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Mammalian central pattern generators producing rhythmic movements exhibit robust but flexible behav-
ior. However, brainstem network architectures that enable these features are not well understood. Using
precise sequential transections through the pons to medulla, it was observed that there was compartmen-
talization of distinct rhythmogenic mechanisms in the ponto-medullary respiratory network, which has
rostro-caudal organization. The eupneic 3-phase respiratory pattern was transformed to a 2-phase and
then to a 1-phase pattern as the network was physically reduced. The pons, the retrotrapezoid nucleus
and glycine mediated inhibition are all essential for expression of the 3-phase rhythm. The 2-phase
rhythm depends on inhibitory interactions (reciprocal) between Bötzinger and pre-Bötzinger complexes,
whereas the 1-phase-pattern is generated within the pre-Bötzinger complex and is reliant on the per-
sistent sodium current. In conditions of forced expiration, the RTN region was found to be essential for
the expression of abdominal late expiratory activity. However, it is unknown whether the RTN generates

or simply relays this activity. Entrained with the central respiratory network is the sympathetic nervous
system, which exhibits patterns of discharge coupled with the respiratory cycle (in terms of both gain
and phase of coupling) and dysfunctions in this coupling appear to underpin pathological conditions. In
conclusion, the respiratory network has rhythmogenic capabilities at multiple levels of network organi-
zation, allowing expression of motor patterns specific for various physiological and pathophysiological

respiratory behaviors.

. Introduction

Breathing in mammals is a critical robust homeostatic process
hat ensures adequate levels of oxygen (O2) in blood and provides

means to exhaust carbon dioxide (CO2). Rhythmic respiratory
ovements must occur continuously throughout life so the con-

rol system has to be robust, yet flexible to account for integrated
esponses under different stressors. The mammalian respiratory
scillator originates from brainstem networks encompassing the
entrolateral medulla and pons and has evolved to generate rhyth-
ic patterns of motor activity producing coordinated movements of

oth the respiratory pump muscles (diaphragm, thorax, abdomen),
hich bring about lung inflation and deflation, and upper airway

uscles, controlling resistance to airflow. These rhythmic motor

utflows must be coordinated temporally to allow efficient and
ptimal exchange and transport of O2 and CO2 thereby ensuring
hysiological homeostasis within the brain and the rest of the body.

∗ Corresponding author. Tel.: +44 117 331 2275; fax: +44 117 331 2288.
E-mail address: julian.f.r.paton@bristol.ac.uk (J.F.R. Paton).
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Clearly, the cardiovascular system plays an essential role for gas
transport and distribution to meet demand. It is therefore not sur-
prising that the respiratory and cardiovascular systems are tightly
coupled via neural connections within the pons and medulla (Fig. 1;
see Dick et al., this issue).

This highly phase coordinated respiratory motor output relies
on a combination of synaptic interactions among populations of
respiratory neurons, and their electrophysiological properties. This
network is highly dynamic, plastic and designed to be modulated to
meet the demands of an ever-changing environment. It is, therefore,
highly state-dependent and it is under control of various peripheral
and central sensory inputs as well as all types of endogenous neuro-
modulatory signals. For example, alterations in the metabolic state
of a mammal, or the O2 and CO2 levels in the blood, will modify
the respiratory motor pattern and mechanisms of rhythm gener-
ation (Rybak et al., 2007; St-John et al., 2002; Smith et al., 2007;

Abdala et al., 2009). State-dependent changes not only regulate
the frequency and amplitude of the motor activity (i.e., rate and
depth of breathing), but can dramatically reconfigure the network
generating respiratory rhythm. This occurs rapidly and seamlessly
and can result in short term and chronic responses (see below).

http://www.sciencedirect.com/science/journal/15699048
http://www.elsevier.com/locate/resphysiol
mailto:julian.f.r.paton@bristol.ac.uk
dx.doi.org/10.1016/j.resp.2009.06.011
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Fig. 1. Cardio-laryngo-sympathetic–respiratory coupling recorded in situ. A mon-
tage showing integrated activities of the phrenic nerve (PNA), recurrent laryngeal
nerve (RLN) and sympathetic nerve activity (SNA; thoracic chain) to show coor-
dination of cranial and spinal cardio-respiratory motor outflows in an arterially
perfused rat preparation without pulmonary stretch receptor feedback. Note the
3-phase rhythm (inspiration, Insp; post-inspiration; expiration, Exp) correspond-
ing to that defined by Richter (1982). During central inspiratory activity indexed
by phrenic (Insp), heart rate (HR) increases (due to central synaptic inhibition of
cardiac vagal motoneurons and increased sympathetic discharge) and the glottis
dilates due to activation of laryngeal abductors. During early expirations (so-called,
post-inspiration), heart rate falls as the inspiratory related inhibition of the cardiac
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Fig. 2. Eupneic pattern of respiratory motor activity in situ. In control conditions
(normocapnia) phrenic (PN) and hypoglossal (HN) have an inspiratory ramp shaped
activity envelope whereas abdominal nerve (AbN; lumbar segment (1) exhibits small
amplitude post-inspiratory activity. Using 10% carbon dioxide (i.e., 5% above normo-
capnic conditions), central respiratory drive was raised. This resulted in generation of
agal motoneurons is removed. At this time the laryngeal adductors fire causing a
ransient constriction of the glottis; the latter stalls expiratory air flow so giving
dequate time for gas exchange. Note, that the SNA is respiratory phase locked and
eaks in the post-inspiratory phase. Modified from Paton and Nolan (2000).

his short review will summarise a number of recent studies that
ave described the hierarchical compartmental organization of the
onto-medullary network generating respiratory rhythm. Below
ighlights the transitions dependent on metabolic state and its
ssential coupling to the cardiovascular system. The latter is illus-
rated with reference to pathological conditions.

. The 3-phase rhythm of respiration: a unified starting
oint?

Richter (1982) emphasised the concept that the ‘normal’ or eup-
eic respiratory pattern comprised 3 phases per respiratory cycle.
his included: inspiration, post-inspiration (stage I) and active expi-
ation (stage II; see also Bianchi and Gestreau, this issue). Fig. 1
epicts these 3 phases by comparing phrenic and recurrent laryn-
eal motor outflows. This pattern seems to hold true in mouse and
at including newborn rats (Abdala et al., 2009; Dutschmann et
l., 2000; Paton, 1996b, 1997; Paton et al., 2006). Stage II expi-
ation (termed here as late-E) is best observed when recording
rom abdominal motor nerves under high respiratory drive states
uch as hypercapnia (Fig. 2). Note that hypoxia, hypercapnia and
schemia will bring into play late-E activity, but late-E is absent
nder normoxia and normocapnia. This activity accentuates expi-
atory pumping via abdominal muscle contraction and thereby

educes expiratory time to allow respiratory frequency to increase.
ote also, that during the expression of late-E activity, the onset
f hypoglossal motor activity occurs coincidently and earlier rel-
tive to phrenic than when late-E is absent. Thus, hypoglossal
re-inspiratory discharge is both longer in duration and advanced in
augmenting expiratory activity in the AbN outflow (Late-E; arrowed) and advanced
the onset of pre-inspiratory HN activity relative to PN; the latter indicating reduced
airway resistance during both the forced expiration and inspiration. The pattern of
PN now showed an abrupt onset in discharge (see Abdala et al., 2009).

onset during forced expiration; this is important for reducing upper
airway resistance during abdominal expiratory pumping (Fig. 2;
Abdala et al., 2009).

3. Putting differences in experimental preparations aside

The above description is based on that from the arterially per-
fused in situ preparation of decerebrate rat (Paton, 1996a,b). This
preparation provides a phrenic motor pattern that is similar to that
reported from an in vivo decerebrate rat (e.g. Shen et al., 2003).
The slower frequency reflects the absence of phasic pulmonary
stretch receptor feedback and cooler operating temperature (31 ◦C).
However, it is distinct to that reported from in vitro preparations
of neonatal rat and mouse either transverse slice (thick or thin),
en bloc brainstem or brainstem spinal cord. Why are there these
differences? A proposal is, that the physical compartmentalization
and/or change in metabolic state that accompany the in vitro prepa-
ration enforce a reorganization of the neuronal mechanisms gen-
erating respiratory motor pattern. The following section describes
an attempt to unify the central respiratory control field by provid-

ing an explanation as to why different preparations (in vitro versus
in situ/in vivo) produce different respiratory motor patterns. But,
importantly, it also reveals novel insights into the hierarchical orga-
nization of the ponto-medullary network and multiple mechanisms
for rhythm generation that operate in a state-dependent manner.
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. The 3–2–1 hypothesis of respiratory rhythm/pattern
eneration

The hypothesis is that there is both spatial and functional com-
artmentalization of the respiratory network. If this is the case,
hen logically it should be possible to divide it up. Sequential
ostral to caudal transections through the ponto-medullary respira-
ory network within the in situ perfused rat brainstem-spinal cord
reparation allowed us to show that network dynamics reorganized
apidly (within a respiratory cycle or two) and new rhythmogenic

echanisms emerge (Rybak et al., 2007; Smith et al., 2007). Thus,
he 3-phase respiratory rhythm (eupneic pattern) transformed to
2-phase and then to a 1-phase rhythm as the network was phys-

cally reduced using precision micro-vibratome slicing. Based on
istological reconstruction of boundaries from sliced brainstems of
ultiple preparations, expression of the 3-phase rhythm required

he presence of the pons, whereas generation of the 2-phase rhythm
epended on the integrity of Bötzinger (BötC) and pre-Bötzinger
omplexes (pre-BötC; see Ruangkittisakul and Ballanyi, this issue;

uangkittisakul et al., this issue) and interactions between them.
he 1-phase pattern was generated within the pre-Bötzinger com-
lex and disappeared once this region was transected caudally
Fig. 3).

ig. 3. 3–2–1 phase hypothesis of respiration. (A) Schematic drawing depicting the
patial arrangement of the ventral respiratory column viewed sagittally. Microtran-
ections of the brainstem are indicated by the vertical dashed lines. Abbreviations:
mbC: compact nucleus ambiguus; BötC: Bötzinger Complex; LRt: lateral retic-
lar nucleus; Pn: pontine nucleus; pre-BötC: pre-Bötzinger Complex; RTN/vlPF:
etrotrapezoid nucleus and ventrolateral parafacial regions; rVRG: rostral ventral
espiratory group; V: trigeminal motor nucleus; VII: facial motor nucleus. (B) Activity
atterns of phrenic (PN), abdominal (AbN), and central vagus (cVN) nerves from an

ntact preparation (3-phase pattern) during eucapnia (5% CO2) and hypercapnia (7%
O2), and after a ponto-medullary transection. The latter resulted in a 2-phase pat-
ern in which late-E abdominal bursts are abolished during hypercapnia (8.5% CO2).
fter a transection at the rostral boundary of the pre-BötC, a 1-phase inspiratory
attern was evoked and all expiratory motor activity was abolished.
& Neurobiology 168 (2009) 19–25 21

Clearly this approach is extreme, so could one obtain these 3- to
2- or 2- to 1-phase transitions without physically cutting through
the ponto-medullary neuraxis? This was approached by reducing
chloride-mediated synaptic inhibition (low extracellular Cl− con-
centration in ponto-medullary intact preparations; Smith et al.,
2007), or lowering CO2 (Smith et al., 2007) or blocking glycine
receptors with strychnine (Büsselberg et al., 2001; Dutschmann and
Paton, 2002). All these manipulations transformed the 3-phase to a
2-phase respiratory pattern a response similar to that reported after
inactivation of the Kolliker Fuse (Dutschmann and Herbert, 2006).
Moreover, a 1-phase pattern (analogous to gasping) could be pro-
duced during ischemia (Paton et al., 2006). In all cases, the blockade
of persistent sodium current (INaP) abolished the 1-phase rhythm
in stark contrast to the 3-phase and 2-phase rhythms which are not
dependent on this current (Smith et al., 2007). These results sug-
gest that the 3-phase and 2-phase rhythms depend on inhibitory
synaptic interactions between networks of neurons located in two
core adjacent compartments—the BötC and pre-BötC, with essen-
tial tonic drive arising from different rostral regions. The 1-phase
rhythm, however, depends on INaP and local synaptic excitation
confined to the pre-BötC only. Thus, these data suggest that the
ponto-medullary respiratory network has numerous rhythmogenic
capabilities that are distinct and operate at multiple levels of net-
work organization. This provides both robustness and back-up, and
undoubtedly allows expression of motor patterns specific for vari-
ous physiological and/or pathophysiological respiratory behaviors.
Finally, the 2- and 1-phase respiratory motor patterns may map
onto those that are observed in vitro. Therefore, it becomes essen-
tial to know what regions of the network are being isolated in
slice preparations (BötC and pre-BötC or pre-BötC only) as both
use distinct neuronal mechanisms to generate rhythmic motor out-
puts. In en bloc brainstem or brainstem-spinal cord preparations
extreme metabolic conditions such as hypercapnia and hypoxia in
the deeper brainstem tissue may impair network connectivity and
synaptic functions, resulting in either a 2- or 1-phase pattern. Such
metabolic disturbances were mimicked by depressing glycinergic
synaptic inhibition and raising levels of extracellular potassium
(see St-John et al., 2002). This resulted in switching from a 3-phase
eupneic pattern to a 1-phase pattern (see St-John et al., 2002).

5. The pre-BötC: a kernel with essential connections

The results from Smith et al. (1991, 2007) indicate that the pre-
BötC when isolated physically can generate respiratory rhythmicity
but in the intact ponto-medullary brainstem is functionally embed-
ded into a broader network. Clearly it can operate in multiple modes
of rhythm generation, such as intrinsic bursting, which does not
require phasic inhibition, or a tonic activity mode which needs pha-
sic inhibition to exhibit rhythmic bursting activity (Smith et al.,
2000). It is proposed that the mechanism by which the pre-BötC
generates rhythmic activity are based on synaptic inputs (phasic
and tonic) from many levels of the central neuraxis including both
the BötC (providing phasic inhibition) and from more rostral struc-
tures including the retrotrapezoid nucleus (RTN; see Guyenet et al.,
this issue; Onimaru et al., this issue) and the pons (controlling the
state of the pre-BötC). These inputs define the mode of operation
of the pre-BötC and hence the rhythmogenic mechanism expressed
by the entire brainstem respiratory network.

Until recently, intrinsic burster neurons of the pre-BötC had
only been described in neonatal tissue in vitro, with no functioning
pons. Evidence now exists demonstrating the first description

of pre-BötC bursters in mature mice (Paton, 1997) and rats
(Fig. 4; Paton et al., 2006; St-John et al., 2009) with an intact
pontomedullary brainstem. In the mature rat, these neurons have
an intrinsic ability to generate bursts in the absence of ionotropic
mediated synaptic inputs. They are located in both the pre-BötC
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Fig. 4. Respiratory burster neurons recorded from a ponto-medullary intact in situ rat preparation. Prior to their synaptic isolation, burster neurons were characterized as
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nspiratory and held relatively hyperpolarized during eupnea (A). Bursters depola
icuculline) when ectopic bursts that did not correspond to a phrenic burst were e
nd resulted in intrinsic bursting which was voltage-dependent (B-i, ii) and sensitiv
hile others were in the rostral ventral respiratory group region (see St-John et al.,

nd extend caudally into the rostral ventral respiratory column,
hey have axons that cross the midline and some, but not all,
re glutamatergic (St-John et al., 2009). In the intact network,
hen the intrinsic bursting property is suppressed (see below),

hese bursters are inspiratory neurons such that their firing is
ither coincident with phrenic motor outflow or just precedes it.
urther, in the intact ponto-medullary system intrinsic bursting is
uppressed by chloride mediated synaptic inhibition. The blockade
f GABAA and glycine receptors depolarize these neurons and they
emonstrate ectopic bursting (Fig. 4). As with in vitro bursters of
eonatal rats, it is clear that the frequency of burst generation is
oltage-dependent. However, it was found that even at the upper
imit of their intrinsic bursting frequency was slower than the eup-
eic rhythm (St-John et al., 2009) suggesting another mechanism

or eupneic breathing. Finally, intrinsic bursters are sensitive to
etabolic hypoxia (induced by cyanide), which is consistent with

heir role in gasp generation (St-John et al., 2009). Indeed, this
ntrinsic property makes them ideal for operating in low oxygen
nvironments when synaptic inhibition is likely to fail (Schmidt et
l., 1995). In sum, based on recent evidence (St-John et al., 2009),
t seems unlikely that the intrinsic bursting property of these
urster neurons is expressed during eupnea. During eupnea, the
ntrinsic bursting property of pacemakers or groups of pacemakers
iscussed earlier (see Feldman and Del Negro, 2006) might have
o crucial role in driving normal breathing. However, the ionic
onductances of these neurons may play critical roles in shaping
he pattern of discharge of these neurons during eupnea.
subsequent to blockade of glycine and GABAA receptors (1 �M strychnine, 20 �M
(arrowed). Blockade of ionotropic glutamate receptors arrested phrenic discharge

ockade of persistent sodium current. Some bursters were found in the pre-BötC (C)
for details).

6. Forced breathing: recruitment of an expiratory oscillator

The abdominal motor outflow targets accessory muscles of
breathing. During quiet breathing these muscles provide postu-
ral tone and a foundation on which the thoracic pump muscle
can operate but do not show respiratory rhythmic contraction.
However, during increased respiratory drive as during exercise
or hypercapnia, abdominal muscle pumping is recruited to pro-
vide a mechanism for active (or forced) expiratory pumping. It
remains unclear where the oscillator for this active expiratory activ-
ity resides but the parafacial respiratory group (pFRG) has been
suggested (Feldman and Del Negro, 2006).

The location of the pFRG partially overlaps with the RTN (Fortuna
et al., 2008). The RTN plays a critical role in controlling the respi-
ratory rhythm and has appropriate connectivity to/from the pons
and ventral respiratory column as well as input from periph-
eral chemoreceptors (see Guyenet, 2008; Guyenet et al., 2008;
Mulkey et al., 2004; Nattie, 2001). The RTN senses changes in
arterial tension of CO2 (central chemosensitivity) in both anaes-
thetised and conscious rats. In addition, inactivation of the RTN in
anaesthetised rats causes apnea that cannot be reversed by concur-
rent peripheral chemoreceptor stimulation (Mulkey et al., 2004)

whereas activation of the RTN stimulates breathing (Abbott et al.,
2009). Recordings from this region indicate that chemosensitive
neurons fire tonically and are only weakly respiratory modulated
even with high levels of hypercapnia in adult anaesthetised rats
(Guyenet, 2008). Yet others describe phasic expiratory neurons
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hat fire in late and early expiration—so-called “pre-inspiratory” (or
iphasic expiratory) in in vitro en bloc brainstem/spinal cord prepa-
ations of neonatal rats. Onimaru et al. (1987, 1988, 2006) proposed
hat this “pre-inspiratory” activity originates from a primary (pre-
nspiratory) oscillator located in the pFRG that entrains a secondary
inspiratory) oscillator in the pre-BöC. Others, using both in vitro
n bloc and in vivo preparations of newborn rats, reported that
he same biphasic-E activity originating in pFRG drives abdomi-
al muscles activity (Janczewski et al., 2002), although they did
ot substantiate this claim by providing central unitary record-

ngs. Notwithstanding, Janczewski and Feldman (2006) proposed
hat the same biphasic-E activity is generated by an “expiratory
scillator” located in RTN/pFRG that interacts reciprocally with the
re-BötC inspiratory oscillator, and that the coupling of these two
scillators represents a fundamental mechanism for respiratory
hythm generation (Feldman and Del Negro, 2006; Janczewski and
eldman, 2006). This concept opposes that suggested by Onimaru
t al. (1987, 1988, 2006) who believe that the RTN/pFRG provides
nspiratory promoting oscillations. How might these opposing
deas be reconciled?

Recent data from Abdala et al. (2009) using the unanesthetised
ecerebrate in situ rat indicate that suppression of the RTN does
ot cause apnoea. Rather, it depresses post-inspiratory activity dur-

ng normocapnia and totally abolishes late-E abdominal activity
hat is evoked during hypercapnia (Fig. 5; Abdala et al., 2009). Fur-
her, in conditions of hypercapnia a sub-population of RTN neurons
ischarged during late expiration and they were comparable to
hose of Onimaru et al. (1987, 1988, 2006). These neurons were
uiescent during normocapnia, but, their phenotype, projection
atterns and whether they are originators or followers remain
nknown.

Thus, there is accumulating evidence indicating that in the
ature rat the RTN region is essential for expression of late-E activ-

ty and for abdominal pumping during hypercapnia. It appears that
scillatory activity within the RTN of mature rats is absent in nor-
ocapnia but emerges with hypercapnia. Data from Abdala et al.

2009) contest the importance of the RTN/pFRG as a fundamental
hythmogenic mechanism during normal breathing (see Feldman
nd Del Negro, 2006; Janczewski and Feldman, 2006). The origin

f the late-E discharges in RTN is unknown and may be within this
ucleus or from other regions such as the pons; if the latter, then the
TN may act as a relay to retroambigual abdominal motoneurons.
s demonstrated below, it is clear that abdominal motor activity is
ighly plastic and can be up-regulated under chronic pathological

ig. 5. Reversible inactivation of the RTN abolished the 3-phase respiratory pattern and h
y bilateral microinjections of isoguvacine hydrochloride (GABAA receptor agonist). This
agus (cVN) nerves, and the phrenic nerve pattern (PN) was transformed to a “square-wave
10% CO2). Note that hypercapnia partially reinstated post-inspiratory activity during RT
ight panel). All traces show integrated nerve activities.
& Neurobiology 168 (2009) 19–25 23

conditions of intermittent hypoxia and become expressed during
normocapnia.

7. Plasticity of respiratory modulation of sympathetic
activity: novel insights into pathological states

Physiologically it is essential to match cardiac output with respi-
ratory minute volume to ensure efficient delivery of oxygen to the
tissues not only in resting conditions but also during physiologi-
cal challenges. Fig. 1 shows that the central networks regulating
breathing and the cardiovascular system are coupled including res-
piratory modulation of both heart rate and thoracic sympathetic
nerve activity; the latter typically occurs during late inspiration and
early post-inspiratory phases. Since the work of Anrep et al. (1936),
it was known that respiratory sinus arrhythmia was, in part, gener-
ated by central cross-talk and independent from afferent feedback.
It is pertinent to mention that pathologies relating to central res-
piratory arrhythmias may well have cardiovascular abnormalities
which may, in part, precipitate the respiratory disorder as well as
vice versa. Below are two examples describing the plasticity of
central respiratory–sympathetic coupling and how this relates to
common pathologies.

The point was made above (Fig. 5) that late-E abdominal motor
activity (active or forced expiration) is recruited under conditions
of high respiratory drive such as hypercapnia. However, recent
data indicate that abdominal expiratory activity can be expressed
in normocapnia in rats after treatment with chronic intermittent
hypoxia (CIH, Fig. 6; Zoccal et al., 2008). Following 10 days of CIH,
rats exhibited late-E abdominal activity that persisted beyond the
treatment paradigm. The animals exhibited a significant increase in
mean arterial pressure of more than 10 mmHg, which characterizes
hypertension. Interestingly, the respiratory modulation of sympa-
thetic nerve activity in CIH treated rats (but not controls) included
an additional late-E related burst (Zoccal et al., 2008), which
could provide an explanation for the increased arterial pressure.
Thus, abdominal late-E activity is highly plastic, recruited following
repeated peripheral chemoreceptor stimulation (by CIH) and may
provide clues to the sympathoexcitability and hypertension found
in patients with repeated sleep apnoeas (obstructive or central).
A second example of plasticity within central respiratory–
cardiovascular circuits is the observation that the normal
inspiratory–post-inspiratory modulation of sympathetic activity is
augmented in the spontaneously hypertensive (SH) rat (Simms et
al., 2009), an established model of human hypertension. Moreover,

ypercapnia evoked Late-E abdominal nerve activity. The RTN/vlPF was inactivated
resulted in a depression of post-inspiratory motor output on both AbN and central
” shape. RTN/vlPF suppression also abolished late-E AbN bursts during hypercapnia
N/vlPF inactivation. Late-E activity recovered after isoguvacine washed out (∼1 h;
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Fig. 6. Chronic intermittent hypoxia causes long-term plasticity in respiratory
modulation of sympathetic activity. Cardiovascular and respiratory control sys-
tems can only work efficiently when coupled. In control conditions, rats show
inspiratory/post-inspiratory modulation of thoracic sympathetic nerve activity
(tSNA) relative to phrenic discharge (PND). This modulation is chronically altered
in juvenile rats exposed to chronic intermittent hypoxia (CIH) for 10 days. In CIH
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reated rats an additional burst of sympathetic activity emerges, which correlated
ith the development of a Late-E burst in the abdominal motor outflow (Abd). The

atter may well contribute to the hypertension generated in the CIH model of sleep
pnoea.

his enhanced modulation translated into Traube-Hering waves in
rterial pressure that were significantly larger than those in nor-
otensive control rats. The functional relevance of this amplified
odulation in SH rats was demonstrated by reversibly arresting

he respiratory rhythm generator with hypocapnia. On re-starting
he central rhythm generator (by returning to normocapnia), there
as an increase in arterial pressure of ∼20 mmHg, which reflected

hat produced following reinstatement of respiratory–sympathetic
oupling. This evidence strengthened the causality argument that
berrant cardiorespiratory coupling can contribute to pathological
tates.

. Conclusions

As described herein, in addition to generating the eupneic
-phase rhythmic pattern of breathing, the respiratory rhythm
enerator can, under certain conditions, generate other breath-
ng patterns, such as apneusis, gasping and breathing with forced
xpiratory activity. These patterns reflect the dynamics of the
onto-medullary circuit and the multiple state-dependent mecha-
isms that can be adopted for rhythm generation. These different
espiratory motor patterns have been equated with the notion
f hierarchically organized compartments spanning the ponto-
edullary respiratory regions each with its distinct neuronal
echanisms for operation. The review also alludes to the plasticity
ithin the respiratory network and how chronic manipulation of

reathing (e.g. with CIH) can cause pathology, such as hypertension.
t remains to be elucidated how the fundamental ponto-medullary
rchitecture changes to cause other pathological states such as
heyne-Stokes, Kussmaul’s and Biot’s breathing. All said, revealing
mechanistic understanding of any breathing pathology relies on a
omplete understanding of respiratory and cardiovascular activities
aralleled with iterative exchanges with multiscale computational
odels. This combined approach has every chance of providing

ovel guidance in the design of new therapeutic treatments of com-
on cardiorespiratory diseases.
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