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Summary

As stated by Korpas and Tomori (1979), cough is the most
important airway protective
defensive responses to nociceptive stimuli. They recognized that
active expiratory efforts, due to the activation of caudal ventral
respiratory group (cVRG) expiratory premotoneurons, are the
prominent component of coughs. Here, we discuss data
suggesting that neurons located in the cVRG have an essential
role in the generation of both the inspiratory and expiratory
components of the cough reflex. Some lines of evidence indicate
that cVRG expiratory neurons, when strongly activated, may
subserve the alternation of inspiratory and expiratory cough
bursts, possibly owing to the presence of axon collaterals. Of
note, experimental findings such as blockade or impairment of

reflex which provides airway

glutamatergic transmission to the cVRG neurons lead to the view
that neurons located in the cVRG are crucial for the production of
the complete cough motor pattern. The
bulbospinal expiratory neurons seems unlikely since their
activation affects differentially expiratory and inspiratory muscles,
while their blockade does not affect baseline inspiratory activity.
Thus, other types of cVRG neurons with their medullary
projections should have a role and possibly contribute to the fine
tuning of the intensity of inspiratory and expiratory efforts.
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Introduction

As already stated by Korpas and Tomori (1979)
in their very interesting and comprehensive book, cough
is the most important defensive reflex of the airways,
primarily provoked by the stimulation of the
tracheobronchial and laryngeal mucosa. They stressed the
importance of “protection and defensive mechanisms of
the respiratory system” and considered the exposure of
respiratory organs to the action of damaging and harmful
agents of the environment. That is, they identified airway
defensive reflexes, and in particular cough, as responses
to nociceptive stimuli actually or potentially damaging
tissues, thus already revealing the possibility of
similarities, only recently noted, between neural
mechanisms underlying cough and pain both at the
peripheral and central levels (Mutolo 2017).

Korpas and Tomori (1979) also recognized that
the most important component of the cough is the active
expiratory effort produced by the contraction of
expiratory muscles and that the activation of expiratory
bulbospinal neurons located in the caudal ventral
respiratory group (cVRG), including “latent” or quiescent
expiratory neurons under normal breathing conditions,
was its physiological correlate, thus advancing the
proposal of an essential role of the cVRG located in the
nucleus retroambigualis (NRA) in the generation of the
expiratory component of this reflex (Fig. 1). Recordings
from the cVRG neurons also led to the suggestion that an
important “cough centre” was located in this nucleus, but
other views were also present (Kasé 1980, for review see
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also Pantaleo et al. 2002, and Korpas and Tomori 1979).
In this short review, we will report and discuss data
suggesting that the cVRG is essential for the generation
of both the inspiratory and expiratory components of the
cough reflex, i.e. for the production of the complete
cough motor pattern.

CO,(%)

V\f\f\f\/‘\/—\/\mﬁ/‘\_ﬂ;

v, (i)

Rt Vi Vi ViV i iV e Vi (LS

V(l-s)

Stim

Fig. 1. Changes in various parameters during coughing attack
evoked by mechanical stimulation (Stim.) of tracheobronchial
mucosa in anaesthetized cats, shown schematically. Recordings:
CO; (%) - tidal CO, content; Vr — tidal volume; V - tracheal
airflow; Pn — pleural pressure; EMGa — electromyogram of
abdominal muscles; EMGq4 — electromyogram of diaphragm. Time
1 s. Recordings of tracheal airflow and pleural pressure clearly
show that active expiratory efforts produced by expiratory
muscles strongly characterize the cough motor pattern (from
Korpas and Tomori 1979).

Neural substrate involved in the generation
of the cough reflex

An overview on the different brainstem
structures involved in cough production have been
recently provided (Mutolo 2017). Here, it is sufficient to
briefly recall that several studies on the behavior of
medullary respiratory neurons during coughing have led
to the conclusion that the same respiratory neurons
involved in the production of the eupneic breathing also
have a role in cough motor pattern generation (Oku et al.
1994, Bongianni et al. 1998, Shannon et al. 1996, 2004,
Bolser and Davenport 2002, Pantaleo et al. 2002, Baekey
et al. 2003, Ott et al. 2011), thus supporting the existence
of multifunctional neural networks in the mammalian
brainstem and of neurons contributing to different
functions.

The central mechanisms underlying breathing
imply a respiratory cycle divided into three phases:
inspiration, post-inspiration and expiration (e.g. Richter
and Smith 2014). Post-inspiratory activity provides the
neural substrate to brake the expiratory airflow and is of
great importance for the mediation of airway protective
reflexes, including cough (Dutschmann and Herbert
2006, Dutschmann et al. 2014). Cough can be considered
a modified respiratory act, including the inspiratory
phase, the post-inspiratory or compressive phase (glottal
closure) and the expiratory or expulsive phase (e.g.
Korpa§ and Tomori 1979, Widdicombe 1986).
Interestingly, recent lines of evidence suggest that
rhythmic breathing behavior is generated by discrete, but
coupled oscillators in the medulla (e.g. Del Negro et al.
2018, Pisanski and Pagliardini 2018). The preBotzinger
Complex (preBotC) is responsible for generating
inspiratory rhythm and for coordinating the other phases
of the respiratory cycle. The parafacial respiratory group
(pFRG) is responsible for active expiration in conditions
of increased metabolic demand (exercise, hypoxia,
hypercapnia). The Post-inspiratory Complex (PiCo) is
considered necessary and sufficient for generating post-
inspiratory activity in vivo. In conclusion, a “triple
oscillator model” has been proposed responsible for
breathing activity (Anderson et al. 2016).

Some characteristics of the cVRG (NRA)
neurons

The cVRG is an important site of action of
neuroactive chemicals affecting the cough reflex (Mutolo
2017). In this respiration-related medullary region,
bulbospinal expiratory neurons (premotoneurons) and
other types of expiratory and non-respiratory neurons are
located (Arita et al. 1987, Iscoe 1998, Subramanian and
Holstege 2009, Subramanian et al. 2018). The neural
structures located caudal to the obex within the ventral
respiratory column have been considered for a long time
to be unnecessary for the genesis of the eucapnic pattern
of breathing (e.g. Von Euler 1986, Bianchi et al. 1995,
Feldman et al. 2013). In fact, as suggested by
morphological and electrophysiological lines of
evidence cVRG expiratory neurons do not possess axon
collaterals and, as a consequence, connections with other
medullary respiratory structures. By contrast, the
activation of neurons located in the cVRG via
microinjections of excitatory amino acid (EAA)
receptor agonists caused transient inhibition of
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Fig. 2. Changes in inspiratory and expiratory motor output as
well as in the activity of inspiratory rostral ventral respiratory
group (VRG) neurons in response to 15 nl of 160 mM
D,L-homocysteic acid (DLH) injected (filled bar) into the caudal
VRG (cVRG). Anaesthetized, paralyzed, vagotomized and
artificially ventilated cats. Modified from Bongianni et a/. 1994.

inspiratory activity in cats (Bongianni et al. 1994), rats
(Bonham and Jeske 1989, Chitravanshi and Sapru 1999)
and rabbits (Bongianni et al. 2005). In more details,
microinjections of D,L-homocysteic acid (DLH), a broad-
spectrum EAA receptor agonist, into the cVRG of the cat
(Bongianni et al. 1994) induces the activation of
expiratory motoneurons (evidence of expiratory
premotoneuron involvement) along with a concomitant
silent period in phrenic nerve activity (Fig. 2). Similar
results have been reported by Poliacek et al. (2007).
Recent studies (Subramanian and Holstege 2009, Jones et
al. 2016) have analyzed in more detail respiratory effects
triggered by EAA receptor stimulation within the NRA
region, including the cVRG. Bongianni et al. (1994, see
also Iscoe 1998) hypothesized that cVRG neurons may
affect the pattern of breathing probably via axon
collaterals when strongly activated. The cVRG neuronal
population is not homogeneous (Lipski et al. 1984, Arita
et al. 1987, Smith et al. 1989, Iscoe 1998, Subramanian
and Holstege 2009, Subramanian et al. 2018) and
chemical stimulation may bring into action not only
respiratory, but also non-respiratory neurons and high
threshold respiration-related neurons that possibly have
axon collaterals (Iscoe 1998). Massive activation of
parent neurons may disclose the effect and the presence
of axon collaterals, although rare or characteristic of only
a subgroup of neurons. Thus, caudal respiratory neurons,
even if not essential for respiratory rhythm generation,
could alter the breathing pattern when strongly activated.
These considerations could be relevant to airway
defensive reflex, such as coughing and sneezing

(Bongianni et al. 1994, Iscoe 1998) where, as a rule,
alternating bursts of inspiratory and expiratory activities
are present. The presence of cVRG projections to other
medullary respiration-related regions and therefore to
both inspiratory and expiratory medullary neurons appear
to corroborate the present hypothesis (Holstege and
Kuypers 1982, Feldman et al. 1985, Holstege 1989,
Smith et al. 1989, Gerrits and Holstege 1996, Iscoe 1998,
Zheng et al. 1998, Jones et al. 2016).

The afferent projections to the cVRG (NRA) are
not definitely assessed. However, their source could be
the Botzinger Complex (B6tC), the retrotrapezoid nucleus
(RTN)/pFRG, the limbic system and the periaqueductal
gray (for details and Refs. see Mutolo 2017). In this
context, it seems appropriate to mention that BotC
excitatory projections to the cVRG could have an
important role in the generation of the cough motor
pattern (e.g. Bongianni et al. 1998, Shannon et al. 2000).

Accordingly, bilateral blockades of B6tC regions
by means of lignocaine or kainic acid microinjections
was found to suppress spontaneous rhythmic expiratory
activity as well as both the inspiratory and expiratory
components of the cough reflex (Mutolo et al. 2002). At
variance with these results, Poliacek et al. (2008) found
that DLH-induced unilateral activation of the Bo6tC
caused suppressant effects on the cough reflex, in
agreement the general inhibitory role of the Bo&tC
expiratory neurons (e.g. Merrill et al. 1983, Jiang and
Lipski 1990, Ezure 1990, Poliacek et al. 2008 also for
further Refs.). The reason of this discrepancy is not clear,
but could be ascribed in part to differences in the
preparation and experimental procedures, but they may
also be due to the fact that the population of Bo6tC
neurons is not homogeneous and contains both excitatory
and inhibitory subgroups of neurons. In addition, it
should also be kept in mind that blockade of a neural
substrate is a procedure quite different from its activation.

As to the RTN/pFRG, the activity of the
majority of respiratory neurons in this region was
changed in synchrony with coughing and swallowing.
However, transverse brainstem sections suggested that
the neuronal mechanisms essential for coughing are
relatively caudal and could involve mainly the caudal
nucleus tractus solitarii  (NTS) and neighboring
inspiratory and expiratory regions of the ventral
respiratory column (Sugiyama et al. 2015). In fact,
transections caudal to the RTN/pFRG region decreased,
but did not abolish cough-related abdominal nerve
discharges. In other word, it seems that this region may
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contribute to the expiratory control under normal
conditions, but is not a crucial element of the neuronal
network  underlying  coughing or  swallowing.
Interestingly, some recent report suggests the existence of
NRA regions important for respiratory pattern generation
(see e.g. Oku et al. 2008, Jones et al. 2012, lkeda et al.
2017).

Role of the cVRG in the generation of both
expiratory and inspiratory components of
the cough reflex

Interestingly, in the study of neurotransmitters
involved in determining the excitatory drive to cVRG
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expiratory neurons, it was found (Bongianni et al. 2005)
that the blockade of both NMDA and non-NMDA
receptors making use of microinjections of the broad-
spectrum EAA receptor antagonist kynurenic acid (KYN)
and, in particular, of non-NMDA receptors through
microinjections of the specific non-NMDA antagonist
CNQX into the cVRG completely suppressed not only
spontaneous rhythmic abdominal activity and some reflex
expiratory responses (Breuer-Hering inflation reflex,
expiratory threshold loading), but also both the
inspiratory and expiratory components of the cough
reflex (Fig. 3). This finding implies that neurons located
in the cVRG are not merely elements of the expiratory
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Fig. 3. Antagonists of excitatory amino acid (EAA) receptors bilaterally microinjected into the caudal ventral respiratory group (cVRG)
caused within 10 min depressant effects on spontaneous rhythmic expiratory activity and on cough reflex responses induced by
mechanical stimulation of the tracheobronchial tree. Stimulation periods marked by filled bars. Traces are phrenic integrated neurogram
(Phr IN); phrenic neurogram (Phr N); abdominal integrated electromyographic activity (Abd IEMG); abdominal electromyographic
activity (Abd EMG). Anaesthetized, spontaneously breathing rabbits. Modified from Bongianni et a/. 2005.
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output system, but are crucial for the production of the
overall cough motor pattern. It seems relevant to note that
the effects of non-NMDA blockade on the inspiratory
component cannot be accounted for by the suppression of
the excitatory output from cVRG expiratory
premotoneurons. As shown by Newson Davis and Plum
(1972), bilateral lesions of descending bulbospinal
expiratory pathways impair spontaneous rhythmic
abdominal activity with minor or no interference with the
expiratory component of the cough reflex or other
expiratory efforts. That is, separate descending pathways
appear to carry the central respiratory drive to inspiratory
and expiratory motoneurons, respectively. Similarly,
bilateral microinjections of both DAMGO and baclofen at
relatively high concentrations (5 and 1 mM, respectively),
as well as of clonidine (5 mM) and tizanidine (0.5 mM)
or muscimol (0.3 mM) into the cVRG led to the complete
suppression of the entire cough reflex (Mutolo et al.
2010, Cinelli et al. 2012, 2013). An example of these
findings is illustrated in Fig. 4. It is worth mentioning that
caudal expiratory neurons have been reported to receive a
potent GABAergic inhibition and, accordingly, bilateral
microinjections of 1 mM bicuculline into the cVRG not
only increased respiratory frequency and abdominal

responses mainly because of increases in the cough
number. Interestingly, strong suppressant effect on both
inspiratory and expiratory components of the cough
reflex have been reported in the cat following unilateral
microinjections of DLH (20-50 mM), codeine (3.3 mM)
or nicotine (5 mM) into cVRG (Poliacek et al. 2007,
2010, 2015). These outcomes suggest that a cough
suppressant neuronal network may exist in the cVRG
directly or indirectly involved in the control of reflex
excitability. They do not seem in contrast with our above
reported interpretation.

Interpretation and concluding remarks

The main finding that is highlighted in this short
review is that neurons located in the cVRG have a pivotal
role in the generation of both inspiratory and expiratory
components of the cough reflex. Taking into
consideration the results of lesion experiments performed
by Newsom Davis and Plum (1972) it appears clear that
descending pathways from cVRG bulbospinal expiratory
neurons are unnecessary for the production of the
inspiratory component of the cough reflex. However, our
findings do not exclude that different types of neurons
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Fig. 4. Effects of 0.5 and 5 mM DAMGO bilaterally microinjected into the caudal ventral respiratory group (cVRG) on baseline
respiratory activity and cough reflex responses induced by mechanical stimulation of the tracheobronchial tree. Stimulation periods
marked by filled bars. Anaesthetized, spontaneously breathing rabbits. Traces are phrenic integrated neurogram (Phr IN); phrenic
neurogram (Phr N); abdominal integrated electromyographic activity (Abd IEMG); abdominal electromyographic activity (Abd EMG);
tracheal pressure (TP). Anaesthetized, spontaneously breathing rabbits. Modified from Mutolo et a/. 2010.
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located in the cVRG, either respiration-related or
nonrespiration-related neurons are involved. As already
mentioned, several types of neurons exist in the cVRG
that project to and receive from several brainstem areas.
These connections may, at least in part, underlie the role
of the cVRG in affecting the excitability and even the
discharge pattern of medullary inspiratory neurons.

We  consider unlikely that expiratory
premotoneurons of the cVRG are involved in this effect.
In fact, as previously discussed, axon collaterals of
expiratory premotor units are few, but probably could
affect the breathing pattern when parent neurons are
strongly activated. The involvement of bulbospinal
expiratory neurons appears unlikely since DLH activation
of cVRG neurons causes opposite effects on expiratory
and inspiratory muscles. In addition, microinjections of
KYN or CNQX into the cVRG produce clear effects on
expiratory muscles, but do not affect the activity of the
inspiratory bursts of the eucapnic pattern of breathing.
Thus, we consider that other types of neurons should
have a role.

As already reported, we have shown that cVRG
neurons involved in the generation of the inspiratory
component of the cough reflex receive a glutamatergic
input and possibly also project an excitatory
glutamatergic input to other brainstem regions. In any
case, the blockade of glutamatergic transmission (KYN
or CNQX microinjections) impairs not only the
expiratory, but also the inspiratory component of the
cough reflex. As to the role of other drugs employed, the
effects of DAMGO and muscimol can be accounted for
by their action on inhibitory p-opioid receptors and
GABAA receptors on the cVRG neurons, while those of
baclofen and az-adrenergic agonists could be due to the
presynaptic action of GABAg receptors and ap-adrenergic
receptors leading to a reduced release of glutamate
(Mutolo et al. 2010, Cinelli et al. 2012, 2013).

All our considerations on the role of cVRG
neurons in determining the presence and intensity of both
the inspiratory and expiratory components of the cough
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