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Abstract

Neuromodulators play an important role in how the nervous system organizes activity that
results in behavior. Disruption of the normal patterns of neuromodulatory release or
production are known to be related to the onset of severe pathologies such as Parkinson’s
Disease, Rett syndrome, Alzheimer’s Disease and affective disorders. Some of these pathologies
involve neuronal structures that are called central pattern generators, which are involved in the
production of rhythmic activities throughout the nervous system. Here | discuss the interplay
between CPGs and neuromodulatory activity, with particular emphasis on the potential role of
neuromodulators on the recovery of disrupted neuronal activity. | refer to invertebrate and
vertebrate model systems and some of the lessons we have learned from research on these
systems and propose a few avenues for future research. | make one suggestion that may guide
future research in the field: neuromodulators restrict the parameter landscape in which CPG
components operate, and the removal of neuromodulators may enable a perturbed CPG in
finding a new set of parameter values that can allow it to regain normal function.
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Neuromodulators are substances that regulate neuronal activity by acting on a variety of
targets, primarily by modifying second messenger pathways that act on ion channels as well as
other neuromodulatory paths. Neuromodulators play important roles in how the nervous
system generates and orchestrates the activity that drives behaviors, in particular behaviors
involving rhythmic patterns. Disruption of the normal patterns of neuromodulatory release or
production are known to be related to the onset of severe pathologies such as Parkinson’s
Disease (Viemari et al. 2005), Alzheimer’s Disease (Severini et al. 2016), Rett syndrome (Dunn
and MacLeod 2001) and affective disorders (Gu et al. 2016). In spite of the apparent
importance of the roles that neuromodulators have in these pathologies, limited attention has
been paid to their potential role in reconfiguring damaged neuronal networks leading towards
compensatory recovery of function.

Central pattern generators (CPGs) are defined as central nervous system networks that
generate periodic activity in the absence of periodic sensory input. Some form of input is often
required to trigger or sustain the activity of a CPG, but that input activity does not need to be
rhythmic. Transient or tonic inputs that enable or gate a CPG are common and examples
include mechanical stimulation (Korta et al. 2007), chemical (e.g. O, deprivation in respiratory
networks) (Lieske et al. 2000), and neuromodulatory input (Dickinson 2006; Kyriakatos et al.
2011). Tonic stimulation to enable CPG activity often comes in the form of tonic
neuromodulatory input (Marder et al. 2014). In this review, one of the focal points that | shall
discuss is the role of neuromodulators on CPG activity, with particular emphasis on their
effects on recovery from impaired rhythmic activity.

Historically, the concept of central pattern generation was associated with the production of
rhythmic motor activity. This is the case of systems such as the locust flight CPG (Wilson 1961),
the crustacean stomatogastric ganglion (STG) pyloric and gastric mill network activity (Heinzel
et al. 1993; Marder et al. 2005), the leech swimming and heart beat networks (Mullins et al.
2011; Norris et al. 2011), the gastropod feeding networks (Elliott and Susswein 2002) and the
mammalian locomotion and respiration networks (Grillner and Manira 2015; Ramirez et al.
2012; Ramirez et al. 2004) (Fig. 1). More recently, that concept has been expanded to patterned
cortical activities (Yuste et al. 2005).

The concept of CPG originated as a response to the claim by C. S. Sherrington that rhythmic
patterns of activity could be generated solely on the basis of chains of reflexes (Sherrington
1910). The new paradigm was based on findings that deafferented networks could generate
patterns of activity that produce behaviors resembling those observed in the intact animal (i.e.
fictive behaviors). The first to suggest that a central mechanism could drive rhythmic motor
activity was T. G. Brown working on decerebrated cats, who concluded that These experiments
show that the phasing of the acts of progression is determined neither by the peripheral skin
stimuli nor by the self-generated proprioceptive stimuli of the muscles which take part in them
(Brown 1911). He further proposed that the central mechanism likely involved reciprocally
inhibitory structures (“half-centers”) whose inhibition can fatigue, allowing the partner center
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to escape inhibition thanks to rebound properties previously shown to exist by Sherrington
himself (Sherrington 1909). It was not until the early 1960s that the concept received
unambiguously experimental evidence with the work of D. Wilson on the locust flight system
(Wilson 1961). Additional, much less well studied, CPG networks have been identified in a
number of vertebrate and invertebrate species (e.g. ventilation system in crustaceans (Dicaprio
et al. 1997), micturition, ejaculation, defecation (see in (Guertin 2014)), mastication (Dellow
and Lund 1971), and whisker movements in mammals (Gao et al. 2001), and vocalizations in
frogs (Zornik and Yamaguchi 2012).

The concept of CPG, as it relates to the generation of rhythmic motor activity strictly generated
by a central neuronal structure, has also been studied using a more integrative approach
(Bassler 1986; Smith et al. 1991). In this view, rhythmic activity incorporates not only the CPG
network but the key stabilizing and integrating inputs that the CPG receives from central as well
as peripheral structures. This view is receiving a renewed attention and includes the role of
motor neurons (Diekman et al. 2017; Falgairolle et al. 2017; Rotstein et al. 2017; Song et al.
2016) and sensory feedback (Bassler 1986; Li et al. 2017; Puhl et al. 2018). Consistent with this
more expansive view of CPGs, recent attempts to design locomotion robots have expanded the
use of concepts derived from the original CPG literature, to include either multiple coupled
CPGs (Kiehn 2016; Ramirez and Baertsch 2018a) or layered CPGs (Grillner 2006a; Grillner and
Manira 2015) integrated with sophisticated peripheral sensors and actuators that control stable
and maneuverable robots.

While these ideas are of great interest, here | will focus on a number of relatively recent reports
that center around the role of neuromodulation in the regulation of intrinsic and synaptic
neuronal properties, which give rise to and regulate the generation and recovery of lost or
disrupted rhythmic activity by CPGs.

Numerous reviews on the topic of central pattern generators have been published over the
recent past that touch upon topics not discussed, or merely glanced upon here, which the
reader may want to refer to, such as evolution of CPGs (Katz 2016), general principles of CPG
function (Bucher et al. 2015; Marder and Calabrese 1996), the mammalian cortex as a putative
CPG or ensemble of CPGs (Yuste et al. 2005), and sleep spindles as CPGs and their role in
epilepsy (Beenhakker and Huguenard 2009).

Role of neuromodulators in the generation and regulation of CPG activity

Two basic types of CPG mechanisms have been described in most known systems: endogenous
pacemakers (often active conditionally upon the effect of neuromodulators), which rely on
intrinsic ionic currents to generate oscillatory activity by a given neuron, and network-based
oscillators, which rely on synaptically connected sets of neurons (Fig. 1). A large number of ionic
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114  currents have been found to be required to generate pacemaker activity in different systems
115  (Amarillo et al. 2018; Bose et al. 2014; de Oliveira et al. 2010; Levitan et al. 1987; Mangoni et al.
116  2006; Mellon 2016; Zaza et al. 1997; Zhu et al. 2009), and still others to generate network-
117  based oscillatory CPG activity (Daun et al. 2009; Sharp et al. 1996). Many of these currents are
118  under neuromodulatory control. Pacemakers very often generate their activity through the
119  activation of persistent inward currents, whether voltage-gated themselves or linear, but

120  activated by another voltage-gated current. For example, in a population of inspiratory neurons
121 of the pre-Botzinger complex (preBotC), a mammalian breathing center found in the medulla
122 (Fig. 1), a riluzole-sensitive persistent inward Na* current (Inap) is the dominant current for

123  pacemaker activity generation, while in a different population of inspiratory neurons a non-
124  inactivating (i.e. persistent) linear current (the calcium-activated nonspecific cation current,
125  lcan), activated by Ca™ influx through synaptically-driven Ca** channels, is the dominant one
126  (Pena et al. 2004). An additional current, the non-selective, non-voltage gated, sodium-leak-
127  channel (NaLCN), a member of the extended 4-domain NaV/CaV gene family, has more recently
128  been added to the mix of currents involved in generating inspiratory pacemaker activity

129  (Ramirez et al. 2012). These three currents are all expressed, in different combinations, and
130 generating different levels of rhythmic activity among the various populations of inspiratory
131  neurons in the preBo6tC that contribute to varying degrees to the generation of CPG activity in
132 each (Carroll and Ramirez 2013; Ramirez and Baertsch 2018b) (Fig. 1). In the stomatogastric
133 ganglion’s (STG) pyloric network of crustaceans (Fig. 1), the pacemaker current is a persistent
134  voltage-gated inward current carried mostly by Na* and activated by a variety of modulatory
135  neuropeptides, the modulator-activated inward current, Iy, (Bose et al. 2014; Golowasch and
136  Marder 1992). In both of these systems, large numbers of peptides, amines and other

137  substances, acting upon a bewildering variety of receptors, target these pacemaker and other
138  currents (Marder 2012; Ramirez et al. 2012), sometimes with each substance having different,
139  even opposing, effects on currents from different target neurons or groups. This is the case in
140  the preBotC, the post-inhibitory complex (PiCo) and the associated retrotrapezoid

141  nucleus/parafacial respiratory group (RTN/pFRG), where modulators may have effects only on
142  the activity of one of the nuclei, or have opposite effects on the same activity in each of them
143 (Anderson et al. 2016; Doi and Ramirez 2008; Mellen et al. 2003). In the STG pyloric network,
144  aminergic modulators show a similarly wide range of effects on different target currents

145  depending on cell type. For example, dopamine (DA) in lobster STG enhances Ca™" currents in
146  neurons PY, IC and LP, while it inhibits Ca™* currents in neurons PD, AB and VD (Harris-Warrick
147  2011), and depresses one inward current (Ic,) while enhancing others (Inap, In) in the same

148  neuron (Harris-Warrick 2011).

149  In gastropod mollusks, such as the sea hare Aplysia, the pond snail Lymnaea and others, the
150 CPG networks that generate the feeding patterns have been extensively studied. While there
151  are significant differences between these species in the behaviors and the underlying networks
152  that generate these behaviors, the CPGs in both have a distributed organization, in which

153  reciprocally connected neurons rather than truly endogenous oscillatory neurons generate the

Downloaded from www.physiology.org/journal/jn at Univ of Rochester (128.151.010.035) on May 10, 2019.



154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193

rhythmic activity (Fig. 1) (Cropper et al. 2017; Elliott and Susswein 2002). This distributed
character is something that they have in common with the rhythm generating networks in the
mammalian respiratory network (Ramirez and Baertsch 2018b), but not the crustacean pyloric
network (Fig. 1). In both gastropod species, the feeding CPG that controls the radula protraction
and retraction can be activated by cerebral-buccal interneurons (CBIs), while other neurons
form the core of the oscillator, such as the N1M, N2v and N3t interneurons in Lymnaea
(Benjamin 2012), and the B63/B31/B32 and B64 in Aplysia (Cropper et al. 2017) (Fig. 1).
Electrical coupling and, especially, chemical reciprocal synaptic inhibition are, like in many other
CPGs, common (Sasaki et al. 2013), but some synapses generate feedforward excitation (e.g.
excitation from N1 to N2 interneuron) that plays a role in the transitions to later phases of the
behavior (Elliott and Susswein 2002) (in the mammalian respiratory network, excitatory
connections appear to play a key synchronizing function (Carroll and Ramirez 2013)).
Additionally, there are multiple neurons that are both members of the pattern generating
networks as well as proprioceptors and/or exteroceptors (Elliott and Susswein 2002). In both
species, the ability to generate rhythmic activity depends on intrinsic and synaptic properties
that are regulated by neuromodulatory substances. Some well characterized modulators can be
classified as intrinsic modulators, meaning that they are released by neurons that form the
networks themselves, including motoneurons, while others are released by neurons outside the
CPGs, and are thus regarded as extrinsic modulators (Benjamin 2012; Cropper et al. 2017; Elliott
and Susswein 2002). In Aplysia, peptides released by inputs to the CPG are thought to regulate
different properties of the various motor patterns of feeding behavior (Cropper et al. 2017).
The modulators released by cerebro-buccal interneuron 2 (CBI-2), for instance, are known to
reconfigure network activity to generate ingestive behavior (Dacks et al. 2012; Friedman and
Weiss 2010; Koh and Weiss 2005; Morgan et al. 2000; Perkins et al. 2018; Proekt et al. 2004). As
a consequence, and presumably by modifying the excitability and rhythm-generating properties
of the ingestive CPG, a progressively stronger and more regular pattern typical of the repeating
ingestive behavior is produced (Cropper et al. 2017). On the other hand, neurons and processes
contained in the esophageal nerve (EN) are thought to reconfigure network activity to produce
egestive behavior (Wu et al. 2010). In the Lymnaea feeding system there are complex
interactions between extrinsic and intrinsic neuromodulation (Benjamin 2012; Elliott and
Susswein 2002). Cerebral Giant Cells (CGC) and the slow oscillator interneuron (SO), for
example, are not part of the feeding CPG and release 5-HT (Benjamin 2012) and ACh (Yeoman
et al. 1993), respectively. Both also release the neuropeptide myomodulin (Santama et al.
1994). These neuromodulators regulate the intrinsic properties of core CPG interneurons (e.g.
N1M and N2v neurons) to both excite them and activate plateau properties necessary for CPG
activity. In addition, N2-type CPG interneurons (as well as several other buccal ganglion
neurons) also express neuromodulatory peptides (myomodulin and small cardioactive peptide,
SCP), and N1-type neurons express the neuromodulator buccalin (Santama et al. 1994), which
function as intrinsic neuromodulators. However, what role these peptides play as intrinsic
modulators released by these individual neurons is unclear.

Downloaded from www.physiology.org/journal/jn at Univ of Rochester (128.151.010.035) on May 10, 2019.



194
195
196
197
198
199
200
201
202
203

204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233

Vertebrate locomotor systems, which are thought to be highly modular and based primarily on
network driven CPGs typically requiring reciprocally inhibitory elements (Fig. 1), also receive
substantial neuromodulatory input, both intrinsic and extrinsic, including peptides and other
metabotropic receptor-activating substances that regulate frequency, regularity, etc. (Grillner
2006a; Grillner and Manira 2015; Sharples et al. 2014). In the crab STG, the gastric mill rhythm
is also primarily driven by a network CPG (rather than by a pacemaker), which is heavily
modulated and includes a modulatory neuron (the axon of the MCN1 projection neuron) as an
integral part of the CPG itself (Fig. 1) (Coleman et al. 1995). Thus, as in the gastric network,
neuromodulation by several amines of mammalian locomotor networks produce a broad range
of (sometimes opposing) effects (Sharples et al. 2014).

The examples mentioned thus far indicate that a highly orchestrated and finely regulated
organization of these neuromodulatory inputs and their effects must be at work so that
functional CPG activity can be produced (cf. (Doi and Ramirez 2008)). One example of the
orchestration that needs to take place at the cellular level is that one ionic current cannot be
the sole current responsible for pacemaker activity because it needs to be balanced with
appropriate counteracting currents to guarantee its oscillatory nature. Although this may
appear obvious, few studies have addressed the balance between currents required to
generate a stable and robust pattern of oscillatory activity. In the pyloric network of
crustaceans, for example, a clear requirement for a balance between the levels of the
abovementioned current Iy and outward currents has been documented (Fig. 2) (Golowasch et
al. 2017). Interestingly, only the pacemaker cells of the pyloric network express the appropriate
balance between the Iy, and K* currents required to generate oscillatory activity (Fig. 2A, B),
even though non-pacemaker (follower) cells in the same network also express ly; (Swensen and
Marder 2001; 2000). Follower cells overexpress a subset of high threshold K* currents to a
degree that precludes the generation of pacemaker activity (Fig. 2C-D) (Golowasch et al. 2017).
A further balancing act takes place in these cells: many pairs, and even larger subsets of ionic
currents, appear to be “balanced”, which has been shown to reveal itself as correlations of
current or conductance amplitudes between these different current types in populations of
identical neurons (Khorkova and Golowasch 2007; Temporal et al. 2012; Tran et al. 2019).
Surprisingly, this is not restricted to “naturally” complementary currents such as the Na* and K"
current that generate an action potential, or the abovementioned pacemaker |y and high
threshold K* currents. It is also observed between various current pairs that are not naturally
complementary in STG pyloric pacemaker cells, such as the inward current pair Iy, and I, (Schulz
et al. 2007), or the outward current pair I5 and Ixtc (Khorkova and Golowasch 2007; Temporal et
al. 2012), or in mouse hippocampus granule cells, between the K" currents lggand Iy (Tran et al.
2019). That this is not an artifact of electrophysiological recordings is confirmed by the fact that
the same (plus additional) correlations are observed when measuring copy numbers of mRNA
coding for these channels (Goaillard et al. 2009; Schulz et al. 2007; Temporal et al. 2012). This
balancing of different currents likely serves a homeostatic or compensatory role in that it allows
for individual currents to be slowly regulated to match others that may be acutely up- or down-
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regulated by, for example, synaptic or sensory input (Fig. 3). In this manner, acute ionic current
regulation is allowed to serve some immediate need. If some of these changes become long-
lasting or permanent, the other conductances in a cell can slowly adjust their amplitudes or
specific parameter values in order to ensure some basic overall stability of activity. This form of
regulation has been shown theoretically to be useful to stabilize activity, at least within
restricted parameter regions (Burdakov 2005; Franci et al. 2018; Hudson and Prinz 2010; Lamb
and Calabrese 2013; Olypher and Calabrese 2007; Soofi et al. 2012; Taylor et al. 2009). Evidence
also indicates that such a process of ionic current co-regulation likely involves the activation of
a slow metabolic machinery (Ransdell et al. 2012). A consequence of such a co-regulation
mechanism is the development of highly variable levels of the affected current’s parameters as
currents are slowly up- or down-regulated to more or less permanently compensate for
changes in other currents. This has been shown to extend to all kinds of cell types, not only
pacemaker neurons. Indeed, cells of a given (uniquely identified) type have been reported to
express ionic currents parameters (maximum conductance, voltage-dependence parameters, as
well as kinetic parameters) and the mRNA levels that code for these channels over a several-
fold range of values (Amendola et al. 2012; Goldman et al. 2001; Golowasch 2014; Golowasch
et al. 2002; Khorkova and Golowasch 2007; Li and Baccei 2011; Liu et al. 1998; McAnelly and
Zakon 2000; Ransdell et al. 2013; Roffman et al. 2012; Schulz et al. 2006; Schulz et al. 2007;
Swensen and Bean 2005; Tobin et al. 2009; Tran et al. 2019).

Interestingly, neuromodulators seem to be in part responsible for maintaining these
correlations. When neuromodulators are removed in crab pyloric neurons, some of the
maximum conductance correlations are lost, and this happens in a cell-type specific manner
(Khorkova and Golowasch 2007; Temporal et al. 2012). However, the restitution of a single
neuromodulatory peptide (proctolin) is sufficient to restore the lost correlations between three
ionic currents in PD neurons of the pyloric network (Khorkova and Golowasch 2007),
demonstrating that neuromodulators play an essential role in maintaining some of these
correlations (a mechanism is suggested in Fig. 3). A similar role has been reported recently for
nanomolar (tonic) concentrations of DA and serotonin (5-HT) in lobster neurons (Krenz et al.
2015).

Another well documented example of the balance required of pairs of currents to generate
oscillatory activity is the generation of the electric organ discharge (EOD) of weakly electric fish
electrocytes (McAnelly and Zakon 2000). Electrocytes express Na“ and K* currents that generate
action potentials responsible for the production of EODs and their characteristic frequency. The
kinetics of these currents determine the duration of the action potentials, which in turn
determines the frequency of the EOD. The EOD, which plays a crucial role in social
communication, and its frequency can be regulated over a four-fold range thanks to large
variations in the voltage-dependent activation and inactivation time constants of their Na* and
K* currents across animals (McAnelly and Zakon 2000). Importantly, the time constants of
activation of the two currents are coupled (or balanced), which allows the effective generation
of action potentials of varying durations. Changes in these time constants modify EOD
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frequencies, which can happen in real time, such as those that take place during social
encounters. These are mediated by glutamate and GABA via ionotropic receptors. Over long
times scales, regulation is dependent on the animals’ age, the circadian period, as well as
gender, and is mediated by a number of hormones including steroid and sex hormones,
melatonin and prolactin (Zakon et al. 1999).

What mechanisms may ensure the balance of ionic current? As described above,
neuromodulatory input appears to play a significant role in maintaining this balance (Khorkova
and Golowasch 2007) (see Fig. 3). This can presumably happen via second messenger regulation
of either transcription, translation and/or post-translational modifications, including channel
insertion into the plasma membrane. Recently, Baro and collaborators showed that tonic low 5-
HT concentrations enable the co-regulation of I;, and I levels in lobster pacemaker PD but not
follower LP neurons, and low levels of DA do the same in LP but not PD neurons. As mentioned
earlier, this leads to constant ratios of maximal conductances of these two currents
(correlations) in populations of identical cells (Krenz et al. 2015). Krentz et al showed that this is
mediated by an RNA interference silencing complex (RISC)-dependent process that is presumed
to regulate microRNA effects on either 1) transcription of the channels, 2) transcription of
regulators of channel transcription, or 3) translation of regulators of promoters of the Kv4 and
HCN genes (which code for the A and h channels, respectively) (Krenz et al. 2015). Interestingly,
an older study has shown that injection of Shal (Kv4) mRNA into the PD neurons led to the
expected increase of I, but also to an unexpected increase of I, that resulted in a fixed
conductance ratio of the two currents, and a conservation of the action potential latency of PD
neurons on rebound from inhibition (MacLean et al. 2003). This co-regulation may be explained
by regulation of the translation of the mRNA injected cells by residual 5-HT in the STG,
consistent with the observations of Krentz et al (2015).

Neuronal activity is another factor that regulates ionic current levels, as seen in many different
cell types and organisms, including pacemaker neurons (Campanac and Debanne 2007;
Debanne et al. 1996; Golowasch et al. 1999; Turrigiano et al. 1994). Removing neuromodulatory
inputs from a circuit disrupts the resulting intracellular signaling effects, which can also change
the neural circuit activity by disrupting the effects of the neuromodulators on essential ionic
channels. In the crustacean pyloric CPG, for example, removing all modulatory inputs often
disrupts activity or makes it slow and irregular, because a number of neuromodulators activate
the persistent inward current Iy, believed to be the network’s pacemaker current (Bose et al.
2014; Golowasch et al. 2017). Because neural activity could regulate ionic current expression
levels, it is possible that changes in activity, rather than direct influence of neuromodulators,
would have caused the decentralization-elicited disruption of correlations observed by
Khorkova and Golowasch (2007). In that study, however, activity was ruled out as contributing
to the generation of the correlated relationships between ionic currents by separating the
effects of neuromodulators on activity from those on intracellular signaling. Tetrodotoxin (TTX),
blocks both network activity and the endogenous release of neuromodulators in this system.
Under those conditions, correlations are lost. However, the intracellular signaling effects of the
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neuromodulators can be restored by applying one of the pepetides exogenously. Indeed, when
the neuromodulatory peptide proctolin was bath applied in the presence of TTX, correlations
were restored (Khorkova and Golowasch 2007) showing that neuromodulators alone can form
ionic current correlations in some cells.

On the other hand, in a different study on the same system it was observed that pilocarpine, an
acetylcholine muscarinic agonist that also activates Iy, but that may act through a different
intracellular signaling cascade, restored correlations via its effect on activity and not via its
paracrine metabotropic effects (Temporal et al. 2014). Thus, it appears that both
neuromodulation and neuronal activity can regulate long-term ionic current changes that can
lead to correlations of ionic conductances in pacemaker neurons (see Fig. 3). Indeed, a
modeling study showed that a number of experimental observations of STG pyloric activity
could be well reproduced only if both neuromodulation and activity-dependent mechanisms
are taken into account (Zhang et al. 2008).

Recently, O’Leary and collaborators reported a simple and elegant mechanism that can
generate correlations of maximal conductances of virtually any pair of currents, as well as
stable activity, using only an activity-dependent rule that regulates transcription or translation
(O'Leary et al. 2013; O'Leary et al. 2014). In summary, while this model captures the existence
of ionic current correlations, clearly other rules and mechanisms, such as direct metabotropic
effects by neuromodulators, in addition to activity, must be included to account for the
observations of the effects of proctolin on PD neuron conductance correlations (Khorkova and
Golowasch 2007).

Another important aspect of neuromodulator actions on CPGs is that modulatory neurons can
be active members of the network due to feedback from CPG network neurons. (cf. (Blitz 2017;
Coleman et al. 1995; Dubuc and Grillner 1989; Frost and Katz 1996)). Thus, the modulatory
actions of such neurons can be considered intrinsic neuromodulation (Katz and Frost 1996). For
example, Nusbaum and collaborators demonstrated the role of a feedback circuit from a
member of the crab STG gastric mill network onto a projection neuron (MCN1) (Fig. 1)
(Coleman et al. 1995). While the neuromodulator released by MCN1 is essential to elicit and
sustain the rhythmic activity of the gastric mill network, inhibitory feedback onto presynaptic
terminals of MCN1 from one of the two rhythm-generating half-center pairs of neurons is key
to producing the pattern of activity that characterizes the MCN1-evoked gastric mill rhythmic
pattern (Bartos and Nusbaum 1997; Coleman et al. 1995). More recently, Blitz showed that a
different feedback from the gastric mill CPG onto another modulatory projection neuron
(CPN2) regulates the firing properties of CPN2, and does so in a manner that in turn depends on
other modulatory and sensory inputs to the network (Blitz 2017). Blitz concluded that this
modulation of CPN2 further affects the output properties of the target CPG, which indicates
that the complexity of neuromodulatory regulation of CPGs is considerably higher than
previously thought.
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Role of neuromodulators in the recovery of CPG activity

Some level of recovery of function after injury occurs throughout the central nervous system in
likely all animals (Herman et al. 2018; Luther et al. 2003; Martinez et al. 2011; Molinari 2009;
Puhl et al. 2018; Sakurai and Katz 2009; Telgkamp et al. 2002). Considering the grave
consequences that the loss of neural activity due to injury or disease has on the behavior and
guality of life in humans, a large amount of research is devoted to it. Loss of activity is
particularly serious if it involves CPG networks because nearly all rhythmic activities involve
vital functions: heartbeat, respiration, locomotion, swallowing, mastication, gastric motility,
childbirth, etc. Here | will concentrate only on recovery of activity of oscillatory systems that are
likely to involve CPGs, focusing on a few (see Fig. 1) for which some solid experimental evidence
exists. To aid in the recovery of function various approaches are employed, including surgery,
electrical stimulation, pharmacological and behavioral treatments. Neuromodulators have the
potential to play very important roles in the recovery of CPG activity but their role in
vertebrates, and mammals in particular, has largely been underestimated, or at least not
received much attention.

Several questions need to ultimately be addressed if rhythmic patterns of activity resembling
normal patterns (sufficient to sustain a minimum level of normal function and behavior) are to
be recovered after an initial insult that disrupts rhythmic activity: 1) Are the mechanisms of
recovery dependent on the loss or modification of the neuromodulatory environment? 2) Are
they dependent on the disruption of normal electrical activity? 3) Are they dependent on the
loss of peripheral, sensory, or motor input? Intertwined with these issues are the exact cellular
and molecular mechanisms that lead to the recovery of function in any of these cases. Work on
invertebrates suggests that all these factors play an important role, which | will review, with
particular emphasis on the role of neuromodulators.

Crustacean stomatogastric system

The decapod crustacean stomatogastric nervous system offers a revealing picture of what role
neuromodulators may be playing in the maintenance and recovery of CPG function. Most of the
studies so far have concentrated on the pyloric network of crabs and lobsters where it has been
shown that most features of pyloric CPG activity recover after the network has been deprived
of its neuromodulatory input for an extended period of time (Luther et al. 2003; Thoby-Brisson
and Simmers 1998). Although some of these experiments have been recently repeated under
somewhat different conditions and with partially different results (Hamood et al. 2015), this
activity recovery suggests that neuromodulators are involved in sculpting and regulating
rhythm generating capabilities that this (and perhaps other) CPGs naturally tend to express.
This possible role of neuromodulators, in turn, suggests that manipulating the
neuromodulatory environment of CPGs in general could be used to enhance or re-express
rhythmic activity when it is lost.
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Almost all neuromodulatory input to the STG arrives via neuromodulator-containing axons
running along a single nerve. Conveniently, the study of the function of neuromodulators is
facilitated by the fact that neuromodulator release can be stopped by blocking action potentials
in these axons by simply cutting the nerve or otherwise blocking action potential conduction
along it, which is referred to as ‘decentralization’. When decentralized, pyloric CPG activity
either slows down or ceases completely (Hamood et al. 2015; Luther et al. 2003; Nusbaum and
Marder 1989; Thoby-Brisson and Simmers 1998). Hours later the pyloric CPG often recovers in
frequency, typically to somewhat lower than, but sometimes to full, pre-decentralization levels
(Luther et al. 2003; Thoby-Brisson and Simmers 1998). The timing of neuronal bursting of the
different cells in the network relative to the onset and ending of a cycle of pyloric activity, is
referred to as the phase or phase relationships of activity. The recovery of pyloric activity most
clearly involves changes in the phase relationships of the different component neurons. These
phase relationships before, immediately after decentralization, and during the early stages of
recovery are very different from control, but they recover to values indistinguishable from
those observed in intact preparations (Luther et al. 2003). These recovery experiments suggest
that an internal rearrangement of cellular and molecular properties can take place during a
critical period after neuromodulators have been removed. Remarkably, the reorganization of
the pyloric network may include the replacement of the pacemaker neuron: recovery of full-
blown pyloric CPG activity occurs even if the pacemaker neuron is ablated by photoinactivation
(Luther et al. 2003; Thoby-Brisson and Simmers 1998).

It may be argued that recovery of activity simply involves the restoration of some level of
neuromodulatory release from cut axon terminals of the neurons containing them. That this is
unlikely was demonstrated by showing that photoinactivating these terminals cannot prevent
the recovery of rhythmic activity (Luther et al. 2003; Thoby-Brisson and Simmers 1998). Thus, a
profound reconfiguration of the network and its components must take place when
neuromodulators are removed, but the mechanisms are not known. During the ensuing period,
either neurons that only exhibit pacemaker activity in the presence of neuromodulators
(conditional pacemakers) may turn into endogenous pacemakers of the network as suggested
by Thoby-Brisson and Simmers (2002) or, alternatively, the system may develop network-based
rhythmic activity (e.g. become members of a half-center oscillator). These observations suggest
that the pyloric network has a broad repertoire of rhythm-generation mechanisms that could
be tapped when the CPG loses activity due to injury to one or more of its components.

One important lesson from these experiments seems to be that one of the main roles of
neuromodulators in pyloric neurons of the crustacean STG, but perhaps in other systems also, is
to restrain most neurons of the network from developing certain properties, such as oscillatory
capabilities, while allowing one or a restricted subset of neurons (the pacemaker or pacemaker
kernel) to develop and maintain them. This restraint can then be released in their absence. That
this may be part of the mechanism involved is supported by experiments with cultured neurons
from the STG, both in lobsters and in crabs, where all neuromodulatory inputs were removed
by the dissociation procedure. Newly dissociated cells lost their ability to generate both action

Downloaded from www.physiology.org/journal/jn at Univ of Rochester (128.151.010.035) on May 10, 2019.



432
433
434
435
436
437
438
439
440
441
442
443
444
445

446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462

463
464
465
466
467
468
469
470
471

potentials and oscillatory activity. Nevertheless, while we know that the STG only has one
pacemaker neuron (the pyloric network pacemaker AB neuron, (Hooper and Marder 1987))
over a few days in minimal culture conditions the vast majority of the cells developed
oscillatory activity, with frequencies close to those observed in the pyloric network (Haedo and
Golowasch 2006; Turrigiano et al. 1994), while retaining their ability to respond to acute
application of neuromodulators (Golowasch et al. 1990; Turrigiano and Marder 1993). It is not
known at this point if neuromodulator absence, by lifting a restraining effect on the
development of oscillatory properties, is the sole driving force behind the recovery of
oscillatory activity in these neurons. The change in activity of dissociated neurons (i.e. they all
initially lose their ability to burst and most their ability to spike) may be part of the mechanism
driving the recovery of oscillatory activity. This is suggested by the fact that rhythmic
stimulation can revert bursting to tonic firing (Haedo and Golowasch 2006; Turrigiano et al.
1994), or sometimes accelerate the acquisition of bursting properties (Haedo and Golowasch
2006).

What are the molecular and cellular changes leading to the recovery of activity? One of them is
the enhancement of neuromodulator sensitivity (a form of “denervation sensitization”), which
can be attributed to the dramatic reduction of agonist concentration (Lett et al. 2017). Lett and
collaborators tested the responsiveness of a pyloric (lateral pyloric, LP) neuron to crustacean
cardioactive peptide (CCAP) after decentralization and found it to be enhanced when CCAP
alone was removed, but further enhanced when additional neuromodulators were removed.
The effects where observed at the level of the responsiveness to exogenous CCAP applications
(it increases), the number of CCAP receptor RNA copy numbers (it increases), as well as RNA
copy number changes of at least two of the voltage-gated channels expressed by LP neurons
(Lett et al. 2017). These results again reflect a large reconfiguration of a number of molecular
components in the continuous absence of the neuromodulators that normally bathe the pyloric
neurons. It seems clear that neuromodulators control the expression levels of their own
receptors but, importantly, also those of other receptors, as well as a diversity of ionic channels
(Khorkova and Golowasch 2007; Lett et al. 2017; Mizrahi et al. 2001; Thoby-Brisson and
Simmers 2002; 2000). Furthermore, this reconfiguration affects not only the protein expression
levels (whether of receptors or ion channels), but also their distribution within the different
neuronal compartments (Berger et al. 2001; Mizrahi et al. 2001).

Thus, recovery experiments suggest that neuromodulators play a crucial role in the generation
and maintenance of pyloric CPG activity under normal (non-decentralized) conditions when
they are continuously present, but can become unnecessary after a prolonged period of their
absence. These observations suggest that the pyloric system, and perhaps other systems too,
can configure, and reconfigure, itself to generate the same CPG activity in multiple different
ways. Although the experiments described above and a number of others suggest that that
may be the case, there are other possibilities that must be considered: 1) an increased
sensitivity to circulating hormonally or locally released substances (Lett et al. 2017), 2) a
renewed release of neuromodulators localized in surviving terminals within the ganglion,
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perhaps aided by newly developing glia-neuron interactions (Parnas et al. 1998) (although
recovery still occurs if all terminals are ablated as indicated before), 3) the expression of new or
enhanced expression of existing neuromodulators (Fukamauchi and Kusakabe 1997), and/or 4)
the constitutive activation of existing receptors or signaling pathways (Murray et al. 2010).

| suggest a fifth alternative: in the absence of neuromodulators the system is released from
particular restraints, which lead to rapid changes of specific molecular components, allowing
the system to wander in parameter space towards a new set of parameter values that permits
it to generate CPG activity independent of the participation of neuromodulators (Fig. 4). As
described before, neuromodulators are known to constrain the maximal conductances of
various ionic currents (and of the mRNA levels that code for the channels that carry these
currents) in populations of identified neurons to strict relationships (i.e. linear correlations)
between different current types (Golowasch 2014; Khorkova and Golowasch 2007; Schulz et al.
2007). This has the consequence of reducing the global variability of ionic current levels
mentioned before in that the variance of each ionic current is enslaved to the variance of other
currents. The likely functional consequence of this is a reduction of physiological output
variability (CPG frequency, phase relationships, etc.) as the relative conductance levels are kept
constant (Golowasch 2014; Hudson and Prinz 2010; Prinz et al. 2004). In fact, the variability of
the output of the pyloric network greatly increases in decentralized (but still rhythmic)
preparations (Hamood et al. 2015). When neuromodulators are removed, some of these
correlations are lost in a cell-type specific manner (Khorkova and Golowasch 2007; Temporal et
al. 2012), and this may allow the system to find different regions in parameter space (and
different mechanisms) that provide the same solution, i.e. the generation of pyloric activity (see
Fig. 4) (Prinz et al. 2004). Thus, although theoretical (Hudson and Prinz 2010) and experimental
work (Ransdell et al. 2012) indicates that the co-regulation and balance of conductances is
important for the production of stable oscillatory activity in pacemaker cells and CPG networks,
it is also possible that conductance correlations change (Temporal et al. 2012) or new ones are
created during the process of recovery of activity. Furthermore, it is possible that, in the
absence of neuromodulators, other mechanisms yet to be uncovered, which do not necessarily
result in conductance correlations, can stabilize activity.

Another sign of deep restructuring of the pyloric network and its physiology following
decentralization is the fact that after prolonged removal of neuromodulatory input, the
network does not easily recover to its pre-decentralization responsiveness to neuromodulation
(Nahar et al. 2012). This was tested thanks to the fact that decentralization can be performed
reversibly. The authors conclude that either it is the reconfiguration of the pyloric network, or
the networks of neuromodulator-containing neurons, which receive input from the target
pyloric network itself (Blitz 2017; Wood et al. 2004), which may be more or less permanently
modified (Nahar et al. 2012).

Finally, the fact that neuromodulatory input also regulates the levels and patterns of activity
(Marder and Weimann 1992), requires that the effects of activity deprivation and
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neuromodulator deprivation are carefully separated. In the lobster pyloric system this has been
examined, and recovery, in fact, also occurs if oscillatory activity is kept high with high external
K* concentration (Thoby-Brisson and Simmers 1998) suggesting that the absence of activity is
not the main driving force behind this recovery but that what is key is the absence of
neuromodulation.

Tritonia swimming

In the mollusk Tritonia diomedea a CPG that controls swimming crucially depends on a pedal
ganglion interneuron (C2) synaptically exciting another interneuron (VSI) located on the
contralateral pedal ganglion via axons running along pedal nerve 6 (PdN6) (Fig. 1). Fictive
swimming can be elicited by exciting C2 (by stimulation of pedal nerve 3 (PdN3)) and it depends
on the integrity of the axons connecting both sides that run along nerve PdN6 (Sakurai and Katz
2009). Thus, when PdN6 is cut or action potential transmission is blocked, swimming and also
excitation of the contralateral VSl is disrupted because the swimming CPG now fails to become
activated by PdN3 stimulation (Sakurai and Katz 2009). However, only a few hours later, both
CPG and fictive swimming can be activated by brief stimulation of PAN3. How is this possible?
C2 and VSI neurons make compound synaptic connections on both ipsi- and contra-lateral
pedal ganglia, but the synapse in the ipsilateral ganglion is dominated by a primarily inhibitory
component while that on the contralateral ganglion is dominated by an excitatory component.
After separation of the two ganglia by transection of the PAN6 nerve, a fast reduction of the
inhibitory synaptic component on the ipsilateral ganglion ensues, making the ipsilateral
connection predominantly excitatory and capable of activating the swimming CPG (Sakurai and
Katz 2009).

Although the authors of this study do not provide evidence for the molecular triggers that lead
to these changes, they argue that changes in either activity or neuromodulation may be the
leading factors (Sakurai and Katz 2009). As a model of the contribution(s) of these two factors
to the full recovery of rhythmic activity it deserves to be carefully examined. This study also
illustrates a distinct mechanism from that described for the pyloric network in that it is the
change of synaptic properties and apparently not intrinsic properties in this case that leads to
the restoration of oscillatory activity and swimming behavior. It is worth noting that in the
pyloric network changes in synaptic strength as a consequence of neuromodulator removal
have also been reported (Thoby-Brisson and Simmers 2002).

Gastropod feeding networks

Thus far, activity recovery observations in gastropods have focused on axonal regeneration. For
instance, Sanchez et al (2000) have found that feeding activity in Aplysia recovers after the
cerebral to buccal commissural nerves are crushed, which removes the modulatory (gating or
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command) input from CBI-2 interneurons onto the feeding buccal ganglion network (see
previous section and Fig. 1). However, it would be interesting to consider the effect of
permanently eliminating some of these neuromodulatory neurons and ask if rhythmic activity
can be recovered by some alternative compensatory mechanism. Another interesting cell in this
regard is neuron B48 in Aplysia. This neuron is not an integral member of the core CPG.
However, it contains two leukokinin peptides, which have a strong effect on one of the core
neurons of the feeding CPG, neuron B64 (Fig. 1), enhancing its activity, and thus accelerating
the termination of the protraction phase (Zhang et al. 2017), even though it is not known yet if
these are direct effects of peptides released by the B48 neuron. On the other hand, the SPTR-
Gene Family-Derived Peptides also have a similar accelerating effect in terminating protraction,
but the sources of the modulatory peptides have been identified to be from CBI-12 interneuron
(Zhang et al. 2018), and examining the role of eliminating this source should be interesting. In
Lymnaea, the SO and N1L interneurons would be interesting to consider in this regard since SO
is not typically considered to be an integral member of the core CPG in Lymnaea, while N1
neurons, especially N1L, are. Additionally, N1M, which is part of the core CPG (Fig. 1) releases
the intrinsic neuromodulator buccalin. It would be interesting to test what role buccalin plays in
maintaining the feeding rhythm or regulating the parameter space, and perhaps recovery from
perturbations, of the feeding network. Removing these modulatory neurons using a cell
inactivation method (e.g. photoinactivation) might yield interesting observations about the
difference in homeostatic responses when intrinsic, or alternatively, extrinsic modulatory
neurons to the feeding networks are ablated.

The mammalian respiratory system

As mentioned earlier, respiratory CPG activity in mammals is generated by a network of
inspiratory neurons localized in the preB6tC that express a combination of several inward non-
linear currents, which in conjunction with synaptic excitation dynamically organizes its rhythmic
activity (Anderson and Ramirez 2017; Ramirez and Baertsch 2018b). Two main groups, located
in the preBotC and the PiCo, respectively (sometimes with a third group located in the
RTN/pFRG, Fig. 1) are targets of neuromodulatory inputs (Anderson et al. 2016; Doi and
Ramirez 2008; Mellen et al. 2003; Ramirez et al. 2012) that can change the properties of the
respiratory activity. For example, the network can reconfigure during hypoxia to produce
gasping, a rhythm that is more dependent on Inap, but which also requires serotonin (Pena et al.
2004; Tryba et al. 2006). As a consequence, disruption of neuromodulator-containing neurons
that target inspiratory neurons can be expected to have profound effects on the quality of the
breathing CPG and its recovery when disrupted. Here | will assume that disruption of eupneic
activity, however transient or persistent, can be considered an insult to the breathing CPG, and
will consider what role neuromodulators play in its recovery.

In the respiratory system the regularity of the respiratory pattern greatly depends on
neuromodulatory input to the system. For example, blocking the substance P tachykinin
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receptor NK1R found in the preBotC reduces the frequency as well as the regularity of eupneic
respiratory activity via effects on the NaLCN channel (Hilaire et al. 2003; Telgkamp et al. 2002;
Yeh et al. 2017), reminiscent of the effects of decentralization of the crustacean pyloric
network. 5-HT acting on 5-HT,, receptors (Pena and Ramirez 2002), and norepinephrine (NE)
acting on both alphal- (St-John and Leiter 2008) and alpha2-adrenergic receptors (Zanella et al.
2006) also contribute to the regularity of eupneic respiratory activity as revealed by
neuromodulator deprivation experiments. Is there a difference in the effects of short-term
versus long-term neuromodulator deprivation, perhaps comparable to the long-term effects of
decentralization in the crustacean pyloric network? Indeed, Telgkamp and collaborators have
shown that, while acute blockade of NK1Rs significantly slows down eupneic activity, chronic
inhibition of the synthesis of the tachykinins substance P and neurokinin A (NKA) leads to what
appears to be a compensatory reconfiguration of the respiratory network. This was examined
thanks to the availability of a mutant mouse (PPT-A), which lacks the gene PPT-A that codes for
the tachykinin precursor protein. It turns out that PPT-A mice express essentially normal
eupneic activity, with frequency and variability indistinguishable from wild-type mice under
normal oxygen levels, although PPT-A mice respond abnormally to anoxia, showing an
increased irregularity of eupneic episodes and a significantly reduced capacity to generate
autoresucitatory sighs compared to wildtype mice (Telgkamp et al. 2002). Thus, in the absence
of a key neuromodulator, the system appears capable of reconfiguring itself to a new state in
which it can generate respiratory activity comparable to that of normal animals. Interestingly,
the new network that emerges in this homeostatic process is clearly different, as illustrated by
their inability to respond to certain perturbations (e.g. anoxia) like the normal animal. Although
the cellular and biophysical mechanisms have not been identified, these reports suggest that
the network possesses mechanisms that are plastic enough to homeostatically engage and to
compensate for the loss of neuromodulators or neuromodulator receptors necessary for the
generation of normal respiratory activity (Doi and Ramirez 2008).

Gasping is a vital pattern of respiratory activity, typically evoked by hypoxia, which results in
increased air intake and sometimes recovery of normal eupneic activity (autoresuscitation).
This pattern appears to be strongly regulated by neuromodulators 5-HT (via 5-HT, receptors),
and NE (via alpha-1 adrenergic receptors), which are required to sustain gasping after hypoxia-
induced depression (St-John and Leiter 2008). This is likely mediated by modulatory effects of 5-
HT and NE on riluzole-sensitive channels (thus on Iy.p) since during gasping cadmium-sensitive
neurons are not involved in pattern generation (Koch et al. 2011). Gasping in patients at risk of
Sudden Infant Death Syndrome (SIDS) is significantly reduced. This is suggested, for example, by
the increased incidence of pathological signs (e.g. chronic hypoxia-induced gliosis) in patients
who die of SIDS (Kinney et al. 2009). The risk of SIDS incidence appears to be associated with
mutations in the promoter of the 5-HT transporter protein gene, as well as abnormalities in 5-
HT receptor expression in the medulla (Kinney et al. 2009; Poets et al. 1991; Weese-Mayer et al.
2003). It is not known if compensatory mechanisms that can bypass the 5-HT regulatory
pathway exist. However, it would be interesting to examine in experimental animals whether
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manipulation of NE, 5-HT or other neuromodulatory paths can lead to protection from
disruption of the 5-HT transporter protein or 5-HT receptor expression in the medulla and
ultimately reduced risk of SIDS.

Rett syndrome patients and mouse Rett syndrome models (Mecp2-/y) have a mutated Mecp2
gene, which encodes methyl-CpG-binding protein 2 (MECP2). These patients suffer from severe
reductions in tyrosine hydroxylase (TH) and NE expressing neurons in the medulla (Viemari et
al. 2005), reduced levels of 5-HT and DA (Koch et al. 2011), as well as substance P in the
cerebrospinal fluid and brain stem (Dunn and MacLeod 2001). It is not currently known if any
compensatory mechanisms similar to those described by Telgkamp et al (2002) are activated.
Nevertheless, the existence of such compensatory mechanisms involving the regulation of
neuromodulatory pathways in respiratory networks and elsewhere suggests that they could be
induced or activated as a therapeutic approach to treat or reduce the risk of this disease, which
ought to be further explored. One research path that could be examined is whether Rett
syndrome patients or its mouse model, develop a phenotype similar to those of PPT-A mutant
animals since they have brain stem deficiencies in substance P levels.

Recovery of locomotion CPG in vertebrates

The vertebrate locomotion CPG is thought to be a widely distributed network of interacting
CPGs, all receiving descending projection inputs, for the most part neuromodulatory in nature,
originating in the brain or supraspinal regions (Fig. 1) (Molinari 2009). A number of
neuromodulators are involved in the activation of the mammalian locomotion CPG, with the
main focus of research until now being on the role of aminergic modulators, NE and 5-HT, and a
few exogenous peptides (Jordan and Slawinska 2011; Rossignol et al. 2011). 5-HT appears to
control the excitability and activity mostly of inhibitory local spinal cord neurons (Jordan and
Slawinska 2011). After spinal cord injury (SCI), 5-HT and NE hypersensitivity is observed that
could drive some degree of functional recovery (Rossignol and Frigon 2011). However, the
largest effort towards treating SCI cases have been devoted to understanding how to
upregulate axon regeneration and identify the conditions for appropriate re-innervation are
(Bradbury and McMahon 2006; Rossignol and Frigon 2011). Along this line of inquiry, it appears
that peripheral input (both sensory and motor) may play an important role, and that seems to
be at least partially under modulatory (e.g. DA) influence (Rossignol and Frigon 2011). Although
not a vertebrate system, the leech locomotor system, which is also composed of a distributed
network of CPG components that is driven in part by DA, provides an interesting example of
functional recovery when devoid of descending signals. Recovery of crawling activity in leech
(i.e. intersegmental coordination) occurs after full transection of the descending inputs.
Interestingly, this involves regeneration of sensory axons that take over part of the
coordination of activity between CPGs along the ventral cord (Puhl et al. 2018). In adult fish,
generation of spinal motor neurons seems to be greatly influenced by dopaminergic
projections, which occurs at the expense of interneurons both during development as well as in
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the adult (Reimer et al. 2013). Such axonal regeneration seems to be sufficient for full recovery
of swimming, which is also observed in lampreys (Herman et al. 2018).

Norepinephrine, which fully originates in the brain, is thought to be required to activate the
mammalian locomotor CPG since the CPG can be activated by simple intraperitoneal or
intrathecal injection of a,AR agonists (e.g. clonidine) in acutely or chronically, partially or fully,
spinalized cats, even though the exact details of the effects vary depending on the state of the
preparation (Rossignol et al. 2011). Interestingly, in spite of the fact that NE clearly plays an
important role in CPG activity, and that NE all but disappears from the spinal cord below a
completely severed cord, it appears that the role of NE in the recovery from injury has not
thoroughly been tested. If the work described above in decentralized pyloric networks and the
respiratory network deprived of substance P are considered, it would be very interesting to
examine the effect of depletion of NE or other neuromodulators before SCI. If one of the
important long-term roles of modulators is to restrict the state that the networks can adopt, as
| suggest here, removing them may then free the networks from some of its constraints and
allow them to visit alternative states from which a recovery to a state somewhat similar to a
pre-SCl may be a possibility. One important fact to consider, highlighted by the work of
Telgkamp et al (2002) with the respiratory network, is their suggestion that depression of the
tachykinin signaling pathways leads to a compensatory enhancement of other neuromodulator
pathways. Although this suggestion still needs to be tested, it opens the possibility that in
locomotor (or any other) networks, one should not necessarily expect to see an enhancement
of one pathway (e.g. the NE pathway) when the levels of the modulator or receptors of that
pathway are depressed (e.g. NE or NE receptor levels) as a result of SCI. Instead, other
pathways may take over in compensation. It would be interesting, for example, to examine
potential recovery of function (rates and degrees of recovery) in Rett syndrome patients (or
model animals) in response to SCI. Since these patients have severely depressed
neuromodulatory systems, they may be primed to recover faster if other neuromodulatory
systems have been upregulated as a result of the disease prior to the SCI.

It is conceivable that proper integration of regenerating fibers in the injured spinal cord can
happen only under the appropriate neuromodulatory environment. Thus, it would be important
to test the effects of SCI on reinnervation (CPGs activity) in animals in which specific
neuromodulator pathways have been manipulated (depleted or overexpressed) beforehand.
This may prepare the networks to be in a more receptive state to receive the new innervations.

In general, it has been known for some time that a number of compensatory mechanisms in
diverse systems are revealed by knockout experiments, some involving neuromodulatory
systems (Fukamauchi and Kusakabe 1997; Marvel et al. 2018), some not (Chan et al. 2007; Kim
et al. 2015). This body of evidence strongly suggests that the level of compensatory plasticity in
the nervous system is great and that more needs to be done to understand it and to tap into it
in malignancies involving neuromodulatory systems.
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Neuromodulation, plasticity and recovery of function

Thus far | have made the claim that neuromodulators participate heavily in configuring
networks involved in CPG activity. Most of the evidence presented comes from experiments in
which neuromodulators are removed, resulting in CPG activity and neuromodulator tone loss,
and subsequent network reconfiguration with resulting recovery of activity. Alternatively, of
course, neuromodulators may be important to elicit the recovery of CPG activity. To my
knowledge this later alternatively has not been shown to occur in CPG networks. The best and
nearly exclusive evidence so far for such claim is a large body of literature claiming that
neuronal plasticity is enhanced by neuromodulators. Because all the evidence to my knowledge
is focused on synaptic plasticity, often in the context of learning and memory, | refer the reader
to some of the most recent reviews on the subject (Creed 2018; Foncelle et al. 2018; Palacios-
Filardo and Mellor 2018; Pawlak et al. 2010; Prince et al. 2016; Sebastiao and Ribeiro 2015).
Nevertheless, the role of the presence of individual or subsets of neuromodulators on plastic
processes that can lead to the recovery of lost CPG activity is of course an exciting avenue for
research.

Concluding remarks

Several model systems, both vertebrates and invertebrates, have been used to examine the
compensatory mechanisms activated by neuromodulators or their loss in rhythm-generating
networks or CPGs. In particular, invertebrate systems afford networks with far fewer
components (neurons and synapses), which make the understanding of the roles of these
components significantly easier than vertebrate systems with their much larger numbers of
such components. Given the crucial functions of CPGs in many vital functions, work on as many
such model systems as possible should be pursued in order to understand possible ways in
which CPGs are regulated, both by neuromodulators and by activity.

| have reviewed some principles highlighted by work primarily in the crustacean pyloric
network, but also mammalian respiratory networks and others, which are heavily modulated. In
particular, the pyloric network is modulated by numerous substances whose effects and, to
some degree, mechanisms of action are known in some detail. | propose one general principle:
neuromodulators over long stretches of time appear to constrain the parameter space in which
CPGs operate. This restricts which neurons may behave as pacemakers, which synapses may be
active and which not, what ionic currents are expressed in which cells and to what levels. |
suggest that when neuromodulators are removed, together with the loss of function that often
ensues, these parameter spaces are expanded. This then allows a CPG and its component
elements to wander within these larger parameter spaces and sometimes land on a different
region in this space — with a different combination of parameters — that allows it to perform a
similar function to that which has been lost. The mechanisms that restrict these parameters
spaces, and those that enable their relaxation, need to be much better understood.
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| believe that a systematic approach to remove or alter the expression of specific
neuromodulators from distinct regions of the nervous system in a carefully targeted manner
should be undertaken to examine their roles in triggering compensatory mechanisms that may
be useful in restoring disrupted neuronal CPG activity. New technologies, such as targeted
expression of genes or gene inactivation and optogenetic tools should make this possible.
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Figures Legends

Figure 1. Connectivity diagrams of model systems used to study CPGs. All diagrams are
significantly simplified for illustration purposes. Common to all is the important role of
neuromodulators, either as gating extrinsic elements in all the CPG networks (orange
downward arrow) or as intrinsic to one of the members of the CPG (e.g. in the Lymnaea feeding
network). Top row illustrates two networks based on the operation of pacemaker neurons,
which are the main source of rhythmic activity (enclosed in gray circles with arrowhead
symbolizing repetitive activity): one that uses a single pacemaker neuron (pyloric network) and
the second (respiratory network) consisting of three neuronal populations with pacemaking
properties of various strengths, which are organized dynamically cycle by cycle by the interplay
of intrinsic properties and synchronizing excitatory synaptic connections (together with
reciprocal inhibitory connections). In the bottom two rows are examples of fundamentally
network-based CPGs, which normally rely on half-center reciprocally inhibiting pairs of neurons
or populations of neurons. In the crustacean gastric mill network, two neurons (LG and Intl)
form the core of the CPG (gray circle) but rely on modulatory input of neurons (MCN1) whose
axons release modulators onto and receive chemical and electrical feedback from the core CPG.
All other networks shown have a core CPG composed of more neurons than the key ones that
are depicted. In the case of the vertebrate locomotion network, each limb is controlled by a
large number of coupled interneurons (white circles) and several half-centers are thought to
exist (gray circles), necessary to control the multiple antagonistic muscle groups. In the case of
the Tritonia escape swim network, a crucial dual synapse between CPG neurons C2 and VSI
occurs in ganglion (the pedal ganglion) different from where their cell bodies are located. Note
that the respiratory network is also a network of interconnected neurons, but many of those
can be considered pacemaker neurons. For nomenclature and general reference see: Crab
pyloric and gastric mill networks (Marder and Bucher 2007), mammalian respiratory network
(Ramirez and Baertsch 2018b), vertebrate locomotion network (Grillner 2006b), Tritonia escape
swim network (Sakurai and Katz 2009), Lymnaea feeding network (Benjamin 2012), Aplysia
feeding network (Sasaki et al. 2013). AB, Anterior Burster; PD, Pyloric Dialator; LP, Lateral
Pyloric; PY, Pyloric Constrictor; Pre-Bo6tC, Pre-Botzinger Complex; PiCo, post-inhibitory complex;
RTN/pFRG, retrotrapezoid nucleus/parafacial respiratory group; Intl, Interneuron 1; LG, Lateral
Gastric; DSI, Dorsal Swim Interneuron; C2, Cerebral Neuron 2; VSI, Ventral Swim Interneuron;
N1M, N1L, Medial, Lateral Interneuron 1; N2v, Ventral Interneuron 2; N3t, Tonic Interneuron 3;
Bxx, Buccal neuron xx.

Figure 2. Balance of ionic current levels is required for pacemaker activity. A. PD neuron, a
member of the crab pyloric network pacemaker kernel, oscillates readily when a pacemaker
current is injected into it with dynamic clamp. B. Example of a follower neuron (LP neuron)
injected with pacemaker current (same as in A) in dynamic clamp, showing that pyloric follower
neurons are incapable of generating oscillations under similar conditions as the pacemaker
neurons. C. Left shows the voltage-clamp measurement of the high threshold K* current (ly7x) in
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one PD neuron (voltage steps at the bottom). Right shows the average I-V curves from all the
recorded PD neurons (black symbols and lines) and all the recorded LP neurons recorded (gray
symbols and lines), showing the significantly smaller levels of lyrc in PD than LP neurons. D. The
LP neuron shown in B expresses oscillatory activity when the same amount of pacemaker
current is injected with dynamic clamp but only after blocking part of Iyx with
tetraethylammonium, TEA. Top traces in A, B and D are membrane potential, bottom traces are
dynamic clamp injected current. Details in (Golowasch et al. 2017) from which this figure has
been modified.

Figure 3. Both activity and neuromodulators can control the slow process of transcription that
leads to correlated expression of sets of ionic current. Activity, putatively via changes in
intracellular Ca™ concentrations ([Ca™]) due to modifications of plasma or intracellular
compartment (ER) membrane Ca™ currents (Gco(Vim), IPsRCa, respectively) regulate activity-
dependent signals (enzymes or regulatory sensors or factors, S4) that can result in the parallel
regulation of transcription (as shown here, but translation and even post-translational
modifications can be envisioned also) of multiple ion channel genes (here only two, G;(V,,) and
G>(Vm), are shown, but others including G¢,(V) and IPsRCa themselves could be included). At
the same time, activation of neuromodulatory receptors (Rymog) can activate different signaling
cascades (Sym) that can regulate the transcription of sets of ionic channels, which may or not be
the same as those activated by activity. These two types of regulation of transcription (Blue)
have to be slow compared to other regulatory or activating signals (Black, Orange).
Neuromodulator receptors can of course also rapidly activate specific ion channels, Gyyod(Vim).
Sensory or other input (e.g. synaptic) can modify the membrane potential (arrows pointing at
Vm), which in turn can change the activation of additional voltage-gated ion channels. This
process is assumed to be fast (centered on V,, of the right side of the diagram), and these
conductance changes can move up and down relatively independently from the other slow
processes. However, they are not disconnected since the activity changes thus induced can
influence the slower transcription regulation processes via S, (left side of the diagram). Sy,
Intracellular Neuromodulator Sensor; S,, Intracellular Activity Sensor; IPsRCa, IP3 Receptor-
activated Ca™" Current; ER, Endoplasmic Reticulum; mRNA(G,), mRNA coding for conductance x;
Gsyn, Synaptic Conductances.

Figure 4. Influence of neuromodulators on neuronal and network parameter space. These
diagrams illustrate the proposal that one function of neuromodulators in a neuronal network
can be to restrict the parameter space in which its components operate. A. In the presence of
neuromodulators, a neuron has an appropriate balance of parameters A and B (e.g. ionic
conductances correlated along a positively sloped distribution), which enables it to act as a
pacemaker (cell 1, shown as a circle with an arrowhead representing repetitive activity). Cells 2
and 3 also have restricted distributions of parameters C, D and E, F, respectively; synaptic
strengths (shown as inhibitory but which could in principle also be excitatory) are indicated by
the presence of solid lines and their thickness. This diagram is based on the core of the crab
pyloric rhythm-generating network, but with appropriate modifications could be any network in
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any system (e.g. Fig. 1). B. In the absence of neuromodulators, the linear distribution of
parameters A and B in cell 1 has been lost and the cell has consequently also lost its ability to
oscillate, a new synapse between cells 2 and 3 has been activated or enhanced, the parameter
space occupied by parameters C-D (cell 2) and E-F (cell 3) have expanded, and cell 3 has lost the
correlation of parameters E and F. However, the appearance of a new synapse between cells 2
and 3 is meant to illustrate the possible shift in the mechanism of generation of pacemaking
activity from a pacemaker cell to a half-center oscillator (gray oval with arrowhead).
Alternatively, with appropriate changes of conductance relationships, either cell 2 or 3 could
become a pacemaker and rhythmically drive the entire network (not shown).

Downloaded from www.physiology.org/journal/jn at Univ of Rochester (128.151.010.035) on May 10, 2019.



840

841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884

References

Amarillo Y, Tissone Al, Mato G, and Nadal MS. Inward rectifier potassium current IKir promotes intrinsic
pacemaker activity of thalamocortical neurons. J Neurophysiol 119: 2358-2372, 2018.

Amendola J, Woodhouse A, Martin-Eauclaire MF, and Goaillard JM. Ca(2)(+)/cAMP-sensitive
covariation of I(A) and I(H) voltage dependences tunes rebound firing in dopaminergic neurons. J
Neurosci 32: 2166-2181, 2012.

Anderson TM, Garcia AJ, 3rd, Baertsch NA, Pollak J, Bloom JC, Wei AD, Rai KG, and Ramirez JM. A
novel excitatory network for the control of breathing. Nature 536: 76-80, 2016.

Anderson TM, and Ramirez JM. Respiratory rhythm generation: triple oscillator hypothesis. FI000Res 6:
139, 2017.

Bartos M, and Nusbaum MP. Intercircuit control of motor pattern modulation by presynaptic inhibition.
J Neurosci 17: 2247-2256, 1997.

Bassler U. On the definition of central patter generator and its sensory control. Biol Cybern 54: 65-69,
1986.

Beenhakker MP, and Huguenard JR. Neurons that fire together also conspire together: is normal sleep
circuitry hijacked to generate epilepsy? Neuron 62: 612-632, 2009.

Benjamin PR. Distributed network organization underlying feeding behavior in the mollusk Lymnaea.
Neural Syst Circuits 2: 4, 2012.

Berger T, Larkum ME, and Luscher HR. High I(h) channel density in the distal apical dendrite of layer V
pyramidal cells increases bidirectional attenuation of EPSPs. J Neurophysiol 85: 855-868, 2001.

Blitz DM. Circuit feedback increases activity level of a circuit input through interactions with intrinsic
properties. Journal of Neurophysiology 118: 949-963, 2017.

Bose A, Golowasch J, Guan Y, and Nadim F. The role of linear and voltage-dependent ionic currents in
the generation of slow wave oscillations. Journal of computational neuroscience 37: 229-242, 2014.
Bradbury EJ, and McMahon SB. Spinal cord repair strategies: why do they work? Nat Rev Neurosci 7:
644-653, 2006.

Brown TG. The intrinsic factors in the act of progression in the mammal. Proc R Soc B Biol Sci 84: 308-
319, 1911.

Bucher D, Haspel G, Golowasch J, and Nadim F. Central Pattern Generators. In: eLS, edited by John
Wiley & Sons Llohn Wiley & Sons, Ltd 2015.

Burdakov D. Gain control by concerted changes in I(A) and I(H) conductances. Neural Comput 17: 991-
995, 2005.

Campanac E, and Debanne D. Plasticity of neuronal excitability: Hebbian rules beyond the synapse. Arch
Ital Biol 145: 277-287, 2007.

Carroll MS, and Ramirez JM. Cycle-by-cycle assembly of respiratory network activity is dynamic and
stochastic. J Neurophysiol 109: 296-305, 2013.

Chan CS, Guzman JN, llijic E, Mercer JN, Rick C, Tkatch T, Meredith GE, and Surmeier DJ. 'Rejuvenation’
protects neurons in mouse models of Parkinson's disease. Nature 447: 1081-1086, 2007.

Coleman MJ, Meyrand P, and Nusbaum MP. A switch between two modes of synaptic transmission
mediated by presynaptic inhibition. Nature 378: 502-505, 1995.

Creed M. Current and emerging neuromodulation therapies for addiction: insight from pre-clinical
studies. Curr Opin Neurobiol 49: 168-174, 2018.

Cropper EC, Jing J, Perkins MH, and Weiss KR. Use of the Aplysia feeding network to study repetition
priming of an episodic behavior. J Neurophysiol 118: 1861-1870, 2017.

Downloaded from www.physiology.org/journal/jn at Univ of Rochester (128.151.010.035) on May 10, 2019.



885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931

Dacks AM, Siniscalchi MJ, and Weiss KR. Removal of default state-associated inhibition during
repetition priming improves response articulation. J Neurosci 32: 17740-17752, 2012.

Daun S, Rubin JE, and Rybak IA. Control of oscillation periods and phase durations in half-center central
pattern generators: a comparative mechanistic analysis. J Comput Neurosci 27: 3-36, 2009.

de Oliveira RB, Howlett MC, Gravina FS, Imtiaz MS, Callister RJ, Brichta AM, and van Helden DF.
Pacemaker currents in mouse locus coeruleus neurons. Neuroscience 170: 166-177, 2010.

Debanne D, Gahwiler BH, and Thompson SM. Synaptic and non-synaptic plasticity between individual
pyramidal cells in the rat hippocampus in vitro. J Physiol Paris 90: 307-309, 1996.

Dellow PG, and Lund JP. Evidence for central timing of rhythmical mastication. J Physiol 215: 1-13, 1971.
Dicaprio R, Jordan G, and Hampton T. Maintenance of motor pattern phase relationships in the
ventilatory system of the crab. The Journal of experimental biology 200: 963-974, 1997.

Dickinson PS. Neuromodulation of central pattern generators in invertebrates and vertebrates. Curr
Opin Neurobiol 16: 604-614, 2006.

Diekman CO, Thomas PJ, and Wilson CG. Eupnea, tachypnea, and autoresuscitation in a closed-loop
respiratory control model. Journal of Neurophysiology 2017.

Doi A, and Ramirez JM. Neuromodulation and the orchestration of the respiratory rhythm. Respir
Physiol Neurobiol 164: 96-104, 2008.

Dubuc R, and Grillner S. The role of spinal cord inputs in modulating the activity of reticulospinal
neurons during fictive locomotion in the lamprey. Brain Res 483: 196-200, 1989.

Dunn HG, and MacLeod PM. Rett syndrome: review of biological abnormalities. Can J Neurol Sci 28: 16-
29, 2001.

Elliott CJ, and Susswein AJ. Comparative neuroethology of feeding control in molluscs. J Exp Biol 205:
877-896, 2002.

Falgairolle M, Puhl JG, Pujala A, Liu W, and O'Donovan MJ. Motoneurons regulate the central pattern
generator during drug-induced locomotor-like activity in the neonatal mouse. Elife 6: 2017.

Foncelle A, Mendes A, Jedrzejewska-Szmek J, Valtcheva S, Berry H, Blackwell KT, and Venance L.
Modulation of Spike-Timing Dependent Plasticity: Towards the Inclusion of a Third Factor in
Computational Models. Front Comput Neurosci 12: 49, 2018.

Franci A, Drion G, and Sepulchre R. Robust and tunable bursting requires slow positive feedback. J
Neurophysiol 119: 1222-1234, 2018.

Friedman AK, and Weiss KR. Repetition priming of motoneuronal activity in a small motor network:
intercellular and intracellular signaling. J Neurosci 30: 8906-8919, 2010.

Frost WN, and Katz PS. Single neuron control over a complex motor program. Proc Natl Acad Sci U S A
93:422-426, 1996.

Fukamauchi F, and Kusakabe M. Preprotachykinin A and cholecystokinin mRNAs in tenascin-gene
knockout mouse brain. Neuropeptides 31: 199-201, 1997.

Gao P, Bermejo R, and Zeigler HP. Whisker deafferentation and rodent whisking patterns: behavioral
evidence for a central pattern generator. J Neurosci 21: 5374-5380, 2001.

Goaillard JM, Taylor AL, Schulz DJ, and Marder E. Functional consequences of animal-to-animal
variation in circuit parameters. Nat Neurosci 12: 1424-1430, 2009.

Goldman MS, Golowasch J, Marder E, and Abbott LF. Global structure, robustness, and modulation of
neuronal models. The Journal of neuroscience : the official journal of the Society for Neuroscience 21.:
5229-5238, 2001.

Golowasch J. lonic Current Variability and Functional Stability in the Nervous System. BioScience 64:
570-580, 2014.

Golowasch J, Abbott LF, and Marder E. Activity-dependent regulation of potassium currents in an
identified neuron of the stomatogastric ganglion of the crab Cancer borealis. J Neurosci 19: RC33, 1999.

Downloaded from www.physiology.org/journal/jn at Univ of Rochester (128.151.010.035) on May 10, 2019.



932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979

Golowasch J, Bose A, Guan Y, Salloum D, Roeser A, and Nadim F. A balance of outward and linear
inward ionic currents is required for generation of slow-wave oscillations. J Neurophysiol 118: 1092-
1104, 2017.

Golowasch J, Goldman MS, Abbott LF, and Marder E. Failure of averaging in the construction of a
conductance-based neuron model. Journal of neurophysiology 87: 1129-1131, 2002.

Golowasch J, Kumar W, and Marder E. Membrane currents in rhythmic neurons. In: Frontiers in
Crustacean Neurobiology, edited by Wiese K. Basel: Birkhauser-Verlag, 1990, p. 417-423.

Golowasch J, and Marder E. Proctolin activates an inward current whose voltage dependence is
modified by extracellular Ca2+. The Journal of neuroscience : the official journal of the Society for
Neuroscience 12: 810-817, 1992.

Grillner S. Biological Pattern Generation: The Cellular and Computational Logic of Networks in Motion.
Neuron 52: 751-766, 2006a.

Grillner S. Biological pattern generation: the cellular and computational logic of networks in motion.
Neuron 52: 751-766, 2006b.

Grillner S, and Manira AE. The intrinsic operation of the networks that make us locomote. Curr Opin
Neurobiol 31: 244-249, 2015.

Gu S, Wang W, Wang F, and Huang JH. Neuromodulator and Emotion Biomarker for Stress Induced
Mental Disorders. Neural Plast 2016: 2609128, 2016.

Guertin PA. Preclinical evidence supporting the clinical development of central pattern generator-
modulating therapies for chronic spinal cord-injured patients. Front Hum Neurosci 8: 272, 2014.

Haedo RJ, and Golowasch J. lonic mechanism underlying recovery of rhythmic activity in adult isolated
neurons. J Neurophysiol 96: 1860-1876, 2006.

Hamood AW, Haddad SA, Otopalik AG, Rosenbaum P, and Marder E. Quantitative Reevaluation of the
Effects of Short- and Long-Term Removal of Descending Modulatory Inputs on the Pyloric Rhythm of the
Crab, Cancer Borealis. eNeuro 2: 2015.

Harris-Warrick RM. Neuromodulation and flexibility in Central Pattern Generator networks. Curr Opin
Neurobiol 21: 685-692, 2011.

Heinzel HG, Weimann JM, and Marder E. The behavioral repertoire of the gastric mill in the crab,
Cancer pagurus: an in situ endoscopic and electrophysiological examination. J Neurosci 13: 1793-1803,
1993.

Herman PE, Papatheodorou A, Bryant SA, Waterbury CKM, Herdy JR, Arcese AA, Buxbaum JD, Smith
JJ, Morgan JR, and Bloom O. Highly conserved molecular pathways, including Wnt signaling, promote
functional recovery from spinal cord injury in lampreys. Sci Rep 8: 742, 2018.

Hilaire G, Burnet H, Ptak K, Sieweke M, Blanchi B, De Felipe C, Hunt S, and Monteau R. Deletion of
tachykinin NK1 receptor gene in mice does not alter respiratory network maturation but alters
respiratory responses to hypoxia. Adv Exp Med Biol 536: 497-504, 2003.

Hooper SL, and Marder E. Modulation of the lobster pyloric rhythm by the peptide proctolin. J Neurosci
7:2097-2112, 1987.

Hudson AE, and Prinz AA. Conductance ratios and cellular identity. PLoS Comput Biol 6: 1000838, 2010.
Jordan LM, and Slawinska U. Chapter 12--modulation of rhythmic movement: control of coordination.
Prog Brain Res 188: 181-195, 2011.

Katz PS. Evolution of central pattern generators and rhythmic behaviours. Philos Trans R Soc Lond B Biol
Sci 371: 20150057, 2016.

Katz PS, and Frost WN. Intrinsic neuromodulation: altering neuronal circuits from within. Trends
Neurosci 19: 54-61, 1996.

Khorkova O, and Golowasch J. Neuromodulators, not activity, control coordinated expression of ionic
currents. The Journal of neuroscience : the official journal of the Society for Neuroscience 27: 8709-8718,
2007.

Downloaded from www.physiology.org/journal/jn at Univ of Rochester (128.151.010.035) on May 10, 2019.



980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026

Kiehn O. Decoding the organization of spinal circuits that control locomotion. Nat Rev Neurosci 17: 224-
238, 2016.

Kim S, Titcombe RF, Zhang H, Khatri L, Girma HK, Hofmann F, Arancio O, and Ziff EB. Network
compensation of cyclic GMP-dependent protein kinase Il knockout in the hippocampus by Ca2+-
permeable AMPA receptors. Proc Natl Acad Sci US A 112: 3122-3127, 2015.

Kinney HC, Richerson GB, Dymecki SM, Darnall RA, and Nattie EE. The brainstem and serotonin in the
sudden infant death syndrome. Annu Rev Pathol 4: 517-550, 2009.

Koch H, Garcia AJ, 3rd, and Ramirez JM. Network reconfiguration and neuronal plasticity in rhythm-
generating networks. Integr Comp Biol 51: 856-868, 2011.

Koh HY, and Weiss KR. Peptidergic contribution to posttetanic potentiation at a central synapse of
aplysia. J Neurophysiol 94: 1281-1286, 2005.

Korta J, Clark DA, Gabel CV, Mahadevan L, and Samuel AD. Mechanosensation and mechanical load
modulate the locomotory gait of swimming C. elegans. J Exp Biol 210: 2383-2389, 2007.

Krenz WD, Parker AR, Rodgers E, and Baro DJ. Monoaminergic tone supports conductance correlations
and stabilizes activity features in pattern generating neurons of the lobster, Panulirus interruptus. Front
Neural Circuits 9: 63, 2015.

Kyriakatos A, Mahmood R, Ausborn J, Porres CP, Buschges A, and El Manira A. Initiation of locomotion
in adult zebrafish. J Neurosci 31: 8422-8431, 2011.

Lamb DG, and Calabrese RL. Correlated conductance parameters in leech heart motor neurons
contribute to motor pattern formation. PLoS One 8: €79267, 2013.

Lett KM, Garcia VJ, Temporal S, Bucher D, and Schulz DJ. Removal of endogenous neuromodulators in a
small motor network enhances responsiveness to neuromodulation. J Neurophysiol 118: 1749-1761,
2017.

Levitan ES, Kramer RH, and Levitan IB. Augmentation of bursting pacemaker activity by egg-laying
hormone in Aplysia neuron R15 is mediated by a cyclic AMP-dependent increase in Ca2+ and K+
currents. Proc Natl Acad Sci U S A 84: 6307-6311, 1987.

Li J, and Baccei ML. Pacemaker neurons within newborn spinal pain circuits. J Neurosci 31: 9010-9022,
2011.

Li W, Szczecinski NS, and Quinn RD. A neural network with central pattern generators entrained by
sensory feedback controls walking of a bipedal model. Bioinspir Biomim 2017.

Lieske SP, Thoby-Brisson M, Telgkamp P, and Ramirez JM. Reconfiguration of the neural network
controlling multiple breathing patterns: eupnea, sighs and gasps [see comment]. Nat Neurosci 3: 600-
607, 2000.

Liu Z, Golowasch J, Marder E, and Abbott LF. A model neuron with activity-dependent conductances
regulated by multiple calcium sensors. The Journal of neuroscience : the official journal of the Society for
Neuroscience 18: 2309-2320, 1998.

Luther JA, Robie AA, Yarotsky J, Reina C, Marder E, and Golowasch J. Episodic bouts of activity
accompany recovery of rhythmic output by a neuromodulator- and activity-deprived adult neural
network. Journal of neurophysiology 90: 2720-2730, 2003.

MacLean JN, Zhang Y, Johnson BR, and Harris-Warrick RM. Activity-independent homeostasis in
rhythmically active neurons. Neuron 37: 109-120, 2003.

Mangoni ME, Couette B, Marger L, Bourinet E, Striessnig J, and Nargeot J. Voltage-dependent calcium
channels and cardiac pacemaker activity: from ionic currents to genes. Prog Biophys Mol Biol 90: 38-63,
2006.

Marder E. Neuromodulation of neuronal circuits: back to the future. Neuron 76: 1-11, 2012.

Marder E, and Bucher D. Understanding circuit dynamics using the stomatogastric nervous system of
lobsters and crabs. Annu Rev Physiol 69: 291-316, 2007.

Downloaded from www.physiology.org/journal/jn at Univ of Rochester (128.151.010.035) on May 10, 2019.



1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073

Marder E, Bucher D, Schulz DJ, and Taylor AL. Invertebrate central pattern generation moves along.
Curr Biol 15: R685-699, 2005.

Marder E, and Calabrese RL. Principles of rhythmic motor pattern generation. Physiol Rev 76: 687-717,
1996.

Marder E, O'Leary T, and Shruti S. Neuromodulation of circuits with variable parameters: single neurons
and small circuits reveal principles of state-dependent and robust neuromodulation. Annu Rev Neurosci
37:329-346, 2014.

Marder E, and Weimann JM. Modulatory control of multiple task processing in the stomatogastric
nervous system. In: Neurobiology of Motor Progamme Selection, edited by Kien J, McCrohan C, and
Winlow B. New York: Pergamon Press, 1992, p. 3-19.

Martinez M, Delivet-Mongrain H, Leblond H, and Rossignol S. Recovery of hindlimb locomotion after
incomplete spinal cord injury in the cat involves spontaneous compensatory changes within the spinal
locomotor circuitry. J Neurophysiol 106: 1969-1984, 2011.

Marvel M, Spicer OS, Wong TT, Zmora N, and Zohar Y. Knockout of the Gnrh genes in zebrafish: effects
on reproduction and potential compensation by reproductive and feeding-related neuropeptides. Biol
Reprod 99: 565-577, 2018.

McAnelly ML, and Zakon HH. Coregulation of voltage-dependent kinetics of Na(+) and K(+) currents in
electric organ. J Neurosci 20: 3408-3414, 2000.

Mellen NM, Janczewski WA, Bocchiaro CM, and Feldman JL. Opioid-induced quantal slowing reveals
dual networks for respiratory rhythm generation. Neuron 37: 821-826, 2003.

Mellon D, Jr. Electrophysiological Evidence for Intrinsic Pacemaker Currents in Crayfish Parasol Cells.
PLoS One 11: e0146091, 2016.

Mizrahi A, Dickinson PS, Kloppenburg P, Fenelon V, Baro DJ, Harris-Warrick RM, Meyrand P, and
Simmers J. Long-term maintenance of channel distribution in a central pattern generator neuron by
neuromodulatory inputs revealed by decentralization in organ culture. J Neurosci 21: 7331-7339, 2001.
Molinari M. Plasticity properties of CPG circuits in humans: impact on gait recovery. Brain Res Bull 78:
22-25, 2009.

Morgan PT, Perrins R, Lloyd PE, and Weiss KR. Intrinsic and extrinsic modulation of a single central
pattern generating circuit. J Neurophysiol 84: 1186-1193, 2000.

Mullins OJ, Hackett JT, Buchanan JT, and Friesen WO. Neuronal Control of Swimming Behavior:
Comparison of Vertebrate and Invertebrate Model Systems. Progress in neurobiology 93: 244-269, 2011.
Murray KC, Nakae A, Stephens MJ, Rank M, D'Amico J, Harvey PJ, Li X, Harris RL, Ballou EW, Anelli R,
Heckman CJ, Mashimo T, Vavrek R, Sanelli L, Gorassini MA, Bennett DJ, and Fouad K. Recovery of
motoneuron and locomotor function after spinal cord injury depends on constitutive activity in 5-HT2C
receptors. Nat Med 16: 694-700, 2010.

Nahar J, Lett KM, and Schulz DJ. Restoration of descending inputs fails to rescue activity following
deafferentation of a motor network. J Neurophysiol 108: 871-881, 2012.

Norris BJ, Wenning A, Wright TM, and Calabrese RL. Constancy and variability in the output of a central
pattern generator. J Neurosci 31: 4663-4674, 2011.

Nusbaum MP, and Marder E. A modulatory proctolin-containing neuron (MPN). Il. State-dependent
modulation of rhythmic motor activity. J Neurosci 9: 1600-1607, 1989.

O'Leary T, Williams AH, Caplan JS, and Marder E. Correlations in ion channel expression emerge from
homeostatic tuning rules. Proc Nat! Acad Sci U S A 110: E2645-2654, 2013.

O'Leary T, Williams AH, Franci A, and Marder E. Cell types, network homeostasis, and pathological
compensation from a biologically plausible ion channel expression model. Neuron 82: 809-821, 2014.
Olypher AV, and Calabrese RL. Using constraints on neuronal activity to reveal compensatory changes in
neuronal parameters. J Neurophysiol 98: 3749-3758, 2007.

Downloaded from www.physiology.org/journal/jn at Univ of Rochester (128.151.010.035) on May 10, 2019.



1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120

Palacios-Filardo J, and Mellor JR. Neuromodulation of hippocampal long-term synaptic plasticity. Curr
Opin Neurobiol 54: 37-43, 2018.

Parnas |, Shahrabany-Baranes O, Feinstein N, Grant P, Adelsberger H, and Dudel J. Changes in the
ultrastructure of surviving distal segments of severed axons of the rock lobster. J Exp Biol 201: 779-791,
1998.

Pawlak V, Wickens JR, Kirkwood A, and Kerr JN. Timing is not Everything: Neuromodulation Opens the
STDP Gate. Front Synaptic Neurosci 2: 146, 2010.

Pena F, Parkis MA, Tryba AK, and Ramirez JM. Differential contribution of pacemaker properties to the
generation of respiratory rhythms during normoxia and hypoxia. Neuron 43: 105-117, 2004.

Pena F, and Ramirez JM. Endogenous activation of serotonin-2A receptors is required for respiratory
rhythm generation in vitro. J Neurosci 22: 11055-11064, 2002.

Perkins MH, Cropper EC, and Weiss KR. Cellular Effects of Repetition Priming in the Aplysia Feeding
Network Are Suppressed during a Task-Switch But Persist and Facilitate a Return to the Primed State. J
Neurosci 38: 6475-6490, 2018.

Poets CF, Samuels MP, Noyes JP, Jones KA, and Southall DP. Home monitoring of transcutaneous
oxygen tension in the early detection of hypoxaemia in infants and young children. Arch Dis Child 66:
676-682, 1991

Prince LY, Bacon TJ, Tigaret CM, and Mellor JR. Neuromodulation of the Feedforward Dentate Gyrus-
CA3 Microcircuit. Front Synaptic Neurosci 8: 32, 2016.

Prinz AA, Bucher D, and Marder E. Similar network activity from disparate circuit parameters. Nat
Neurosci 7: 1345-1352, 2004.

Proekt A, Brezina V, and Weiss KR. Dynamical basis of intentions and expectations in a simple neuronal
network. Proc Nat!/ Acad Sci U S A 101: 9447-9452, 2004.

Puhl JG, Bigelow AW, Rue MCP, and Mesce KA. Functional Recovery of a Locomotor Network after
Injury: Plasticity beyond the Central Nervous System. eneuro 5: 2018.

Ramirez JM, and Baertsch N. Defining the Rhythmogenic Elements of Mammalian Breathing. Physiology
(Bethesda) 33: 302-316, 2018a.

Ramirez JM, and Baertsch NA. The Dynamic Basis of Respiratory Rhythm Generation: One Breath at a
Time. Annu Rev Neurosci 41: 475-499, 2018b.

Ramirez JM, Doi A, Garcia AJ, 3rd, Elsen FP, Koch H, and Wei AD. The cellular building blocks of
breathing. Compr Physiol 2: 2683-2731, 2012.

Ramirez JM, Tryba AK, and Pena F. Pacemaker neurons and neuronal networks: an integrative view.
Curr Opin Neurobiol 14: 665-674, 2004.

Ransdell JL, Nair SS, and Schulz DJ. Rapid homeostatic plasticity of intrinsic excitability in a central
pattern generator network stabilizes functional neural network output. The Journal of neuroscience : the
official journal of the Society for Neuroscience 32: 9649-9658, 2012.

Ransdell JL, Temporal S, West NL, Leyrer ML, and Schulz DJ. Characterization of inward currents and
channels underlying burst activity in motoneurons of crab cardiac ganglion. J Neurophysiol 110: 42-54,
2013.

Reimer MM, Norris A, Ohnmacht J, Patani R, Zhong Z, Dias TB, Kuscha V, Scott AL, Chen YC, Rozov S,
Frazer SL, Wyatt C, Higashijima S, Patton EE, Panula P, Chandran S, Becker T, and Becker CG. Dopamine
from the brain promotes spinal motor neuron generation during development and adult regeneration.
Dev Cell 25: 478-491, 2013.

Roffman RC, Norris BJ, and Calabrese RL. Animal-to-animal variability of connection strength in the
leech heartbeat central pattern generator. J Neurophysiol 107: 1681-1693, 2012.

Rossignol S, and Frigon A. Recovery of locomotion after spinal cord injury: some facts and mechanisms.
Annu Rev Neurosci 34: 413-440, 2011.

Downloaded from www.physiology.org/journal/jn at Univ of Rochester (128.151.010.035) on May 10, 2019.



1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167

Rossignol S, Frigon A, Barriere G, Martinez M, Barthelemy D, Bouyer L, Belanger M, Provencher J, Chau
C, Brustein E, Barbeau H, Giroux N, Marcoux J, Langlet C, and Alluin O. Chapter 16--spinal plasticity in
the recovery of locomotion. Prog Brain Res 188: 229-241, 2011.

Rotstein HG, Schneider E, and Szczupak L. Feedback Signal from Motoneurons Influences a Rhythmic
Pattern Generator. J Neurosci 37: 9149-9159, 2017.

Sakurai A, and Katz PS. Functional Recovery after Lesion of a Central Pattern Generator. The Journal of
Neuroscience 29: 13115-13125, 2009.

Sanchez JA, Li Y, and Kirk MD. Regeneration of cerebral-buccal interneurons and recovery of ingestion
buccal motor programs in Aplysia after CNS lesions. J Neurophysiol 84: 2961-2974, 2000.

Santama N, Brierley M, Burke JF, and Benjamin PR. Neural network controlling feeding in Lymnaea
stagnalis: immunocytochemical localization of myomodulin, small cardioactive peptide, buccalin, and
FMRFamide-related peptides. J Comp Neurol 342: 352-365, 1994.

Sasaki K, Cropper EC, Weiss KR, and Jing J. Functional differentiation of a population of electrically
coupled heterogeneous elements in a microcircuit. J Neurosci 33: 93-105, 2013.

Schulz DJ, Goaillard JM, and Marder E. Variable channel expression in identified single and electrically
coupled neurons in different animals. Nat Neurosci 9: 356-362, 2006.

Schulz DJ, Goaillard JM, and Marder EE. Quantitative expression profiling of identified neurons reveals
cell-specific constraints on highly variable levels of gene expression. Proc Natl Acad Sci U S A 104: 13187-
13191, 2007.

Sebastiao AM, and Ribeiro JA. Neuromodulation and metamodulation by adenosine: Impact and
subtleties upon synaptic plasticity regulation. Brain Res 1621: 102-113, 2015.

Severini C, Petrella C, and Calissano P. Substance P and Alzheimer's Disease: Emerging Novel Roles. Curr
Alzheimer Res 13: 964-972, 2016.

Sharp AA, Skinner FK, and Marder E. Mechanisms of oscillation in dynamic clamp constructed two-cell
half-center circuits. J Neurophysiol 76: 867-883, 1996.

Sharples SA, Koblinger K, Humphreys JM, and Whelan PJ. Dopamine: a parallel pathway for the
modulation of spinal locomotor networks. Front Neural Circuits 8: 55, 2014.

Sherrington CS. Flexion-reflex of the limb, crossed extension-reflex, and reflex stepping and standing. J
Physiol 40: 28-121, 1910.

Sherrington CS. A mammalian spinal preparation. J Physiol 38: 375-383, 1909.

Smith JC, Ellenberger HH, Ballanyi K, Richter DW, and Feldman JL. Pre-Botzinger complex: a brainstem
region that may generate respiratory rhythm in mammals. Science 254: 726-729, 1991.

Song J, Ampatzis K, Bjornfors ER, and El Manira A. Motor neurons control locomotor circuit function
retrogradely via gap junctions. Nature 529: 399-402, 2016.

Soofi W, Archila S, and Prinz AA. Co-variation of ionic conductances supports phase maintenance in
stomatogastric neurons. Journal of computational neuroscience 33: 77-95, 2012.

St-John WM, and Leiter JC. Maintenance of gasping and restoration of eupnea after hypoxia is impaired
following blockers of alphal-adrenergic receptors and serotonin 5-HT2 receptors. J Appl Physiol (1985)
104: 665-673, 2008.

Swensen AM, and Bean BP. Robustness of burst firing in dissociated purkinje neurons with acute or
long-term reductions in sodium conductance. J Neurosci 25: 3509-3520, 2005.

Swensen AM, and Marder E. Modulators with convergent cellular actions elicit distinct circuit outputs. J
Neurosci 21: 4050-4058., 2001.

Swensen AM, and Marder E. Multiple peptides converge to activate the same voltage-dependent
current in a central pattern-generating circuit. J Neurosci 20: 6752-6759, 2000.

Taylor AL, Goaillard JM, and Marder E. How multiple conductances determine electrophysiological
properties in a multicompartment model. J Neurosci 29: 5573-5586, 2009.

Downloaded from www.physiology.org/journal/jn at Univ of Rochester (128.151.010.035) on May 10, 2019.



1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215

Telgkamp P, Cao YQ, Basbaum Al, and Ramirez JM. Long-term deprivation of substance P in PPT-A
mutant mice alters the anoxic response of the isolated respiratory network. J Neurophysiol 88: 206-213,
2002.

Temporal S, Desai M, Khorkova O, Varghese G, Dai A, Schulz DJ, and Golowasch J. Neuromodulation
independently determines correlated channel expression and conductance levels in motor neurons of
the stomatogastric ganglion. J Neurophysiol 107: 718-727, 2012.

Temporal S, Lett KM, and Schulz DJ. Activity-dependent feedback regulates correlated ion channel
mMRNA levels in single identified motor neurons. Curr Biol 24: 1899-1904, 2014.

Thoby-Brisson M, and Simmers J. Long-term neuromodulatory regulation of a motor pattern-generating
network: maintenance of synaptic efficacy and oscillatory properties. J Neurophysiol 88: 2942-2953,
2002.

Thoby-Brisson M, and Simmers J. Neuromodulatory inputs maintain expression of a lobster motor
pattern-generating network in a modulation-dependent state: evidence from long-term decentralization
in vitro. J Neurosci 18: 2212-2225, 1998.

Thoby-Brisson M, and Simmers J. Transition to endogenous bursting after long-term decentralization
requires De novo transcription in a critical time window. J Neurophysiol 84: 596-599, 2000.

Tobin AE, Cruz-Bermudez ND, Marder E, and Schulz DJ. Correlations in ion channel mRNA in
rhythmically active neurons. PLoS One 4: e6742, 2009.

Tran T, Unal CT, Severin D, Zaborszky L, Rotstein HG, Kirkwood A, and Golowasch J. lonic current
correlations are ubiquitous across phyla. Sci Rep 9: 1687, 2019.

Tryba AK, Pena F, and Ramirez JM. Gasping activity in vitro: a rhythm dependent on 5-HT2A receptors. J
Neurosci 26: 2623-2634, 2006.

Turrigiano G, Abbott LF, and Marder E. Activity-dependent changes in the intrinsic properties of
cultured neurons. Science 264: 974-977, 1994.

Turrigiano GG, and Marder E. Modulation of identified stomatogastric ganglion neurons in primary cell
culture. J Neurophysiol 69: 1993-2002, 1993.

Viemari JC, Roux JC, Tryba AK, Saywell V, Burnet H, Pena F, Zanella S, Bevengut M, Barthelemy-Requin
M, Herzing LB, Moncla A, Mancini J, Ramirez JM, Villard L, and Hilaire G. Mecp2 deficiency disrupts
norepinephrine and respiratory systems in mice. J Neurosci 25: 11521-11530, 2005.

Weese-Mayer DE, Berry-Kravis EM, Maher BS, Silvestri JM, Curran ME, and Marazita ML. Sudden
infant death syndrome: association with a promoter polymorphism of the serotonin transporter gene.
Am J Med Genet A 117A: 268-274, 2003.

Wilson DM. The central nervous control of flight in a locust. J Exp Biol 38: 471-490, 1961.

Wood DE, Manor Y, Nadim F, and Nusbaum MP. Intercircuit control via rhythmic regulation of
projection neuron activity. J Neurosci 24: 7455-7463, 2004.

Wu JS, Vilim FS, Hatcher NG, Due MR, Sweedler JV, Weiss KR, and Jing J. Composite modulatory
feedforward loop contributes to the establishment of a network state. J Neurophysiol 103: 2174-2184,
2010.

Yeh SY, Huang WH, Wang W, Ward CS, Chao ES, Wu Z, Tang B, Tang J, Sun JJ, Esther van der Heijden
M, Gray PA, Xue M, Ray RS, Ren D, and Zoghbi HY. Respiratory Network Stability and Modulatory
Response to Substance P Require Nalcn. Neuron 94: 294-303 e294, 2017.

Yeoman MS, Parish DC, and Benjamin PR. A cholinergic modulatory interneuron in the feeding system
of the snail, Lymnaea. J Neurophysiol 70: 37-50, 1993.

Yuste R, MacLean JN, Smith J, and Lansner A. The cortex as a central pattern generator. Nat Rev
Neurosci 6: 477-483, 2005.

Zakon H, McAnelly L, Smith GT, Dunlap K, Lopreato G, Oestreich J, and Few WP. Plasticity of the
electric organ discharge: implications for the regulation of ionic currents. The Journal of experimental
biology 202: 1409-1416, 1999.

Downloaded from www.physiology.org/journal/jn at Univ of Rochester (128.151.010.035) on May 10, 2019.



1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234

1235

Zanella S, Roux JC, Viemari JC, and Hilaire G. Possible modulation of the mouse respiratory rhythm
generator by A1/C1 neurones. Respir Physiol Neurobiol 153: 126-138, 2006.

Zaza A, Micheletti M, Brioschi A, and Rocchetti M. lonic currents during sustained pacemaker activity in
rabbit sino-atrial myocytes. J Physiol 505 ( Pt 3): 677-688, 1997.

Zhang G, Vilim FS, Liu DD, Romanova EV, Yu K, Yuan WD, Xiao H, Hummon AB, Chen TT, Alexeeva V,
Yin SY, Chen SA, Cropper EC, Sweedler JV, Weiss KR, and Jing J. Discovery of leucokinin-like
neuropeptides that modulate a specific parameter of feeding motor programs in the molluscan model,
Aplysia. J Biol Chem 292: 18775-18789, 2017

Zhang G, Yuan WD, Vilim FS, Romanova EV, Yu K, Yin SY, Le ZW, Xue YY, Chen TT, Chen GK, Chen SA,
Cropper EC, Sweedler JV, Weiss KR, and Jing J. Newly Identified Aplysia SPTR-Gene Family-Derived
Peptides: Localization and Function. ACS Chem Neurosci 9: 2041-2053, 2018.

Zhang Y, Khorkova O, Rodriguez R, and Golowasch J. Activity and neuromodulatory input contribute to
the recovery of rhythmic output after decentralization in a central pattern generator. J Neurophysiol
2008.

Zhu MH, Kim TW, Ro S, Yan W, Ward SM, Koh SD, and Sanders KM. A Ca(2+)-activated CI(-)
conductance in interstitial cells of Cajal linked to slow wave currents and pacemaker activity. J Physiol
587:4905-4918, 2009.

Zornik E, and Yamaguchi A. Coding rate and duration of vocalizations of the frog, Xenopus laevis. J
Neurosci 32: 12102-12114, 2012.

Downloaded from www.physiology.org/journal/jn at Univ of Rochester (128.151.010.035) on May 10, 2019.



Crab pyloric

network

Stomatogastric
ganglion

Crab gastric
network

mill

locomotion network

Vertebrate

Mammalian respiratory
network

Neuron or
neuronal
ensemble

Intrinsic
neuromodulatory
neuron

Oscillator
kernel

Chemical
Inhibition

Chemical
Y excitation
Electrical

coupling

| Anatomical
1 location

Tritonia escape
network

Stomatogastric
ganglion

Lymnaea feeding
network

W

o

ganglion

Spinal cord

Aplysia feeding

network

(631
g.

ganglion

Cerebral

ganglion

Pleural
ganglion

Pedal
ganglion

DowB &R om www.physiol ogy.orgy/j dBM&G@kt Univ of Rochester (128.151.010.035) on May 10, 2019.




A PD neuron (pacemaker)

60 mV |15 mv
|
0 [MAAAAAAMAMAMAAAAMANY (8
|
4s

B LP neuron, control

_50M |10mV
»
0 nA | |12 nA

2s
C \d (P=0.029) =*
HTK 1504
_J20nA ] /'
50 ms g —a—PD
<C 100 —e— P
\ S
\. —F 50
0nA
o—0=
— 08—~
40 mV T

'—6|0 '-4IO '—2|O ' 0 20
Vm (mV)

D LP neuron in 8mM TEA

50 nl\i_/'\/\/\-/\/\/\/\/\/\/\/\/lmmv
»

0 nA AN 12 nA
om n ology.org/journal/jn a Univ of Rochester (128.151.010.035) on

2s



Sensory/Other
RNMod GNMOd(Vm) GCa( V,,) input

(128.151.010.035) on May 10, 2019.




A Modulators

hysiql ChedmIEJICUaI 9 OQW(?S( (?2%1851 010.(
w.pl gy.opgljournalfjn.at Univ (128.151.010.
SR Biectrical Coupling



	Article File
	Figure 1
	Figure 2
	Figure 3
	Figure 4

