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Abstract

Chronic intermittent hypoxia (CIH) has been identified as a relevant risk factor for the
development of enhanced sympathetic outflow and arterial hypertension. Several studies have
highlighted the importance of peripheral chemoreceptors for the cardiovascular changes elicited
by CIH. However, the effects of CIH on the central mechanisms regulating sympathetic outflow
are not fully elucidated. Our research group has explored the hypothesis that the enhanced
sympathetic drive following CIH exposure is, at least in part, dependent on alterations in the
respiratory network and its interaction with the sympathetic nervous system. In this report, |
discuss the changes in the discharge profile of baseline sympathetic activity in rats exposed to
CIH, their association with the generation of active expiration and the interactions between
expiratory and sympathetic neurones after CIH conditioning. Together, these findings are
consistent with the theory that mechanisms of central respiratory—sympathetic coupling are a
novel factor in the development of neurogenic hypertension.

Introduction

Cardiorespiratory homeostasis depends critically on peripheral feedback information that
initiates reflex adjustments in response to environmental challenges. Peripheral
chemoreceptors, also known as glomus cells, monitor the levels of oxygen in the arterial
blood continuously and elicit cardiorespiratory changes to ensure adequate oxygen supply in
conditions of low oxygen (Lahiri et al. 2006). In mammals, these oxygen-sensitive cells are
mainly located in the carotid and the aortic bodies and release neurotransmitters in response
to hypoxia, activating afferent nerves that convey the chemosensory information to the
neurones of the nucleus of the solitary tract (NTS) in the brainstem (Machado, 2001).
Within the NTS, the carotid body inputs are processed and transmitted to other brain regions
engaged in autonomic and respiratory control, evoking responses of enhanced respiratory
drive, sympathetic activation and parasympathetic stimulation (Machado, 2001).

Humans with cardiorespiratory diseases commonly present with autonomic dysfunction
manifested as elevated sympathetic drive. For example, patients with obstructive sleep
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apnoea (OSA) develop arterial hypertension associated with high levels of muscle
sympathetic nerve activity (Somers, 1995; Pedrosa et al. 2011). There is evidence that the
exposure to intermittent hypoxia, as a consequence of the obstruction of upper airways
during sleep, is a major risk factor for the development of sympathetic overactivity in OSA
patients (Somers, 1995). This notion is strongly supported by experimental studies showing
the following findings: (i) animals submitted to chronic intermittent hypoxia (CIH) for 2-5
weeks exhibit high arterial pressures (Fletcher, 2001; Zoccal et al. 2007, 2008); (ii) carotid
body denervation prevents the development of hypertension induced by CIH exposure
(Fletcher, 2001); (iii) the exposure to intermittent hypercapnic hypoxia produces similar
increases in arterial pressure to intermittent normocapnic/hypocapnic hypoxia (Fletcher et
al. 1995); (iv) the sensory activity of peripheral chemoreceptors and the cardiorespiratory
chemoreflex responses are enhanced after CIH exposure (Peng et al. 2003); and (V) rats
exposed to CIH show elevated plasma catecholamine concentrations, augmented
sympathetically mediated variability in systolic pressure and larger depressor responses to
ganglionic blockade (Zoccal et al. 2007, 2009). These findings indicate that the episodic
activation of peripheral chemoreceptors consequent to CIH modifies the chemoreflex
control of the sympathetic nervous system. Accumulating evidence indicates that changes in
the sensory activity of the carotid body chemoreceptors significantly contributes to the
autonomic dysfunction induced by CIH (Prabhakar & Kumar, 2010). However, the effects
of CIH on the central nuclei regulating the sympathetic activity are still not fully understood.
In this report, | summarize our recent findings, exploring the neural mechanisms leading to
the increased sympathetic activity of rats exposed to CIH.

Chronic intermittent hypoxia and the character of sympathetic activity

The importance of the sympathetic nervous system in the maintenance of hypertension in
rats exposed to CIH was initially suggested based on indirect evidence, including
pharmacological sympathetic denervation, plasma noradrenaline measurements and analysis
of arterial pressure variability (Fletcher, 2001; Zoccal et al. 2007, 2009). Using decerebrated
in situ preparations of juvenile rats exposed to CIH (6% O, for 30-40 s, every 9 min for 8 h
per day) for 10 days (Zoccal et al. 2008), we performed recordings of the activity of
sympathetic nerves and neurones. We found that the in situ preparations of rats exposed to
CIH exhibited higher baseline vasoconstrictor sympathetic activity in comparison to
preparations of control rats (Zoccal et al. 2008; Moraes et al. 2013), providing direct
evidence that baseline sympathetic activity is augmented in rats exposed to CIH.
Importantly, the enhanced sympathetic activity of rats exposed to CIH was associated with
the presence of novel bursts during the expiratory phase, which were absent in control rats
(Fig. 1; Zoccal et al. 2008). These additional expiratory bursts in sympathetic nerves of rats
exposed to CIH were not secondary to reductions in baroreflex function (Zoccal et al. 2009)
and not eliminated after acute peripheral chemoreceptor denervation (Zoccal et al. 2008),
indicating that they were driven by central mechanisms.

Owing to the synchronization with expiratory phase, we theorized that the sympathetic
overactivity of juvenile rats submitted to CIH was linked to changes in the respiratory
pattern. This hypothesis was based on the fact that neurones of the central respiratory pattern
generator interact with the neurones involved with the generation of sympathetic activity
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and introduce rhythmical oscillations in sympathetic nerve discharge coupled with
respiration (Moraes et al. 2012b). In the in situ preparations of rats exposed to CIH, the
expiratory-related sympathetic bursts were coupled with the emergence of high-amplitude
bursts in abdominal expiratory motor nerves (Fig. 1; Zoccal et al. 2008), suggesting that
CIH exposure alters the resting respiratory pattern, transforming expiration into an active
process. Similar results were observed in conscious CIH-treated animals, which presented
with higher arterial pressure levels in association with contractions in abdominal expiratory
muscles in resting conditions (Moraes et al. 2013). We, therefore, considered that CIH in
juvenile rats promotes the following changes: (i) central activation of the mechanisms
controlling the expiratory motor activity; and (ii) alteration in the strength of coupling
between expiratory and sympathetic neurones in the brainstem. Indeed, the reduction of
respiratory drive in CIH-exposed rat preparations (with the exposure to hypocapnia)
abolished the expiratory bursts in the abdominal and sympathetic nerves (Molkov et al.
2011), indicating that active expiration and sympathetic overactivity in rats exposed to CIH
are coupled events.

The ventral surface of the medulla is a critical site for the generation of respiratory—
sympathetic coupling. Within this region, respiratory neurones of the ventral respiratory
column intermingle with the presympathetic neurones of the rostral ventrolateral medulla
(RVLM), which is a major source of excitation to the preganglionic sympathetic neurones of
the spinal cord (Ross et al. 1984). The RVLM neurones also establish connections with
other pontine—medullary respiratory nuclei (Moraes et al. 2012b), denoting that the RVLM
is an important region for respiratory—sympathetic integration. In animals exposed to CIH,
but not in control rats, it was identified a population of non-catecholaminergic RVLM
neurones that displayed an augmented firing frequency and increased excitatory
postsynaptic currents during the second phase of expiration (E2), coincident with the
expiratory bursts in sympathetic nerves (Moraes et al. 2013). These RVLM neurones did not
present changes in their intrinsic excitability and input resistance, suggesting that the
additional expiratory burst in presympathetic neurones of rats exposed to CIH did not
depend on changes in their intrinsic properties (Moraes et al. 2013). Based on these data, it
was hypothesized that excitatory synaptic inputs, potentially originating from neurones
involved with the generation of active expiration, are critical for the emergence of novel
expiratory-related bursts in the RVLM presympathetic neurones as well as in the
sympathetic activity of rats exposed to CIH (Fig. 1). The emergence of novel rhythmical
bursts in sympathetic vasoconstrictor nerves may be a mechanism to increase the efficacy of
neurotransmitter release and probability of summation of other excitatory inputs at the
ganglionic and blood vessel levels (Gilbey, 2007). Therefore, the change in the pattern of
sympathetic discharge induced by CIH exposure appears to have pathophysiological
relevance for the development of arterial hypertension associated with this condition.

Respiratory—sympathetic coupling after exposure to CIH: interactions

between peripheral and central chemoreceptors

In resting conditions, breathing is composed of three phases: inspiration, postinspiration
(post-1) and E2 (Fig. 1; Richter & Smith, 2014). In mammals, inspiration is an active process
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and depends on the diaphragmatic contraction, while exhalation occurs passively due to the
recoil forces of the chest and the lungs. During metabolic challenges, such as episodes of
hypercapnia and hypoxia, expiration turns into an active process, with dilatation of upper
airways and the recruitment of abdominal expiratory muscles during the E2 phase. Our in
vivo and in situ data demonstrate that juvenile rats exposed to CIH present a pattern of active
expiration at rest (Zoccal et al. 2008; Moraes et al. 2013), indicating that the neural
mechanisms responsible for the generation of active expiration are hyperactive in conditions
of normocapnia and normoxia.

A group of expiratory neurones located in the parafacial respiratory group (pFRG) are
suggested to play a major role in the generation of active expiration (Janczewski & Feldman,
2006). The pFRG is located ventral to the facial nucleus, overlapping anatomically with the
retrotrapezoid nucleus (RTN; Abdala et al. 2009). During central and peripheral
chemoreceptor activation, pharmacological inhibition of the pFRG/RTN region blocks
bursts in abdominal motor activity during the E2 phase, and recordings of the pFRG
neurones reveal that quiescent expiratory neurones discharge rhythmically during the E2
phase (Fig. 1; Abdala et al. 2009; Moraes et al. 2012a). Thus, the expiratory neurones of the
pFRG appear to be an important excitatory source to bulbospinal expiratory neurones of the
ventral respiratory column. Anatomical studies have identified projections from the
pFRG/RTN to the RVLM region (Rosin et al. 2006). Although it remains unclear whether
these projections originate from either the expiratory or the chemosensitive neurones, these
observations allowed us to propose that the activation of the pFRG neurones may also drive
expiratory-related excitatory inputs to the presympathetic neurones of the RVLM and
generate coupled expiratory bursts in abdominal and sympathetic nerves (Molkov et al.
2011). Therefore, the pFRG neurones may be considered as a potential excitatory source that
drives active expiration and sympathetic overactivity in rats exposed to CIH (Fig. 1).

Using computational modelling of respiratory—sympathetic interactions in the brainstem
(Molkov et al. 2011), we explored the contribution of the pFRG to elicit the changes in the
expiratory pattern and in the respiratory—sympathetic coupling of rats exposed to CIH.
Modelling simulations showed that an increased excitatory drive to the pFRG is able to
activate the expiratory neurones and generate coupled abdominal and sympathetic bursts
during the E2 phase (Molkov et al. 2011). Furthermore, according to the model, the
augmented excitatory drive to the pFRG expiratory neurones of rats exposed to CIH may
originate from the chemosensitive neurones of the RTN (Molkov et al. 2011). Using the in
situ preparations, we tested the predictions of the model and confirmed that: (i) central
chemoreflex activation in naive rats evoked expiratory bursts in abdominal and sympathetic
activities; and (ii) rats exposed to CIH exhibited a lower hypocapnic apnoeic threshold,
suggesting an increased sensitivity of the central chemoreceptors in these animals (Molkov
et al. 2011). Based on these findings, my co-authors and | concluded that CIH exposure
promotes a persistent activation of the pFRG expiratory neurones that is maintained in
conditions of normoxia and normocapnia due to a sensitization of the central
chemoreceptors.

The hypothesis that the central chemoreceptors are sensitized after CIH still requires further
experimental investigation in order to be proved. However, this possibility is in accordance
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with previous studies demonstrating a synergistic interaction between the mechanisms of
peripheral and central chemoreception (Blain et al. 2010). On this subject, | speculate that
the episodic activation of peripheral chemoreceptors, consequent to the CIH exposure, may
introduce changes in the mechanisms involved with central CO, sensing, which might
explain why acute carotid body denervation after CIH did not eliminate the expiratory bursts
in sympathetic activity (Zoccal et al. 2008). The effects of CIH on the central chemoreflex
may be associated with the activation of neuromodulatory mechanisms in the pFRG/RTN,
such as the serotoninergic system (Mulkey et al. 2007). It may also be related to changes in
the neuronal respiratory circuitry that interacts with the pFRG/RTN and contributes to the
generation of active expiration, including the pons (Abdala et al. 2009), the ventral
respiratory column (Molkov et al. 2011), the dorsal respiratory group (Takakura et al. 2006)
and the pulmonary stretch receptors (Lemes & Zoccal, 2014). These possibilities are
currently under investigation in our laboratory.

General conclusions

Our studies emphasize that the central mechanisms underpinning interactions between
expiratory and sympathetic activities play a relevant role for the development and
maintenance of sympathetic overactivity and arterial hypertension in rats submitted to CIH.
A recent study demonstrated that untreated OSA patients exhibit a significant change in the
temporal profile of the respiratory modulation of muscle sympathetic nerve activity, with
higher levels during the postinspiratory phase (Fatouleh et al. 2014). Although the CIH
model does not reproduce the pathophysiology of OSA, these clinical data parallel our
experimental observations, highlighting that changes in the respiratory—sympathetic
coupling mechanisms may be considered relevant to the development of arterial
hypertension associated with CIH exposure.
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New Findings
e What is the topic of this review?

Chronic intermittent hypoxia (CIH), as observed in patients with obstructive
sleep apnoea, is associated with the development of sympathetically mediated
arterial hypertension. Nevertheless, the mechanisms underpinning the
augmented sympathetic outflow in CIH still remain under investigation.

»  What advances does it highlight?

In this report, | present experimental evidence supporting the hypothesis that
changes in the function of the respiratory network and coupling with the
sympathetic nervous system may be considered as a novel and relevant
mechanism for the increase in baseline sympathetic outflow in animals
submitted to CIH.
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Figure 1. Schematic drawing illustrating the possible changes in the coupling of respiratory and
sympathetic neurones after exposure to chronic intermittent hypoxia (CIH)

The traces inside the boxes represent extracellular recordings of inspiratory, expiratory and
sympathetic neurones, while the traces at the bottom illustrate the integrated (/) recordings
of abdominal (AbN), sympathetic (Symp) and phrenic (Phr) nerve activities. In control
animals (left panels), in conditions of normoxia and normocapnia, sympathetic nerve
activity presents a phasic increase during the inspiratory phase (insp), with a peak of activity
during late inspiration/early postinspiration (post-1), following by a decline during post-I/
expiratory stage 2 (E2). This pattern is formed by inputs from the inspiratory (insp) and
expiratory (exp) neurones of the central respiratory pattern generator (CRPG) to the
presympathetic neurones (symp) of the rostral ventrolateral medulla (RVLM; Moraes et al.
2012b). In resting conditions, inspiration is an active process, while expiration is a passive
process. In rats exposed to CIH, the central mechanisms responsible for the generation of
active expiration appear to be activated in resting conditions (Zoccal et al. 2008; Molkov et
al. 2011). As a result, the expiratory neurones, which are normally silent in control animals,
are active and send excitatory inputs to bulbospinal expiratory neurones and to
presympathetic neurones of the RVLM, leading to the emergence of coupled expiratory
bursts in abdominal and sympathetic outputs (indicated by the arrows). For more details,
please see the main text.
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