles with multifunctionality as an 

adaptive trait allowing both inter- and intraspecies plasticity. 

Here, we review two systems that are at the forefront of studying central pattern generation and 

coordination of CPGs. The processing of food in the crustacean stomatogastric nervous system will be 

used as a generic model for addressing evolutionary aspects and highlighting general functional motifs 

of central pattern generation. The crayfish swimmeret system, on the other hand, will serve to 

demonstrate the known mechanisms of coordination of segmented CPGs. 
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The order Decapoda (Crustacea) includes groups with distinct external anatomies (Fig. 1A), such as 

crabs, lobsters, crayfish and shrimp that live in different habitats, feed on various food types, and 

possess a diverse set of stomach anatomies (Allardyce and Linton 2010; McGaw and Curtis 2013). The 

processing of food in these groups is controlled by the stomatogastric nervous system, which contains 

the gastric mill (chewing) and pyloric (filtering of chewed food) central pattern generators (CPGs). Both 

CPGs are located within the stomatogastric ganglion (STG), a single midline ganglion containing roughly 

30 neurons most of which have dual functions and act as both interneurons in the CPG circuit and motor 

neurons that drive stomach muscle activity (Stein 2009). Cell number and neuronal circuitry in the STG 

have been remarkably well preserved despite the radical changes in the peripheral structures that it 

controls (Katz and Tazaki 1992; Meyrand and Moulins 1988; Tazaki 1993; Tazaki and Chiba 1993; 

Tazaki and Tazaki 1997).  

Most STG neurons have exact homologs in all species, allowing a characterization of synaptic 

connectivity and neuronal properties across species and the identification of general motifs and 

idiosyncrasies of CPG structure and motor pattern generating mechanisms. The main difference when 

comparing STG circuits between species is the number of homologous neurons: For instance, 4 pyloric 

constrictor neurons (PY) are present in Cancer borealis (Stein 2009), while there are up to 7 in Homarus 

americanus (Bucher et al. 2007): However, these homologous neurons appear to behave as a functional 

unit, since they share the same synaptic input and they are electrically coupled. Moreover, even within 

a single species, the number of PY neurons can vary from individual to individual without differences in 

the output muscle activity (Daur et al. 2012). 
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Figure 1. (A) Top: Body architecture, size and diet within the order of decapod crustaceans are highly variable, 

but the pyloric motor pattern (bottom) is well preserved (Orconectes rusticus, Cancer borealis, Homarus 

gammarus). Recordings courtesy of Marissa Cruz, Illinois State University (O. rusticus), Carola Städele (C. 

borealis) and Wolfgang Stein (H. gammarus). (B) STG networks share many similarities in their connectivity, 

such as reciprocal inhibition between the main circuit neurons, and electrically coupled pacemaker neurons. 

Synaptic transmission dynamics and neuronal responses are under neuromodulatory control, for example by 

descending modulatory projection neurons (PNs). General motifs of CPG structures in the STG of all studied 

species are the presence of a pacemaker ensemble with conditional pacemaker neurons that drive the pyloric 

rhythm, the presence of reciprocal and recurrent inhibition between CPG neurons, and the lack of excitatory 

synapses within the STG circuits. Idiosyncrasies are, for example, the number of PY and GM neurons. (C) 

Phylogenetic and ontogenetic plasticity of circuits and neural activity. Neuromodulators control switches in 

network configuration and activity between ontogenetic stages and within the same developmental stage. 

In contrast to cell number, there are features that are shared by all species: A closer look at the STG 

circuits reveals that rhythmicity depends on a combination of pacemaker properties in individual 

neurons, such as postinhibitory rebound and plateau potentials, and reciprocal synaptic connections 

between them (Fig. 1B; Marder and Bucher 2007; Stein 2009). The synaptic connectivity diagram of 

STG networks is also rather conserved (Meyrand and Moulins 1988; Tazaki and Tazaki 1997) with the 

main differences being the relative strengths of inhibitory and electrical synapses, as well as their 

temporal dynamics. Although the two rhythms employ similar mechanisms of pattern generation there 

are differences in the weighting of these mechanisms that lead to different network output. For example, 

the continuously active pyloric rhythm is always driven by a single conditional pacemaker neuron (AB) 

and two electrically coupled pyloric dilator (PD) neurons. Rhythmicity in the pyloric circuit depends 

mostly on the ability of AB and the PD neurons to continuously generate recurrent activity, while synaptic 

inhibition mainly affect phase and period of the rhythm (Mouser et al. 2008; Thirumalai et al. 2006). The 

gastric mill rhythm, in contrast, is episodic and about an order of magnitude slower than the pyloric 

rhythm. Pacemaker properties play a lesser role in the generation of the gastric mill rhythm. Rather, 

reciprocal inhibition between the lateral gastric neuron (LG) and Interneuron 1 (Int1) creates a two-phase 

rhythm that is independent of autonomous bursting in either of the two neurons (Stein et al. 2007). 

Postinhibitory rebound and plateau potentials, however, affect phasing and burst activities in the gastric 

mill rhythm. In the crab, Cancer borealis, for example, plateau potentials in the dorsal gastric neuron 

(DG) coincide with the occurrence of the gastric mill rhythm and with certain neuromodulatory conditions 

(Weimann et al. 1991).  

Multifunctionality, or the ability of a single neuronal circuit to produce a variety of different motor patterns, 

is another conserved feature of all STG circuits: Neuromodulators such as amines and peptides that 

alter synaptic dynamics and intrinsic neuronal properties lead to a reconfiguration of the networks and 

consequently various different behavioral outputs. A large number of different neuromodulatory 

substances have been shown to be present and to affect the 26-30 STG neurons (Marder 2012), 

producing various output patterns, and emphasizing that STG circuits are highly flexible. Even during 

ontogeny, neuromodulators, rather than connectivity, appear to determine network output: Crustaceans 

undergo several developmental stages which occur in very different ecological niches and during which 

body architecture changes dramatically (Charmantier 1998; Helluy and Beltz 1991; Helluy et al. 1993; 
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Herrick 1895). There are three main stages: the embryonic stage in the egg, the larval stage after 

hatching, where the animal molts at least three times, and the post-larval stages after metamorphosis, 

after which the animal possesses all characteristics of the adult. Although the stomach undergoes quite 

dramatic morphological changes during these development stages, there is already the full complement 

of STG neurons in the early embryo (Casasnovas and Meyrand 1995; Fenelon et al. 1998). The 

stomach, however, is not fully developed at this stage and the teeth first appear at larval stage three 

(lateral teeth) and after metamorphosis (medial tooth), although intracellular recordings demonstrated 

that the embryonic STG neurons already project to their target muscles. Consistent with the lack of 

teeth, only a single multi-phasic rhythm is generated (Le Feuvre et al. 1999) and only later during 

development distinct motor networks and adult-like motor patterns emerge. However, the ontogenetic 

switch to the adult patterns is not caused by the addition of new modulatory input fibers or new synaptic 

connections, but rather by changes in the neurotransmitter phenotype of pre-existing modulatory 

neurons that innervate the STG (Fenelon et al. 1999). In both the adult animal and the embryo, removing 

all modulatory input results in a complete loss of rhythmic STG activity, and application of oxotremorine 

(a muscarinic ACh agonist) restores rhythmic activity. However, instead of recovering a single motor 

pattern in the embryonic system, two distinct motor patterns (pyloric and gastric mill rhythms) are 

observed, despite the fact that the target gastric mill structures (the three internal teeth) are not 

developed yet. This shows that functional adult networks can pre-exist within the functional embryonic 

network, but may only be activated when the appropriate neuromodulator is expressed. This also 

demonstrates that STG networks possess the ability to quickly switch between different network 

phenotypes without changing the network connectivity (Fig. 1C). Such a rearrangement of the 

neuromodulatory system could also be the keystone mechanism by which phylogenetic plasticity is 

brought about, without drastic changes of the network structure. In fact, there are indications that the 

receptors for particular neuromodulators can be evolutionarily lost: Crustacean cardioactive peptide 

(CCAP) and Cancer borealis tachikinin-related peptide I (CabTRP I) are found in most crabs, and 

typically elicit robust activity in the pyloric circuit. In the northern kelp crab, Pugettia producta (Randall), 

however, neither CCAP nor CabTRP I affect the pyloric rhythm when applied to the STG. P. producta is 

dietary specialist and mainly consumes kelp, and the absence of a response to either peptide is in stark 

contrast to other, more opportunistically feeding crabs. Since CCAP and CabTRP I are nevertheless 

present in P. producta , and few, if any, large-scale differences between the STG networks of these and 

other crabs were found, the receptors for both peptides appear to be missing. The regulation of receptors 

for neuromodulators may thus be an evolutionary mechanism of adaptation to changes in behavioral 

and environmental requirements.  

There are also indications that the neuromodulatory system might be involved in species-related 

changes in the functional organization of the stomatogastric nervous system. Immunohistochemical data 

from several crustacean species provide examples of both dissimilarities and conservation in 

neurotransmitter phenotype of several modulatory projection neurons (Katz and Harris-Warrick 1999; 

Katz and Tazaki 1992). An example for the latter are the IV neurons (inferior ventricular neurons) in 

Cancer borealis (Christie et al. 2004), Cancer pagurus (Hedrich and Stein 2008) and Panulirus 

interruptus (Claiborne and Selverston 1984a; Claiborne and Selverston 1984b) and the homolog PS 
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neurons (pyloric suppressor neurons) in Homarus gammarus (Cazalets et al. 1990). IV and PS neurons 

share similar somata locations, axonal projection patterns and neurotransmitter systems (histamine, 

orcokinin and FMRFamide-like peptide, Christie et al. 2004; Li et al. 2002; Stevens et al. 2009). While 

in both cases one of the major effects of bursting in these neurons is to cause a coordination of the 

different motor patterns - pyloric, gastric mill and oesophageal patterns in H. gammarus and cardiac sac 

and gastric mill in P. interruptus - there are differences in their effects on the pyloric network: The IV 

neurons in P. interruptus excite the pyloric network, whereas IV neurons in crabs and PS neurons in 

lobster have inhibitory effects and suppress pyloric activity, demonstrating that homolog neurons with 

similar neurotransmitter content can cause opposite effects on the target network.  

Conversely, there are also examples for homolog neurons in related species that share the same main 

neurotransmitter but differ in their co-transmitters (Fig. 2A): The paired modulatory projection neurons 

(MPN) in C. borealis and the GABA neuron 1 and 2 (GN 1/2) in H. gammarus show similar anatomical 

and electrophysiological characteristics, and they both excite the pyloric network. Yet, they use different 

co-transmitter to affect the pyloric network: While the excitation is proctolin-mediated in crab, it is 

FLRFamide- and cholecystokinin-mediated in lobster (Meyrand et al. 2000). The main transmitter of 

MPN and GN1/2 neurons is GABA, but its release has opposite effects on the gastric mill network: While 

MPN stimulation produces a GABA-mediated suppression of the gastric mill rhythm,GN1/2 activates or 

enhances gastric rhythmicity (Blitz and Nusbaum 1999). This demonstrates that homolog neurons in 

different species do not necessarily contain the same neurotransmitter complement, and that different 

effects can be caused by the same neurotransmitter while different neurotransmitters can have a similar 

effect on the target network.  

What determines the response of the network to modulatory input and how could different responses 

despite similar networks be brought about? While a comprehensive comparison across species is 

missing, it is clear that the postsynaptic receptor expression pattern determines the response of the 

STG network. For example, serotonin released from the gastro pyloric receptor neurons (GPR, Katz et 

al. 1989) has distinct effects on different neurons in a given stomatogastric network due to its differential 

actions on multiple ionic currents and multiple types of receptors (summarized in Katz 1998). In contrast, 

several neuropeptides and muscarinic agonists including proctolin, crustacean cardioactive peptide 

(CCAP), pilocarpine and FLRFamide-related peptides converge onto a single voltage-gated inward 

current ("neuromodulator-induced current"; Swensen and Marder 2000) which acts as a pacemaker 

current. Yet, each pyloric neuron is directly targeted by several of these modulators and, when isolated 

from the network, responds similarly to all modulators. Accordingly, since different neuromodulators 

affect the same ionic current, a given neuromodulator may occlude the actions of others when present 

at the same time. Due to a differential expression of receptors within the full network, however, different 

modulators will activate different combinations of neurons and thus elicit distinct motor patterns from the 

same network (Fig. 2B). For example, bath application of proctolin and CCAP elicits different versions 

of the pyloric rhythm. The same is true for the biogenic amines dopamine, serotonin and octopamine 

(Harris-Warrick et al. 1998; Harris-Warrick et al. 1992).  

159



Chapter 7.1 
 

 

Figure 2. (A) Phylogenetic similarities and differences in neuromodulator actions. The descending projection 

neurons MPN (crab) and GN1/2 (lobster) use GABA (similarity) plus proctolin and FLRFamid/CCK, respectively 

(difference). Yet, the common transmitter GABA causes different responses of the motor patterns in crabs and 

lobsters (i), while the distinct transmitters cause similar effects (ii). (B) Proctolin (bottom left) causes a particular 

pyloric motor pattern that is distinct from that elicited by CCAP (bottom, middle). Top: control without 

neuromodulator application. Dynamic clamp injection of the neuromodulator-induced current (IMI) in CCAP 

selectively into neurons that respond only to proctolin, but not to CCAP, restores the proctolin rhythm (bottom, 

right; Swensen and Marder (2001)) when the preparation is bathed in CCAP. The shade of grey indicates the 

response strength of particular neurons to neuromodulator application and/or dynamic clamp conductance 

injection. 
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Postsynaptic receptor distribution is thus one of the factors that determine which neurons participate in 

a motor pattern when neuromodulators are present. This was elegantly confirmed by Swensen and 

Marder (2001), who, during bath application of CCAP, selectively added the neuromodulator-induced 

current into those pyloric neurons that respond to proctolin, but not to CCAP. This caused the pyloric 

rhythm to switch from the CCAP version to the proctolin-induced version. 

Another critical factor determining network activity is the availability and strength of ionic conductances 

in the network neurons. Modeling and experimental work in the STG has shown that networks with 

similar structure, but disparate ionic conductances can generate similar motor patterns as long as certain 

conditions are met (Golowasch et al. 1999a; Golowasch et al. 1999b; Liu et al. 1998; Prinz et al. 2003; 

Prinz et al. 2004; Schulz et al. 2006; Taylor et al. 2009). For example, mRNA and conductance levels 

of a slow hyperpolarization-activated current (Ih) varies up to 4-fold in PD neurons of different animals 

of the same species (Schulz et al. 2006). Yet, the generated motor patterns are virtually identical. This 

is surprising since changes in Ih conductance can be sufficient to modify the motor pattern (Peck et al. 

2006). However, regulatory mechanisms exist that keep cellular and network parameters within 

boundaries suitable to support the appropriate output, i.e. the conductance levels of particular ionic 

currents are co-regulated (Schulz et al. 2006; Schulz et al. 2007; Taylor et al. 2009). Low levels of 

dopamine, for example, enable an activity-dependent recovery of the phasing of the pyloric motor 

pattern caused by changes in a voltage-gated transient potassium current (IA) via modulation of Ih 

(Rodgers et al. 2011). Phase is well maintained in the pyloric network, within and across species. 

Temperature perturbations as well as current injections into the pacemakers, for instance, change the 

cycle period of the rhythm, but fail to alter the phasing due to the dynamics of intrinsic conductances 

such as Ih and IA (Hooper 1997a; Hooper 1997b; Tang et al. 2010). The phasing of the pyloric neurons 

is also restored after disruptive perturbations and injury (Davis 2006; Luther et al. 2003; Saghatelyan et 

al. 2005; Thoby-Brisson and Simmers 1998), an event attributed at least partly to a rearrangement of 

ionic conductance levels (Faumont et al. 2005; Gansert et al. 2007; Thoby-Brisson and Simmers 2002). 

Activity-dependent (Haedo and Golowasch 2006) and activity-independent homeostatic mechanisms 

act to maintain network output. An example for the latter is that when the outward A-type K+ current (IA) 

is over expressed by mRNA injection, which by itself should disrupt rhythmic activity, this results in a 

compensatory increase of Ih and a preservation of network activity (MacLean et al. 2003). Since 

neuromodulators are important regulators of cellular and network activity, it is not surprising that they 

are also involved in maintaining and shaping network activity. Khorkova and Golowasch (2007) showed 

that three voltage-gated ionic currents (IA, Ih and IHTK (high-threshold potassium current)) possess a high 

degree of correlation in their current density levels in PD neurons. After decentralization and removal of 

neuromodulatory input to the STG, however, Ih and IA were still tightly correlated, but the Ih/IHTK and 

IA/IHTK pairs were no longer correlated. This loss of the ion current co-dependence was prevented when 

proctolin was present after decentralization. Networks of similar structure thus can possess a varying 

complement of ionic conductances while producing similar output patterns, enabling individual animals 

within a species, but also across species, to select from manifold combinations of conductances to 

modify or maintain activity patterns.  
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In summary, in spite of at least 350 million years of evolutionary diversity in decapod crustaceans, the 

neural circuits in the STG have been remarkably well preserved. One feature allowing the circuitry to be 

preserved across many species is its multifunctional character that allows both the generation of stable 

motor patterns and the adaptation of motor patterns to changing environmental and internal conditions.  
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ABSTRACT 

Stable rhythmic neural activity depends on the well-coordinated interplay of synaptic and cell-intrinsic 

conductances. Since all biophysical processes are temperature-dependent this interplay is challenged 

during temperature fluctuations. How the nervous system remains functional during temperature 

perturbations remains mostly unknown. We present a hitherto unknown mechanism of how temperature-

induced changes in neural networks are compensated by changing their neuromodulatory state: 

activation of neuromodulatory pathways establishes a dynamic co-regulation of synaptic and intrinsic 

conductances with opposing effects on neuronal activity when temperature changes, hence rescuing 

neuronal activity. Using the well-studied gastric mill pattern generator of the crab, we show that modest 

temperature increase can abolish rhythmic activity in isolated neural circuits due to increased leak 

currents in rhythm generating neurons. Dynamic clamp mediated addition of leak currents was sufficient 

to stop neuronal oscillations at low temperatures and subtraction of additional leak currents at elevated 

temperatures was sufficient to rescue the rhythm. Despite the apparent sensitivity of the isolated 

nervous system to temperature fluctuations, the rhythm could be stabilized by activating extrinsic 

neuromodulatory inputs from descending projection neurons, a strategy that we indeed found to be 

implemented in intact animals. In the isolated nervous system, temperature compensation was achieved 

by stronger extrinsic neuromodulatory input from projection neurons or by augmenting projection neuron 
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influence via bath application of the peptide co-transmitter CabTRP Ia (Cancer borealis tachykinin-

related peptide Ia). CabTRP Ia activates the non-linear voltage-gated inward current IMI that effectively 

acted as a negative leak current and counterbalanced the temperature-induced leak to rescue neuronal 

oscillations. Computational modelling revealed the ability of IMI to reduce detrimental leak-current 

influences on neuronal networks over a broad conductance range and indicate that leak and IMI are 

closely co-regulated in the biological system to enable stable motor patterns. In conclusion, these results 

show that temperature compensation does not need to be implemented within the network itself but can 

be conditionally provided by extrinsic neuromodulatory input that counterbalances temperature-induced 

modifications of circuit-intrinsic properties. 

AUTHOR SUMMARY 

All physiological processes are influenced by temperature. This is a particular problem for the 

nervous system as temperature changes can disrupt the well-balanced flow of ions across the cell 

membrane necessary for maintaining nerve cell function.. Possessing compensatory mechanisms 

that counterbalance detrimental temperature effects and maintain vital behaviors is especially 

important for poikilothermic animals that do not actively maintain their body temperature and 

experience substantial temperature fluctuations. In this study, we used the stomatogastric nervous 

system of the crab with its well-characterized central pattern generators to study mechanisms that 

allow the nervous system to maintain rhythmic activity over a range of different temperatures. We 

show that in this system even a small temperature increase can lead to termination of rhythmic 

activity at elevated temperatures due to a change in the balance of ionic conductances, In vivo, the 

animal can compensate for these detrimental temperature effects. We demonstrate that such 

compensation can be achieved by restoring the balance of ionic conductance via an increase in 

neuromodulator release from projection neurons that control the motor circuits. Temperature 

compensation via neuromodulation may be a widespread phenomenon since it allows quick and 

flexible compensation of temperature influences on the nervous system. 

INTRODUCTION 

Maintaining neural function at different temperatures is a particularly difficult challenge for the nervous 

system since all biophysical processes are temperature-dependent. General knowledge about how this 

task is achieved remains rather limited, in particular since all biological processes including those that 

govern signal transduction and neuronal excitability vary substantially in their response to temperature 

[1]. Central pattern generators (CPGs) are a class of neural networks that generate rhythmic activity 

patterns. CPG activity has to be particularly resilient against perturbations due to the fact that many 

CPGs drive vital behaviors such as respiration, swallowing and locomotion. CPG activity depends on 

the coordinated interplay between synaptic and cell-intrinsic ionic conductances [2]. Many conductance 

combinations can give rise to rhythmicity, allowing networks to individually vary in conductance levels 
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while remaining within the permissive conductance space for rhythmic activity. It has been suggested 

that compensation of temperature perturbations may be achieved by keeping conductance levels within 

this permissive range via a balanced co-regulation of cellular and synaptic properties that result in 

opposing effects on network output. For example, phase constancy in the pyloric rhythm of crabs over 

a wide temperature range is accompanied by a balanced change of two opposing conductances (Ih and 

IA; [3, 4]). In Aplysia, release of a neuromodulator that modulates muscle contraction drops 20-fold at 

higher temperatures but this drop is partially counterbalanced by an increase in modulator efficacy [5]. 

More recent studies indicate that neuromodulators may contribute to temperature compensation: Thuma 

et al. [6] show that dopamine modulation can restore muscle force after temperature-induced loss of 

muscle contractions. 

This study tests the hypothesis that temperature compensation is conditional and under control of 

extrinsic neuromodulatory input fibers eliciting compensatory changes that oppose temperature-induced 

changes in intrinsic conductance levels. For this, we use the well-characterized pyloric (filtering of food) 

and gastric mill (chewing) CPGs in the crustacean stomatogastric ganglion (STG; Fig 1A; [7, 8]), which, 

like most CPGs, are modulated by well-regulated extrinsic neuromodulatory pathways [9]. The triphasic 

pyloric motor pattern is driven by a three-neuron pacemaker ensemble (the single Anterior Burster (AB) 

and two Pyloric Dilator (PD) neurons) that allow it to be continuously active with and without modulatory 

input [10]. The phase relationship of the pyloric rhythm is maintained constant over a broad temperature 

range (7 to 31°C; [3, 4]). In contrast, the gastric mill rhythm is two-phasic, episodic and driven by half 

center oscillations of Interneuron 1 (Int1) and the Lateral Gastric (LG) neuron (Fig 1A; [11, 12]). Rhythmic 

gastric mill activity requires modulatory input from descending projection neurons in the commissural 

ganglia (CoG; [8, 13]). The modulatory commissural neuron 1 (MCN1), for example, mediates various 

sensory responses and elicits a robust gastric mill rhythm [7, 12]. 

We provide direct evidence that temperature compensation in the gastric mill network depends on a 

balanced change of circuit intrinsic properties with opposing function that are regulated by descending 

modulatory input from MCN1. Modest temperature increase by 3°C led to a cessation of CPG activity 

that was caused by a concomitant increase in leak currents in LG. Dynamic clamp-mediated subtraction 

of the leak was sufficient to rescue the rhythm and achieve temperature compensation. Compensation 

was also achieved by stronger extrinsic neuromodulatory input from MCN1 or by augmenting MCN1’s 

influence with bath application of MCN1’s peptide co-transmitter CabTRP Ia [15, 16]. CabTRP Ia release 

from MCN1 activates a modulator-induced current IMI [17] in LG and we show that this current effectively 

acts as a negative leak current to counterbalance the detrimental effects of the leak increase. Thus, 

temperature compensation is under extrinsic neuromodulatory control, allowing conditional 

compensation of rapid temperature influences. 
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RESULTS 

Temperature increase terminates the gastric mill rhythm 

To test the role of circuit extrinsic neuromodulatory inputs for counterbalancing temperature-induced 

changes on CPG activity, we altered the temperature of the STG motor circuits but kept the CoGs at a 

constant temperature. The CoGs contain descending projection neurons that provide extrinsic 

modulatory input to the STG circuits. This approach is fundamentally different from previous studies [3, 

4] where extrinsic neuromodulatory input from CoG projection neurons as well as STG motor circuits 

were affected by temperature changes. Here, we thermally isolated the STG circuits from the rest of the 

nervous system by building a petroleum jelly well around the STG. Extrinsic input fibers such as the 

descending CoG projection neurons remained mostly unaffected by these temperature changes. 

However, the axon terminals of some projection neurons have local synaptic interactions within the STG 

[11] and may show ectopic spike initiation. Temperature effects on these interactions were not 

investigated in this study. CPG activity in the STG was recorded extracellularly on three different motor 

nerves containing the axons of pyloric and gastric neurons (pyloric: PD, LP and PY on the lvn; gastric: 

LG on the lgn, DG on the dgn). We found that a moderate temperature increase from 10 to 13°C had 

distinct effects on the two rhythms (Fig 1B): The pyloric rhythm was resilient to temperature changes 

and continued its regular activity while the spontaneous gastric mill rhythm terminated, as can be seen 

by the sporadic and non-rhythmic activity of the gastric mill neurons LG and DG on the lgn and dgn (Fig 

1B).  

Fig 1. Pyloric and gastric mill networks in the C. borealis STG respond differently to temperature 

perturbation. 

(A) Main connectivity in the STG and innervation by the CoG projection neuron MCN1 (yellow). Blue circles 

represent pyloric neurons and green circles represent gastric mill neurons. The pyloric and gastric mill CPGs 

receive excitatory input from MCN1 which innervates the STG via the ion and stn. MCN1 elicits a distinct version 

of the gastric mill rhythm which includes rhythmic bursting in LG, driven by the release of the peptide CabTRP 

Ia, electrical coupling between the MCN1 axon terminal and LG and presynaptic inhibition of the MCN1 

terminal[12]. CabTRP Ia activates the modulator-activated inward current IMI [14]. Bursting in LG also requires 
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reciprocal inhibition with Interneuron 1 (Int1). The pyloric circuit is pacemaker driven (AB) and modulated by 

MCN1. In most experiments MCN1 influence was controlled by decentralizing the STG (arrow) and extracellular 

stimulation of the MCN1 axon in the remaining ion (‘stim.’). The yellow area indicates that temperature 

perturbations only affected the STG. (B) Example extracellular nerve recordings showing the spontaneous pyloric 

and gastric mill rhythms at low (T=10°C) and elevated temperature (T=13°C). Three extracellular recordings are 

shown. Top: dorsal gastric nerve dgn showing the activity of the Dorsal Gastric (DG) neuron. DG is a functional 

antagonist of LG. Middle: lateral gastric nerve lgn showing the activity of LG. Bottom: lateral ventricular nerve 

lvn, showing the pyloric rhythm. The pyloric rhythm is triphasic and consists of the alternating activities of the 

Pyloric Dilator (PD) neurons and the Lateral Pyloric (LP) and Pyloric Constrictor (PY) neurons. At 13°C, LG and 

DG activities cease and the gastric mill rhythm terminates. Recordings are from the same preparation. 

The pyloric rhythm had previously been shown to be “resistant” against temperature perturbations in 

vivo and in vitro (although for much larger temperature ranges, up to 26°C or more; [3, 18]) in that the 

phase relationship of the pyloric neurons remains constant while cycle period decreases. In all previous 

studies, however, temperature affected CPG as well as its input fibers making it unclear whether 

extrinsic inputs from other parts of the nervous system are necessary to maintain the rhythm or not. 

Despite the fact that in our experiments the temperature perturbation exclusively affected the STG we 

found similar result for the pyloric rhythm as described previously. In none of our experiments did the 

pyloric rhythm cease or show any obvious change from its canonical pattern (see S1 Fig). In fact, this 

was true even when we increased the temperature up to 19°C (N=6). To conclude, our results predict 

that the broad temperature range of the pyloric rhythm is likely to be intrinsic to the STG circuit and that 

the permissive temperature range of this rhythm is independent of temperature effects on other areas 

of the nervous system, such as the CoGs. 

The gastric mill rhythm depends on the activity of upstream modulatory projection neurons in the CoGs 

[7, 8]. About 20 CoG projection neurons innervate the STG via the unilateral stomatogastric nerve (stn, 

see Fig 1A, [19]). Sensory input like olfactory or mechanosensory stimuli [20-22] as well as sensory 

feedback from proprioceptors [20, 23, 24] activate CoG projection neurons and elicit gastric mill activity. 

Even individual projection neurons can start the gastric mill rhythm in vitro [12] and in vivo [25]. One 

particular well-characterized projection neuron is MCN1 [11, 12, 25], a bilaterally symmetric neuron in 

each CoG with axonal projections to the STG (Fig 1A). To study the mechanism of the temperature-

induced breakdown of the gastric mill rhythm, we first decentralized the nervous system to remove the 

influence of all CoG projection neurons. To initiate a gastric mill rhythm, we then stimulated MCN1 

tonically with the lowest frequency eliciting a gastric mill rhythm at 10°C (=threshold frequency, see 

Material and Methods). MCN1 was activated by extracellular stimulation of the inferior oesophageal 

nerve (ion) which contains the axons of only two projection neurons, MCN1 and MCN5. MCN1 has the 

lower stimulation threshold of the two and can thus be activated selectively [11, 12]. For the analysis we 

focused on LG since this neuron is part of the core pattern generator of the gastric mill rhythm and has 

a strong influence on all other gastric mill neurons: If spiking is prevented in LG, the gastric mill rhythm 

stops [11]. Similarly to the spontaneous gastric mill rhythm, LG activity was rhythmic at 10°C during 

MCN1 stimulation, but became substantially reduced and irregular at 13°C (Fig 2A). In 4 of 10 

experiments LG spiking ceased completely (Fig 2B). This effect was reversible, i.e. the rhythm returned 

to its original regularity and strength when temperature was decreased back to 10°C. 

171



Chapter 7.2 

S1 Fig. The phase relationship of the pyloric rhythm is resilient against temperature perturbations and 

independent from upstream modulatory projection neuron activity. 

(A) Example extracellular nerve recordings showing the triphasic pyloric rhythm at 10°C (top) and 13°C (bottom) 

without spontaneous gastric mill rhythm. Top: pyloric dilator nerve pdn showing the sole activity of the PD 

neurons. Bottom: lateral ventricular nerve lvn showing the triphasic rhythm with PD, LP and PY activities. At 13°C 

the cycle period decreased substantially, but rhythmicity and relative timing of the triphasic pattern were largely 

preserved. (B-E) Quantification of pyloric network output at 10°C (blue) and 13°C (red). (B) On average, pyloric 

cycle period decreases significantly at 13°C. Paired t-test, p<0.001. (C) Phase relationship and (D) the number 

of spikes/burst of PD, LP and PY were maintained at different temperatures. (E) Intraburst spike frequency of LP 

and PY increased significantly at 13°C. Paired t-test, P<0.05. 

To quantify temperature effects on LG firing rate we counted the number of LG bursts in 100 s and the 

number of LG spikes per burst (see Materials and Methods). We found that at 10°C LG showed rather 

regularly spaced action potentials during the bursts followed by relatively long interburst intervals (Fig 

2B). In contrast, at 13°C LG was either not active or its firing was erratic or tonic. LG activity was never 

rhythmic at this temperature (Fig 2B). Concurrently, the number of LG bursts dropped significantly (Fig 

2C) as well as the number of LG spikes per burst. When temperature was returned to 10°C, in all 

preparations rhythmicity was recovered and the number of LG bursts and spikes per burst returned to 

control values (Fig 2C). 

In these experiments, temperature was changed by ~1°C/min and measurements were taken at 10°C 

and 13°C. Given that physiological temperature changes might occur over a longer time period than in 

our experiments, we performed an additional set of experiments where we slowly changed the 

temperature (1°C/1h). The goal of this set of experiments was to examine if homeostatic processes exist 

that compensate (slow) temperature perturbations. In specific, we kept the temperature at 10°C for one 

hour, then slowly increased temperature by ~1°C/hour and recorded LG activity at 10°C and 13°C. 

However, we found no obvious difference to the faster temperature ramps used earlier: Again, there 

was a significant decrease in the number of LG bursts and spikes per burst (Fig 2D), demonstrating that 

the cessation of LG rhythmicity is not counterbalanced by homeostatic processes in vitro.  
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Fig 2. The MCN1 gastric mill rhythm terminates at elevated temperature. 

(A) Intracellular recording of LG during continuous extracellular MCN1 stimulation with 6 Hz at 10°C (top), 13°C 

(middle) and 10°C (bottom, post-control). LG was rhythmically active at 10°C (top). Rhythmic LG activity ceased 

at 13°C (middle), but could be restored by changing the temperature back to 10°C (bottom). Vertical scale bars, 

10 mV. (B) Representation of LG spike activity for all preparations tested (N=10) at 10°C (top), 13°C (middle) 

and 10°C post-control (bottom). Each trace shows 100s during continuous MCN1 stimulation with each vertical 

line representing an action potential in LG. Grey traces (trace 4) correspond to recordings shown in A. (C) 

Analysis of number of LG bursts/100s (top) and LG spikes/burst (bottom) for all preparations tested (N=10). 

Temperature was changed at 1°C/min. One way RM ANOVA, F(2,18)=280.503 (top) and F(2,18)=76.963 

(bottom), p<0.001, Holm-Sidak post-hoc test with p<0.01 significance level. (D) Number of LG bursts/100s (top) 

and LG spikes/burst (bottom) with slow temperature change (1°C/h). N=6, Wilcoxon signed rank test, Z=2.264, 

P=0.031 for LG bursts/100s and Paired T-test, P<0.01 for LG spikes/burst. (E) Change in number of LG 

spikes/burst plotted as a function of temperature from 8°C to 16°C during continuous temperature increase 

(~1°C/min). The different colors represent the LG response to two different MCN1 stimulation frequencies (4 Hz 

and 7 Hz). Stimulations were performed in the same preparation. Regression slope 4 Hz=-9.81*LG spikes/burst; 

7 Hz=-7.52*LG spikes/burst, slopes significantly different from 0 with p<0.001. 

Next, we tested if the termination of the rhythm occurs abruptly or in a graded fashion. Like in previous 

experiments, MCN1 stimulation frequency was determined at 10°C. Stimulation was then stopped and 

the temperature was lowered to 8°C. Stimulation was then restarted to elicit rhythmicity and temperature 

was continuously increased by 1°C/min until LG firing ceased. We found that the number of LG spikes 

per burst continuously decreased linearly as temperature was increased (Fig 2E, green trace). In the 

example shown, all burst activity stopped as temperature reached 12.5°C. The linear decrease in LG 

spike activity was consistent across preparations, and on average LG bursting stopped at 12.7±0.2°C 

(N=5). Additionally, we tested the permissive temperature range for normal operation of this system by 

performing experiments with a broader temperature range (8 to 16°C, N=5). In these experiments, we 
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increased the MCN1 stimulation frequency (175% threshold frequency) to facilitate LG rhythmicity at 

temperatures above 13°C. Again, we found that the number of LG spikes per burst continuously 

decreased in a highly linear fashion as temperature was increased (Fig 2E, purple trace). In the example 

shown, all burst activity stopped as temperature reached 15.8°C. On average this happened at 

15.9±0.4°C (N=5). The linear response to temperature changes indicates that the gastric mill CPG is 

unable to compensate moderate temperature influences. The permissive temperature range, however, 

increased with higher MCN1 stimulation frequencies. In summary, even a moderate temperature 

increase led to a consistent disruption of the gastric mill rhythm which was in stark contrast to the robust 

behavior of the pyloric rhythm. 

Membrane responses are diminished at higher temperatures 

The pyloric and gastric mill rhythms share the same main function - digestion of food. Proper digestion 

is vital for the animal’s survival and it is intuitive to assume that both rhythms are equally important and 

that mechanisms exist to prevent cessation of both rhythms. For the pyloric rhythm it has been 

suggested that physiological temperature compensation is achieved by opposing temperature 

dependencies of membrane currents (Ih and IA; [3]). The gastric mill rhythm, in contrast, apparently lacks 

adequate compensation despite the fact that pyloric and gastric mill neurons are located in the same 

ganglion and comprise comparable ion channels and membrane currents (e.g. Ih and IA can be found in 

pyloric and gastric mill neurons; [26, 27]). To determine what provoked the termination of gastric mill 

activity, we asked whether intrinsic factors contributed to the observed temperature-induced changes in 

LG activity. We first compared the intracellular response of LG to temperature changes: We found that 

LG’s resting potential hyperpolarized at 13°C (Fig 3A) with an average drop of 2.67±1.34 mV (10°C: -

67.01±3.00 mV, 13°C: -69.68±3.50 mV, N=13). Hyperpolarization was continuous and linear with 

temperature increase (Fig 3A, right). Also, LG spike amplitude decreased significantly by 4.73±1.22 mV 

(Fig 3B, 10°C: 17.02±5.58 mV, 13°C: 12.28±4.36 mV, N=13). Next, we looked at the electrical 

postsynaptic potential (ePSP) which LG receives from MCN1 [12]. For this, MCN1 was stimulated with 

frequencies that did not elicit gastric mill rhythms, but rather only individual ePSPs (typically 1 Hz or 

below). Fig 3C shows an example of the change in ePSP amplitude when temperature was increased. 

On average, ePSP amplitude was reduced by 2.47±0.54 mV at 13°C (10°C: 8.73±3.06 mV, 13°C: 

6.26±2.52 mV, N=13). All effects were reversible when temperature was decreased back to 10°C. 

The MCN1 to LG gap junction has been shown to be voltage-sensitive such that more hyperpolarized 

LG membrane potentials lead to smaller ePSPs. This could have possibly contributed to the 

diminishment of the ePSP amplitudes (since the resting potential hyperpolarized). However, this effect 

only leads to an average ePSP amplitude change of 0.14 mV/1 mV membrane potential change [12]. 

The temperature-induced change in ePSP amplitude in our experiments was almost 6 times larger (0.82 

mV/1 mV). Thus, the observed change in LG membrane potential was not sufficient to explain the 

diminished ePSP amplitudes.  

174



Städele et al. | Temperature compensation in a rhythmic motor circuit 
 

Fig 3. LG membrane properties are affected by temperature change. 

(A) Left: LG resting membrane potential at 10 and 13°C for all tested preparations. Black circles represent 

individual experiments, colored circles are means±SD. LG membrane potential hyperpolarized significantly at 

13°C (N=13, paired t-test, p<0.001). Right: Decrease in LG resting membrane potential as a function of 

temperature from 9 to 13°C during continuous temperature increase (1°C/min) in one preparation. (B) LG spike 

amplitude at 10 and 13°C for all tested preparations. LG spike amplitude was significantly smaller at 13°C (N=13, 

paired t-test, p<0.001). (C) Left: Overlay of MCN1 ePSPs in LG at 10 and 13°C. Right: Mean ePSP amplitudes 

at 10 and 13°C for all preparations tested. Mean ePSP amplitude decreased significantly at 13°C (N=13, paired 

t-test, p<0.001). (D) Change in LG input resistance at 10 and 13°C. (E) Membrane potential deflections of LG at 

10 and 13°C during de- and hyperpolarization (+3 to -3 nA, 1 nA steps are shown, 10 s duration). Measurements 

are from the same preparation. (F) Change in LG membrane potential as a function of current injection at 10°C 

and 13°C. Averages and SEM of 5 experiments are shown. The starting membrane potential was set to -70mV 

in all experiments. Note the difference in slope between 10 and 13°C. Voltage deflections for all current levels 

were significantly smaller at 13°C (N=5, paired t-test, p<0.05). 

Leak conductance increases at higher temperatures 

The changes in resting potential, spike and ePSP amplitude indicated that input resistance of LG might 

have changed, causing a shunt of all of LG’s responses. We found that input resistance decreased 

significantly by 4.12±1.4 M (34.34±10%, 10°C: 12.03±2.38 M, 13°C: 7.92±2.12 M, N=13) when 

temperature was increased (Fig 3D). Changes in input resistance can be due to changes in leak 

currents, voltage-gated currents or synaptic input. The latter appears unlikely to have contributed, since 
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the STG was decentralized. Decentralization removes most spontaneous activity of descending 

projection neurons that may cause synaptic input to LG, and it stops the gastric mill rhythm and silences 

or strongly diminishes the pyloric rhythm. Consequently, due to the lack of STG activity in this condition, 

synaptic input from other STG neurons was also unlikely to have contributed to the observed change in 

input resistance. To further reduce STG and projection neuron input to LG we blocked action potentials 

with TTX (0.1 µM; N=4). The result was the same: we obtained a decrease in input resistance when 

temperature was increased. Hence, the decrease in input resistance was independent of synaptic input. 

We also tested a broader range of current amplitudes by injecting 10 s long current pulses into LG, 

ranging from 1 to 3 nA in both de- and hyperpolarizing direction. Fig 3E shows that the voltage 

deflections of all current steps were smaller at 13°C than at 10°C. This was true for all preparations 

tested (N=5). Fig 3F shows the change in LG membrane potential as a function of the injected current. 

We noted a difference between LG’s voltage response to current injections in the positive and negative 

direction. While this has not been reported directly before, it is most likely a result of the aforementioned 

voltage-dependence of the gap junction between LG and MCN1 [12]. Importantly, the resulting skew of 

LG’s voltage response in the tested current range was small in comparison to the shunting effect of 

temperature increase. 

Temperature-dependent changes in leak conductance determine network oscillations 

Since many, if not all processes in the nervous system are temperature dependent, a causal connection 

between temperature effects on a specific process and the output of a motor circuit is difficult to show. 

Our data so far show that when temperature increases (1) leak conductance of LG increases, associated 

with (2) a hyperpolarization of LGs resting potential. To test whether either of these two effects or both 

could contribute to the termination of the gastric mill rhythm at higher temperature, we first tested the 

effects of a change in membrane potential. For this, we recorded LG intracellularly and measured the 

membrane potential at 10 and 13°C. We then elicited a gastric mill rhythm via MCN1 stimulation at 10°C 

and hyperpolarized LG to resting potential values obtained at 13°C (Vm=2.88±1.55 mV, N=4). The 

gastric mill rhythm was not affected by this manipulation. Thus, the observed change in membrane 

potential at 13°C was not a significant contributor to the termination of the gastric mill rhythm. 

We next tested whether an increase in leak conductance is sufficient to explain the termination of the 

gastric mill rhythm by using the dynamic clamp technique [28]. We either added an artificial leak 

conductance at 10°C or subtracted leak conductance at 13°C. First, we measured LG input resistance 

and resting potential at 10 and 13°C and used the difference to calculate the leak conductance increase 

(=leak, see Material and Methods). We then elicited a gastric mill rhythm at 10°C and after several 

gastric mill cycles we turned the dynamic clamp on and injected the appropriate amount of additional 

leak (+leak). Immediately after the onset of the artificial leak conductance, LG bursting ceased (Fig 

4A). Thus, an increase in leak conductance as caused by a temperature increase of 3°C was sufficient 

to terminate the gastric mill rhythm. 

Consequently, a reduction of leak conductance at high temperature should also be sufficient to restore 

the rhythm. We tested this prediction by carrying out the reverse experiment (Fig 4B). We stimulated 
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MCN1 at 13°C with the threshold frequency that was sufficient to elicit a rhythm at 10°C. As seen in our 

previous experiments, no gastric mill rhythm was elicited at 13°C despite the continuous MCN1 

stimulation. We then turned on the dynamic clamp and subtracted the appropriate leak (-leak). 

Immediately, LG regained its spiking ability and rhythmicity was restored. In 2 out of 4 experiments, LG 

firing stopped completely when artificial leak was added at 10°C (Fig 4C). In the other half, LG either 

generated sporadic action potentials or infrequent bursts of a few action potentials with varying interburst 

intervals. Thus, in all experiments MCN1 stimulation elicited a gastric mill rhythm at 10°C, but failed to 

do so at 13°C (similar to our previous findings; see Fig 2). When leak was subtracted (13°C-leak), all 

preparations recovered the rhythm (Fig 4C, right). Consistent with the previous experiments (Fig 3), 

adding leak diminished AP and ePSP amplitudes, while subtracting leak increased them. 

In summary, thus, our results demonstrate that a temperature-induced increase in leak conductance 

was sufficient to terminate the rhythm. Accordingly, bursting in LG could be restored at elevated 

temperatures by adding a negative leak. 

Fig 4. Changes in leak conductance are sufficient to terminate and rescue the rhythm. 

(A) Top: Intracellular recording of LG during tonic MCN1 stimulation with 7 Hz at 10°C. Rhythmic activity ceased 

when artificial leak was added with dynamic clamp (10°+leak). Bottom: Corresponding dynamic clamp current 

that was injected into LG. (B) Top: Intracellular recording of LG during tonic MCN1 stimulation with 7 Hz at 13°C. 

Rhythmic activity was recovered when artificial leak was subtracted (13°-leak). Bottom: Corresponding dynamic 

clamp current that was injected into LG. Traces in B and C are from the same preparation. (C) Effect of artificial 

leak addition (10°+leak) and subtraction (13°-leak) on LG spike activity for all tested preparations (1-4). Each 

vertical line represents an action potential in LG over 100 s of continuous MCN1 stimulation. Grey traces (4) 

correspond to recordings shown in A and B. 
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MCN1 activity increases with elevated temperatures 

Cancer borealis, the animal used for this study, experiences substantial temperature fluctuations in its 

habitat [29, 30]. One would thus assume that the nervous system should be able to cope with the small 

temperature fluctuations we applied in our experiments. To test if there may be mechanisms to 

compensate for the temperature-induced termination of the gastric mill rhythm in vivo, we implanted 

extracellular electrodes in intact animals and recorded the main motor nerve (lvn). Recordings typically 

lasted for several days. We investigated temperature effects on the gastric mill rhythm using two 

approaches: First, the temperature of the water was changed at a rate comparable to the in vitro 

experiments (1°C/min) - a velocity that has previously been shown to be sufficiently slow to cause similar 

changes at the STG somata [18]. Since we were interested in spontaneous gastric mill rhythms, i.e. 

rhythms that were independent of artificial stimulation, temperature was only increased after a gastric 

mill rhythm was present at 10°C. The rhythm was then continuously monitored during the temperature 

change. Fig 5A shows the rhythm obtained at 10°C and 13°C. In contrast to the in vitro condition, the 

rhythm persisted in vivo and showed no signs of irregularity. The number of LG spikes per burst declined 

slightly with increasing temperature (Fig 5B), but the number of LG bursts increased at the same time 

which was in stark contrast to the isolated nervous system. 

Fig 5. In vivo gastric mill rhythms occur at elevated temperature. 

(A) Extracellular recording of the lvn in an intact animal with spontaneous pyloric and gastric mill activity at 10°C 

(top) and 13°C (bottom) during fast temperature change (~1°C/min). As access to the motor nerves is limited in 

vivo, LG activity was assessed on the lvn. LG spikes are superimposed on those of the pyloric neurons (LP and 

PD are clearly discernable). For visualization, LG spikes are shown as vertical lines above the recording trace. 

(B) LG spikes/burst in vivo as a function of temperature from 9 to 16°C during fast temperature increase 

(~1°C/min). Regression slope: -0.46*LG spikes/burst, slope significantly different from 0 with p<0.49. (C) LG 

spike activity in vivo at 13°C for all animals tested (N=7). Here, temperature was increased slowly (1°C/h) from 

10 to 13°. Each trace represents one animal and each vertical line an LG action potential. 

Yet, physiological temperature changes might occur over longer periods. Thus, in a second set of 

experiments, the temperature was kept at 10°C for at least 1 hour and then slowly increased at a rate 

of 1°C/h to 13°C (similar to Fig 2D). We found that in these conditions spontaneous gastric mill rhythms 
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occurred at 13°C (N=7, Fig 5C), implying the existence of mechanisms that compensate the 

temperature-induced changes in the gastric mill circuit in vivo.  

To mechanistically understand the adaptations rescuing the gastric mill rhythm we went back to the in 

vitro preparation. Since there was no apparent compensation within the STG circuit we focused on one 

of LG’s modulatory input, namely MCN1. MCN1 had been the only projection neuron providing input to 

LG in our experimental setup (see also [11]) and our initial experiments had already indicated that 

increasing MCN1 stimulation frequency increased the dynamic range of the gastric mill rhythm (Fig 2E). 

To scrutinize this idea and to test if a temperature-dependent up-regulation of MCN1 projection neuron 

activity could counterbalance the termination of the gastric mill rhythm, we first determined MCN1 activity 

at different temperatures. We recorded spontaneous MCN1 spike activity in preparations where 

feedback from the pyloric and gastric mill CPGs in the STG was severed to exclude ascending influences 

on the activity of MCN1 [31]. In contrast to the previous experiments we now altered the temperature of 

the CoG. MCN1 activity was recorded extracellularly from the ion stump connected to the CoG. We 

found that MCN1 activity increased at 13°C. In the example in Fig 6A MCN1 firing frequency increased 

by 57.59%. Note that the activity of both MCN1 neurons in a given nervous system preparation were 

analyzed to determine if temperature affects both MCN1 copies similarly. Although MCN1 firing 

frequency at 10°C was quite variable between the two MCN1 neurons within a given preparation and 

across animals, in 7 of 8 preparations firing frequency of both MCN1 neurons increased at 13° (by 

51.29±26.59%, N=8, n=16, Fig 6B). 

Temperature-induced increase in MCN1 activity rescues rhythms 

Next, we asked whether the temperature-induced up-regulation in MCN1 firing frequency is sufficient to 

counterbalance the increase in LG leak conductance and to prevent the termination of the gastric mill 

rhythm at elevated temperatures. To test this, we went back to the original experimental setup where 

we decentralized the STG from all CoG inputs and stimulated the ion on the STG side of the nerve 

transection to elicit gastric mill rhythms (Fig 1A). Specifically, we stimulated MCN1 at 10°C with threshold 

frequency, observed the rhythm and monitored its cessation after increasing the STG temperature to 

13°C. We then raised MCN1 stimulation frequency in 1 Hz steps to mimic the increase in MCN1 firing 

frequency observed at 13°C. Fig 6C shows that an increase in MCN1 firing frequency from 7 to 10 Hz 

(42.85%) was sufficient to restore the rhythm in this particular example.. On average a 56.07±11.99% 

(N=10) increase in MCN1 stimulation frequency rescued the gastric mill rhythm. This was true although 

threshold MCN1 stimulation frequencies varied considerably between preparations (5-9 Hz at 10°C, 8-

15 Hz rescue frequency at 13°C). We found a significant decrease in the number of LG bursts and LG 

spikes per burst at 13°C, but both returned to control values when MCN1 stimulation frequency was 

increased (Fig 6D). In fact, when we measured the minimum MCN stimulation frequency at different 

temperatures (Fig 6E), we found that a linear increase in MCN1 frequency of 0.96 Hz/1°C was sufficient 

to rescue the rhythm at increasing temperatures.  
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Fig 6. Increased MCN1 activity rescues the rhythm from temperature-induced breakdown. 

(A) Extracellular recording of the ion showing the spike frequency (f) of MCN1 at 10°C and 13°C. CoGs were 

isolated from the STG by transecting all connecting nerves. MCN1 activity was recorded on the remaining stump 

of the ion that was still connected to the CoG. (B) Change in MCN1 spike frequency at 10 and 13°C for N=8 

preparations. In each preparation both ions were recorded (n=16 recordings of bilateral MCN1). Black circles 

represent individual experiments, colored circles are means±SD. MCN1 frequency was significantly higher at 

13°C (N=8, n=16, paired t-test, p<0.05). (C) Intracellular recording of LG at 10°C (top trace) and during increasing 

MCN1 stimulation frequency at 13°C (subsequent traces). Traces are from the same preparation. Vertical scale 

bars, 10 mV. Rhythmic LG activity was lost at 13°C, but could be recovered by increasing MCN1 stimulation 

frequency. (D) Number of LG bursts/100s (top) and LG spikes/burst (bottom) of all preparations at 10°C, 13°C, 

and 13°C with increased MCN1 stimulation frequency (=13°C/rescue). Values at 10°C and 13°C/rescue were 
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significantly different from 13°C (N=10, Friedman RM ANOVA on ranks, 2(2)=15, p<0.001, Tukey post-hoc test 

with p<0.01 overall significance level (top) and One Way RM ANOVA, F(2,18)=79.199, p<0.001, Holm-Sidak 

post-hoc test with p<0.01 (bottom). (E) Change in minimum MCN1 stimulation frequency needed to induce 

rhythmic LG activity (=’stim. threshold’) as a function of temperature. Means±SD are shown (N=5). Regression 

slope: 0.96*stim threshold, slope significantly different from 0 with p<0.001. 

Neuromodulator application can rescue the gastric mill rhythm 

What is the mechanism that allows MCN1 to rescue the rhythm at 13°C? Our previous results indicate 

that subtracting a leak conductance is sufficient to achieve this goal (Fig 4B). Bursting in LG is mainly 

driven by the release of MCN1’s peptide co-transmitter CabTRP Ia (Cancer borealis tachykinin-related 

peptide Ia; [11]). In the STG, CabTRP Ia is exclusively found in the MCN1 terminals and thus specific to 

MCN1. Like many other modulators in the STG, CabTRP Ia activates a well-characterized voltage-gated 

cation conductance (IMI, modulator-induced current; [17]). IMI supports membrane potential oscillations 

due to its inverted bell-shaped voltage-current relationship [32]. Importantly, IMI has recently been 

suggested to act as a negative leak conductance due to the linear falling edge of its voltage-current 

relationship [33]. Could the CabTRP Ia-activated IMI be sufficient to rescue the rhythm by 

counterbalancing the temperature-induced leak increase in LG? To test this, we bath applied CabTRP 

Ia (1 µM; [11]) as a means to increase IMI and measured the response of LG during MCN1 stimulation 

at 13°C. The release concentration and dynamics of CabTRP Ia are unknown and the effective 

concentrations of peptide transmitters on STG neurons differs greatly between neuron types [34]. As 

current responses to peptide modulators also vary substantially from animal to animal [35] we made no 

attempt to determine the CabTRP Ia threshold concentration. Rather, and most importantly for our 

purposes, we used a concentration shown to be effective in activating IMI [15]. We first elicited a rhythm 

at 10°C, then increased the temperature to 13°C to elicit the termination and finally applied CabTRP Ia. 

Fig 7A shows that CabTRP Ia application indeed can restore the rhythm. In the example shown, 7 Hz 

MCN1 stimulation elicited a gastric mill rhythm at 10 (Fig 7A, i), but not at 13°C (ii). We then stopped 

the MCN1 stimulation and applied CabTRP Ia. CabTRP Ia alone never elicited a gastric mill rhythm, nor 

did it cause LG action potentials (iii). CabTRP acts specifically on IMI,- a G-protein coupled voltage-

dependent inward current [14, 34]. Hence, to cause sustained LG activity an additional depolarization 

of the membrane potential would be required. We noted a consistent small depolarization of the 

membrane potential (2.01±0.97 mV, N=8), which is consistent with earlier findings [15] and neuronal 

release of CabTRP Ia by MCN1 [11], indicating that the concentration used was within the physiological 

range used by MCN1. We also observed subthreshold oscillations in the LG membrane potential as a 

result of rhythmic disinhibitions from Int1 that were triggered by increased pyloric activity in the presence 

of CabTRP Ia [17]. When MCN1 stimulation was turned on (iv), however, LG responded immediately to 

the threshold stimulation frequency and generated rhythmic bursts of action potentials at 13°C. The 

effects of CabTRP Ia on LG were reversible (v), i.e. MCN1 stimulation at 13°C with the threshold 

frequency after CabTRP Ia wash out was neither sufficient to elicit LG spikes nor to start a gastric mill 

rhythm. Across animals (N=4), we found that CabTRP Ia application always restored rhythmic LG activity 

at 13°C when MCN1 was activated with the threshold  
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Fig 7. CabTRP Ia application rescues the rhythm from temperature-induced breakdown. 

(A) Intracellular recording of LG at 10°C (top trace) and 13°C (subsequent traces) and response to 1 µm CabTRP 

Ia at 13°C in the absence and presence of tonic MCN1 stimulation (7 Hz). All traces are from the same 

preparation. Rhythmic LG activity was lost at 13°C, but could be recovered in CabTRP Ia without increasing 

MCN1 stimulation frequency (iv). Vertical scale bars, 10 mV. (B) Change in number of LG bursts/100s (top) and 

LG spikes/bursts (bottom) at 10°C, 13°C, 13°C+CabTRP Ia and after washout. N=4, One Way RM ANOVA, 

F(3,9)=50.558 (top) and F(3,9)=124.33 (bottom), p<0.001, Holm-Sidak post-hoc test with p<0.01 significance 

level. 

frequency. Correspondingly, the number of LG bursts and the number of LG spikes per burst first 

decreased significantly at 13°C (Fig 7B) and then increased in the presence of CabTRP Ia. We noted 

similar, but weaker effects in experiments with lower CabTRP Ia concentrations (N=4). In two 

preparations rhythmic LG activity recovered at 100 nM and LG firing frequency was not significant 

different from the 10°C control. Lower concentrations did not elicit spiking in LG at elevated temperatures 

in those two experiments. In the other two experiments the rhythm recovered at 10 nM, but the firing 

frequency of LG was lower when compared to the 10°C control condition, indicating that 10 nM did not 
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fully recover LG rhythmicity at elevated temperatures. Only with a simultaneous increase in MCN1 

stimulation frequency control values were reached.  

MCN1 activation in all experiments was necessary to elicit the rhythm, independently of whether 

CabTRP Ia was present or not. Thus, MCN1's additional transmitter release and network effects (such 

as activating the LG half-center antagonist Int1) were necessary to start the rhythm. In summary, the 

CabTRP Ia-induced IMI broadened the permissible temperature range of the gastric mill rhythm and 

allowed LG to generate rhythmic bursts of activity. 

The balance of IMI and leak currents determine network oscillations 

Our results show that CabTRP Ia is sufficient to counterbalance the temperature-induced leak current 

in LG and to rescue the rhythm at 13°C presumably by its known effect on IMI. We tested the dynamics 

and range of this compensation by using computational models of the gastric mill network with the known 

connectivity of the circuit (Fig 1A; [36]). 

Pyloric influences on the gastric mill network were modeled by driving the pyloric pacemaker neuron AB 

with constant sinusoidal currents. Initially, using values within the physiological range, we set leak and 

IMI conductances such that the model produced oscillations that were similar to the biological network 

(Fig 8A, i). To mimic the effects of a temperature increase, we then added an additional leak 

conductance to the model LG. With twice the amount of leak, rhythmicity was absent and LG was 

completely silent (ii). All other parameters were intentionally kept constant. No temperature-dependent 

changes other than the increase in the leak current (as indicated by Fig 3F and Fig 4) were added since 

the goal was to test the interplay between leak and IMI conductances rather than the effect of temperature 

on synaptic and membrane properties other than leak. When we increased the IMI maximum 

conductance by 50%, rhythmicity was restored (iii), indicating that IMI indeed can counterbalance the 

leak. 

To determine whether this was true for a greater range of parameter combinations and to identify the 

borders of stable network oscillations, we carried out an exhaustive search of 1,100 LG models. Model 

neurons varied in terms of the maximal conductances of leak and IMI currents but were otherwise 

identical. This allowed us to test the effects of various combinations of leak and IMI conductances on the 

behavior of the network. Leak and IMI conductance levels were independently varied in steps of 5 nS, 

starting at 1 nS. To scrutinize model activity, we analyzed rhythmicity and the number of LG spikes and 

bursts in 100 s simulation time. Models were classified as rhythmic when at least three clearly identifiable 

bursts were present within 100 s. Bursts were defined as series of action potentials followed by interburst 

intervals of more than 2 s. We plotted the number of bursts for all 1,100 models as a function of leak 

and IMI conductances (Fig 8B). In blue areas the model LG neuron was either not spiking or not 

rhythmically active (area highlighted with *) whereas in yellow and red areas the model output was 

rhythmically active. For each leak conductance tested, an increase in IMI was able to restore rhythmicity. 

Increasing leak conductance required larger IMI. Transitions in model activities were abrupt, i.e. within 

small changes in conductance levels, models either produced regular bursting or they were silent. This 
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bimodal behavior most likely reflected the properties of the network that elicited oscillations in the first 

place. Increasing IMI beyond the minimum level for rhythmicity elicited more bursts and sped up the 

rhythm. The number of LG spikes increased with higher IMI levels and decreased with higher leak (Fig 

8C), indicating that the parameter combination of leak and IMI determined not only the rhythmicity of the 

model, but also burst and spike frequency. Only very few models (5 out of 1,100) with high IMI and low 

leak produced non-rhythmic activities with a single, high frequency burst (* in Fig 8B, C). Here, the spike 

number within the one burst dropped with higher IMI, indicating that action potentials could no longer be 

generated due to sodium channel inactivation. 

The model also indicates how closely tuned conductances in the biological system are. In our 

experiments we saw a 52% average increase in LG leak conductance (=34% decrease in input 

resistance, see Fig 3D) at 13°C. This increase was sufficient to stop the rhythm. At 10°C, IMI must have 

been sufficiently high to elicit oscillations but low enough that a 52% increase in leak conductance was 

sufficient to terminate them. This fact allowed us to estimate the maximum IMI conductance for each leak 

value to identify parameter combinations sufficient to explain the temperature-induced termination 

observed in the biological system. Although higher IMI values would allow oscillations (with faster 

rhythms and more action potentials) they would not lead to a termination of the rhythm with the average 

amount of leak increase that was observed during temperature elevation. The white line in Fig 8B depicts 

the maximum IMI for all tested leak conductances. Maximum IMI was always close to the threshold for 

oscillations, indicating that leak and IMI may be closely balanced in the biological system. The analysis 

of the model also gives an interpretation of the CabTRP Ia experiments: Bath application of the 

modulator led to faster and stronger bursting than in the 10°C control situation (Fig 7) indicating that IMI 

increased beyond control values (a vertical shift from yellow to red areas in Fig 8B). 

The almost linear progression of the threshold between bursting models and silent ones (transition 

between blue and yellow in Fig 8B) indicates that IMI indeed acted mostly in a linear fashion to 

counterbalance the leak. This suggests that the two conductances may be co-regulated when 

temperature changes in the biological system to enable stable motor patterns. 

In conclusion, our analysis shows that increases in leak conductance can be counterbalanced by higher 

IMI to restore network oscillations. This effect, although independent of temperature by itself, seems to 

be a crucial mechanism to compensate temperature-induced leak conductance changes for the rescue 

of the gastric mill rhythm. IMI has been suggested to support membrane potential oscillations by acting 

as a negative leak conductance [33]. It appears that this property can facilitate compensation of the 

temperature-induced leak increase in LG.  

In summary, IMI acts as a negative leak to counterbalance changes in leak conductance and to facilitate 

rhythmicity in neuronal oscillators. In the case of the gastric mill rhythm IMI is most likely increased by 

the actions of CabTRP Ia released from MCN1 during higher temperature-induced neuronal activity. 

This rescues oscillations in the gastric mill CPG and might be responsible for the broader temperature 

tolerance in vivo.  
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Fig 8. IMI counterbalances leak conductance to 

rescue neural oscillations in a computational model. 

(A) Model output of LG membrane potential at (i) low 

leak and IMI conductance (gleak=20 nS, ḡIMI=80 nS), (ii) 

increased leak (gleak=40 nS, ḡIMI=80 nS) and (iii) 

increased IMI (gleak=40 nS, ḡIMI=120 nS). Vertical scale 

bars, 20 mV. (B) Color map of number of bursts 

occurring in 100 s for 1,100 simulations as a function of 

leak and IMI conductances. Warmer colors represent 

more bursts,* highlights areas with 1 burst. (C) Color 

map of the number of LG spikes/100 s for 1,100 

simulations as a function of leak and IMI conductances. 

Warmer colors represent more LG spikes (B-C) Labeled 

areas (i – iii) indicate parameter sets corresponding to 

the traces shown in A. 
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DISCUSSION 

All animals experience temperature challenges and need mechanisms that prevent detrimental effects 

on nervous system function. Since all cellular processes including synaptic and intrinsic membrane 

currents are influenced by temperature, the nervous system faces the challenge of maintaining function 

when temperature changes. The phase relationship of the pyloric CPG is maintained over a wide 

temperature range irrespective of large cycle period changes and it has been proposed that well-

regulated temperature effects on opposing intrinsic factors facilitate this phase maintenance [3]. 

However, in those experiments temperature also affected extrinsic modulatory inputs which may 

contribute to the observed phase constancy. When we specifically altered temperature of the CPG 

network and kept extrinsic neuromodulatory inputs unaffected, the pyloric network showed the same 

phase constancy (S1 Fig) as previously described. Balancing opposing intrinsic factors thus seems to 

be sufficient to account for the robustness of the pyloric pattern in the temperature range tested here. 

However, it is possible that temperature-dependent changes in neuromodulatory input alter, shift or 

extend the permissive temperature range of the network with the result that phase constancy is 

maintained over a wider temperature range. 

In contrast, the permissive temperature range of the gastric mill network was small (less than 3°C, Fig 

2). However, gastric mill activity persisted at elevated temperatures when extrinsic input was adjusted 

(Fig 6). Hence, temperature compensation in this circuit is highly dependent on extrinsic input. The main 

effect of the extrinsic input appears to be a compensation of a temperature-induced decrease in input 

resistance. Temperature effects on input resistance have been described in other systems: Input 

resistance in goldfish Mauthner cells, for example, is consistently smaller in animals when acclimated 

to warm temperatures [37]. In LG, the changes in membrane potential in response to de- and 

hyperpolarizing current injections reveal that voltage responses were shunted over a broad range of 

membrane potentials (Fig 3F). Recent studies have shown that changes in leak currents play an 

important role for network oscillations [32, 38-40], regulation of excitability [41, 42] and switches in 

activity states of neurons [43]. Our dynamic clamp results support the idea that the regulation of leak 

currents determines the ability of LG to generate oscillations: First, an increase in leak conductance was 

sufficient to terminate oscillations in LG (Fig 4A) and in the model (Fig 8). Second, when a leak current 

with appropriate negative conductance was injected in LG, the rhythmic pattern of the entire gastric 

network was recovered (Fig 4B). The modulation of leak currents by neurotransmitters has been 

proposed to contribute to the regulation of neuronal excitability [44-46]. Nevertheless, few studies have 

directly tested the dependence of network oscillations on leak currents and the role of neuromodulators 

in this process. This study for the first time provides direct evidence that extrinsic neuromodulation 

counterbalances leak currents to restore network oscillations. Activating the neuromodulatory projection 

neuron MCN1 with higher frequencies could restore rhythmic activity at elevated temperatures (Fig 6). 

The frequency increase needed to restore rhythmic activity was in the same range as temperature 

increases spontaneous MCN1 activity (~50%; Fig 6A). MCN1 excites LG via peptidergic (CabTRP Ia) 

activation of IMI [11, 47]. CabTRP Ia application was sufficient to restore network oscillations at higher 
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temperatures (Fig 7), showing that neuromodulator release can adjust the permissive temperature range 

of the system to facilitate robustness. 

IMI is a second messenger activated voltage-dependent inward current similar to that evoked by NMDA 

[14]. It is blocked at hyperpolarized membrane potentials by extracellular Ca2+, and has a reversal 

potential about 0 mV resulting in an inverted bell-shaped current-voltage relationship. The negative 

slope in a portion of its current-voltage relationship has recently been shown to act as a negative leak 

conductance [32] and to restore oscillations when artificially injected into pyloric network pacemaker 

cells. Our models show that an increase in IMI was sufficient to restore the leak-induced termination of 

rhythmic activity (Fig 8A) that was observed during a temperature increase. This was true for a great 

range of parameter combinations (Fig 8B). IMI itself will likely increase with higher temperature (as most 

other currents), but even if this was the case in our experiments, this increase was not sufficient to 

counterbalance the temperature-induced leak increase in LG. Rather, the rhythm could only be restored 

by (further) increasing IMI via additional CabTRP Ia, either released from MCN1 when stimulated with 

higher frequencies or applied to the bath. The almost linear course of the threshold between bursting 

and silent models implies that IMI indeed acted mostly in a linear fashion. Thus, the regulation of IMI and 

leak seems to be well-adjusted by a balanced regulation of neuromodulator activity and cell-intrinsic 

conductances in the biological system to enable rhythmicity when temperature changes.  

CabTRP Ia application and MCN1 stimulation also activate IMI in pyloric neurons [14]. In preparations 

with intact extrinsic input, leak conductance increases in these neurons when temperature increases 

[3]. It is thus conceivable that IMI also supports rhythmicity in the pyloric network by counterbalancing 

leak [32], and contributes to the phase constancy and robustness of the pyloric pattern. Yet, our data 

from decentralized preparations indicate that for the temperature range tested, IMI actions are not 

necessary to maintain phase constancy (S1 Fig, C). Our models suggest, however, that if IMI is present 

(i.e. when extrinsic inputs are available) robustness against leak-based perturbations increases. 

Potentially, thus, IMI could act to shift or extend the permissive temperature range of the pyloric system 

in preparations with intact extrinsic input. 

Temperature-induced effects on synaptic dynamics and voltage-gated conductances have been 

discussed previously and can contribute to temperature compensation and, in particular, facilitate phase 

constancy in rhythmic networks [3, 4]. In the gastric mill rhythm, the dynamics of the synaptic connectivity 

mostly determine phasing and speed of the rhythm [48]. Temperature changes will naturally affect 

synaptic dynamics and voltage-gated ionic conductances. However, since a linear leak injected with 

dynamic clamp at 10°C was sufficient to stop the rhythm (Fig 4A), effects on synapses and other 

conductances could not have contributed significantly to the termination of the rhythm. Similarly, at 13°C, 

subtraction of a linear conductance was sufficient to restore the rhythm (Fig 4B). However, the speed of 

the rhythm and burst durations were indeed different from controls (Fig 6, 7), indicating that temperature-

dependent effects on intrinsic or network properties other than the leak contributed to the expression of 

the gastric mill rhythm. Yet, other conductances were not required for temperature compensation of 

rhythmicity. 
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Extrinsic stabilization of network activity 

When body temperature varies, neuronal compensatory mechanisms are crucial to maintain nervous 

system function. Even in homeotherms body temperature fluctuates in a daily and monthly fashion, 

albeit within a small range. This small range of experienced temperature may lead to a small permissible 

range in which temperature effects can be compensated. This is especially interesting for circuits that 

drive vital body functions: Hyperthermia associated with pathological conditions such as fever and heat 

stroke can, for example, cause dysfunction of the breathing CPG and induce apnea [49]. In infants, 

where 85% of the body heat loss is accommodated by the head, apnea and sudden infant death 

syndrome occur more frequently when the head is heavily wrapped during sleep [50]. In fact, pacemaker 

neurons in the respiratory neural network are temperature sensitive [49] but only when synaptically 

isolated, suggesting that synaptic influences may help to counterbalance temperature effects. As most 

rhythmic motor systems, the respiratory network is synaptically innervated by descending modulatory 

pathways [51]. 

Neuromodulation modifies network and synaptic properties on various time scales and has been shown 

to be involved in motor pattern selection and sensory functions that underlie behavioral performance. 

Often, the global presence or absence of a neuromodulator is equivalent to a specific behavioral state. 

Our study is the first to show that descending neuromodulation can also be crucial in temperature 

compensation of an oscillatory neural network. Descending modulation activated a cellular property of 

opposite sign to the temperature-induced intrinsic changes, making the compensation conditional on 

the activity of extrinsic input. The pyloric rhythm appears to be intrinsically compensated for larger 

temperature ranges due to network properties whose response properties change similarly with 

temperature, but have opposing effects. Such mechanisms may be optimal for networks that are 

required to continuously produce rhythmic activity. For episodic pattern generators such as the gastric 

mill circuit, temperature compensation may rather be achieved by using the already present descending 

extrinsic innervation of the pattern generators that exert sophisticated modulatory control over the 

generated activity. Thus two quite distinct mechanisms, one depending on the characteristics of the 

individual components of the network and the other emerging from the effects of descending modulatory 

fibers, can either individually or combined compensate for temperature changes to maintain the output 

of a physiological system. Involving the neuromodulatory system may also allow more flexibility in 

response to temperature challenges: Most descending neuromodulatory pathways integrate information 

from multiple sensory modalities, rendering temperature compensation conditional on sensory and 

behavioral conditions. This provides the opportunity to adjust type and strength of the compensation, 

much more so than with the inherent and rather inflexible compensation provided by intrinsic 

characteristics of the network. 
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MATERIAL AND METHODS 

Animals 

Adult Cancer borealis were purchased from Ocean Resources Inc. (Sedgwick, ME) or Fresh Lobster 

Company (Boston, MA) and maintained in filtered, aerated artificial seawater at 11°C before use. 

Dissection 

Animals were anesthetized on ice for 20 - 40 minutes. For in vitro experiments, the stomatogastric 

nervous system was isolated from the animal according to [52], pinned out in a silicone lined (Wacker) 

petri dish and continuously superfused with physiological saline (11°C). We worked with fully intact and 

decentralized STNS preparations. In the latter, the STG was separated from the CoGs by transecting 

the paired ion and son.  

For in vivo electrode implantation, anesthetized crabs were immobilized in a custom-built holder. 

Surgery was performed according to previously published protocols [18]. In short, animals were 

surrounded by ice to maintain anesthesia during surgery. A 3 x 3 cm window was cut into the dorsal 

carapace to expose the lateral ventricular nerve (lvn). A hook electrode was placed around the lvn and 

the surgery site was sealed with Parafilm. For recovery, animals were placed back into the tank for at 

least 1 day. Neuronal activity was continuously recorded for several days in unrestrained animals.  

Cancer borealis, the animal used in this study is not subject to ethics approval at Illinois State University. 

While Cancer borealis is not a protected species, we still adhered to general animal welfare 

considerations regarding humane care and use of animals while conducting our research. Crabs were 

delivered from Massachusetts or Maine via UPS Express Over Night Shipping. For transportation the 

animals were covered with wet sea grass and cooled on ice as appropriate for the species. After arriving, 

the crabs were housed for a maximum of 16 days in 12 tanks (each with a holding capacity of 100 

gallons) at 10 to 12°C as appropriate for the species. Water quality, salinity and temperature were 

monitored daily. We never kept more than 6 animals in one tank. The crabs were then sacrificed using 

ice which is a method recognized as acceptable under the AVMA guidelines for euthanasia of aquatic 

invertebrates. All animals were confirmed dead before use. 

Solutions 

C. borealis saline was composed of (in mM) 440 NaCl, 26 MgCl2, 13 CaCl2, 11 KCl, 10 Trisma base, 5 

maleic acid, pH 7.4-7.6 (Sigma Aldrich). In some experiments 0.1 µm TTX (Alomone Labs) or 10 nM to 

1 µM CabTRP Ia (GenScript) was added to the saline. Solutions were prepared from concentrated stock 

solutions immediately before the experiment. Stock solutions were stored at -20°C in small quantities. 

Measurements were taken after 45 minutes wash in/out. 

Electrophysiology 

In vitro recordings were performed using standard methods [53-55]. Extracellular signals were recorded, 

filtered and amplified with an AM Systems amplifier (Model 1700). Intracellular recordings were obtained 
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from STG cell bodies using 10-30 MΩ glass microelectrodes (Sutter 1000 puller, 0.6 M K2SO4 + 20 mM 

KCl solution) and an Axoclamp 900A amplifier (Molecular Devices) in bridge or two electrode current 

clamp mode. Files were recorded, saved and analyzed using Spike2 Software at 10 kHz (version 7.11; 

CED). Input resistance was measured using hyperpolarizing current pulses (1nA, 500 ms duration). 

Membrane potential voltage deflections were measured in steady state (after 500 ms). In some 

experiments, current injections ranging from -3 nA to +3 nA in 0.5 nA steps were used. In this case, 

current pulses were 10 s long and interpulse intervals were 30 s.  

To elicit gastric mill rhythms in decentralized nervous system preparations, we extracellularly stimulated 

the axon of MCN1 in the part of the transected ion that remained connected to the STG (Fig 1A). This 

reliably and specifically elicited a specific version of the gastric mill rhythm at 10°C. This version of the 

rhythm has been characterized in detail before [11, 12, 25]. Both ions were tonically stimulated for 200 

s with the same frequency (Master-8 stimulator (AMPI), 1 ms pulse duration). The ion contains the axons 

of two projection neurons (MCN1 and MCN5). Extracellular activation threshold is lower for MCN1 than 

for MCN5 [12, 53]. In all experiments we confirmed that MCN1 was selectively activated by adjusting 

MCN1 activation threshold separately for each ion by slowly increasing stimulation voltage until a PSP 

in LG was obtained (for details see [12]). In addition, we monitored the activity of the pyloric LP neuron 

to confirm whether MCN5 had been activated or not. LP is strongly inhibited by MCN5 [56] and activation 

of this projection neuron results in a prominent decrease in LP firing frequency. Preparations without 

discrete activation thresholds for MCN1 and MCN5 were discarded and not used for experiments. The 

presence of LP PSPs during ion stimulation was also used to confirm that MCN1 activation threshold 

was still effective at elevated temperatures. Stimulation frequency was increased in 1 Hz steps until a 

gastric mill rhythm could be observed at 10°C (=threshold frequency). 

In vitro preparations were continuously superfused with physiological saline. To manipulate temperature 

of the STG we built a petroleum jelly well around the STG to thermally isolate it from the rest of the 

nervous system. Temperature inside and outside of the well was controlled independently with two 

saline superfusion lines, cooled by separate Peltier devices. Temperature was continuously measured 

close to the STG and CoGs with separate temperature probes (Voltcraft 300K). We selectively altered 

temperature at the STG between 10 and 13°C while the surrounding nervous system was kept 

constantly at 10°C. In experiments where the STG was decentralized by transecting ions and sons, the 

temperature of the whole bath was changed. To evaluate temperature effects on MCN1 activity (Fig 6A) 

the temperature at the saline surrounding the CoGs was varied. In this case, the CoGs were isolated 

from the STG by transecting all connecting nerves. MCN1 action potentials were recorded extracellularly 

from the ion stump still connected to the CoG. Temperature was changed by ~1°C/min unless otherwise 

mentioned. With intracellular recordings temperature was changed by ~1°C/6-7 min to prevent swelling 

of the neurons. Measurements were taken after 10 minutes at the target temperature. 

Dynamic clamp [28] was used to inject artificial leak currents into LG using Spike2 software and two 

electrode current clamp mode. In each preparation input resistance and resting potential were measured 

at 10 and 13°C to determine temperature-induced changes. Leak conductance was calculated from 

these measurements and computed in dynamic clamp according to: 
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   * ( )dynI leak V E   

where 
dynI  is the injected current and leak  represents the difference in leak conductance between 

10 and 13°C. E  was taken as the resting potential at 13°C. E  and leak  were calculated separately 

for each preparation. 

Computer models 

The effects of leak and IMI on pattern generating networks were modeled with MadSim [36, 57] (freely 

available for download at http://www.neurobiologie.de and added as supplemental S1 Data) using 

standard morphology and passive properties according to [58]. Active membrane properties were 

implemented according to modified Hodgkin-Huxley equations [59, 60]. Leak was implemented as 

instantaneous linear current in the form of 

  * ( )I g V E  

with g  being the maximum conductance, V  the membrane potential and E  the reversal potential. The 

reversal potential was set to resting potential in all simulations and g  was varied. IMI was implemented 

as non-inactivating current using 

  * * ( )pI g a V E   

with p =1, E =0 and varying g . Activation a  was calculated using 
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with 0V =-40 mV and s =-10 mV. Maximum conductance g  was varied. The time constant of activation 

was set to 50 ms in all models. The model contained the core gastric mill and pyloric networks and was 

built with MCN1, LG, Int1 and AB according to the real network configuration [7]. The MCN1 terminal 

was modeled as a separated compartment as it receives synaptic feedback from LG [12]. MCN1 was 

activated with 15 Hz current pulses. AB membrane potential oscillations were elicited with a sinusoidal 

current of 1 Hz to provide pyloric feedback to Int1. We used this model to run an exhaustive search with 

1,100 simulations by altering leak conductance (gleak) and IMI conductance (ḡIMI) of LG. All other neurons 

and parameters were left unchanged. gleak and ḡIMI were increased linearly within physiologically realistic 

values (gleak=1 to 106 nS, 22 steps, 5 nS step size; ḡIMI=1 to 246 nS, 50 steps, 5 nS step size). For all 

models, simulations produced 100 s long voltage waveforms. Kinetic parameters for the ionic 

conductances were set to physiologically realistic values. Maximum conductances ḡ of ionic 

conductances in the model neurons were chosen to achieve a functional (network) output. The model 

and the simulation are provided as S1 Data and can be found at ModelDB database (Accession Number 

184404).  
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Data analysis 

The gastric mill rhythm was considered active when LG produced regular bursts in alternation with the 

DG neuron. Cycle period was defined as the time between the onset of an LG burst and the onset of 

the next burst. Rhythmicity was defined as a series of busts with interburst intervals of at least 2 s. Bursts 

were defined as a series of at least 4 action potentials with interspike intervals below 1 s. We refer to 

termination of the rhythm if either one or all of those criteria were not fulfilled. Pyloric cycle period was 

determined using PD bursts. Intraburst firing frequency was defined as the number of spikes within a 

burst minus one divided by burst duration. Mean values were determined from at least 10 consecutive 

cycles of pyloric activity and phase as normalized time during a cycle. 

Figures were prepared with CorelDraw X3 (Corel Cooperation), Excel 2010, SigmaStat and SigmaPlot 

(version 11, Jandel Scientific). Color maps were generated with Spike2. Data used for analyses and 

figure generation are given as Supplementary Material (S2 Data). Unless stated otherwise, data are 

presented as mean±SD when normally distributed or as boxplot (25 and 75% quartiles plus 5th/95th 

percentile, lines = median, diamonds = mean) for non-parametric data. Alternatively, individual data 

points for each animal are given. Significant differences are stated as *p<0.05, **p<0.01, ***p<0.001. 
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