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Abstract

Breathing, chewing and walking are critical life-sustaining behaviors in mammals that consist
essentially of simple rhythmic movements. Breathing movements in particular involve the
diaphragm, thorax, and airways but emanate from a network in the lower brain stem. This network
can be studied in reduced preparations /n vitro and using simplified mathematical models that
make testable predictions. An iterative approach that employs both /n vitroand in silico models
has ruled out canonical mechanisms for respiratory rhythm that involve recijprocal inhibition and
pacemaker properties. We present an alternative model in which emergent network properties play
the key rhythmogenic role. Specifically, we show evidence that synaptically activated burst-
generating conductances — which are only available in the context of network activity — engender
robust periodic bursts in respiratory neurons. Because the cellular burst-generating mechanism is
linked to network synaptic drive we dub this type of system a group pacemaker.
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INTRODUCTION

Understanding the neural origins of behaviors like walking, running, swimming, chewing,
suckling, and breathing will be tenable via the application of a broad spectrum of techniques
from biomechanics to molecular genetics. These cross-disciplinary tools will enable us to
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cohere data from many levels of analysis spanning intact behaving organisms to intrinsic
membrane properties and biochemical signaling pathways studied /n vitro.

Here we examine breathing behavior in mammals: rhythmic movements of the diaphragm,
thorax, and airways to produce ventilation. We seek cellular- and synaptic-level mechanisms
that produce the respiratory rhythm. We limit our focus to a specialized region of the lower
brain stem (preBotzinger Complex; preB6tC), which is essential for breathing in awake
intact adult rodents, and is necessary and sufficient for inspiratory motor rhythms in vitro
(Smith et al., 1991, Rekling and Feldman, 1998, Feldman and Del Negro, 2006).

To focus on the neural origins of the essential underlying inspiratory rhythm we necessarily
set aside other, equally important, issues related to the neural control of breathing, including
— but not limited to — the developmental genetics of preB6tC circuits, integrated functions of
the preBotC within the larger respiratory network of the lower medulla, formation of an
appropriate spatiotemporal motor pattern for ventilatory movements, regulation of the
rhythm via neuromodulation, sensorimotor integration, e.g., mechanosensitive feedback
from the lungs, as well as peripheral and central chemosensation related to oxygen, carbon
dioxide, and pH.

Our analysis of rhythm generation in the preB6tC addresses two linked questions: i) Which
neurons?ii) How? The preBotC is a functionally and anatomically defined site in the lower
brain stem containing several thousand neurons in rodents, and we are interested in
understanding which ones are rhythmogenic. Here, we consider intrinsic membrane and
anatomical properties that may underlie rhythmogenicity.

Several models — conceptual as well as explicitly mathematical —outline two general
paradigms for the mechanism underlying respiratory rhythmogenesis: reciprocal inhibition
analor pacemaker neurons. Here we evaluate some straightforward predictions of these
models and conclude that the respiratory rhythm cannot be adequately explained using these
paradigms. Instead we present an alternative model: group-pacemaker hypothesis (Rekling
et al., 1996a, Rekling and Feldman, 1998, Feldman and Del Negro, 2006, Rubin et al.,
2009a). In this model, recurrent synaptic excitation boosts and propagates activity like a
conventional network oscillator (Grillner, 2006), yet constituent neurons generate spike
bursts with an underlying plateau-like depolarization during the active phase, which is
behavior typically associated with intrinsic pacemaker properties (Coombes and Bressloff,
2005).

RHYTHMIC MOTOR BEHAVIORS STUDIED IN VITRO

Central pattern generator (CPG) networks produce neural rhythms for motor behaviors
without need of sensory feedback or commands from higher brain centers (Marder, 2001,
Grillner, 2006). Invertebrate model systems provide valuable insights into the structure and
function of CPGs because these systems comprise a limited number of constituent neurons
(~10-<100) that can be identified and, more importantly, selectively recorded in the context
of behavior /n vitro. Detailed analyses of CPG neurons and their intrinsic and synaptic
properties have led to mathematical models that reconstitute the behaving system /n silico.
Explicit models make testable predictions to complement experimental data. This engenders
an iterative process in which models are created from empirical measurements, and refined
by testing their predictions, which ultimately leads to critical experiments (particularly, /n
vivo) that advance understanding about the neural underpinnings of these behaviors (Fig.
1A).

Unraveling CPGs in mammalian systems including spinal locomotor networks as well as
hindbrain oral-motor and respiratory oscillators is considerably more difficult. Mammalian
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CPGs are composed of far more neurons (>1000), and with some notable exceptions,
function, e.g., rhythm generation, may be anatomically dispersed. Moreover, basic
morphological or even intrinsic features may not be sufficient to classify neurons and impute
their function. To discern the identity of a neuron and analyze its function in the CPG, we
must consider a host of challenging approaches to measure properties, such as transmitter
phenotype, projection patterns, i.e., synaptic connectivity, morphology, and intrinsic
membrane properties as they relate to influencing burst generation and rhythmic activity.
Regarding intrinsic neuronal properties, there is no substitute at present for intracellular
recordings in the context of fictive behavior /n vitro.

Molecular genetics has been enormously useful in defining and testing the roles of specific
classes of spinal interneurons (Goulding and Pfaff, 2005, Goulding, 2009), which can then
be isolated and studied in reduced /n vitro preparations (Hinckley et al., 2005, Wilson et al.,
2005, Gosgnach et al., 2006, Hinckley and Ziskind-Conhaim, 2006, Wilson et al., 2007,
Dyck and Gosgnach, 2009, Dougherty and Kiehn, 2010, Wilson et al., 2010, Zhong et al.,
2010). However, despite profound breakthroughs in defining and understanding the
composition of spinal locomotor circuits that produce left-right alternation and enforce
rhythmic stability, finding the core of the CPG — that is, elucidating its rhythmogenic
constituents — has remained elusive (Brownstone and Wilson, 2008, Kiehn et al., 2008).

The oral-motor CPG has also been isolated and studied /7 vitro in neonatal rats. Recordings
can be obtained from the motor branch of the trigeminal nerve or, in preparations where the
mandible is left attached, rhythmic jaw movements can be monitored /n situ (Kogo et al.,
1996, Tanaka et al., 1999). The rhythmogenic circuits appear to be located within the lateral
reticular formation at the level of the trigeminal motor nucleus. An interesting neuronal
phenotype that develops intrinsic bursting behavior in response to decreasing levels of
extracellular Ca%* has been identified in the trigeminal sensory nucleus (Brocard et al.,
2006, Kolta et al., 2007). Whether these neurons function as rhythm-generators for fictive
behavior /in vitro or during oral-motor behaviors /n vivo remains a compelling notion to be
tested.

The respiratory CPG is particularly advantageous with regard to defining the putative
rhythm-generating neurons at the core of a CPG. First, inspiratory rhythmogenic circuits are
contained in the preBotC (Smith et al., 1991, Gray et al., 1999, Guyenet and Wang, 2001,
Wang et al., 2001, Guyenet et al., 2002, Stornetta et al., 2003). Second, inspiratory rhythms
must be fully developed at birth to then function unceasingly in support of life-sustaining
breathing movements. The combination of these factors yields a robust system that
fortuitously can be reliably reduced to 300-500 um thick transverse slice preparations from
neonatal rodents that isolate the preB6tC and can spontaneously generate respiratory-related
rhythmic motor nerve output from the hypoglossal (XI1) nerve (Fig. 1B,C). Slices provide
optimal experimental access to the constituent rhythmogenic neurons for imaging and
electrophysiology in the transverse plane, in the context of behaviorally relevant network
functions. The slice preparation serves as a reliable and convenient in vitro experimental
model widely used since 1991 by numerous laboratories. Discoveries in the slice have
consistently motivated new models of rhythm generation, e.g., (Butera et al., 1999a, Butera
etal., 1999b, Del Negro et al., 2001, Kosmidis et al., 2004, Smith et al., 2007, Rubin et al.,
2009a) and lead to novel tests in behaving animals (Gray et al., 2001, Wenninger et al.,
2004a, Wenninger et al., 2004b, McKay et al., 2005, Tan et al., 2008).
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ROLE OF PACEMAKER PROPERTIES IN RESPIRATORY
RHYTHMOGENESIS

Early models featured arole for chloride-mediated synaptic inhibition

Prior to 1989 the dominant models of respiratory rhythm generation incorporated a critical
and obligatory role for synaptic inhibition (Bradley et al., 1975, Feldman and Cowan, 1975).
The general structure of these models posited (a minimum of) three interconnected
populations of respiratory neurons including inspiratory and expiratory timing circuits, as
well as well as a ramp-generator circuit for inspiratory bursts. The interaction of these
populations was thought to generate two or three distinct phases of the respiratory cycle /n
vivo: inspiration, and expiration, which some models divided into stage 1 expiration, i.e., the
post-inspiratory phase, and stage 2 expiration. Inhibitory synaptic interactions were
postulated to account for the following aspects of the respiratory cycle: 1) Regulation of the
augmenting ramp of inspiratory activity via recurrent inhibition, which serves as a check
against runaway recurrent excitation and linearized inspiration. 2) Termination of inspiratory
bursts via a transient surge of inhibition. 3) Promotion of a phase transition from stage 1 to
stage 2 expiration via synaptic inhibition between post-inspiratory (post-1) neurons and the
augmenting-expiratory (aug-E) neurons that become active in stage 2. 4) Assure mutually
exclusive activity patterns between inspiratory and expiratory neurons through reciprocal
inhibition (for a thorough review, see: Feldman, 1986).

This general model was in many ways the respiratory analog of that originally proposed by
T.G. Brown for locomotion, in which two opposing phases of a motor pattern could be
generated by reciprocal inhibition of the ‘half centers’ (Brown, 1911, Brown, 1914). In the
respiratory cycle, however, inhibitory interactions were further postulated to underlie the
additional functions.

However, when put to the test using the brain stem-spinal cord preparation /n vitro,
respiratory rhythm continued unabated after the removal of chloride-mediated synaptic
inhibition (Feldman and Smith, 1989). This fundamental result, has been extensively
replicated using a variety of pharmacological and ion substitution methods in a variety of
experimental systems including the en b/oc brain stem-spinal cord preparation and the slice
preparation from neonatal rats and mice, in turtle en b/oc preparations, and in the working
heart-brainstem preparation from adult mice (Shao and Feldman, 1997, Brockhaus and
Ballanyi, 1998, Gray et al., 1999, Ritter and Zhang, 2000, Bisselberg et al., 2001, Johnson
et al., 2002, Ren and Greer, 2006). lonotropic synaptic inhibition contributes to normal
breathing patterns /n vivo (Richter and Spyer, 2001, Bisselberg et al., 2003) and influences
the respiratory pattern formed by the brain stem circuits in which the preBotC is embedded
(Smith et al., 2007, Rubin et al., 2009b) but it is not necessary for generating the
fundamental rhythm /n vitro, and thus is not an essential feature of the respiratory CPG in
the preBotC (Feldman and Del Negro, 2006).

Neurons with oscillatory bursting properties become integrated into models of
rhythmogenesis

The original report that proposed the preB&tC as a site of respiratory rhythmogenesis (Smith
etal., 1991) identified a subset of inspiratory neurons with voltage-dependent pacemaker
properties, and suggested that such neurons could be rhythmogenic. Some preBotC
inspiratory neurons, when depolarized with bias current, generate ectopic bursts in the
interburst interval, i.e., between XII motor discharges. After blocking excitatory synaptic
interactions, these same neurons continue to burst rhythmically, as long as baseline
membrane potential remains sufficiently depolarized. A thorough search using unit and
whole-cell recordings /n vitro reveals inspiratory (both excitatory and inhibitory, Morgado-
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Valle et al., 2010), expiratory, and non-respiratory (tonic) neurons with intrinsic bursting
properties after synaptic isolation via low Ca2* / high MgZ* Ringer solution. Respiratory-
modulated and -non-modulated neurons with bursting properties are widely distributed
throughout the ventral medulla, including a region coextensive with the preB6tC (Johnson et
al., 1994). These results are consistent with the originally speculative notion that intrinsic
oscillatory bursting neurons could be the source of respiratory rhythm (Feldman and
Cleland, 1982).

We refer to neurons with pacemaker properties rather than pacemaker neurons because
bursting in the absence of synaptic transmission has not been established in any way to
constitute a distinct classification based on expression of intrinsic conductances, transmitter
phenotype, or developmental lineage. The proposal that neurons with voltage-dependent
bursting properties are rhythmogenic, i.e., the pacemaker hypothesis, became widely
accepted without significant tests or proof. In part, the idea of pacemaker-driven CPG was a
logical extension of principles well established in invertebrate systems, and the key
prediction of the pacemaker hypothesis had been validated, namely that a subset of neurons
with bursting-pacemaker properties are found within the preB6tC (Smith et al., 1991,
Johnson et al., 1994).

Butera and colleagues (1999h, 1999a) proposed a concrete mathematical model, which they
dubbed a Aybrid pacemaker-network (Smith et al., 1995) because it addressed the role of
excitatory synaptic interactions in shaping rhythmic activity. Nevertheless, the pacemaker
fraction of the network plays an obligatory role in the production of respiratory rhythm,
unless the synaptic conductance was raised to unphysiological extremes (Butera et al.,
1999b). The constituent neurons were assembled from a limited complement of ionophores,
including persistent Na* current (/\ap) and leakage K* current (/. eax). These two intrinsic
properties are distributed heterogeneously; the proper balance of gnap and gk- eak €ndowed
voltage-dependent pacemaker properties. Figure 2 plots gnap VErsus gk- eak in the Butera
model. Pacemaker behavior is expressed by neurons whose gnap and gk- eak Values are
within the grey wedge in the center of the distribution. Within this wedge, the neurons
express enough gnap to give ‘burstiness’ combined with low enough gi_( eak t0 ensure that
the baseline membrane potential is depolarized within the voltage-dependent activation
range for /yap. Neurons with gnap and gk. eak Outside this wedge region are either silent
(black, lower right) or tonically spiking (white, upper left) (Fig. 2). For neurons in the silent
or tonic states, applied current could offset the intrinsic gi. eak and shift the cell behavior
into the bursting regime (Butera et al., 1999a). Experimental data have been superimposed
on the gnap-gk-Leak Plot in Fig. 2. These points are paired measurements gnap and gk-| eak
obtained from neurons with and without pacemaker properties in the neonatal rat preBotC.
This demonstrates that a fraction of neurons with voltage-dependent bursting properties in
the absence of synaptic transmission is a natural byproduct of heterogeneity.

The role of /yzp Was originally based on the observation of bursting in low Ca2* solution
(Johnson et al., 1994), and the role of /.| eax Was a straightforward prediction based on
voltage-dependence of burst frequency. These ionic mechanisms for bursting have since
been documented repeatedly (Smith et al., 1991, Koshiya and Smith, 1999, Del Negro et al.,
2001, Del Negro et al., 2002a, Rybak et al., 2003, Koizumi and Smith, 2008, Koizumi et al.,
2010). In 2001, Thoby-Brisson and Ramirez (2001) recognized, however, that bursting
activity in synaptically isolated neurons could have another ionic basis, one that was
sensitive to blockade by Cd2*. We now know that this bursting mechanism involves the
Ca?*-activated nonspecific cationic current (/can) (Pena et al., 2004, Del Negro et al.,
2005). Although /can is expressed throughout the perinatal period in ~96% of neurons in
the preBotC, the number of neurons with /can-mediated bursting properties after synaptic
isolation is miniscule prior to P8 (0.6%), but can be as high as 8% after P8 (Pena et al.,
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2004, Del Negro et al., 2005, Pace et al., 2007a). Throughout postnatal development the
fraction of preBotC with voltage-dependent pacemaker properties attributable to gnap/9k-
Leak is between 5-25% (Pena et al., 2004, Del Negro et al., 2005, Pagliardini et al., 2005).

Evaluating the role of pacemaker properties in rhythm generation

Direct tests of whether bursting pacemaker activity is obligatory for rhythm generation came
with use of the anticonvulsant drug riluzole (RIL) used, for some years, to treat amyotrophic
lateral sclerosis. The therapeutic potential of RIL seemed attributable to both its ability to
depress excitatory transmission (and thus prevent excitotoxicity), as well as its ability to
decrease neural excitability through effects on Na* channels, /\gp in particular (Doble,
1996). Applying RIL in the preB6tC for the first time, we showed that RIL selectively
attenuated /ngp With a half-maximal effective concentration of ~3 uM, but had little effect
on action potentials at concentrations less than 100 pM (Fig. 3). These effects matched those
of RIL in neocortex (Urbani and Belluzzi, 2000) and were consistent for all preB6tC
neurons, not just neurons with bursting properties. RIL also hyperpolarized preB6tC neurons
by up to 5 mV by blocking the fraction of /yap open at baseline membrane potential, which
typically is between —45 and —55 mV in the rhythmic slice preparation (Del Negro et al.,
2002b). These effects of RIL on /ygp in the preBotC and throughout the ventral medulla are
now well established (Ptak et al., 2005, Koizumi and Smith, 2008).

Most important from the perspective of testing the pacemaker hypothesis, RIL completely
precludes voltage-dependent bursting in synaptically isolated preB6tC neurons (Fig. 4A). As
to its effects on network activity, bath application of RIL at concentrations 1-200 uM has no
effect on the frequency of respiratory rhythm in slice preparations from PO—4 neonatal rats
and mice, in which /can pacemaker activity is ostensibly nonexistent (Del Negro et al.,
2002b). However, even while the frequency remained stable, longer exposure to RIL
diminishes X1l motor output, and causes the rhythmic signal /n vitroto become undetectable
(Del Negro et al., 2005) (Fig. 5A). The decrease in XII motor output occurs more slowly
than the time required to block /yzp and can be accounted for by decreases in cell
excitability as well as the depression of excitatory transmission (Doble, 1996, Del Negro et
al., 2005, Pace et al., 2007b). Nevertheless, to resolve whether the respiratory network could
still function after blocking bursting-pacemaker activity, we performed three important
follow-up experiments.

We repeated the experiment in PO—4 mice using 20-nM tetrodotoxin (TTX), which like RIL,
fully blocks /yap. Bath application of 20 nM TTX to rhythmically active slices causes a
time-dependent decrease in the XII motor output accompanied by a decrease in respiratory
frequency. Prolonged exposure to 20-nM TTX stops rhythmic activity in slices (Fig. 5B).
However, these experiments could not be unambiguously interpreted because 20 nM TTX
(unlike RIL) also attenuated action potentials in preBotC neurons (Del Negro et al., 2005).

Even though the number of neurons with /can-mediated bursting properties is vanishingly
small PO-P4, we repeated the RIL experiments in rhythmically active slices in the presence
of 100-uM flufenamic acid (FFA) (Fig. 6). This dose of FFA completely blocks /can-
mediated pacemaker activity (Fig. 4B) even though it does not block /CAN completely (Del
Negro et al., 2005, Pace et al., 2007a). Interestingly, whether the rhythm stops by 20 nM
TTX or the RIL + FFA cocktail, 0.5-2 uM of the excitatory neuropeptide Substance P (SP)
or 0.5 uM of a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) is sufficient
to revive it (Figs. 5B and 6). Neither SP nor AMPA induce a region of negative slope
resistance in the steady-state current-voltage curve of preBotC neurons (Gray et al., 1999,
Pena and Ramirez, 2004, Hayes and Del Negro, 2007) and thus cannot restore voltage-
dependent bursting-pacemaker activity to neurons whose pacemaker-like activity has been
precluded by RIL or low doses of TTX. The recovery of respiratory network rhythmicity
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after pharmacological blockade of pacemaker activity strongly suggests RIL and low doses
of TTX diminish respiratory motor output by attenuating excitability, rather than blocking
pacemaker activity.

Finally, we injected RIL directly into the preB6tC to selectively affect the rhythmogenic
circuitry and avoid effects in other parts of the slice such as premotor and motor neurons, as
well as neurons in the Raphé that provide serotonergic and peptidergic input to the preB6tC
(Ptak et al., 2009). Microinjection pipettes were targeted to the preBotC bilaterally and
connected to a pressure source (400-600 mm Hg) gated by TTL pulses. With this system we
apply RIL with very short duration repetitive pulses (8 ms at 3 Hz) while visualizing
preB6tC neurons under videomicroscopy to ensure that microinjection did not damage the
tissue. With both microinjection pipettes properly positioned in the preB6tC bilaterally, RIL
microinjection for 20—40 min fails to perturb either the amplitude or frequency of respiratory
rhythm (Pace et al., 2007b) (Fig. 7, lower trace). This fundamental result is the same when
100 pM FFA is present to preclude /can-mediated pacemaker activity. As a control, to
ensure that our protocol was effective for drug delivery, we microinjected the GABAA
agonist muscimol, which rapidly stops respiratory rhythm (Fig. 7, upper traces). However,
when either the left or right microinjection pipette is displaced, the unilateral microinjection
of muscimol fails to impact rhythmogenesis (Pace et al., 2007Db).

Koizumi and Smith (2008) also performed bilateral microinjection of RIL using thin slice
preparations from neonatal rats. However, their protocol was slightly different and causes
dose-dependent attenuation of respiratory frequency. One possible explanation for the
disparity in the results is that Koizumi and Smith used thinner slices (~300 pm), which are
more susceptible to decreases in excitability, which invariably accompanies RIL application.
Another explanation is that Koizumi and Smith used continuous low-pressure infusion (10—
20 mm Hg). This could create a channel in the tissue and direct the drug to the midline
Raphé neurons, which play a critical role by delivering serotonin and SP to maintain
excitability in the preBo6tC (Ptak et al., 2009). In fact, we tested this notion by targeting our
microinjection pipettes to the Raphé in rhythmically active mouse slices and found that RIL
microinjection to the Raphé bilaterally stop the respiratory rhythm in a few minutes (Pace et
al., 2007b) (Fig. 8). The experiments recounted above suggest that bursting-pacemaker
activity, whether its ionic mechanism depends on voltage-dependent /yap Or /can, iS not
obligatory for respiratory rhythm generation.

ROLE OF SYNAPTICALLY TRIGGERED BURST-GENERATING
CONDUCTANCES IN RESPIRATORY RHYTHMOGENESIS

preBotC neurons with early-inspiratory activity and robust bursts may be rhythmogenic

If pacemaker properties after synaptic isolation are not necessarily a reliable and accurate
phenotype for putative respiratory rhythm generators, then one should examine how
respiratory neurons behave and, what intrinsic properties they utilize in the context of the
functioning network, to elucidate the mechanisms of rhythmogenesis. This type of analysis
is possible using slice preparations that retain the preBotC /n vitro (Fig. 1B,C). An important
pioneering work in that regard was the 1996 report by Rekling and colleagues which
classified respiratory neurons in the preB6tC and adjacent regions of the ventrolateral
medulla according to several criteria including inspiratory drive latency, which quantifies
the interval during which neurons depolarize and start to discharge spikes prior to the
upstroke of X1l motor output (Rekling et al., 1996a) (see Fig. 9). Neurons with the earliest
inspiratory drive latency also had the highest input resistance, showed a ramp-like
depolarization during the expiratory phase, and consistently achieved inspiratory burst
amplitudes of 10-20 mV. In fact these inspiratory bursts were so strong that intraburst
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depolarization block of spiking activity was common (see Fig. 9). When these same neurons
were hyperpolarized using bias current to preclude spiking altogether, the inspiratory drive
potential, denuded of spikes, was substantially identical in amplitude and duration to the
envelope of the burst at normal baseline membrane potential with spiking present. This latter
point suggested that the drive potential was triggered by synaptic activity and was not
primarily attributable to voltage-dependent intrinsic currents (such as /ygp, for example).
Moreover, whole-cell recordings with the intracellular Na+ channel antagonist QX-314 in
the patch solution did not diminish the drive potential amplitude, nor duration, which is
further confirmation that inspiratory bursts are not primarily /y,p-mediated (Pace et al.,
2007b). Neurons with the above properties were suggested to be most closely involved in
rhythm generation because they were the first subset of respiratory neurons to activate, i.e.,
earliest burst latency; their inspiratory bursts were robust, strong, and synaptically triggered;
and finally their membrane properties were sensitive to modulation by neuropeptides that
also modulated the respiratory period (Rekling et al., 1996b, Rekling et al., 1996a). Gray
and colleagues (1999) then showed that peptide receptor expression, the neurokinin-1
receptor (NK1R) in particular, delineates the borders of the preBotC and that peptidergic
modulation of the rhythm is a potential indicator for rhythmogenic neurons. Suzue
recognized the modulatory effects of SP as early as 1984, but did not extend his analyses to
the cellular, rhythmogenic level (Suzue, 1984). When NK1R-expressing (NK1R*) neurons
are destroyed in awake behaving rats using substance P (SP)-conjugated saporin toxin,
normal breathing is abolished and the rats are left with an unphysiological ataxic respiratory
pathology (Gray et al., 2001, McKay et al., 2005). Based on these studies /n vitroand in
vivo, the NK1R* subpopulation became an important putative rhythm-generating subset
within the preB6tC.

The NK1R* marker is imperfect, however. Some NK1R* neurons in the preBétC,
particularly in the caudal region are substantially larger neurons with bulbospinal projections
suggesting their function is likely of a premotor, not rhythmogenic, nature (Guyenet et al.,
2002, Stornetta et al., 2003). When we began to label NK1R* neurons using a fluorescent
tagging approach /n vitro (Pagliardini et al., 2005, Hayes and Del Negro, 2007) we also
found that NK1R™ neurons are divisible according to size, quantified by whole-cell
capacitance (Cy;). The histogram of CM is bimodal (Fig. 9), which suggests that NK1R*
neurons in the preBotC can be subdivided according to size. Neurons with larger Cy, (~85
pF) could represent the bulbospinal premotor neurons, whereas the smaller Cy, (~45 pF)
neurons are more likely to represent the putative rhythm generators. These ~45 pF neurons
are far more numerous, as shown by the histogram in Fig. 9, and also show significantly
longer inspiratory drive latency (~250 ms), consistent with Rekling’s original description
(~300 ms). We dubbed this subset of small neurons early inspiratory to avoid confusion with
the phenotype called pre-inspiratory by Onimaru and colleagues (Ballanyi et al., 1999),
which are more rostrally located in a different respiratory nucleus, not the preBo6tC
(Onimaru et al., 2008, Onimaru et al., 2009). These ~45 pF, early inspiratory preBotC
neurons also show robust inspiratory bursts in which the underlying amplitude of the drive
potential is 10-20 mV and depolarization block of intraburst spiking is common (Fig. 9,
right), which suggests a strong and synaptically linked mechanism for inspiratory burst
generation and was consistent with a rhythmogenic role in preBotC network function.

Calcium-activated nonspecific cation current triggered by excitatory synaptic input

We recorded early inspiratory neurons to dissect the synaptic and intrinsic factors of
inspiratory burst generation. Using patch clamp to record in the whole-cell configuration, we
added drugs to the patch solution that would block signaling pathways or intrinsic properties
upon whole-cell dialysis. In that way we could measure the inspiratory burst prior to drug
application via a perforated patch, and then, after rupturing the membrane with suction,
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apply the drug from the cytoplasmic side to perturb the synaptic-intrinsic burst-generating
mechanism, while leaving the entire network, other than the cell we recorded,
pharmacologically unperturbed.

The large magnitude inspiratory bursts with intraburst depolarization block of spiking,
which are shown schematically in Fig. 9, share some similarities with synaptically triggered
plateau potentials that can have Ca2* or Ca2*-dependent ionic mechanisms. Therefore, we
applied 30 mM K4-BAPTA in the patch solution, which caused significant attenuation of the
inspiratory burst and underlying drive potential (Fig. 10). When we subsequently added 100
UM FFA to the bath, there was no further reduction in the drive potential, which suggests
that the inspiratory burst is mediated by /can (Pace et al., 2007a). We also evoke /can
directly by adding the photolyzable Ca2* chelator DM-nitrophen to the patch solution and
expose the recorded soma and proximal dendrites to flashes of ultraviolet light (1-2 s). /can
reverses at ~0 mV, which is expected for a nonspecific cationic current (Fig. 11). Plateau-
like bursts can also be evoked with current pulses after whole-cell dialysis with Cs*, which
enabled us to evoke /can and evaluate its ionic basis using ion substitution (choline for Na*)
and test its Ca2* activation mechanism by blocking voltage-dependent Ca2* channels with
200 UM Cd?* (Pace et al., 2007a). Either choline or Cd2* is able to fully block /can-
mediated evoked plateaus. However, 100 uM FFA is an incomplete /can blocker. In the
presence of 100 uM FFA, some /can-mediated plateau response could still be evoked by
current pulse, and choline substitution is able to block the remaining response fully (Pace et
al., 2007a).

Given the pharmacological limitations of 100 uM FFA, the fact that this dose of the drug did
not stop respiratory rhythm J/n vitro was not a dispositive result (see Fig. 6). However,
raising the concentration to 300-350 uM FFA fully blocked /can-mediated evoked plateaus
and, furthermore, stopped the respiratory rhythm. Once stopped, the respiratory rhythm
could not be restarted using 1-2 uM SP (Pace et al., 2007a) (Fig. 12). This experiment
strongly suggests that /can is an essential cellular mechanism for rhythmogenesis.
Nevertheless, concentrations of FFA exceeding 100 uM produce side effects that make
interpretation of the results problematic (Teulon, 2000, Pace et al., 2007a).

The ion channels that underlie /can are not known, but a potentially attractive set of
candidates come from the transient receptor potential (TRP) family (Ramsey et al., 2006). In
particular, TRPM4 and TRPMS5 are unique because they are activated by Ca2* but selective
in their permeability for monovalent cations (Launay et al., 2002, Hofmann et al., 2003). We
detected mRNA for TRPM4 and TRPMS5 in preBotC tissues (Crowder et al., 2007) (Fig.
13A). The expression of TRPM4 and TRPM5 was tested using commercial antibodies from
Santa Cruz Biotechnologies (Santa Cruz, CA) in adult rodent slice preparations (Fig. 13B).
This resulted in heavy staining in preB6tC and the neighboring nucleus ambiguous (NA).
We additionally showed that /can-mediated inspiratory drive potentials were labile to
modulation of membrane phospholipids, notably phosphatidylinositol 4,5-bisphosphate
(Crowder et al., 2007), which is characteristic behavior for TRPM4 and TRPM5 (Liu and
Liman, 2003, Zhang et al., 2005). However, the molecular identity of /can is by no means a
solved problem. TRPM4 and TRPMS5 are likely candidates, but other TRP channels
including those from the canonical TRPC subfamily may be involved as well.

The experiments above showed that /can played a substantial role in generating inspiratory
bursts in the context of network activity. However, the synaptic activation mechanism was
still unclear. It has been well established since the early 1990’s that AMPA-type ionotropic
glutamate receptors are critical for respiratory rhythm and that A-methyl---aspartate
(NMDA) receptors are normally present but not essential for rnythmogenesis (Greer et al.,
1991, Funk et al., 1993, Funk et al., 1997, Ge and Feldman, 1998, Morgado-Valle and
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Feldman, 2007). If NMDA receptors were not the source of Ca2* influx to activate /can
then it seemed possible that AMPA receptors could be Ca2* permeable, despite anatomical
evidence that AMPA receptors in the preBotC contain edited GIUR2 subunits (Paarmann et
al., 2000). We tested this physiologically by recording isolated preB6tC neurons in the
presence of 1 UM TTX. Short-duration pressure applications, i.e., puffs, of 500 nM AMPA
caused a transient depolarization as a model of excitatory synaptic drive. Puffs were applied
to the dendrite (~100 pm) to target the region likely to contain synapses and to avoid
dislodging the patch-recording pipette at the soma. The AMPA puff response was
completely blocked by GYKI 53655 (1-(4-aminophenyl)-4-methyl-7,8-
methylenedioxy-5H-2,3-benzodiazepine), but could not be blocked using the selective
antagonist for Ca2*-permeable AMPA receptors IEM-1460 (N,N,N,-Trimethyl-5-
[(tricyclo[3.3.1.13,7]dec-1-ylmethyl) amino]-1-pentanaminiumbromide hydrobromide) but,
surprisingly, the response could be reduced by 70-75% by either FFA or Cd%*, which
indicated that the AMPA receptor was coupled to /can activation, but not directly (Fig. 14).
The coupling relies on local synaptic depolarization by AMPA receptors to evoke voltage-
gated CaZ* channels (Pace and Del Negro, 2008).

We also tested the role of metabotropic glutamate receptors (mGIuRs) because group |
mGIuRs are coupled via phospholipase C (PLC) to the synthesis of inositol 1,4,5-
trisphosphate (IP3), which evokes intracellular Ca2* release and could be a source of /can
activation. Approximately 40% of the inspiratory drive potential can be attributed to
mGIuR5, one of the two mGIuR subtypes that comprise group I. The mGluR5-mediated
component of the inspiratory drive potential was due to intracellular Ca%* release causing
Ican activation, as confirmed by intracellular blockade of 1P3 receptors by xestospongin
(Fig. 15). The other member, mGIuR1, was coupled to transient closure of K* channels in
preB6tC neurons, which also contributed to drive potential generation, but not via /can
(Pace et al., 2007b, Pace et al., 2007a).

GROUP PACEMAKER HYPOTHESIS OF RESPIRATORY RHYTHM
GENERATION

A new paradigm for respiratory rhythmogenesis based on emergent network properties

In the absence of obligatory pacemaker neurons, one alternative explanation for rhythm
generation is based on recurrent synaptic excitation. This concept remained purely
hypothetical without the identification of specific mechanisms through which it could be
implemented. However, we now recognize that /can activation is linked to mGluRs and
AMPA receptor-mediated recruitment of Ca2* channels, which is a viable mechanism for
the normally latent /can to be evoked synaptically in the lead-up to inspiration (Pace et al.,
2007a, Mironov, 2008).

Guided by experimental results, we assembled a mathematical model of a network with
synaptically activated burst-generating conductances, which was dubbed a group pacemaker
by Rekling and colleagues (Rekling et al., 1996a, Rekling and Feldman, 1998). Putatively
rhythmogenic early-inspiratory neurons, e.g., Fig. 9 left, show ramp-like depolarization and
low-rate spiking prior to the inspiratory phase, which is evidence of recurrent excitation
(Rekling et al., 1996a, Rekling et al., 2000, Pace, 2007, Hartelt et al., 2008). There is
significant depolarization block during the inspiratory burst, which produces a scoop-like
attenuation of spike amplitude as the burst progresses. A transient period of quiescence
follows burst termination, before the next cycle of recurrent excitation begins and synaptic
depolarization and low-rate spiking restarts (Del Negro et al., 2009). These characteristic
behaviors are visible during on-cell recording, as well as after whole-cell dialysis (Fig.
16A), and are recapped in the model (Fig. 16B) (Rubin et al., 2009a).
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Constituent neurons in the group pacemaker model are not required to have pacemaker
properties; that is, they need not exhibit rhythmic bursting without synaptic interactions.
Low-rate spontaneous spiking activity in a subset of neurons engenders positive feedback
via recurrent excitation. Glutamate causes postsynaptic depolarization via ionotropic AMPA
receptors, and acts at mGIluRs, which results in intracellular Ca2* elevations that evoke
Ican- Postsynaptic /can contributes to burst generation by providing the plateau-like
envelope of depolarization that makes up the inspiratory drive potential. /can also helps
terminate the burst. Intraburst spike attenuation, due to /can-mediated depolarization block,
diminishes recurrent excitation by causing a net reduction in transmitter release. Attenuated
spikes in the model decrease excitatory synaptic drive by failing to reach a voltage-
dependent threshold for release (Dobrunz et al., 1997, Forsythe et al., 1998, Brody and Y ue,
2000), but physiological mechanisms include depletion of releasable vesicle pools or
retrograde signaling that acts pre-synaptically to decrease release probability (Kettunen et
al., 2005, Best and Regehr, 2008, Gibson et al., 2008). This sets the stage for burst
termination by halting Ca?* accumulation and deactivating /can. Also, because Na* is the
predominant charge carrier for inward /cap, intraburst Na* accumulation triggers activity-
dependent outward currents such as the electrogenic Na*/K*™ ATPase pump (/yump) (Del
Negro et al., 2009), Na*-dependent K* current (/.ng), and ATP-dependent K* current
(/-aTP, Which activates as the ATPase pumps consume and thus diminish the available
cytosolic ATP). /ump is the main activity dependent current featured in detailed analyses of
the model, but a wide array of activity dependent outward currents can accomplish the same
basic burst-terminating function (Rubin et al., 2009a). Contrary to conventional wisdom
(Hille, 2001), Ca2*-dependent K* currents play no significant role in terminating inspiratory
bursts (Onimaru et al., 2003, Crowder et al., 2007, Zavala-Tecuapetla et al., 2008). The Na*-
dependent outward currents actively hyperpolarize constituent neurons, leading to a transient
quiescent state in the network. After a recovery period, sporadic spiking activity in the
preBo6tC rekindles excitatory interconnections and restarts the cycle.

Figure 16 illustrates how network activity leads to an increase in intracellular Ca2*, which
subsequently evokes /can. In turn, /can causes Na*™ accumulation to evoke /fyump and other
outward currents to cause burst termination. In the model system, this cycle can be
visualized in the Na*-Ca2* phase plane and its underlying dynamics can be analyzed
geometrically (Rinzel and Ermentrout, 1998).

Recurrent excitation and activity-dependent outward currents are well-established
neurophysiological factors that influence cell and network activity. However, our CPG
model depends on glutamatergic signaling to gate postsynaptic burst-generating ion
channels. We further propose that short-term synaptic disfacilitation may also contribute to
burst termination. This mechanism reflects a new paradigm for central pattern generation in
which the rhythmogenic unit is the ensemble of pre- and postsynaptic features and can be
properly considered a group pacemaker (Rekling et al., 1996a, Rekling and Feldman, 1998,
Feldman and Del Negro, 2006).

This model is undoubtedly oversimplified, in that the individual neuron components are
limited to single compartments in which synaptic integration and spike generation both takes
place. This may not be an accurate depiction of burst generation in preB6tC or in any CPG
interneuron where significant processing depends on active dendrites (Stuart et al., 2007).
However, the present model has the advantage of simplicity and tractability for
mathematical analysis and can be readily assembled in networks.
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CONCLUSIONS

CPGs in vertebrates incorporate thousands of highly interconnected neurons, each of which
represents a complex dynamical system with many degrees of freedom (Grillner, 2006,
Kozlov et al., 2009). To understand CPGs, we must necessarily focus on the essential
rhythmogenic modules. Reciprocal inhibition — where active synaptic inhibition acts as a
barrier that must be overcome for phase switching to occur — or specialized pacemaker
neurons — which provide a rhythmic template for network activity — are modules that
encapsulate rhythmic function in particular synaptic, i.e., inhibitory, or cellular properties
(i.e., auto-oscillatory neurons with pacemaker, properties). Both mechanisms find
widespread support in real systems. (Marder and Calabrese, 1996, Stein et al., 1997, Marder
and Bucher, 2001, Grillner, 2006), but neither mechanism can explain preBotC rhythms
(Feldman and Del Negro, 2006, Johnson et al., 2007, Pace et al., 2007a, Mironov, 2008,
Morgado-Valle et al., 2010). The next level of module complexity would combine specific
synaptic and cellular components, such as the synaptically activated burst-generating
conductances that we propose underlie preB6tC rhythmicity.

In CPG systems that depend on an active phase of inhibition or pacemaker properties, we
speculate that synaptically activated burst-generating conductances may also be present,
which could contribute to enhancing the robustness or duration of the active phase. Such a
synaptically triggered conductance would be a convenient target for neuromodulation
because its contribution could be modified to regulate the burst-phase without necessarily
modifying the frequency or overall pattern of the motor rhythm.

Within the preB6tC a synaptically activated burst-generating conductance appears to be
important in conveying both the frequency and overall pattern of rhythmic activity. Yet
there are many aspects of respiratory rhythm generation that are still not well understood.
The group-pacemaker framework offers many directions for future tests to answer these
questions using /n silico models and a robust network with preserved function /n vitro.
Consequently, the principles brought to light may advance our understanding of the neural
control of breathing and provide some insights into the neural origins of other motor
behaviors as well.
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LIST OF ABBREVIATIONS

AMPA a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid

lk-ATP ATP-dependent K* current

aug-E augmenting-expiratory

lcaN Ca?*-activated nonspecific cationic current

CPG central pattern generator

FFA flufenamic acid

GABA gamma-aminobutyric acid

X1l hypoglossal

IP3 hypoglossal (XI1) inositol 1,4,5-trisphosphate

Ik -L eak leakage K* current

MGIuRs metabotropic glutamate receptors

Ik-Na Na*-dependent K* current

| pump Na*/K* ATPase pump

NK1R N-(2,6-Dimethylphenylcarbamoylmethyl)triethylammonium bromide
(QX-314) neurokinin-1 receptor

|EM-1460 N,N,N,-Trimethyl-5-[(tricyclo[3.3.1.13,7]dec-1-yImethyl) amino]-1-
pentanaminiumbromide hydrobromide

NMDA N-methyl-o-aspartate

I NaP persistent Na* current

PLC phospholipase C
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post-| post-inspiratory

RIL preBotzinger Complex; preBotC riluzole

SP substance P

TTX tetrodotoxin

TRP transient receptor potential

GYKI 53655 1-(4-aminophenyl)-4-methyl-7,8-methylenedioxy-5H-2,3-benzodiazepine
BAPTA 1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid
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Figure 1.

The neural control of breathing studied at multiple levels. A) Hierarchy of model systems
from breathing studied /n vivoto reduced preparations /in vitro, which includes en bloc brain
stem-spinal cords and slices, and finally to /n si/ico mathematical models. B) A cartoon of
the slice preparation from neonatal rodents /n vitro. C) Whole-cell patch-clamp recording of
a preBotC neuron with XI1 respiratory motor output in a slice preparation.
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Figure 2.

Pacemaker properties in preB6tC neurons are a natural byproduct of heterogeneity. The
distribution of gnap VS. gk-Leak iN the model proposed by Butera and colleagues in 1999
demonstrates that pacemaker properties are expected in 5-25% of constituent neurons. The
white area of the plot denotes tonically active neurons; the gray area reflects bursting
pacemaker activity; and finally the black area indicates a quiescent state. Superimposed
experimental data points were obtained from whole-cell recordings of preB6tC neurons in
neonatal rats. The two-tuple (gnap, 9k-1Leak) Was added to the existing gnap VS. 9k-1 eak Plot
from the model, and the points were color-coded based on whether the recorded neurons
showed pacemaker activity after synaptic isolation. The data matched the theoretical
distribution, indicating that the ratio of gnap/gk-Leak governs whether intrinsic bursting is
possible in any given neuron. This suggests that pacemaker properties are not specialized,

but rather a natural byproduct of heterogeneity in a network of cells that all express gngp and

IK-Leak-
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Figure 3.

Riluzole blocks /ygp. Steady-state IV curves in control and 20 uM RIL (lower left) obtained
from slow voltage-ramp commands (upper left). The effects of 1-200 uM RIL on action
potentials evoked by 3-ms step current commands (upper right). A dose response curve
shows the effects of RIL on /yzp and on spike amplitude (lower right). Data modified and
reprinted with permission from Del Negro, Morgado-Valle, and Feldman (2002) Neuron, 34,
821-30.
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Figure4.

Pharmacology of intrinsic bursting in preBétC neurons. A) 10 uM RIL blocks MNaP-
dependent bursting in a representative preBotC neuron synaptically isolated using low
Ca?* / high Mg?* artificial cerebrospinal fluid (ACSF). B) 10 pM FFA blocks /can-
dependent bursting in a representative preB6tC neuron. 6-cyano-7-nitroquinoxaline-2,3-
dione (CNQX), 2-amino-5-phosphonopentanoic acid (APV), picrotoxin (PTX), and
strychnine hydrochloride (STR) are excitatory synaptic receptor antagonists used to
synaptically isolate the neuron in B. In both A and B the baseline membrane potential was
ramped from —70 to —40 to test (unsuccessfully) for the presence of voltage-dependent
bursting activity. Some plotted data were modified with permission from Del Negro et al.
(2005) J Neurosci, 25, 446-53.
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Figureb.

The effects of RIL on respiratory motor rhythm and inspiratory preB&tC neurons recorded /n
vitro. A) Motor activity recorded from the hypoglossal nerve (XI1I) in a cumulative dose-
response experiment. RIL concentration is displayed above each trace. Raw and integrated
traces (XII) are shown. B) Substance P (SP) at 2 uM restores respiratory rhythm in a mouse
slice exposed to 20 nM TTX. This inspiratory neuron hyperpolarized by 7 mV in TTX,
therefore +250 pA was applied (/pp) to restore baseline V) to ~60 mV. After the rhythm
stopped, 2 UM SP revived it. The amplitude of the cellular drive potentials and XII
amplitude recovered in SP, but spike discharge did not occur with baseline VM at -60 mV.
Data have been modified with permission from Del Negro et al. (2002) Neuron, 34, 821-30;
and Del Negro et al. (2005) J Neurosci, 25, 446-53.
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Figure®6.

Respiratory rhythm in the presence of 100 pM FFA and 20 pM RIL. Continuous segments
of the experiment showing control, FFA, recovery, and then FFA + RIL co-application, and
finally FFA + RIL + 2 uM SP conditions in a mouse slice. SP rescued the rhythm after its
cessation due to FFA + RIL. Examples of inspiratory bursts and XII output are shown with
greater time resolution (lower panels). Data have been modified with permission from Del
Negro et al. (2005) J Neurosci, 25, 446-53.
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Figure7.

Microinjection of RIL into the preB6tC does not perturb respiratory rhythm. Bilateral
microinjection of muscimol is a positive control to ensure the correct placement of the
pipettes in the preBotC. After recovery from muscimol, 10 pM RIL microinjection has no
effect on XI1 motor amplitude or frequency for >30 min. Original data are displayed in the
figure, but similar experiments, and a more complete set of pharmacological conditions, can
be found in: Pace et a/. (2007) J Physiol, 580, 485-96.
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Figure8.

Microinjection of RIL into the midline Raphé region stops respiratory rhythm /n vitro.
Plotted data have been modified with author permission from Pace et al. (2007) J Physiol,
580, 485-96.
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Figure9.

Intrinsic properties of NK1R* preB6tC neurons. Inspiratory drive latency is plotted versus
whole-cell capacitance (Cy) in the lower graph. Histogram (top) shows the frequency of
NK1R* neurons with Cy, separated into 10-pF bins. Note that small (i.e., low Cp;) NK1R*
neurons predominate in the preBotC. A fast sweep of a typical inspiratory burst is shown at
right with a diagram of characteristic measures (inspiratory drive latency and drive
amplitude). Depolarization block of intraburst spike frequency is also indicated, which may
have functional significance (see Fig. 16). Some data have been modified with permission
from Hayes and Del Negro (2007) J Neurophysiol, 97, 4215-24.
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Figure 10.

Role of /can in generating inspiratory bursts: chelation of intracellular Ca2* by BAPTA
attenuates inspiratory drive potentials. Patch-electrode filling solution contained 30 mM K-
BAPTA as well as Lucifer yellow. The perforated-patch configuration (left cartoon and
photo) is confirmed by the failure of the Lucifer yellow in the patch-pipette solution to
dialyze the neuron. The whole-cell configuration (right cartoon and photo) allows Lucifer
yellow to fill the neuron. Control conditions in perforated patch are shown at 5 and 35 min.
BAPTA is introduced into the cytosol via patch rupture and causes a progressive attenuation
of the inspiratory burst. Subsequent bath-application of 100 pM FFA has no additional
attenuating effects even after 15 min of exposure to the drug. Baseline membrane potential
was —60 mV throughout the experiment. Dotted line is drawn to facilitate comparison of the
size of the inspiratory drive potential at different time points during the experiment. Data
have been modified with author permission from Pace et a/. (2007) J Physiol, 582, 113-25.
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Role of /ca in preB6tC neurons: Ca2* uncaging by ultraviolet illumination of the
photolyzable chelator DM-Nitrophen. /can Was measured at a range of membrane potentials
in voltage clamp. /can reversed at ~0 mV, consistent with a mixed monovalent cation

current. Similar data were obtained in current clamp (not shown).
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Figure12.

A high dose of FFA (300 pM) blocks inspiratory activity in 70% of slices (top traces). 350-
UM FFA blocks the respiratory rhythm in the other 30% (bottom traces). 1-yuM substance P
(SP) does not restart the rhythm in 350 uM FFA, but rhythmic activity does recover after > 1
h of washout. Baseline membrane potential was —60 mV for traces in the top. Data have
been modified with author permission from Pace et a/. (2007) J Physiol, 582, 113-25.
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Figure 13.

Evidence for TRPM4 and TRPM5 channels in the preBotC. A) The mRNA coding for
TRPM4 and TRPMS5 is expressed in the preBo6tC region. Total RNA was extracted from
preBotC and positive control tissues, and then reverse transcribed. Amplified products of the
expected sizes were obtained for TRPM4 (301 bp), TRPMS5 (483 bp) and GADPH (452 bp).
Negative control reactions were performed without reverse transcriptase and amplified
nothing. B) Immunohistochemistry from adult rats. Top panels (positive controls) show
TRPM4 and TRPMS5 in the compact nucleus ambiguous (cNA) taken from the ventral
medulla immediately rostral to preB6tC. Lower panels show TRPM4 and TRPM5 labeling
in the preBo6tC at increasing magnification. Data in A were re-plotted with author
permission from Crowder et al. (2007) J Physiol, 582, 1047-58.

Prog Brain Res. Author manuscript; available in PMC 2012 June 08.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Del Negro et al.

Page 33

control control control
> >
>
£ & &
- S 3
2 s
Figure14.

AMPA receptor-mediated depolarization triggers /cay activation via Ca2+ channels. A)
FFA (300 uM) significantly attenuates the AMPA receptor depolarization. B) N,N,N,-
Trimethyl-5-[(tricyclo[3.3.1.13,7]dec-1-ylmethyl)amino]-1-pentanaminiumbromide
hydrobromide (IEM-1460) (100 uM), a Ca2+- permeable AMPA receptor antagonist, does
not perturb the AMPA receptor depolarization. C) Cd?* attenuates the AMPA receptor
depolarization (200 uM). Plotted data have been modified with author permission from Pace
et al. (2008) Eur J Neurosci, 28, 2434-42.
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Role of mGIuRS in inspiratory burst generation. A) Bath application of the selective
mGIuR5 antagonist MPEP (10 pM) attenuates inspiratory bursts in the context of ongoing
network rhythm. B) Downstream of mGIuR5, 1P5 receptors cause intracellular Ca2* release
and lead to /cap activation. Perforated-patch recordings serve as control. The 1P receptor
antagonist xestospongin (1 uM), applied intracellularly by patch rupture, reduces inspiratory
bursts. Subsequent application of MPEP causes no further change in the drive potential.
Data have been modified with author permission from Pace et a/. (2007) J Physiol, 582,

113-25.
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The group-pacemaker hypothesis realized in an explicit mathematical model. A) On-cell
patch recording in the preBotC with inspiratory motor discharge (XI11). Below, whole-cell
recording of the same cell as above after rupture of the patch, also with XI1I output. Baseline
membrane potential was —60 mV. B) Data from another preB6tC neuron in whole cell
recording is plotted with the model behavior. C) Fast sweep of a burst in the model from B
(above) coded with numerals to illustrate the sequence of physiological steps in one model
burst in the Na*-Ca2* phase plane, which is also displayed. Specific captions are
superimposed with the circle-enclosed numbers to encapsulate model dynamics in sequence.
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See text for more detail. These data were modified with permission from Rubin ef a/. (2009)
Proc Natl Acad Sci USA, 106, 2939-44
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