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Abstract Breathing is controlled by a distributed network involving areas in the neocortex,
cerebellum, pons, medulla, spinal cord, and various other subcortical regions. However,
only one area seems to be essential and sufficient for generating the respiratory rhythm:
the preBotzinger complex (preBotC). Lesioning this area abolishes breathing and following
isolation in a brain slice the preBotC continues to generate different forms of respiratory
activities. The use of slice preparations led to a thorough understanding of the cellular
mechanisms that underlie the generation of inspiratory activity within this network. Two
types of inward currents, the persistent sodium current (In,p) and the calcium-activated non-
specific cation current (Ican), play important roles in respiratory rthythm generation. These
currents give rise to autonomous pacemaker activity within respiratory neurons, leading to
the generation of intrinsic spiking and bursting activity. These membrane properties amplify
as well as activate synaptic mechanisms that are critical for the initiation and maintenance
of inspiratory activity. In this review, we describe the dynamic interplay between synaptic
and intrinsic membrane properties in the generation of the respiratory rhythm and we relate
these mechanisms to rhythm generating networks involved in other behaviors.

Keywords Pacemaker - Respiration - Persistent sodium current - Calcium-activated
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1 Introduction

The ability of the nervous system to generate rhythmicity is almost ubiquitous, as the
majority of brain regions are rhythmical under certain conditions. Rhythmically active
networks are found for example in the neocortex, hippocampus, amygdala, cerebellum,
basal ganglia, thalamus, locus coeruleus, ventral tegmentum area, medulla, and spinal cord.
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Rhythmic activity is associated with behaviors such as sleep, wakefulness, arousal, motiva-
tion, addiction, memory consolidation, cognition, fear, olfaction, locomotion, and breathing.
In this review, we will focus on the neuronal network that gives rise to the breathing rhythm
in mammals. Breathing behavior involves a larger network which is distributed throughout
the nervous system and it includes areas such as the neocortex, cerebellum, amygdala,
pons, medulla, and spinal cord [1-7]. However, only one region within this larger network
seems to be essential for the generation of the respiratory rhythm itself, and this region
is termed the preBotzinger complex [8]. The preBotC is located within the ventrolateral
medulla. When lesioned, breathing ceases [9-12], and when isolated in a slice preparation,
respiratory rhythm generation continues [8, 13]. Many of the characteristics of the fictive
rhythmic activities generated within the preBotzinger complex have remarkable similarities
with three activity patterns: normal respiratory activity (sometimes referred to as eupneic
activity), sigh-activity, and gasping [14]. However, this similarity does not imply that in
the intact nervous system the preBotC functions in isolation, nor does it imply that the
rhythmic activities generated in the isolated network mirror the complexity, functionality,
and plasticity of the entire network. Although we are far from a complete understanding
of how different forms of breathing are generated in an intact animal, the ability to study
this network in isolation has led to important insights into the mechanisms of respiratory
rhythm generation. Many of these insights will be included in this review and they will be
discussed in the context of mechanisms of rhythm generation in general.

2 Defining pacemaker neurons

The preBo6tC contains neurons that are capable of autonomously generating action potentials
(spiking, Fig. 1b) and bursts of action potentials (bursting, Fig. 1c, cell 2) [8, 15]. These
properties are not uncommon, since many types of neurons distributed throughout the
nervous system are autonomously active. The key criterion to define these activities as
“autonomous” or sometimes also “intrinsic” is that synaptic input is not required for their
generation. Neurons capable of periodic spiking in the absence of synaptic input are referred
to as autonomous spiking pacemakers [16]. Different types of neurons with this activity
pattern are found in the subthalamic nucleus, nucleus basalis, globus pallidum, raphe nuclei,
cerebellum, locus ceruleus, ventral tegmental area, and substantia nigra [16—20]. Depending
on the modulatory conditions the same neuron can also generate bursting activity [17].
Following this nomenclature, the respiratory network contains both autonomous spiking
pacemakers and bursting neurons [15, 21].

Thus, consistent with the nomenclature in other systems, we will use the term “pace-
maker” for neurons that autonomously generate bursting as well as autonomously generate
action potentials (or “spikes”). Spiking and bursting pacemakers do not necessarily repre-
sent distinct classes of neurons; instead, they often represent “different activity states” of the
same neurons. Autonomous spiking in control can change to a bursting state in the presence
of norepinephrine (Fig. 2a) [15], or from a bursting state into autonomous spiking following
the blockade of endogenous 5-HT,, receptor activation (Fig. 2b) [18]. Some autonomously
spiking neurons can burst during the rebound from a brief hyperpolarizing current pulse
(Fig. 2¢), or when activated in the rhythmically active network (Fig. 2c, right panel). The
transition into the burst is not always abrupt. In many pacemakers, autonomously generated
action potentials augment in a ramp-like manner during the transition into the intrinsically
generated burst (Fig. 3a). The same neuron generates similar ramps as it transitions into the
network burst (Fig. 3b).
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Fig. 1 The PreBotzinger Complex contains rhythmically active neurons with different autonomous firing
properties. a Schematic representation of the brainstem slice preparation containing the preBotzinger
Complex (for space reasons abbreviated PBC in this particular schematic), nucleus ambiguus (NA), the
spinal trigeminal nucleus (SP5), the inferior olive (/0O), the vagus nucleus (X), and the hypoglossus
nucleus (X7). Example of an integrated trace of an extracellular recording from the surface of the
preBotC and a simultaneous intracellular recording of an inspiratory pacemaker with intrinsic bursting
properties. During each population burst, this neuron receives synaptic input (shaded yellow) which
activates bursting in this neuron. Injecting a depolarizing current (/)s) into the neuron induces ectopic
bursting and reveals the voltage dependency of this neuron. This leads to the conclusion that bursting
arises autonomously within the neuron (shaded blue). Modified from Pena et al. [25]. b and ¢ Neurons
of the preBotC that are rhythmically active when embedded in the network (lefi traces) show distinct
firing patterns following synaptic isolation (right traces). Cell 1 is an example of an autonomous spiking
neuron, which spontaneously generates action potentials following synaptic isolation (right trace). Cell 2
is an example of a bursting neuron displaying high-frequency trains of action potentials (i.e., bursts)
that result from both intrinsic and synaptic membrane properties when embedded in the network (left
trace). Bursting continuous autonomously following synaptic isolation (right trace). Cell 3, simultaneously
recorded with cell 2, represents a neuron that is not capable of autonomous activity. It becomes “silent”
following synaptic isolation (right trace). Cells 2 and 3 are simultaneous recordings from two inspiratory
neurons that were recorded before and after blockade of fast synaptic transmission, modified from Pena
et al. [25]. Scale bars apply to all recordings

3 Cellular mechanisms of bursting in the respiratory network

Respiratory neurons that can autonomously generate spiking (Fig. 1b, cell 1) and bursting
activity (Fig. lc, cell 2) after blockade of fast synaptic transmission have been described
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Fig. 2 Autonomous spiking and bursting in preB6tC neurons represent “different activity states” within
the same neuronal subtype and do not necessarily represent distinct classes of neurons. For example,
neuromodulation can activate conditional burst properties in neurons of the preB6tC. a Norepinephrine (NVE)
activates bursting (right trace) in an autonomous spiking neuron (/eff trace). Both traces were obtained in
synaptic isolation. Modified from Viemari and Ramirez [15]. b Blockade of 5-HT,a receptor activation
turns autonomous bursting (right trace) into autonomous spiking (/eft trace) in synaptic isolation. Modified
from [92]. ¢ An autonomous spiking neuron can generate rebound bursts following the injection of a brief
hyperpolarizing current pulse (left panel). Although a similar effect is caused when embedded in the network,
the same current injection evokes a much smaller membrane potential deflection (right panel). The injected
hyperpolarizing pulse is schematically shown in blue below the trace (-DC)

under a variety of conditions, not only in in vitro slice preparations [22-26] but also in
the so-called in situ preparation [27]. The activity pattern of autonomously active neurons
can range from autonomously spiking to weak, irregular spiking and to regular bursting.
The variety of activity patterns is explained by the ion channel diversity and the balance
between inward and outward currents, a topic that has received considerable attention in
invertebrate neurons [28—30]. Within the respiratory network two types of inward currents
are particularly important in conferring autonomous activity patterns including bursting
[26]. Some pacemakers continue to burst following the blockade of all voltage-dependent
calcium channels using cadmium [CdCl, ] as a general calcium channel antagonist (Fig. 4a).
Neurons with these properties are often referred to as cadmium-insensitive pacemaker
neurons (CI, Fig. 4a) [25, 26, 31, 32]. Among these CI pacemakers, a subset of neurons
is capable of generating two types of bursts (Fig. 4a (2)) [33].

The respiratory network also contains pacemakers that cease bursting in cadmium.
These neurons are referred to as cadmium-sensitive (CS) pacemaker neurons [25, 26, 32].
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The inward currents leading to cadmium-insensitive and cadmium-sensitive bursting have
distinct voltage-dependent properties (Fig. 4c), play differential roles in respiratory rhythm
generation, and are differentially modulated by neuromodulators. Increasing evidence
indicates that bursting in cadmium-insensitive pacemaker neurons is mediated by the
persistent sodium current [25, 34], while bursting in cadmium-sensitive pacemakers is
mediated by the calcium-activated non-specific cation current (Ican) [25, 32]. These two
ionic mechanisms will be separately discussed in the subsequent sections.

4 The persistent sodium current in cadmium-insensitive pacemaker neurons

Voltage-dependent Na™ currents are critical determinants of neuronal excitability. These
currents can be discriminated based on their two distinct inactivation properties: (a) the
fast transiently activated Nat currents (Inar) are responsible for the initial depolarization
leading to action potentials, while (b) the non-inactivating low-voltage activated persistent
Na™ currents (In,p) contribute to the autonomous generation of action potentials and
bursting. The persistent sodium current is a prominent contributor to the generation of
intrinsic bursting and spontaneous action potential discharge in a variety of neurons [35—
37]. It is typically activated at around —60 mV and reaches a peak at —40 to —20 mV
[22, 38—44]. Neurons that possess persistent sodium-dependent bursting properties are
distributed throughout the central nervous system [40, 45-47]. This type of bursting is
voltage dependent: the frequency of bursting increases with increasing depolarizing current
injections (Fig. 4c) [26]. Despite its relatively small amplitude the persistent sodium current
can also boost synaptic input as has been demonstrated in a variety of networks [48, 49].
In addition, the persistent sodium current provides a depolarizing drive towards the firing
threshold of action potentials [50].
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Fig. 4 The population of autonomous bursting neurons can be classified as cadmium-sensitive and
cadmium-insensitive pacemaker neurons. a Cadmium-insensitive (CI) pacemaker neurons are rhythmically
bursting in synaptic isolation (/) and continue to burst in the presence of cadmium (Cd™ ) (2). In the same CI
pacemaker neuron, two types of bursts can be generated successively (insets 3a and 3b). Modified from Pena
et al. [25]: simultaneous dual intracellular whole cell recordings of two CI pacemaker neurons recorded here
in the presence of Cd™™ as well as riluzole. While one neuron (fop trace) becomes autonomously spiking
in the presence of riluzole, the other neuron continues to generate bursts (lower trace) (5). b Cadmium-
sensitive pacemaker (CS) neurons are rhythmically bursting in synaptic isolation, but become autonomously
spiking or, as shown in (b), quiescent in the presence of Cd**. ¢ CI and CS pacemaker neurons display
distinct voltage-dependent modulation of the bursting frequency. While CS pacemaker cells show in general

a plateau of burst frequency near 1 Hz, CI pacemakers cells can have a burst frequency range over 2 Hz.
Modified from [26]

Riluzole or relatively low concentrations of TTX have been used to selectively block
the persistent component of the sodium current, which in CI pacemakers abolishes bursting
in the majority of neurons [25, 34]. However, in 29% of CI pacemaker neurons, bursting
persists in relatively high concentrations of riluzole (20-50 uM) as well as cadmium
(200 uM) [25]. Figure 4a (4) exemplifies two simultaneously recorded CI pacemaker
neurons, one which ceased to burst (Fig. 4a (4), upper trace), and one which continued
to burst in riluzole and cadmium (Fig. 4a (4), lower trace). One of the persisting bursts
is shown at a faster time scale in Fig. 4a (5) to illustrate that the size of the action
potentials was drastically reduced, indicating that the sodium current must have been partly
blocked. This has important implications, because one cannot assume that bursting in all
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CI pacemakers is blocked when applying riluzole even at relatively high concentrations.
Consequently, it is also unjustified to conclude that CI pacemakers are not essential for
respiratory rhythm generation if network rhythmicity persists in riluzole, because almost
30% of these pacemaker neurons continue to burst. Among the CI pacemakers that ceased
to burst, 59% continue to generate autonomous spiking after the application of riluzole
(Fig. 4a (4), upper trace) [25] suggesting that spontaneous action potential generation may
either involve other currents that are not blocked by these agents or, more likely, that this
substance did not completely block the persistent sodium current [25].

One of the issues in blocking the persistent sodium current is that riluzole modulates
both the transient and persistent sodium current to approximately the same degree [43].
However, riluzole has a greater affinity for the inactivated compared with the deinactivated
(closed channel) state, thus leading to a relatively greater reduction in the persistent (Inqp)
versus transient component (In,r) of the sodium current [43]. Interestingly, Ptak et al. [43]
found that the peak persistent sodium conductance, current density, and input resistance
of interneurons isolated from the preBotC were greater than in the neighboring region of
the rostral VRG. In,p density was also found to be greater in preBotC pacemaker versus
nonpacemaker neurons [31], consistent with the notion that this current plays a critical
role in conveying bursting properties to respiratory neurons. Again, this has important
implications because any experiment that aims at abolishing selectively the persistent
sodium current will also abolish to a certain degree the transient sodium current (see
Fig. 4a (4 and 5)). Thus, a fine concentration balance determines whether these agents
block only the persistent sodium component or, in addition, also the generation of action
potentials. This limitation makes it experimentally impossible to achieve 100% selectivity.
Moreover, selectivity is particularly difficult to achieve in a slice preparation in which any
substance depends on diffusion to reach the neuronal target. Indeed Koizumi and Smith
[34] demonstrated that pharmacological applications of TTX or riluzole cause spatially
and temporally non-uniform pharmacological attenuation of In,p. This may also explain
the simultaneous recording in Fig. 4a (4) in which bursting was blocked in one, but not
in the other, CI pacemaker. These considerations explain why it has been very difficult to
unambiguously assess the obligatory role of autonomous intrinsic activity in the generation
of the respiratory rhythm [34].

Future approaches aimed at dissecting the relative contributions of the different forms
of the sodium current may need to involve molecular tools. Voltage-gated Na™ channels
are composed of a pore-forming « subunit and one or two associated (3 subunits [51, 52].
Nine functional types of & subunit mRNAs have been identified, of which Navl.1, Nav1.2,
Navl.3, Navl.5, and Navl.6 are expressed within the central nervous system [53-55].
Mutations in the Navl.l gene (SCN1A) have been implicated in epilepsy [56-58], and
Navl.6 is thought to contribute to the generation of the persistent Na® current, but
the contribution of Navl.l and 1.2 was also suggested following mutations in Navl.6
[42, 59, 60]. The Ingp in the preBotC seems to be determined by the Navl.1 and Navl.2
o subunits [43].

Four different types of the 3 subunits have been described in a variety of systems [61,
62]. These subunits play diverse roles and are capable of modifying the biophysical and
pharmacological properties of the o subunit [63, 64]. The (3 subunits have been implicated
in conferring insensitivity to anti-epilepsy drug therapy [65] and mutation in the 31 gene
(SCNA1B) has been associated with epilepsy [66]. Particular importance for controlling
the persistent sodium has been attributed to the 34 subunit. Detailed electrophysiological
characterizations suggest that Nav[34 acts as an endogenous blocking protein that delays
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Na™ channels from entering fast-inactivated states by rapid, unstable binding and unbinding
at negative voltages [67, 68]. However, the role of the 3 subunits in the respiratory network
has, to the best of our knowledge, not been addressed.

5 The calcium-activated nonselective cationic current in CS pacemaker neurons

In CS pacemakers, blockade of all voltage-activated calcium channels abolishes rhythmic
bursting, suggesting that a calcium-dependent mechanism underlies their intrinsic bursting
properties (Fig. 4b) [26, 32]. As first demonstrated by Pena et al. [25], bursting in most
(82%) CS neurons is blocked by flufenamic acid (FFA), a blocker of the calcium-activated
nonselective cationic current (Ican). But FFA does also not block bursting in 100% of
the CS pacemakers, an important caveat when assessing the obligatory role of this type
of burst mechanism. This and subsequent studies confirmed that Icay is critical for bursting
in CS pacemaker neurons [25, 32]. The Ican has been found in many non-neuronal [69, 70]
and neuronal cells [71-73]. This current possesses several unique functional properties.
Since Ican is voltage independent and does not inactivate, it can maintain long-lasting
depolarizations over a broad range of membrane potentials. Furthermore, it is activated and
facilitated by increased concentrations of internal calcium [73, 74], which can be provided
through voltage-gated calcium channels or by the release of calcium from internal stores.

The channels that mediate the Ican have been suggested to belong to the transient re-
ceptor potential (TRP) family [75, 76]. These channels were first discovered in Drosophila
[77] and consist of six transmembrane spanning segments (S1-S6) with a cation permeable
pore (S5-S6). In general, this superfamily of channels is divided into seven subfamilies,
of which six have been found to be functional in numerous mammalian tissues (i.e., the
cardiovascular system, the immune system, or the kidney (for detailed review, see [78]) and
are also expressed in the brain [79-81].

Most isoforms of the TRP channel family are widely distributed in the brain [82] and
their important roles have already been defined for sensation of temperature (TRPV) [83],
taste (TRPMS) [84], hearing and mechanosensation [85], neuronal outgrowth (TRPM7)
[86], and cell survival (TRPCS) [79]. In addition, a number of studies showed that
postsynaptic currents evoked by metabotropic glutamate receptors (mGluR1) are carried
by TRPCI1 channels, suggesting a role in synaptic plasticity [80, 87, 88].

In respiratory neurons, Ican seems to depend on the activation of TRPM4 and/or
TRPMS [76]. These two isoforms are expressed in the region containing the preBotC
and an intracellular analogue of phosphatidylinositol 4,5 (PIP,) leads to a FFA reversible
augmentation of the inspiratory drive potential. This finding is consistent with the role
of PIP, in regulating calcium-activated TRPM4 channels [89, 90]. However, despite this
circumstantial evidence, the molecular identity of the Ican current remains unresolved.
Ben-Mabrouk and Tryba [75] could not verify TRPM4/5 expression in the preBotC and
proposed evidence that Ican may instead depend on the TRPC3 or TRPC7 channels. In
their experiments, the authors used the antagonist SKF-96365 to show that the effect of
NK-1 receptor activation by substance P is reversible by blockade of the TRPC channels
and that they could reverse the effects of substance P on CS pacemaker neurons. Thus, it is
conceivable that different types of TRP channels contribute to the generation of Ican within
the respiratory network.
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Although Ican and Ingp are two inward currents that importantly contribute to au-
tonomous bursting and action potential generation in respiratory neurons, it would be wrong
to conclude that respiratory neurons exclusively contain either one or the other inward
current. Neurons that cease to burst following blockade of Ican will likely contain also
Inap, yet in these neurons this current alone does not suffice to promote intrinsic bursting.
CS pacemakers continue to autonomously generate action potentials (22% of control) after
blockade of Ican [25]. This remaining autonomous activity could involve In,p. Vice versa,
neurons that cease to burst upon blockade of In,p are likely to also possess Ican, yet
this current alone does not suffice to promote intrinsic bursting in these neurons. Another
important remark: neurons that possess Ican and/or Ingp, but do not burst in the absence of
synaptic input, can potentially burst when synaptic excitatory inputs enable the activation
of these inward currents [31]. Thus, autonomously bursting neurons are on one end of a
spectrum of autonomously active pacemakers that generate autonomous activity ranging
from spiking non-bursty, weakly bursty, to strong bursting activity. Moreover, this spectrum
is not fixed. The propensity to burst can be altered by changes in the ratio of inward
and outward currents (e.g., Fig. 2). An excellent example is the recent study by Zavala-
Tecuapetla et al., demonstrating how the interactions between the K¢, channels and various
inward currents alter bursting in respiratory pacemaker neurons [91]. In addition, bursting
is known to be affected by changes in the modulatory milieu, as well as long-term changes
associated with homeostatic or other forms of long-term regulatory plasticity.

6 Pacemaker properties and their interaction with neuromodulators

Even in reduced conditions, i.e., when isolated in a slice preparation, respiratory pace-
maker neurons are continuously modulated by biogenic amines and peptides that in-
clude norepinephrine (NE), serotonin (5-HT), acetylcholine (4Ch), and substance P (SP)
[15,33,92-98]. Their action is mediated via different receptors, allowing for highly specific
and tightly regulated control of the neuronal discharge pattern. Hence, neuromodulators play
important roles in the alteration of pacemaker properties.

In synaptically isolated conditions, NE has been shown to stimulate different types of
inspiratory neurons contained in the preB6tC in vitro [15]. This action presumably involves
«l, a2, and 3-noradrenergic mechanisms. NE induces Ican-dependent bursting properties
in spiking pacemaker neurons (Fig. 2a), and it depolarizes CI bursting pacemakers and
increases their burst frequency. In CS pacemakers, NE increases the burst amplitude of the
depolarizing potential and the number of action potentials during the burst. However, in
contrast to the situation in CI pacemakers, NE does not affect the burst frequency in CS
pacemakers [15]. This differential effect is preserved at the network level, since only the
modulation of the burst amplitude but not the frequency depends on the activation of Ican
[15]. Therefore, by inducing bursting in pacemaker neurons, NE can change the balance
between bursting and spiking pacemakers, which has very specific consequences at the
network level.

Substance P activates the inspiratory frequency at the network and behavioral level
[9, 32, 93, 99-102] and also plays a critical role in the stability of the respiratory rhythm
in vitro [75, 93, 103] and in vivo [99]. At the cellular level, SP slowly depolarizes spiking
pacemaker neurons, leading to an increase in their intrinsic firing rate. SP activates bursting
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in CS pacemakers and, to a lesser extent, also in CI pacemakers, causing an increase in
burst amplitude, frequency, and duration [93]. SP has been shown to activate neurokinin-1
receptors [100] that are coupled to Gq/11 proteins, that in turn activate phospholipase C.
This intracellular cascade eventually induces Ican, @ mechanism that likely contributes to
the effects of SP on burst amplitude. Recently, it has been suggested that this mechanism
involves the activation of transient receptor protein canonical channels (TRPCs) [75], a
mechanism which was also demonstrated in HEK293 cells [104]. SP-mediated effects on
respiratory neurons are reversed by the application of an Ican antagonist (flufenamic acid),
but not by an In,p antagonist (riluzole) in vitro. Since TRPCs are non-selective cation
channels permeable to monovalent and divalent ions [105], they might mediate Ican in
CS neurons [75]. Thus, similar to NE, SP modulates pacemaker properties in respiratory
neurons via Ican and it can alter the balance between autonomous spiking, bursting, and
synaptic mechanisms.

Acetylcholine is a modulator that can alter the balance between two different types of
Cl-dependent bursting within the same individual neuron. As briefly mentioned above, a
subset of CI pacemakers is capable of generating two types of bursts following synaptic
isolation: relatively small-amplitude bursts (Fig. 4a (3a)) occurring at a fast frequency, and
large-amplitude bursts (Fig. 4a (3b)) occurring at a slow frequency [33]. As demonstrated
in the study by Tryba et al. [33], muscarinic activation alters the ratio of the number of
autonomously generated low and large amplitude bursts in these neurons. The frequency of
low amplitude bursts is inhibited, while the frequency of large amplitude bursts increased.
It is very intriguing that this shift in the autonomous activity mirrors the activity of the
network since muscarine inhibits the frequency of the small amplitude network bursts
representing fictive eupneic activity, while the frequency of large amplitude sighs is
significantly increased both in slices and the working heart-brainstem preparation [33].
This effect is likely mediated by M3 cholinergic receptors. It is important to emphasize that
acetylcholine modulates the respiratory activity not only via muscarinic but also nicotinic
receptors [33, 94-97].

Taken together, these results suggest that neuromodulators like NE, SP, or ACh can
modulate the activity states of pacemakers from spiking to bursting, and they regulate the
degree as well as types of bursting. Since neuromodulator levels change as a function of
the sleep/wake state or the level of oxygenation, the contribution of different pacemaker
properties to the rhythm generation is not fixed.

7 The synaptic determinants of respiratory rhythms

Much attention has been given to the role of synaptic transmission, and in particular the role
of inhibitory mechanisms in respiratory rhythm generation [106, 107]. Synaptic inhibition is
critical for the generation of the different phases of the respiratory rhythm. Moreover, in the
intact network synaptic inhibition is important for establishing some of the characteristics
of the eupneic rhythm [108—111]. Within the preB6tC, synaptic inhibition also regulates
pacemaker activity. In the rhythmically active network, bursting neurons are bombarded by
synaptic inhibition not only during the expiratory phase, but also during inspiration [112].
As a consequence, bursting in some, but not all, bursting neurons, is suppressed during
inspiration [113]. Thus, the degree of bursting within the respiratory network depends in
part on synaptic inhibition, which is modulated by numerous conditions.
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For example during hypoxic conditions, synaptic inhibition is reduced, which in turn
reduces the suppressive synaptic influence on bursting. This reduction in synaptic inhibition
will result in a greater contribution of CI bursting neurons during gasping [14, 25]. At the
same time, however, hypoxia will lead to the inhibition of the majority of CS pacemakers
[25]. Thus, the reconfiguration of the respiratory network during the transition from eupneic
into gasping activity involves a complex change in the relative contribution of synaptic and
autonomous bursting and spiking mechanisms [25].

The discovery that respiratory rhythmic activity persists following the blockade of
synaptic inhibition in vitro [112, 114] and in situ [115] shifted attention towards better
understanding the role of synaptic excitation in respiratory rhythm generation. Early on,
AMPA receptors (AMPAr) were identified as the essential mechanisms for generating drive
potentials in respiratory neurons [23, 90-93]. The blockade of AMPAr leads to the loss of
population-level rhythmicity in the preBotC [26, 116—118]. However, AMPA is only one of
several excitatory synaptic mechanisms that are important for respiratory rhythm generation
within this network. This conclusion is well illustrated for the simultaneous generation
of eupneic and sigh activity [14, 118, 119]. Fictive eupneic and fictive sigh activity are
characterized by distinct integrated waveform patterns and population burst frequencies
[14]. Fictive sigh burst generation is inhibited by antagonism of the P/Q-type Ca’>* channel
or activation of the group III metabotropic glutamate receptor (mGIuR), mGIuRS8 [119].
Moreover, while complete blockade of AMPAr inhibits fictive eupnea and sighs, incomplete
blockade of AMPAr only abolishes fictive sighs. This dose-dependent inhibition of fictive
sigh frequency by the antagonism of AMPAr suggests that the underlying mechanisms of
fictive sigh burst frequency involves a degree of synaptic coupling similar to that proposed
for the CA3 region of the hippocampus [95, 96].

Excitatory synaptic mechanisms that contribute to the generation of fictive eupneic
activity and, in particular, inspiratory drive potentials, also involve the NMDA receptor
(NMDAr), mGluR1, and mGluR5 [118-120]. The transient Ca’* influx resulting from
the activation of these postsynaptic glutamatergic receptors in turn activates a signaling
cascade that leads to the activation of Icay, thus causing the amplification of the inspiratory
drive potential [120]. Modeling studies linking Ican activation with the AMPA receptor and
mGluR 1 suggest that rhythmicity can theoretically emerge from an interconnected network
of glutamatergic neurons that do not exhibit intrinsic bursting [110]. These theoretical
considerations have contributed to the formulation of the group pacemaker hypothesis
as proposed by Rekling and others [2, 121]. In its extreme iteration this hypothesis
questions the obligatory role of intrinsic voltage-dependent bursting properties. Clearly, it
is undeniable that glutamatergic synaptic transmission is essential for the formation of the
eupneic network bursts, as this mechanism can be pharmacologically tested. By contrast,
there is currently no tool to unambiguously test the obligatory role of bursting pacemakers.
As discussed in this review and illustrated in Fig. 4, no pharmacological approach can
block all bursting neurons. While it is currently impossible to test the obligatory role
of bursting neurons with the existing tools, it can be demonstrated experimentally that
respiratory rhythm generation ceases in the presence of FFA and riluzole [25, 122].
Moreover, numerous studies demonstrate that various forms of autonomous pacemaker
activity exist within the preBotC [23, 25, 26, 33, 113, 123]. Thus, aside from theoretical
considerations of extreme conditions, it would almost be a miracle if the abundance of
autonomous activity would simply go away during the emergence of the respiratory rhythm.
The next paragraph will discuss the interactions that are known to exist between synaptic
mechanisms and autonomously generated pacemaker activity.
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8 Interactions between pacemaker properties and synaptic mechanisms

Respiratory neurons are experimentally identified as being autonomous pacemakers by
synaptically isolating them from the network. If a neuron continues to burst it is identified
as a “pacemaker” (Fig. la and c, cell 2) [23, 25, 27, 87]. However, synaptic isolation
and testing its response to current injection (Fig. la) are only experimental tools to
unambiguously assess a neuron’s ability to generate autonomous bursting or spiking
activity. But, it cannot be assumed that a neuron’s discharge pattern in synaptic isolation
mirrors the activity of the neuron when it is embedded in the functional network. As
shown in many studies, bursting and other intrinsic membrane properties engage in a rich
and dynamic interplay with synaptic excitation and inhibition, as well as a wide range
of neuromodulatory processes. Although implicit in the word “interplay”, it must also
be emphasized that similarly synaptic and modulatory mechanisms engage in a rich and
dynamic interplay with intrinsic bursting and spiking properties. Figure 5 shows the activity
of a bursting pacemaker neuron in synaptic isolation (Fig. 5a) and when embedded in the
functional network (Fig. 5b). While autonomously generated activity will contribute to a
synaptic amplification during the network burst and to the activity preceding the network
burst, the discharge characteristics of the bursting neuron in the network are not the same as
in synaptic isolation (Figs. 1b, 2, 3, and 5). Thus, any attempt to imply that either synaptic or
intrinsic membrane properties are responsible for rhythm generation must assume that either
one of these properties functions separately from the others. However, there is no evidence
for a functional separation of synaptic and intrinsic membrane properties, and there is
no evidence that such a functional separation would even be possible. In the functional
network, the intrinsic generation of bursting and action potentials will inevitably impact
and be impacted by synaptic interactions.

Fig. 5 a Activity of a bursting Autonomous Bursting

pacemaker neuron in synaptic
isolation. Activity is only driven a
by intrinsic membrane properties
(blue). b Activity of the same
neuron embedded in the
functional network. Note that the
discharge characteristics of
bursting in the network are not
the same as in synaptic isolation.
The neuron’s activity is
presumably dependent on both

intrinsic properties (blue) and s
network activity (vellow) preBotC Network
b

I preBotC 1 sec
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9 Determinants of burst amplitude

In synaptically isolated neurons, the intrinsically generated burst amplitude is determined
by the net inward current. As described above, two types of inward currents are important
determinants of the intrinsically generated burst: Inyp or Ican (Fig. 4). However, this
conclusion does not imply that these currents are the only or even the major determinants of
the net inward current. As these currents are activated they will interact with other ion
channels that will also contribute to the generation of the burst. Activation of Ican or
Inap Will bring the membrane potential to the voltage range that will also activate other
voltage-dependent ionic conductances and channels, including the In,t currents and the
various voltage-dependent calcium channels (P/Q-, L-, and N-type calcium channels). The
depolarization by these voltage-gated channels may suffice to remove the Mg?* block
leading to the voltage-dependent opening of the NMDA-receptor, thus further contributing
to the amplitude of the burst [124]. The generation of the burst will become regenerative
as any of these currents will elevate the membrane potential to a level that will open
more voltage-activated ion channels, which in turn will raise the calcium levels which
then will increase the activation of Ican. Autonomous spiking will also contribute to the
slowly increasing intrinsic depolarizing drive which, together with the increasing levels of
intracellular calcium, will bring the neurons into the regenerative state that will result in the
generation of the burst (Figs. 3 and 5).

In the functional network, the burst amplitude will be the sum of these net inward
currents generated intrinsically and the net synaptic currents generated by the network.
The relationship between intrinsic and synaptic currents is nonlinear, due to the voltage
and calcium dependency of these currents. In the functional network, bursting properties
will amplify synaptic input in a non-linear and time-dependent manner as demonstrated
in other motor systems [125]. If the intrinsically generated burst is activated late into the
population burst it will act as an amplifier, while if the intrinsically generated burst precedes
the population burst this mechanism will contribute to the events that initiate the population
burst, as will be discussed in the next paragraph.

10 Determinants of burst onset

In synaptically isolated bursting neurons the timing of burst onset is determined by various
intrinsic membrane properties. In synaptically isolated CI pacemakers, burst generation has
been elegantly studied, both experimentally and computationally [22, 23, 32, 126, 127].
According to these studies, Inap inactivation occurring during the burst contributes to the
termination of the burst. At the same time this inactivation also sets the conditions for the
onset of the subsequent burst, since the slow kinetics of the recovery from this inactivation
determines the timing of burst onset. In the intact network, this slow voltage-dependent
process will be influenced and partly determined by other intrinsic membrane properties
and synaptic inputs. Synaptically evoked excitatory inputs will initially slow the recovery
from inactivation, but upon reaching a certain voltage level they will trigger the activation
of an Iyup-dependent intrinsic burst. Thus, the amount of synaptic excitation needed to
trigger a protracted burst will depend on the inactivation state of the channel. Immediately
following a network burst, the threshold for activating the intrinsic burst will be high.
But, this threshold will gradually decrease as the time interval following the network burst
increases, up to the time point when an Iy,p-dependent burst will be activated intrinsically.
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Bursts that are intrinsically generated prior to the population burst are often observed in
bursting neurons and they are referred to as “ectopic” bursts (Fig. 1a, ¢, cell 2 and Fig. 5b)
[2, 25, 33]. Assuming that bursting neurons are embedded in the respiratory network, these
ectopic bursts may contribute to the initiation of the network burst [21]. It is important to
emphasize that the threshold for synaptic or intrinsic activation of a burst will vary among
individual neurons and individual respiratory cycles. The amount of activateable In,p, the
inactivation status, the amount of synaptic inputs, and the location of ion channels and
synaptic receptors on the dendrite and soma of the respiratory neurons will not be the same
in any two given neurons at any given time. Thus, ectopic bursts will be generated in some
but not all neurons during some but not all cycles. Bursting will act as a non-linear amplifier
in some cycles, an initiating mechanism in other cycles, and the onset of each population
burst will depend on the overall integration of all these intrinsic and synaptic factors at the
cellular and network level.

The above considerations focused on the synaptic interactions of In,p-dependent burst-
ing. Different rules apply to Ican-dependent bursting. The onset of an Ican burst will
be determined by an increase in intracellular calcium, which will lead to the opening
of TRP channels and thus an influx of Nat and Ca’>". Because processes that raise
intracellular calcium will open TRP channels, the voltage-dependent opening of calcium
channels will also contribute to the activation of Ican, which will render bursting in CS
pacemakers voltage dependent (Fig. 4c). However, note the voltage-dependency is different
than that observed in CI pacemakers (Fig. 4c) [119]. In the rhythmically active network, the
synaptic volley that is derived from the population burst will generate action potentials
that will create sufficient calcium influx to trigger the Ican current, thereby leading to
a boost of excitatory synaptic input. Besides AMPA receptors, any excitatory synaptic
input involving the activation of the NMDAr, mGluR1, and mGluRS will contribute to
the activation of Ican [120]. The transient Ca>* influx derived from the activation of these
postsynaptic glutamatergic receptors will activate a signaling cascade that activates Ican
and thus causes the amplification of the inspiratory drive potential [120]. However, Ican
activation does not depend only on synaptic properties. Following synaptic isolation, Ican-
dependent bursting persists in CS pacemaker neurons (Fig. 4b). Bursting in these pacemaker
neurons is abolished when action potentials are blocked with TTX [26], suggesting that the
intrinsically generated action potentials are an important source of intracellular calcium that
is required to activate Ican. This conclusion is consistent with calcium imaging studies that
demonstrate substantial and widespread somatic Ca®>" influx, which is generated by TTX-
sensitive action potentials [128]. Interestingly, NE induces Ican-dependent bursting only in
spiking pacemakers (Fig. 1b), but not in silent non-pacemakers [15] further supporting the
conclusion that spiking activity plays a critical role in the generation of bursting.

An interesting property of pacemaker neurons is the presence of the background inward
current [122, 129]. This background current presumably constitutes the In,p current, which
continuously depolarizes pacemaker neurons rendering these neurons spontaneously active.
This current keeps pacemaker neurons in the firing range, even if the extracellular potassium
concentrations are altered [122, 129]. This important conclusion is often overlooked in
computational modeling. Thus, we want to emphasize that this background current is
an important mechanism that explains why pacemaker neurons burst not only at 8 mM
extracellular potassium, but also at 3 mM extracellular potassium. In other words, raising
the extracellular potassium concentration is not required to bring pacemakers into a bursting
range, as is often assumed. The background current may also contribute to the generation
of action potentials that intrinsically ramp up prior to the Ican-dependent burst in many CS
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pacemakers (Fig. 3a). Assuming that at least 50% of bursting neurons are excitatory [130],
this will lead to an intrinsically generated ramp-up of EPSPs that precedes the population
burst. Indeed this synaptic ramp is also seen in nonpacemaker neurons (Fig. lc, cell 3).
Thus, autonomously generated spike activity in many respiratory neurons will inevitably
contribute to the existing synaptic mechanisms.

According to the so called “group pacemaker” hypothesis [2], excitatory interconnec-
tions between preBotC neurons initiate positive feedback through recurrent excitation.
These excitatory interconnections are the critical initiators of the respiratory rhythm.
Although this hypothesis acknowledges that In,p and Ican are present, the hypothesis
proposes that these intrinsic mechanisms serve to amplify the synaptic depolarization
rather then initiate the respiratory cycle. The group pacemaker hypothesis acknowledges
also that bursting-pacemaker neurons participate in network activity but this hypothesis
explicitly states that these neurons are not essential. According to this hypothesis, In.p
and Ican in most respiratory neurons are activated by excitatory synaptic input and are
thus not “initiated” intrinsically. Yet, as shown in this and many other studies, In,p does
not require excitatory synaptic input to be activated, because many respiratory neurons are
autonomously active. The autonomously generated action potentials will drive Ican in CS
pacemaker neurons and In,p will drive CI pacemakers towards burst generation. If one
considers how many respiratory neurons are capable of autonomously generating action
potentials within the respiratory network, and that all bursting neurons are maintained in
a depolarized membrane state through In,p current, the conclusion that synaptic drive is
required to activate In,p seems unjustified. Thus, we propose that Inap and Ican serve (a)
to amplify the synaptic depolarization as well as (b) to initiate the synaptic events that
contribute to the initiation of the respiratory rhythm.

11 Conclusion

The current debate on respiratory rhythm generation does not center on oversimplified con-
cepts anymore. There is very little support for hypotheses that postulate that the respiratory
rhythm emerges only through synaptic interactions or only through pacemaker properties. It
seems that everybody agrees that synaptic and intrinsic membrane properties are involved
in respiratory rhythm generation. However, it remains debated whether synaptic inputs or
intrinsic membrane properties initiate the events that lead to the respiratory rhythm. The
above considerations illustrate that the contribution of intrinsic and synaptic properties are
inseparable in the functional network as both properties are intertwined in many ways in the
rhythmically active network. Thus, arguing that rhythm generation is an “emergent synaptic
property” seems as one-sided as arguing that rhythm generation is an “emergent bursting
property”. Unless it is demonstrated that (a) a substantial release of excitatory synaptic
transmitters can occur in the absence of intrinsic membrane properties such as Ingp or Ican,
and (b) that this synaptic release suffices to initiate the events that lead to the activation
of the respiratory cycle, it seems to us that the hypothesis that excitatory interconnections
between preBotC neurons initiate the positive synaptic feedback which then generates the
respiratory rhythm has little experimental support. Thus, while there is ample experimental
evidence for the existence and contribution of synaptic as well as intrinsic mechanisms such
as Ican and Ingp, there is little evidence that respiratory rhythm generation emerges through
the interaction of either synaptic or intrinsic mechanisms alone. The question is whether
it even makes sense to theoretically assume that such a condition exists. How (and why)
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would a network turn off all its rich intrinsic membrane properties to operate on synaptic
mechanisms alone at any given moment?
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