NEURAL REGENERATION RESEARCH
Volume 7, Issue 14, May 2012

. R
www.nrronline.org @’

Cite this article as: Neural Regen Res. 2012;7(14):1073-1079.

Respiratory neuroplasticity following
denervation

Central and peripheral adaptations *

Matthew R. Hodges™ ?, Hubert V. Forster® 23

1Department of Physiology, Medical College of Wisconsin, Milwaukee, WI 53226, USA
2Neuroscience Research Center, Medical College of Wisconsin, Milwaukee, W1 53226, USA
3Zablocki Veterans Affairs Medical Center, Milwaukee, W1 53226, USA

Abstract

Historically, the role of the carotid bodies in ventilatory control has been understated, but the current
view suggests that the carotid bodies (1) provide a tonic, facilitory input to the respiratory network,
(2) serve as the major site of peripheral O, chemoreception and minor contributor to CO,/H"
chemoreception, and (3) are required for ventilatory adaptation to high altitude. Each of these roles
has been demonstrated in studies of ventilation in mammals after carotid body denervation.
Following carotid body denervation, many of the compromised ventilatory “functions” show a
time-dependent recovery plasticity that varies in the degree of recovery and time required for
recovery. Respiratory plasticity following carotid body denervation is also dependent on species,
with contributions from peripheral and central sites/mechanisms driving the respiratory plasticity.
The purpose of this review is to provide a summary of the data pointing to peripheral and central
mechanisms of plasticity following carotid body denervation. We speculate that after carotid body
denervation there are altered excitatory and/or inhibitory neuromodulator mechanisms that
contribute to the initial respiratory depression and the subsequent respiratory plasticity, and further
suggest that the continued exploration of central effects of carotid body denervation might provide
useful information regarding the capacity of the respiratory network for plasticity following neurologic
injury in humans.
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the neural control of breathing following
denervation of the carotid bodies (CBD), the
major site of peripheral O, chemoreception
for breathing control. While the acute effects
of CBD on eupneic (resting) ventilation,

INTRODUCTION

There are many forms and definitions of
plasticity, particularly as it relates to the

nervous system. As physiologists, we often
define plasticity as a time-dependent
recovery or return of function following
experimental disruption of a component of a
homeostatic control system. Our goal in this
review is to discuss a form of plasticity in the
context of the time-dependent changes in
the fundamental mechanisms that govern

chemoreflexes, and ventilatory responses to
exercise are fairly uniform across species,
the plasticity or recovery of function
following CBD is highly variable, including
the degree of recovery of function and the
time required for the full expression of the
plasticity to occur. We will discuss these
types of recovery of function in the context
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of potential sites of respiratory plasticity following CBD,
including upregulation of other peripheral sites of
chemosensitivity and the potential for altered central
mechanisms that govern blood gas homeostasis and
chemoreflexes.

THE NEURAL CONTROL OF BREATHING
AND THE VARIOUS “DRIVES” TO BREATHE

Respiratory rhythm and pattern-generating neurons in
the brainstem comprise a flexible oscillatory neural
network that establishes the frequency of breathing and
shapes coordinated activity of the respiratory pump and
airway muscles. The output of this network is highly
dependent upon tonic, excitatory “drives” that determine
network excitability and ventilatory output. Based on the
tight homeostatic control of resting arterial CO, (eupneic
P,CO,) and the effect of hypercapnia on ventilation, it
was concluded by Haldane and Priestly that “CO, is the
factor that drives breathing™™. This suggested little or no
role for the carotid bodies as a potential eupneic drive to
breathe. As stated by Comroe and Schmidt in 1938, the
“carotid body reflexes constitute an accessory
mechanism, brought into action by emergencies such as
foreign chemicals, anoxemia, and unusually large
increases in CO, tension in the blood"?. The findings of
Fencl and others in awake goats that alveolar ventilation
was linearly related to cerebrospinal fluid pH across
several chronic acid base conditions certainly reinforced
a minimal role for the carotid bodies.

This view has changed substantially, as it has now
become apparent that the carotid chemoreceptors
provide an important tonic excitatory “drive” to breathe**,
a contribution perhaps best shown by studies of CBD"® ..
We also now appreciate the contributions of multiple
neuromodulatory inputs into the respiratory network as
additional sources of tonic, excitatory inputs to breathe,
including serotonin (5-HT), norepinephrine, substance P,
acetylcholine and others (Figure 1), which may be
altered with changes in the awake or sleep state.
Moreover, many of these neuromodulators of breathing
might also provide substrates for recovery of function
following CBD, as seen in other forms of respiratory
plasticity such as long term facilitation following
intermittent hypoxia®*®. Overall, there are several
important contributory “drives” to breathe, including
peripheral and central chemoreceptor inputs and
neuromodulators.

PERIPHERAL CHEMORECEPTION: THE
CAROTID BODIES

The goal of the respiratory control system is to provide
the appropriate neuromuscular output for adequate
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alveolar gas exchange and maintenance of arterial blood
gases. To achieve this objective, a network of brainstem
nuclei generates respiratory rhythm and coordinated
respiratory muscle activity patterns, with major chemical
feedback from the peripheral O, (carotid bodies) and
central CO,/H" chemoreceptors.
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Figure 1 Multiple excitatory and inhibitory
neuromodulators provide an additional respiratory “drive”
through multiple g protein-coupled receptors. Adapted
from®,

The carotid body chemoreceptors are located bilaterally
at the bifurcation of the common carotid arteries. Afferent
innervation of the carotid bodies is supplied via the
carotid sinus nerve (a branch of the cranial nerve IX),
which project to the nucleus of the solitary tract (NTS) via
the petrosal ganglia. The carotid bodies are thought as
the major (if not sole) site for respiratory O,
chemoreception, due to the presence of clusters of
neuron-like type I cells termed glomus cells, which are
thought to serve as the primary “sensors”. Indeed, it was
shown by Lahiri and Delaney that the carotid bodies can
directly “sense” O,, and to a lesser extent CO,*!.
Recording single nerve fibers from the carotid sinus, they
were able to demonstrate that the discharge rate of the
carotid bodies varied significantly by alterations in the
partial pressure of O, (PO,) at a constant PCO,, and to a
lesser extent by alterations in PCO, at constant levels of
PO,™. It has been shown that the glomus cells also
contain several neurotransmitters and receptors®?,
transducing sensory information via calcium-dependent
neurotransmission®. The carotid body glomus cells also
express a complement of membrane channels
particularly suited for their role as chemoreceptors.
Taken together, the hypothesis remains that the carotid
bodies contribute greatly to O, chemoreception and to a
lesser extent to CO, chemoreception in part or totally
through its intrinsic chemosensitivity.

In spite of their low intrinsic sensitivity to PaCO,, the
carotid chemoreceptors are a major determinant of the
hypercapnic ventilatory response through a positive
interaction with central CO,/H" chemoreceptors. This
interaction was elegantly demonstrated in the studies of
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Blain and colleagues in an awake dog preparation with
isolated carotid body perfusion. In these studies, when
the carotid body activity was increased by perfusion with
hypoxic blood central CO, sensitivity was increased,
while attenuating carotid body activity with hyperoxic and
hypocapnic blood depressed central CO, sensitivity™!.
These and other experiments have led to the novel
concept of peripheral and central chemoreceptors
interdependence®, the nature of which remains to be
determined.

In addition to their role as the acute “sensors” of hypoxia,
the carotid chemoreceptors mediate another
hypoxia-dependent physiologic phenomenon called high
altitude ventilatory acclimatization. Eupneic ventilatory
adaptation is multi-phasic for a native lowlander upon
sojourn to high altitude, characterized by an initial
stimulation of ventilation due to the hypoxemia, a
ventilatory roll-off or depression due to a relative
hyperventilation, and then an increase to an intermediate
level of ventilation. It is the final phase of acclimatization
that fails to occur in animals following CBD, implicating a
key role for the carotid bodies in mediating the
physiologic ventilatory adaptation to high altitud
Finally, another important contribution of the carotid
bodies is the breath to breath, or minute-to-minute
stabilization of breathing. This is achieved by providing
the ventilatory “error signal”, presumably through rapid
transduction of chemoreceptor inputs through afferents.
This mechanism is also thought to prevent deviations
between the levels of ventilation and that required by
metabolic rate™™”!.

glis-161

CAROTID BODY DENERVATION (CBD):
ACUTE EFFECTS

Denervation of the carotid bodies in most cases has
dramatic effects on respiratory control. There are two
distinct phases during which these physiologic
disturbances occur: (1) an acute phase (days to weeks),
and (2) a recovery phase (weeks to years). During the
acute phase, CBD causes most adult mammals to
hypoventilate (ventilation reduced relative to metabolic
rate). Remarkably, the degree of hypoventilation
(increased PaCO,) documented in the period
immediately after CBD is fairly consistent across
mammalian species, including ponies (12-15 mm Hg),
goats (11 mm Hg), humans (~9 mm Hg) rats (8-9 mm Hg),
and piglets (8-9 mm Hg)®" **?%, In addition, the hypoxic
ventilatory response is severely attenuated, as indicated
by the attenuated ventilatory responses to venous
infusions of NaCN, which mimics hypoxia at sites of O,
chemoreception'®**?’. |n addition, mammals do not
acclimatize to high altitude following CBD. The
hypercapnic ventilatory response, or CO, sensitivity is

also reduced following CBD®" "), which is a striking
effect in light of the supposedly minor role for the carotid
bodies in the hypercapnic ventilatory response as
suggested by several studies®®?%. The denervation-
induced hypoventilation has been also shown to persist
during moderate exercise challenges. In summary,
several mammalian species hypoventilate at rest and
during moderate exercise, display reduced ventilatory
responses to hypoxia and hypercapnia, and fail to
acclimatize to high altitude sojourn after CBD"%°.

IS THERE RESPIRATORY PLASTICITY
FOLLOWING CBD?

In most species studied to date, the acute attenuation of
ventilation and chemosensitivity after CBD diminish over
time. However, degree of plasticity or recovery of
function and the time required for this plasticity are highly
variable (reviewed in®). For example, adult cats®®® and
goats'™ have been shown to exhibit substantial recovery
from CBD within 2-3 weeks, while other species like
dogs®®, ponies"” #!, and humans*® require months to
years to demonstrate significant recovery in resting
PaCO,. Moreover, there is variation in the degree of
recovery observed in chemoreflexes and/or the
ventilatory response to exercise. Some affected
ventilatory control mechanisms recover more fully than
others, perhaps suggesting more than one
site/mechanism of plasticity following CBD.

Where does this form of respiratory plasticity originate,
and by what mechanism(s)? The peripheral chemoreflex
(as indicated by the ventilatory response to NaCN) and
eupneic PaCO, both recover to some degree in the
months and years following CBD in ponies®®® (Figure 2).
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Figure 2 The relationship between ventilation (V, (L/min))
and PaCO; (Torr) in an adult goat before carotid body
denervation (pre-CBD) and on multiple days after CBD.

Note the hypoventilation (rightward shift in PaCO,, and the
reduction in ventilation for a given level of PaCO, following
CBD. Note also the recovery of CO, sensitivity by day 15
post-CBD. Adapted from'®.
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However, there is far greater recovery toward pre-CBD
levels in eupneic PaCO,, where the peripheral
chemoreflex shows a significant, but minimal recovery. In
these same ponies, further denervation of the aortic arch
after this CBD-dependent plasticity has occurred
eliminated the partially restored hypoxic ventilatory
response, but had no effect on eupneic breathing®®®’. This
suggests that the recovery of the hypoxic ventilatory
response following CBD depends upon aortic innervation,
while the plasticity driving blood gases back toward
“normal” may depend on a separate, potentially central
mechanism. Similarly, CBD in neonatal piglets caused
acute hypoventilation and attenuation of the hypoxic and
NaCN responses, which showed varying degrees of
recovery several days later®. Upon recovery, NaCN
injections in the ascending aortic arch of CBD piglets
elicited a hyperpnea, but the same injections in sham
denervated piglets failed to increase ventilation, further
suggesting that the aortic chemoreceptors become
functional after CBD and may contribute to the recovery of
ventilatory sensitivity to hypoxia. The area of the aorta with
increased chemosensitivity was further shown to contain
greater 5-HT content in CBD piglets compared to sham
CBD piglets, and the aortic NaCN-dependent hyperpnea
following CBD was shown to be attenuated by 5-HT
receptor antagonists®®. The sum of the data suggests that
the plasticity following CBD may depend on: (1) multiple
mechanisms at multiple sites, where the site of plasticity
driving the normalization of eupneic ventilation may
include the brainstem respiratory network, and (2)
neuromodulators and their receptors, such as 5-HT.

CENTRAL EFFECTS OF PERIPHERAL
CHEMORECEPTOR DENERVATION

Clearly, CBD acutely causes hypoventilation at rest
(PaCO, + 8-15 mm Hg), and blood and brain acidosis,
and decreases CO, sensitivity® ). This period of
significant hypoventilation, increased PaCO,, and
decreased CSF pH should provide an increased stimulus
to central CO,/pH chemoreceptors. Specifically,
increasing PaCO, by 8 mm Hg (by increasing inspired
CO,) increases ventilation from 5 to 20 L/min in goats
prior to CBD'™ (Figure 3). However, PaCO, increases
10 mmHg at rest due to decreased ventilation by day 4
after CBD, and further increases in PaCO, by increasing
inspired CO, have far less of a stimulatory effect on
ventilation. Why is breathing not stimulated under these
conditions? One possibility is that the sensitivity of
central chemoreceptors is reduced following CBD, as
shown by a reduced ventilatory response to focal
acidification of the medullary raphé nuclei in goats after
bilateral CBD®” (Figure 4).
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Based on the hypothesis that the carotid bodies tonically
“drive” the respiratory network, one might hypothesize
generalized decreases in neuronal excitability or activity.
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Figure 3 Chronic effects of carotid body denervation
(CBD) on eupneic PaCO, (Torr) and the NaCN response
ratio (index of peripheral chemosensitivity to hypoxia) in
ponies before and up to 52 months after CBD.

Note the recovery in resting PaCO; is greater that the
minimal, but significant recovery peripheral chemoreflex.
Adapted from®.,
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Figure 4 Ventilation, tidal volume (V7), breathing
frequency (f) and O, consumption (VO,), expressed as a
percentage of control, before, during and after focal
acidification in the medullary raphé in awake goats before
and after bilateral carotid body denervation (CBD). “a”
denotes significantly different from CBD ( P < 0.05)

Note that the ventilatory response to raghé acidification is
reduced following CBD. Adapted from®"l,
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Indeed, cytochrome oxidase, which is a general marker
of neuronal activity, has been shown to be decreased at
a key site in the respiratory network, the pre-Botzinger
complex, following CBD in neonatal rats®". This reduced
neuronal activity could result from a reduction in
excitatory glutamatergic inputs, a concept consistent with
the observations of Hoop et al 2. who showed that the
radiotracer CSF transfer rate of [**N] glutamine (a marker
of glutamate bioavailability) was markedly reduced
following CBD, but not during chronic hypoxia. If
neuronal activity, and glutamatergic “drive” are reduced
following CBD, a compensatory upregulation of
excitatory receptors might occur. This may indeed be the
case, as the ventilatory responses to raphé injections of
the glutamate receptor-specific excitatory neurotoxin
ibotenic acid was greatly enhanced following CBD
(Figure 5;B%,
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Figure 5 Ventilation (expressed as a percentage of
control) for up to 5 hours after 10 pL injections of ibotenic
acid into the caudal or rostral raphé in carotid body intact
or carotid body denervation (CBD) goats.

Note the enhanced stimulatory effect of ibotenic acid in the
rostral medullary raphé in goats that had prior CBD,
suggesting altered raphé glutamate receptor activity.
Adapted from®”,

Alternatively, the reduction in respiratory network
excitability may result from alterations in excitatory
neuromodulatory inputs. Roux et al. determined that
tyrosine hydroxylase (TH) staining in the Al
(ventrolateral NTS) noradrenergic cell group was
reduced (about 35%) 15 days after CBD, and increased
in the A2 (129%) and Al (ventrolateral medulla: 51%) 90
days post-CBD™?.. This reduction in TH could translate to
a decrease in excitatory neuromodulatory input to the
respiratory network. However, in a follow-up study, these
investigators showed that chronic hypoxia alone was
sufficient to enhance TH expression in noradrenergic cell
groups independent of CBD, suggesting that the
recovery from CBD may not be related to altered TH

expression®*.

CBD eliminates excitatory afferent inputs from the
carotid bodies to the NTS, which has numerous target
nuclei, including the ventral respiratory group,
retrotrapezoid nucleus®3% (RTN), and medullary raphé
nuclei® %, Thus, reduced NTS activity could result in
reduced neuronal activity/excitability of RTN and/or
5-HT raphé neurons. Consistent with this hypothesis
are the data demonstrating that generation of neuronal
dysfunction of the ventrolateral medullary surface in an
area that includes both serotonergic and glutamatergic
RTN neurons by thermode cooling slows ventilation at
rest during wakefulness in intact animals, but leads to
sustained apnea after CBD . Finally, as discussed
previously focal acidification of the medullary raphé
increases ventilation 30% in adult awake goats before
CBD, but this response was significantly reduced after
CBD (Figure 4). The sum of these data point to direct
and indirect pathways by which peripheral
chemoreceptors may modulate central neurons thought
to serve as CO,/H" chemoreceptor neurons.

SUMMARY AND CONCLUSIONS

The concepts that the input from the carotid bodies:

(1) constitute a major excitatory drive to breathe, (2)
serve as the major source of peripheral O,
chemoreception, and (3) significantly contribute to
CO,/H" chemoreception is exemplified by the major
effects of CBD in multiple mammalian species. The
respiratory plasticity, or restoration of function that occurs
following CBD likely includes an upregulation of
additional, normally quiescent sites of peripheral
chemoreception potentially involving 5-HT. However, the
data indicate that these conditional, peripheral sites
cannot account for all of the plasticity in the mechanisms
that govern eupneic breathing. Thus, we conclude that
within the respiratory network there is an additional
site/mechanism (s) of plasticity. Future work aiming to
elucidate brainstem mechanisms of plasticity following
peripheral lesions may prove useful harnessing and
maximizing the capacity for the restoration of function in
human disease and/or trauma.
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