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Central control of upper airway resistance regulating
respiratory airflow in mammals
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Abstract

This article reviews recent studies on the importance of glycine receptors for both the spontaneous and the reflex

respiratory modulation of the laryngeal abductors and adductors. Our findings show that strychnine blockade of

glycine receptors within the brainstem changes the eupneic three-phase respiratory pattern into two phases. This

has major implications for glottal control: (i) the inspiratory glottic abduction and early expiratory adduction were

both compromised — a finding mimicked by 5% hypoxia; (ii) closure of the glottis during defensive upper airway

reflexes became intermittent and the reflex apnoea reversed to sustained inspiratory discharge. Based on these

data, we predict that periods of prolonged hypoxia, such as those that occur during sleep apnoeas, will constrain

inspiratory glottic abduction thereby impeding inhalation.
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Introduction

Breathing is an automatic activity generated by recip-
rocal inhibitory synaptic interactions in the pontine-
medullary respiratory network (St.-John, 1998; Richter
& Spyer, 2001). The output of this network drives
numerous types of respiratory muscles to pump air into
and out of the lungs. Adequate ventilation depends
on efficient pumping of air but also on the patency of the
upper airway. In eupnoea the glottis regulates upper
airway patency. The recurrent and superior laryngeal
nerves both innervate glottal adductor and abductor
muscles. These motor nerves are mixed, containing
fibres that innervate either the abductor or the adduc-
tor muscles, which contract during neural inspiration
and post-inspiration, respectively. Accordingly, two
classes of laryngeal motoneurones can be found within
the ventral respiratory group: inspiratory and post-
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inspiratory laryngeal motoneurones (Barillot et al.
1990; Bryant et al. 1993).

Post-inspiratory neurones receive profound glyciner-
gic synaptic inhibition during inspiration (Haji et al.
1990; Schmid et al. 1991) which, according to network
models, originates from inspiratory neurones (Rybak
et al. 1997; Richter & Spyer, 2001). The abrupt firing of
post-inspiratory neurones provides an irreversible off-
switch mechanism of inspiration (Bianchi et al. 1995;
Bonham, 1995; Richter, 1996) but also laryngeal adduc-
tion. This post-inspiratory glottic constriction serves
multiple functions (see Shiba et al. 1999): it slows expir-
atory airflow out of the lungs, to increase time for effi-
cient gas exchange and maintains functional residual
capacity to prevent lung collapse (Bartlett, 1986).

The former is most significant in neonatal mammals
that have a high breathing frequency. Further, inter-
actions occur within the pontomedullary respiratory
network that modulate laryngeal motor activity to allow
vocalization, suckling and swallowing (Sakamoto et al.
1996; Shiba et al. 1999) as well as defensive reflexes
such as sneezing and coughing (Widdicombe, 1986).

A recent study has demonstrated that during glycine
receptor blockade post-inspiratory neurones shift their
phase of firing to inspiration (Busselberg et al. 2001). A



similar effect was also observed during anoxia (Lieske
et al. 2000), which presumably reflects the failure of
inhibitory synaptic mechanisms during low oxygen
levels (Schmidt et al. 1995; Ramirez et al. 1998). Thus, we
hypothesized that an absence of glycinergic inhibition,
induced by strychnine or hypoxia, would disrupt both
the eupneic and the reflex control of the upper airway.

Comments on methods

We used a cellular and systemic approach to under-
stand the role of glycine receptors within the brainstem
for breathing. The working heart-brainstem prepara-
tion (Paton, 1996) was employed since it allows kinesi-
ological experiments as well as intracellular recordings
of identified respiratory neurones. Further, it generates
an eupneic motor pattern of discharge in rats from 1-
h-old to mature animals (Dutschmann et al. 2000) and
is a good model in which to study the development
of central neural control of respiration (and the cardio-
vascular system) in a single preparation.

In this study we have made intracellular and motor
recordings. Importantly, we have directly
assessed changes in glottic resistance as measured from
subglottic pressure (SGP) recordings during constant air
flow perfusion of the upper airway in the expiratory
direction (Paton et al. 1999).

nerve

Three-phase respiratory rhythm

The respiratory rhythm comprises three phases (Richter,
1996): inspiration, post-inspiration (stage | expiration)
and expiration (stage ll; Fig. 1). The post-inspiratory
phase is clearly evident in recordings of cranial motor
outflows, such as the recurrent laryngeal nerve, and is
essential for the early expiratory glottic constriction
(Fig. 1). Functionally, constriction of the vocal fold
during early expiration maintains functional residual
capacity and prevents lung collapse. We believe that
the post-inspiratory phase is an important criterion in
the definition of eupnoea.

Physiological role of brainstem glycine
receptors for the three-phase rhythm

Blockade of glycine receptors with selective doses of
strychnine attenuated the post-inspiratory activity in
cranial motor outflows (Fig. 2). This was mimicked
during isocapnic hypoxia (5% oxygen, 5% carbon dioxide,
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Fig. 1 The three phases of eupnea. In the working heart-
brainstem preparation (Paton, 1996) eupnea consists of a
ramp inspiratory pattern in the phrenic nerve (PNA),
inspiratory and post-inspiratory discharges in the recurrent
laryngeal nerve (RLNA) with the glottis dilating and
constricting with inspiration and early expiration,
respectively. There is also a respiratory sinus arrhythmia as
revealed from changes in heart rate (HR). Inspiration (Insp),
post-inspiration (Post-Insp) and expiration can be clearly seen
in both the RLNA and subglottal pressure recording (SGP). SGP
was obtained by perfusing the upper airway in the expiratory
direction with a constant flow of warmed and moistened air
(see Paton et al. 1999).

90% nitrogen), an effect consistent with that reported
previously in anaesthetized cats (see Zhou et al. 1989).
In our kinesiological studies of eupneic modulation of
glottal function, strychnine reduced the inspiratory
laryngeal abduction. Paradoxically, glottal adduction
occurred during inspiration (Fig. 2). Again we also
observed this during systemic hypoxia (5% oxygen). To
understand the cause of this change in glottic function
we exposed post-inspiratory neurones to strychnine
and found a dramatic change in their phase-related firing
pattern. Post-inspiratory neurones were depolarized
during inspiration and consequently fired during this
phase. Assuming that laryngeal adductor neurones
behaved similarly, there would be a concomitant
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Fig. 2 Respiratory modulation of the upper airway is
distorted after blockade of glycine receptors. Glycine receptor
blockade causes post-inspiratory neurones (PIN) to fire in
inspiration, enhances inspiratory but depresses post-
inspiratory discharge in the recurrent laryngeal nerve (RLN)
and causes a paradoxical inspiratory adduction as indicated by
an increase in subglottal pressure (SGP) during PNA. Black
traces are control and grey traces represent the changes
observed after glycine receptors were blocked with
strychnine (0.5 pwm) or isocapnic hypoxia (5% oxygen, 5%
carbon dioxide and 90% nitrogen). Shaded areas indicate
neural inspiration.

activation of adductors and abductors during neural
inspiration. If the contraction of adductor muscles was
greater than abductors, this might explain the reduced
inspiratory abduction and the paradoxical inspiratory
laryngeal adduction after strychnine. Although the
eupneic rhythm became less periodic, burst discharges
in the phrenic nerve were recorded after glycine
receptor blockade. All told, the integrity of glycine
receptors within the mammalian respiratory network is
essential for the co-ordination of each of the respir-
atory phases.
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Functional role of glycine receptors in reflexes
protecting the upper airway

One of the most potent defensive cardiorespiratory
reflexes of the upper airways is the diving response.
Irrigation of the nasal mucosa with cold water or
electrical stimulation of the trigeminal ethmoidal
nerve can elicit the diving response consisting of: post-
inspiratory apnoea, potent and sustained bradycardia,
constriction in the arterial vessels and the glottis
(Dutschmann & Herbert, 1996, 1998). The latter ensures
that water cannot seep into the lungs. Since this reflex
depends on activation of post-inspiratory mechanisms
(i.e. inspiratory off-switch and glottic constriction)
we predicted that blockade of glycine receptors
would abolish the apnoea and reduce the laryngeal
constriction.

Figure 3 shows the devastating effect that strychnine
has on the diving response. The pattern of response of
apnoea was converted to a paradoxical activation of
phrenic nerve activity (i.e. a loss of the inspiratory off-
switch). Indeed, our intracellular recordings of inspir-
atory neurones show persistent firing after strychnine
(Fig. 3). In addition, the diving response evoked
sustained glottal adduction was reduced significantly
(Dutschmann & Paton, 2002). The latter likely reflects
a simultaneous firing of both abductor and adductor
motoneurones, so reducing glottal constriction. In
terms of the diving response, blockade of glycine
receptors would have a devastating consequence. First,
an activation of phrenic motoneurones would cause
diaphragmatic contraction and generate a negative
pressure within the upper airway. Second, the reduced
glottal constriction would mean that it is unlikely to be
closed properly. The latter combined with the negative
pressure in the upper airway is likely to aspirate water
into the lungs as is reported in most cases of drowning.
Since post-inspiratory neurones/laryngeal adductors
are activated during many cardiorespiratory reflexes
(e.g. Hering Breuer, cough, aspiration, sneezing, swal-
lowing; Grélot et al. 1992; Shiba et al. 1999; Gestreau
et al. 2000), we suggest that these behaviours will also
fail if glycine receptor function is affected.

Potential clinical importance

There are a number of conditions that may seriously
alter glycine receptor function. Clearly, strychnine
poisoning is rare but a point mutation of the glycine
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Fig. 3 Inspiratory component of the diving response is reversed after glycine receptor blockade. The diving response was elicited
by electrical stimulation of the ethmoidal nerve (20 Hz, 0.5-10 V, 0.1 ms). The response consisted of a hyperpolarization of
inspiratory neurones and an apnoea (i.e. cessation of phrenic nerve activity; PNA). After strychnine the response was converted
to a depolarization/persistent firing of inspiratory neurones and activation of PNA. Note there was no obvious change to the

heart rate response (HR; see Dutschmann & Paton, 2002).

receptor could occur. It is also known that there is a
change in the subunit composition of the glycine recep-
tor that occurs with age: in the rat the glycine receptor
matures around the 14th postnatal day of life (Becker
et al. 1988). Failure of this development may have
serious deleterious consequences on post-inspiratory
activity affecting eupnea and reflex control of breath-
ing as well as protection of the upper airway. It is
predicted that there would also be problems with
swallowing if the three-phase oscillator was no longer
properly co-ordinated. Our data also indicate that
during hypoxia post-inspiratory activity is reduced and
there is paradoxical glottic constriction during neural
inspiration. This might have implications for under-
standing certain pathophysiological syndromes such
as cot death and sleep apnoea/snoring when systemic
hypoxia is prevalent.

Conclusions

We wish to propose that central post-inspiratory activ-
ity and laryngeal adduction during early expiration are
important criteria for defining eupnea. We suggest
that central glycinergic inhibition is essential for co-

ordination of the three-phase respiratory rhythm,
reflexly induced inspiratory off-switching and upper
airway protection during the diving response.
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