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SYMPOSIUM REVIEW

Carotid body overactivity induces respiratory neurone
channelopathy contributing to neurogenic hypertension

Davi J. A. Moraes', Benedito H. Machado' and Julian F. R. Paton?
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Abstract Why sympathetic activity rises in neurogenic hypertension remains unknown. It has
been postulated that changes in the electrical excitability of medullary pre-sympathetic neurones
are the main causal mechanism for the development of sympathetic overactivity in experimental
hypertension. Here we review recent data suggesting that enhanced sympathetic activity in neuro-
genic hypertension is, at least in part, dependent on alterations in the electrical excitability of
medullary respiratory neurones and their central modulation of sympatho-excitatory networks.
We also present results showing a critical role for carotid body tonicity in the aetiology of enhanced
central respiratory modulation of sympathetic activity in neurogenic hypertension. We propose
a novel hypothesis of respiratory neurone channelopathy induced by carotid body overactivity in
neurogenic hypertension that may contribute to sympathetic excess. Moreover, our data support
the notion of targeting the carotid body as a potential novel therapeutic approach for reducing
sympathetic vasomotor tone in neurogenic hypertension.
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Abbreviations BKc,, large conductance calcium-activated potassium channel; B6tC, Botzinger complex; CB, carotid
body; CBD, carotid body denervated; RVLM, rostral ventrolateral medulla; SH, spontaneously hypertensive.
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The mechanisms underlying the increased arterial pre-
ssure in neurogenic hypertension are not fully understood.
The role of sympathetic outflow in the pathogenesis of
hypertension has been an issue of continuous interest for
several years. It has been described that sympathetic over-
activity is present in hypertensive patients and populations
at risk in developing hypertension (Grassi, 1998; Esler,
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rat model of neurogenic hypertension, the spontaneously
hypertensive (SH) rat, there is a significant increase
in sympathetic activity and vascular resistance even in
neonatal and juvenile rats (Simms et al. 2009, 2010).
In addition, sympathectomy in young SH rats prevents
the increase in arterial pressure and vascular hyper-
trophy (Korner et al. 1993; Zicha & Kunes, 1999). In

sympathetic and respiratory neural activities in rats submitted to experimental models of hypoxia.
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this regard, it is established that the rostral ventrolateral
medulla (RVLM) pre-sympathetic neurones are a main
source of excitatory drive to sympathetic pre-ganglionic
neurones (Guertzenstein & Silver, 1974; Ross et al. 1984;
Dampney et al. 2003; Guyenet, 2006). Despite a lack of
direct evidence, it has been postulated that changes in
the electrical excitability of RVLM pre-sympathetic neuro-
nes are the main causal mechanism for the development
of sympathetic overactivity in experimental hypertension
(Bergamaschi et al. 1995; Ito et al. 2000, 2001; Stocker et al.
2007).

We have addressed this issue using the ventral approach
of the in situ perfused preparation of rat (Paton, 1996),
which has mechanical stability allowing long-term intra-
cellular recording of brainstem (Fig. 1; Dutschmann &
Paton, 2003; Paton & St-John, 2005). We used whole
cell patch clamp to record RVLM barosensitive bulbo-
spinal pre-sympathetic neurones in pre-hypertensive SH
and Wistar rats at 3—4 weeks old (Moraes et al. 2014d).
In SH rats, there was increased vascular resistance
and sympathetic activity in both lumbar and cervical
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nerves and increased firing frequency in two different
populations of RVLM pre-sympathetic neurones: one
which expressed enzymes required for the production of
adrenaline (Fig. 2Ai and i, and Ci—iii), and thus part of
the CI cell group, and the other which was found to be
non-catecholaminergic (Fig. 3Aiand i1, and Ci—iij; Moraes
etal. 2013a).

We next evaluated whether sympathetic overactivity
and increased vascular resistance in SH rats is
determined by an increase in the intrinsic excitability of
these RVLM pre-sympathetic neurones. By comparing
RVLM pre-sympathetic neurones from SH and Wistar
rats after blockade of fast excitatory and inhibitory
synaptic transmission, their intrinsic pacemaker firing
frequency and intrinsic electrophysiological properties
were found to be similar (Moraes et al. 2014d).
Therefore, these data do not support the current
dogma that sympathetic overactivity in neurogenic hyper-
tension is due to an elevated intrinsic excitability
of RVLM pre-sympathetic neurones (Matsuura ef al.
2002).
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Figure 1. Schematic representation of ventral approach of in situ perfused preparation of rats

The brainstem was adequately oxygenated by perfusing carbogenated Ringer solution at 31°C via descending
aorta. Perfusion pressure was recorded via the catheter inside the aorta. A eupnoeic respiratory motor pattern was
recorded from phrenic (PN), abdominal (AbN), hypoglossal (HN) and cervical vagus (cVN) nerves, which showed
three respiratory phases (inspiration (I), post-inspiration (Pl) and second half of expiration (E2). The sympathetic
outflow was recorded from thoracic sympathetic nerve (tSN). Note the respiratory modulation of sympathetic
activity starting during | with the peak at PI. The trachea, oesophagus, all muscles and connective tissues covering
the basilar surface of occipital bone were removed. The basilar portion of the atlantooccipital membrane was also
cut and the bone carefully removed to expose the ventral surface of the medulla in the anteroposterior extension
from the vertebral arteries to the pontine nuclei. Blind whole cell patch clamp recordings were made from
pre-sympathetic and respiratory neurones located within ventrolateral medulla (Moraes et al. 2013a). Recordings
of ventral medullary expiratory (upper) and inspiratory (lower) neurones are shown in the upper right corner.
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Our recordings of RVLM pre-sympathetic neurones
in in situ preparations of rats showed the expected
respiratory-related activity (Fig. 2Ai and ii; Fig. 3Ai
and 73 Haselton & Guyenet, 1989; Moraes et al. 20134,
2014b,d). Notably, there was a dramatic enhancement
of the respiratory-related excitatory modulation of their
firing frequency during the post-inspiratory period in
SH rats compared to Wistar rats (Fig. 3Ai and ii).
Additional action potentials were also observed
during the pre-inspiratory phase (before inspiratory
phrenic nerve activity) in inspiratory-modulated RVLM
pre-sympathetic neurones from SH but not Wistar rats
(Fig. 2Ai and ii). Considering the absence of changes
in the intrinsic electrophysiological properties of RVLM
pre-sympathetic neurones in SH rats (Moraes et al. 2014d),
we next evaluated the respiratory-related spontaneous
excitatory postsynaptic potentials. By hyperpolarizing the
neurones (~ —70 mV) to eliminate the action potentials,
our results showed that the increased firing frequency of
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these different RVLM pre-sympathetic neurones in SH
rats is due to increased synaptic drive from respiratory
neurones during the pre-inspiratory phase in C1 neuro-
nes (Fig. 2B) and during the post-inspiratory phase in
non-Cl neurones (Fig. 3B).

Medullary respiratory neurones:
are they new players in generating sympathetic
overactivity in neurogenic hypertension?

Altered respiratory modulation of sympathetic activity
in neurogenic hypertension was first described in
experiments using adult SH rats, in which changes in the
pattern of the respiratory-modulated peak of sympathetic
activity was observed (Czyzyk-Krzeska & Trzebski, 1990).
These changes are not a consequence of the hyper-
tensive state, since it was described subsequently in pre-
hypertensive neonatal and juvenile SH rats (Simms et al.
2009, 2010). Rats submitted to chronic intermittent
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Figure 2. Inspiratory-modulated RVLM pre-sympathetic neurones from Wistar and SH rats

Raw records of phrenic nerve (PN) and whole cell patch clamp of RVLM pre-sympathetic neurones with inspiratory
modulation in Wistar (Ai) and SH (Aii) rats. All RVLM pre-sympathetic neurones were barosensitive and spinal
stimulation (T8-T12) evoked constant latency antidromic action potentials. SH rats showed higher firing frequency
because of the additional action potentials during the pre-inspiratory phase (Moraes et al. 2014c). B, reduced spike
discharge frequency with a small continuous hyperpolarizing current revealed spontaneous excitatory postsynaptic
potentials (SEPSPs) during inspiration () in RVLM pre-sympathetic neurones from Wistar and SH rats. Additional
SEPSPs were also observed at the end of second half of expiration (E2) or pre-inspiratory phase only in RVLM
pre-sympathetic neurones from SH rat. C, photomicrographs of one representative RVLM pre-sympathetic neurone
with inspiratory modulation labelled with biocytin (), tyrosine hydroxylase (TH) immunohistochemical staining (i)
and its co-localization (iii). Note that this RVLM pre-sympathetic neurone is a positive TH cell as shown in a previous
study (Moraes et al. 2013a). Pl: post-inspiratory phase. Scale bar, 20 m.

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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hypoxia (CIH), as a rodent model of obstructive sleep
apnoea (OSA), and rats submitted to sustained hypo-
xia, also exhibited hypertension associated with an
enhancement of sympathetic activity in the expiratory
phase of the respiratory cycle. This also translated to
increased expiratory activity of abdominal nerves and
muscles triggering forced exhalation (Zoccal et al. 2008;
Moraes et al. 2013a, 2014b). Thus, we can state that
under various conditions of hypertension the respiratory
pattern changes and animals no longer expire passively,
but actively, at rest: a pathological behaviour. Alterations
in the relationship between control of respiration and
sympathetic neural drive have also been proposed to
underlie the increased sympathetic outflow in chronic
heart failure rats and humans (Goso et al. 2001; Marcus
et al. 2013). It should be noted that changes in respiratory
modulation of sympathetic activity were also described
in hypertensive OSA patients. Fatouleh et al. (2014)
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examined the temporal profile of respiratory modulation
of muscle sympathetic nerve activity and demonstrated
that respiratory—sympathetic coupling was stronger in the
OSA patients than in the control subjects. Although there
are distinctions in the temporal patterning and phase of
respiratory modulation of sympathetic activity between
different models of hypertension, we propose that changes
in the respiratory pattern and/or strength of its central
modulation of sympatho-excitatory networks contribute
to its overactive state in the hypertensive phenotype.
How then does respiration produce sympathetic over-
activity since there is no evidence of any augmentation
in inspiratory activity either in terms of amplitude or
frequency in rodent models of hypertension (Zoccal
et al. 2008; Simms et al. 2009; Moraes et al. 2014b) or
even in hypertensive patients (Fatouleh et al. 2014)? Tt
should be pointed out that the frequent measurement of
respiratory output is typically central inspiratory drive
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Figure 3. Post-inspiratory-modulated RVLM pre-sympathetic neurones from Wistar and SH rats

Raw records of phrenic nerve (PN) and whole cell patch clamp of RVLM pre-sympathetic neurones with
post-inspiratory modulation in Wistar (A/) and SH (Aii) rats. All RVLM pre-sympathetic neurones were barosensitive
and spinal stimulation (T8-T12) evoked constant latency antidromic action potentials. SH rats showed increased
firing frequency because of the additional action potentials during the post-inspiratory phase (Moraes et al.
2014c¢). B, reduced spike discharge frequency with a small continuous hyperpolarizing current revealed sEPSPs
during post-inspiration (Pl) in RVLM pre-sympathetic neurones from Wistar and SH rats. Increases in frequency
and amplitude of sEPSPs were also observed during Pl in RVLM pre-sympathetic neurones from SH rat. C, photo-
micrographs of one representative RVLM pre-sympathetic neurone with post-inspiratory modulation labelled with
biocytin (i), tyrosine hydroxylase (TH) immunohistochemical staining (i) and its overlay (iii). Note that this RVLM
pre-sympathetic neurone is a negative TH cell as shown in a previous study (Moraes et al. 2013a). I: inspiration;

E2: second half of expiration. Scale bar, 20 um.
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only; there is often no measure of centrally generated
expiratory drive, either post-inspiration or late-expiratory
activity (or pre-inspiration), which is better reflected in
recordings of respiratory motor outputs to the upper air-
way and abdominal muscles, respectively (Smith et al.
2007, 2013). To evaluate enhanced expiratory modulation
of sympathetic activity as a potential mechanism for
neurogenic hypertension, we sought to determine diff-
erences in respiratory pattern generation within SH rats
(Moraes et al. 2014d). Our recent data showed that
the respiratory network of SH rat is reconfigured to
a pattern dominated by heightened respiratory motor
activity and control of upper airway resistance during
pre-inspiration and post-inspiration, without changes in
inspiration. This was caused by increasing the intrinsic
excitability of both ventral medullary pre-inspiratory
neurones located in the pre-Botzinger complex (pre-BotC)
and post-inspiratory neurones located in the Botzinger
complex (BotC) (Smith et al. 2007, 2013). Therefore,
we suggest that these respiratory neurones provide the
additional synaptic-mediated excitatory drive to RVLM
pre-sympathetic neurones that explains the enhanced
phase-related respiratory modulation of sympathetic
nerves in SH rats.

In these different medullary respiratory neurones dis-
tinct potassium channels appear responsible for
generating the enhanced intrinsic neuronal excitability
(Moraes et al. 2014d). The increased excitability of
BotC post-inspiratory neurones was due to reductions
in potassium currents mediated by the large conductance
calcium-activated potassium channel (BK¢,) producing
less spike frequency adaptation. Blocking BKc, increased
post-inspiratory neurone excitability in normotensive
rats, but was ineffective in SH rats, suggesting its loss
in this rat strain. Importantly, blocking BK¢, within the
Bo6tC of normotensive rats also enhanced the respiratory
modulation of sympathetic activity (similar to the SH
rat), but was ineffective in SH rats. Additionally, the
increased excitability of pre-BotC pre-inspiratory neuro-
nes in SH rats was due to a reduction in a pH-sensitive
potassium-dominated leak conductance (Koizumi et al.
2010; Moraes et al. 2014d). We rescued the hyper-
excitability of pre-inspiratory neurones from SH rats
by inhibiting the leak conductance with 3% CO..
Altogether, these data provide strong evidence suggesting
the intriguing idea that sympathetic overactivity in a
neurogenic model of hypertension results, at least in
part, from changes in potassium channels in selective
respiratory neurone types, as we found in other models of
hypertension (Moraes et al. 2013b, 2014b; Almado et al.
2014).

Although the above experiments suggest a possible res-
piratory neurone channelopathy for neurogenic hyper-
tension, major questions still remain: are these respiratory
neurones unique in having changes in their intrinsic

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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membrane properties, making them more electrically
excitable in the hypertensive phenotype; are there
other neural pathways enhancing respiratory modulation
of sympathetic activity and contributing to increased
vascular resistance and hypertension in rats. In angi-
otensin II-salt hypertension, RVLM pre-sympathetic
neurones also show enhanced post-inspiratory-related
activity (Toney ef al. 2010), suggesting that the proposed
central respiratory modulation of sympathetic activity
also exists in an environmentally induced hypertensive
phenotype. On the other hand, rats submitted to
chronic hypoxia (intermittent or sustained) presented
increased firing frequency in RVLM pre-sympathetic
neurones modulated at the end of expiration (or
pre-inspiration), but not during post-inspiration (Moraes
et al. 2013a, 2014b). Thus, it seems that there
are multiple mechanisms that can trigger enhanced
phasic excitatory synaptic drives to sympatho-excitatory
networks to enhance the respiratory modulation of
sympathetic activity in hypertensive animals. A recent
schematic representation for the central generation of
respiratory and sympathetic activities has been proposed
that depicts intersecting networks involved in the
generation of respiratory and sympathetic rhythms and
patterns (Baekey et al. 2010; Molkov et al. 2011). The
specific interaction between medullary respiratory neuro-
nes and RVLM pre-sympathetic neurones has been
difficult to establish using only electrophysiology and
pharmacological approaches, but recent experiments
targeting respiratory neurone populations optogenetically
(Abdala et al. 2014) is now allowing temporal control
of respiratory neural activity that is needed to study its
impact on sympatho-excitatory networks (Moraes et al.
2014a). Additionally, optogenetic control of respiratory
neurones allows either reduced or increased control
of excitability of medullary inspiratory and expiratory
neurones. Such an approach will be crucial to better
understand the mechanisms of respiratory—sympathetic
coupling and, with selective genetic targeting of specific
respiratory neuronal phenotypes, provide the proof
of principle demonstrating that altering medullary
respiratory neurone excitability can directly drive
sympathetic overactivity in neurogenic hypertension. This
could then lead to novel approaches for controlling
sympathetic activity generation chronically, which would
have clinical implications.

What induces channelopathy in respiratory neurones
and increases sympatho-excitatory network activity
in SH rats?

Accumulating evidence suggests a critical role for the
carotid body (CB) peripheral chemoreceptors in cardio-
vascular disease states, including neurogenic hypertension
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(Abdala et al. 2012; Paton et al. 2013; Prabhakar, 2013).
Peripheral chemoreceptor reflex sensitivity has been
shown to be significantly enhanced in both patients with
neurogenic hypertension and SH rats (Tafil-Klawe et al.
1985; Somers et al. 1988a, b; Tan et al. 2010; Sinski
et al. 2012). This is consistent with the increased minute
ventilation (Honig et al. 1981), larger carotid bodies
(Fukuda et al. 1987) and enhanced carotid sinus nerve
discharge during hypoxia in SH rats (Weil et al. 1998).
Repeated CB activation in both rats and humans produces
enhanced respiratory modulation of sympathetic activity
and increased muscle vasoconstrictor activity, which
may contribute to the development of hypertension
(Narkiewicz & Somers, 2003; Zoccal et al. 2008; Simms
et al. 2009). In this regard, carotid sinus nerve denervation
has been shown not only to prevent the development of
hypertension, but also reduce established hypertension
in the SH rat (Abdala et al. 2012; McBryde et al. 2013).
With direct inputs to the caudal aspects of nucleus tractus
solitarii, CB chemoreceptors generate sympathetic activity
reflexly by activating RVLM pre-sympathetic neurones
(Haselton & Guyenet, 1989; Sun & Reis, 19944, b), and
indirectly by exciting expiratory neurones that in turn
send projections to these sympathetic neurones (Moraes
et al. 2012). Interestingly, CB stimulation increases both
pre-inspiratory and post-inspiratory neuronal activities
(Paton, 1997), which may contribute to the higher
sympatho-excitation response in SH rats (Tan ef al. 2010)
and their modulation (Moraes et al. 2014c¢). Importantly,
carotid chemoreceptors are essential for inducing chronic
potentiation of sympathetic activity and hypertension
seen after chronic intermittent hypoxia (Fletcher et al.
1992; Peng et al. 2014; Moraes & Machado, 2015) or
heart failure (Marcus et al. 2013) in rats. Thus, we hypo-
thesize that chronic activation of CB chemoreceptors
can cause long-term synaptic plasticity within brain-
stem sympatho-excitatory networks, by increasing the
respiratory synaptic inputs to RVLM pre-sympathetic
neurones.

To address this hypothesis, we evaluated the contri-
bution of CB afferent inputs to the increased intrinsic
excitability of medullary post-inspiratory neurones in SH
rats (Moraes et al. 2014c). Whole cell patch recordings of
Bo6tC post-inspiratory neurones were performed in in situ
preparations of Wistar, SH and CB-denervated (CBD) SH
rats at 3—4 weeks old (CB denervation 5 days before the
experiments; McBryde et al. 2013; Moraes & Machado,
2015). In these experiments, post-inspiratory neuro-
nes from SH rats presented increased firing frequency
and intrinsic excitability due to a reduction in their
spike frequency adaptation in relation to post-inspiratory
neurones from Wistar rats, as we showed before (Moraes
et al. 2014d). CBD was able to normalize the intrinsic
excitability and firing frequency of post-inspiratory neuro-
nes from SH rats by enhancing their spike frequency
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adaptation (Moraes et al. 2014c¢). Considering that BKc,
is expressed in post-inspiratory neurones and it is also
involved in their spike frequency adaptation (Pierrefiche
et al. 1995), we next evaluated whether the effects of
CBD on intrinsic excitability of post-inspiratory neuro-
nes of SH rats is due to an increase of potassium
currents mediated by BK¢, (Moraes et al. 2014¢). Using
voltage-clamp configuration all tested neurones were
initially held at —40 mV to avoid activation of trans-
ient outward potassium currents, followed by 2 s of
voltage test pulses from —80 to 60 mV, with 10 mV
of increments. Iberiotoxin (IBTX)-sensitive outward
currents were determined as the indicator of BK¢, activity.
The total IBTX-sensitive outward current was significantly
reduced in post-inspiratory neurones from SH rats in
relation to neurones from Wistar rats, without changes
in BK¢, activation properties. Five days after CBD,
post-inspiratory neurones from SH rats exhibited similar
levels of the IBTX-sensitive outward current relative to
neurones from Wistar rats (Moraes et al. 2014c). These
data suggest that CB afferent inputs to the brainstem are
capable of modulating specifically the expression of BKc,
in medullary post-inspiratory neurones.

In addition to the effect on BK¢, and intrinsic pro-
perties of post-inspiratory neurones, CBD was effective
in normalizing the higher baseline perfusion pressure
and increased post-inspiratory-related bursts of lumbar
sympathetic nerve (ISN) activity of SH rats (Moraes
et al. 2014¢). We used phrenic cycle-triggered averaging
to analyse the temporal relationship between respiratory
cycle, ISN activity and the respiratory change in perfusion
pressure (Traube—Hering waves) in in situ preparations
of rats (Simms et al. 2009). Across preparations the
average level of perfusion pressure, Traube—Hering waves
and post-inspiratory-related 1SN activity was significantly
greater in SH in relation to Wistar rats. CBD in SH
rats eliminated the higher baseline perfusion pressure,
Traube—Hering waves and post-inspiratory-related bursts
of ISN activity (Moraes et al. 2014c). These findings
indicate that the augmentation of medullary neuro-
nal post-inspiratory activity and its modulation on ISN
activity and perfusion pressure seen in SH rats is the
product of heightened activity of CB chemoreceptors in
this rat strain.

How might CB overactivity produce respiratory
neurone channelopathy?

Neuronal network plasticity requires communication
between electrical events in cell membrane surface, intra-
cellular calcium signalling and nuclear gene expression
(Ma et al. 2014). Therefore, basic questions arise about
the mechanisms that link CB-induced respiratory neuro-
nal overactivity to transcriptional events (of BKc,, for

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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example) and future studies are now needed to evaluate:
(i) whether neuronal depolarization or synaptic activity
per se determine the changes in respiratory neurone
excitability, and in particular BKc,, and (ii) whether there
is a link between specific pattern of synaptic inputs from
CB (intermittent or tonic activation) to a restricted set
of transcriptional events (e.g. specific ionic channels) in
respiratory neurones or even whether this is restricted
to functionally specific types of respiratory neurone.
We propose that a single cell transcriptomic analysis of
specific medullary respiratory neurone types in different
models of hypertension with and without intact CB will
help determine the mechanisms of respiratory neurone
channelopathy, hence, a mechanism of neurogenic
hypertension.

Clinical perspectives

There is now overwhelming evidence of elevations in
CB activity in terms of both hyper-reflexia and tonicity
affecting ventilatory and sympathetic systems in hyper-
tension. We have described here that this is due to
alterations in the respiratory pattern and a change from
passive to active expiration in SH rats that increases the
generation of sympathetic output. Future clinical studies
are now needed to determine the role of the CB in human
hypertension and whether this also involves changing
expiratory motor behaviour. Moreover, our data support
the notion of targeting the CB as a potential novel therapy
for hypertension. A key objective will be to reduce the
sensitivity and tonicity of this organ without removing
chemoreflex function in animal models and human hyper-
tensive patients; this remains a critical challenge for the
future.
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