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Abstract
Multiple forms of plasticity are activated following reduced respiratory neural activity. For
example, in ventilated rats, a central neural apnea elicits a rebound increase in phrenic and
hypoglossal burst amplitude upon resumption of respiratory neural activity, forms of plasticity
called inactivity-induced phrenic and hypoglossal motor facilitation (iPMF and iHMF),
respectively. Here, we provide a conceptual framework for plasticity following reduced
respiratory neural activity to guide future investigations. We review mechanisms giving rise to
iPMF and iHMF, present new data suggesting that inactivity-induced plasticity is observed in
inspiratory intercostals (iIMF) and point out gaps in our knowledge. We then survey conditions
relevant to human health characterized by reduced respiratory neural activity and discuss evidence
that inactivity-induced plasticity is elicited during these conditions. Understanding the
physiological impact and circumstances in which inactivity-induced respiratory plasticity is
elicited may yield novel insights into the treatment of disorders characterized by reductions in
respiratory neural activity.
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1. Introduction
The seemingly “simple” task of maintaining ventilation throughout life is not trivial. Motor
output from multiple, diverse motor neuron pools must be coordinated to activate respiratory
muscles in a precise sequence to achieve efficient and adequate ventilation. In addition, the
respiratory control system must produce a stable rhythmic motor output, yet remain dynamic
in order to respond to respiratory challenges (e.g., exercise, hypoxia, hypercapnia) and
enable non-respiratory behaviors (e.g., airway clearance, speech). Remarkably, this task is
accomplished despite ever-changing conditions that occur throughout life. The processes by
which the respiratory control system maintains network stability and responsiveness in the
presence of changing physiological demands and network properties are not well
understood, but likely involve long-lasting adjustments in system performance (i.e.,
plasticity; Feldman et al., 2003; Mitchell and Johnson, 2003).
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The respiratory control system exhibits a range of different mechanisms that give rise to
respiratory plasticity (Bach and Mitchell, 1998; Baker et al., 2001; Devinney et al., 2013;
Mahamed and Mitchell, 2008; Nichols et al., 2012; Peng et al., 2003; Strey et al., 2012;
Tadjalli et al., 2010; Zhang et al., 2003). For many, a common theme is that recurrent
respiratory challenges, such as hypoxia or hypercapnia, drive the expression of plasticity.
Although these chemoreflex-driven forms of plasticity are associated with increases in
respiratory neural activity, most are activity-independent and require neuromodulators for
their induction and/or maintenance (Feldman et al., 2003; Mitchell and Johnson, 2003). By
contrast, reports of activity-dependent plasticity in the control of breathing are generally rare
(Johnson and Mitchell, 2002; McCrimmon et al., 1997; Zhou et al., 1997), and typically
describe plasticity as a result of increased activity. However, in recent years, we have begun
to appreciate that decreases in respiratory neural activity are perhaps a more potent trigger
for plasticity than increases in activity (Baertsch and Baker-Herman, 2013; Castro-Moure
and Goshgarian, 1996, 1997; Mahamed et al., 2011; Mantilla et al., 2007; Prakash et al.,
1999; Strey et al., 2012; Tadjalli et al., 2010; Zhang et al., 2003). The apparent bias in the
respiratory control network toward inactivity-(versus activity-) induced plasticity may not be
surprising, since Hebbian-like plasticity may be inappropriate in a physiological system that
routinely experiences recurrent increases in respiratory neural activity (e.g., during exercise)
and the dire consequences that follow if the system fails to generate sufficient motor output.

One key question is: what is the physiological role of inactivity-induced plasticity?
Unfortunately, the answer is not currently known. However, various conditions during
health and disease are accompanied by reduced respiratory neural activity. For example,
healthy individuals experience reductions in respiratory neural output during behaviors such
as sleep (Javaheri and Dempsey, 2013; Uliel et al., 2004), voluntary diving (Dutschmann
and Paton, 2002; Gooden, 1994) or at altitude (Berssenbrugge et al., 1984). Periods of
reduced or absent respiratory motor output, may accompany a variety of other conditions,
such as prematurity (Gaultier and Gallego, 2005) and aging (Ancoli-Israel et al., 1987), or
may be a secondary consequence of various pathologies, including genetic disorders
(Goridis et al., 2010), neurodegenerative diseases (Gaig and Iranzo, 2012) or heart failure
(Yumino and Bradley, 2008). Finally, reduced respiratory neural activity is often
experienced following spinal cord injury (Strakowski et al., 2007) and by patients requiring
ventilatory support (Epstein, 2011; Tobin, 2001). The short- and long-term consequences of
reduced neural activity in respiratory motor pools on the control of breathing in any context
is not well understood.

Here, we review evidence that reduced respiratory neural activity elicits unique mechanisms
of plasticity within respiratory motor circuits. To build context, we survey conditions and
disorders relevant to human health that are characterized by reduced respiratory neural
activity. We provide evidence that these disorders elicit endogenous mechanisms of
compensatory plasticity (or whether such evidence is lacking), and if inactivity-induced
plasticity may be adaptive or maladaptive in these situations. This review is not intended to
be a comprehensive catalogue of conditions/disorders associated with reduced respiratory
neural activity; instead we aim to identify gaps in our knowledge in basic and translational
research to guide development of future lines of investigation.

2. Does-reduced respiratory neural activity elicit plasticity?
An emerging principle of neuroscience is that neural networks sense and respond to
prolonged changes in activity through local homeostatic mechanisms to maintain a “set-
point” level of neuronal activity (Turrigiano, 2008). As such, prolonged changes in activity
that result in a deviation from the “set-point” are met with mechanisms of plasticity that
attempt to restore target activity levels through a variety of negative feedback mechanisms.
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This homeostatic synaptic plasticity is generally bi-directional and requires hours to days of
altered activity levels to induce. However, the respiratory system has unique demands that
suggest a bias toward rapid induction of plasticity, particularly in response to hypoactivity,
may be appropriate. In contrast to many other neural systems, it is imperative that the
respiratory control system remain highly active to produce a life-sustaining, rhythmic motor
output. For example, the diaphragm has a duty cycle of ~32–44% (Kong and Berger, 1986;
Sieck et al., 2012), while muscles of the hind limb (e.g. soleus and extensor digitorum
longus muscles) have duty cycles ranging from ~2 to 14% (Hensbergen and Kernell, 1997).
Thus, the phrenic motor pool may be exquisitely tuned to a high level of activity and
uniquely sensitive to a lack thereof. Here we summarize available evidence that reduced
respiratory neural activity induces plasticity of inspiratory motor output and discuss the
underlying cellular mechanisms. One major purpose of this review is to provide a
conceptual framework in which to interpret plasticity following reduced respiratory neural
activity in non-disease and disease states.

2.1. Inactivity-induced plasticity following reduced respiratory neural activity
To our knowledge, one of the first anecdotal reports of increased respiratory motor output
following reduced respiratory neural activity was reported by Budzinska and colleagues
(1985), who focally cooled regions of the ventral medulla to create a central apnea in
anesthetized, ventilated cats. The authors remarked that upon rewarming after cold block-
induced apnea, “the return of rhythmic activity after apnoea sometimes showed a ‘rebound’
with an enhanced [phrenic] peak inspiratory activity relative to the pre-block control
breaths.” The authors did not quantify the frequency of occurrence nor the magnitude of
phrenic facilitation following cold block-induced apnea (Budzińska et al., 1985). In a
subsequent study, Castro-Moure and Goshgarian (1996) focally cooled the ventral spinal
cord at C2 to block axon conduction unilaterally in descending tracts to ipsilateral phrenic
motor neurons in anesthetized rats in order to mimic disruption of descending respiratory
drive associated with spinal injury. As expected, C2 cold block silenced ipsilateral
diaphragm EMG activity; however, to the authors’ surprise, upon reversal of the cold block
and restoration of axon conduction, EMG activity in the hemidiaphragm ipsilateral (but not
contralateral) to cold block was significantly increased relative to baseline and contralateral
diaphragm EMG activity (Castro-Moure and Goshgarian, 1996). The duration of increased
ipsilateral diaphragm EMG activity following cold block was not reported, nor could it be
differentiated whether observed effects were due to central neural versus diaphragm
neuromuscular junction plasticity. However, profound morphological changes were
observed within the ipsilateral phrenic motor nucleus, including an increase in the number of
synapses onto phrenic motor neurons (Castro-Moure and Goshgarian, 1997), consistent with
the interpretation that removal of respiratory-related inputs onto phrenic motor neurons
elicited local mechanisms of plasticity within the phrenic motor pool. Similar findings may
have been observed by Webber and Pleschka (1984) and Martin et al. (1994). In
representative traces of phrenic (Webber and Pleschka, 1984) and hypoglossal (Martin et al.,
1994) motor output before, during and after inhibition of respiratory neural activity using
focal cooling of the C2 spinal cord and ventral medullary surface, respectively, increased
respiratory motor output was apparent following resumption of respiratory neural activity,
although these authors did not remark upon nor quantify the extent of the increases in
phrenic or hypoglossal burst amplitude. Nevertheless, collectively, these early reports led to
the interesting suggestion that reduced respiratory-related inputs to phrenic and hypoglossal
motor neurons elicits forms of plasticity that lead to enhanced respiratory motor output.

To better understand the long-lasting impact of reduced respiratory neural activity on
phrenic motor output, we exposed anesthetized, ventilated rats to a prolonged (30 min)
central neural apnea while monitoring phrenic neural activity (Mahamed et al., 2011).
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Following resumption of respiratory neural activity post-central neural apnea, a long-lasting,
rebound increase in phrenic burst amplitude was apparent. Since multiple methods (with
different mechanisms of action) led to similar increases in phrenic burst amplitude, we
suggested that increased phrenic burst amplitude post-neural apnea was due to a common
factor: reduced respiratory neural activity (Mahamed et al., 2011), and termed this form of
plasticity inactivity-induced phrenic motor facilitation (iPMF; Mahamed et al., 2011). Later
studies revealed that inactivity-induced plasticity is also expressed in hypoglossal motor
output (Baker-Herman and Strey, 2011), albeit with a more transient pattern of expression.
Fig. 1 depicts a meta-analysis of phrenic and hypoglossal nerve responses to neural apnea
from multiple studies in our lab (Baertsch and Baker-Herman, 2013; Baker-Herman and
Strey, 2011; Mahamed et al., 2011; Strey et al., 2012). Following a prolonged neural apnea,
iPMF manifests as a long-term (>60 min) increase in phrenic amplitude (~60–80% baseline)
and is associated with a proportional increase in the phrenic burst amplitude response to a
hypercapnic challenge (Baertsch and Baker-Herman, 2013). By contrast, facilitation of
hypoglossal nerve burst amplitude following a prolonged central neural apnea is more
modest (~30–40%) and transient, returning to baseline levels within ~30 min (Baertsch and
Baker-Herman, 2013; Baker-Herman and Strey, 2011). In addition to increases in burst
amplitude, central neural apnea also elicits increased respiratory burst frequency (Mahamed
et al., 2011; Baker-Herman and Strey, 2011; Baertsch and Baker-Herman, 2013), albeit this
inactivity-induced frequency facilitation is small and has a limited time course (~15 min).

Here, we present new data from experiments testing the response of inspiratory intercostal
muscles to prolonged central neural apnea using procedures similar to those described in
detail elsewhere (Baertsch and Baker-Herman, 2013; Mahamed et al., 2011; Strey et al.,
2012). All experiments were approved by the Institutional Animal Care and Use Committee
at the University of Wisconsin—Madison. Briefly, Harlan Sprague Dawley rats (colony
217) were urethane anesthetized, vagotomized and mechanically ventilated. EMG electrodes
were placed in the external intercostal (T2) muscle. Stable baseline intercostal EMG activity
was established at an ETCO2 ~45 mmHg and respiratory frequency ~45 bpm prior to a 30
min hyperventilation-induced central neural apnea (n = 10). Following reversal of neural
apnea, intercostal EMG activity was monitored for 1 h. In a subset of rats, the cut left
phrenic nerve was also recorded to ensure that iPMF was expressed under these conditions.
In separate rats, baseline parameters were maintained for 90 min (no neural apnea) to control
for any time-dependent changes in external intercostal EMG activity (time controls; n = 3).
Blood samples were taken at baseline and 5, 15, 30, and 60 min following resumption of
inspiratory intercostal activity to ensure PaCO2, PaO2, pH and SBEc post-neural apnea were
maintained at baseline levels. Inspiratory intercostal EMG activity was rectified and
integrated (PowerLab data acquisition and LabChart 7.0 software); the peak amplitude of
integrated intercostal EMG activity post-neural apnea (or equivalent duration in time
controls) was expressed as a percentage change from baseline (%baseline), whereas burst
frequency was expressed as an absolute change from baseline (Δbaseline).

Following restoration of central respiratory neural activity, inspiratory-related external
intercostal EMG amplitude was significantly increased for up to 15 min, relative to baseline
and time controls (neural apnea: 64 ± 11; time controls: 5 ± 6%baseline; p < 0.05; Fig. 1),
indicating inactivity-induced intercostal motor facilitation (iIMF). Although inspiratory
intercostal EMG activity 30 min after restoration of respiratory neural activity was
significantly increased relative to baseline (46 ± 14%baseline; p < 0.05), it was no longer
significantly different than time controls (3 ± 12%baseline; p > 0.05). By 60 min following
resumption of respiratory neural activity, inspiratory intercostal EMG activity was not
significantly different than baseline or time controls (neural apnea: 25 ± 18, time controls: 3
± 10%baseline; p > 0.05). Similar to previous reports (Baertsch and Baker-Herman, 2013;
Baker-Herman and Strey, 2011; Mahamed et al., 2011), a transient increase in intercostal
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EMG burst frequency was observed for up to 15 min following neural apnea compared to
baseline and time controls (neural apnea: 7 ± 1; time controls: −2 ± 0 Δbaseline; p < 0.05).
At 30 min post-resumption of respiratory neural activity, intercostal EMG burst frequency
was significantly increased relative to baseline (5 ± 1 Δbaseline; p < 0.05), but was not
significantly different than time controls (−2 ± 2 Δbaseline; p > 0.05). At 60 min post-
resumption of respiratory neural activity, EMG burst frequency was not significantly
different than baseline or time controls (neural apnea: 4 ± 2; time controls: −2 ± 1 Δbaseline;
p > 0.05). Collectively, these data suggest that the inspiratory intercostal response to
prolonged neural apnea resembles the magnitude of phrenic amplitude facilitation observed
immediately after the resumption of neural activity (5 and 15 min), but has a transient time-
course similar to hypoglossal nerve output (Fig. 1), and confirms the transient frequency
facilitation post-neural apnea reported in previous studies (Baertsch and Baker-Herman,
2013; Baker-Herman and Strey, 2011; Mahamed et al., 2011). The mechanisms by which
inactivity-induced facilitation of inspiratory burst amplitude is transient in some motor pools
and long-lasting in others is unknown; however, the “activity profile” of a motor pool may
be a major determinant of the rapidity of induction and duration of plasticity elicited in
response to reduced respiratory neural activity. Indeed, long-lasting periods of reduced
inspiratory activity may be more common for hypoglossal and some intercostal motor pools
(De Troyer et al., 2005; Pagliardini et al., 2012); as such, it may be expected that inactivity-
induced plasticity has a different manifestation and/or time domain in these motor pools
versus the phrenic.

Clearly, a prolonged central neural apnea lasting 30 min would rarely be encountered in any
but the most artificial situation (ventilated animals). As such, this model was not intended to
mimic physiological/pathophysiological situations in which a central apnea would be
experienced; instead, these studies demonstrated a principle of respiratory control: Reduced
central respiratory drive elicits plasticity in respiratory motor output. In order to provide a
more “realistic” (albeit still somewhat artificial) context to iPMF, recent studies
demonstrated that iPMF is not limited to prolonged central apnea, but is also elicited
following intermittent patterns of brief central neural apnea (Baertsch and Baker-Herman,
2013). Anesthetized and ventilated rats were exposed to brief intermittent neural apnea (5,
1.5 min episodes separated by 5 min recovery); following resumption of respiratory neural
activity, a sustained (>60 min) increase in phrenic burst amplitude (~60–80% baseline) was
apparent, which was phenotypically similar to iPMF observed following a single prolonged
neural apnea (Baertsch and Baker-Herman, 2013). In contrast, exposure to a single brief
“massed” neural apnea of a similar cumulative duration (7.5 min), did not alter phrenic burst
amplitude at any time point following resumption of respiratory neural activity. No changes
in hypoglossal burst amplitude were observed following brief intermittent or brief massed
neural apnea (Baertsch and Baker-Herman, 2013). Similarly, episodic central apneas (3, 5
min episodes separated by 5 min recovery) induced via high frequency vagal stimulation in
ventilated rats elicits a phenotypically similar augmentation of phrenic burst amplitude
(Zhang et al., 2003); although the authors refer to this form of plasticity as long-term
facilitation, we hypothesize that it represents a variation of inactivity-induced plasticity.
Collectively, these reports suggest that although a prolonged central neural apnea is
sufficient to elicit iPMF (Baker-Herman and Strey, 2011; Mahamed et al., 2011; Strey et al.,
2012), iPMF, but not iHMF, is more efficiently induced by recurrent (intermittent) neural
apnea versus a sustained neural apnea of similar cumulative duration.

One key question is: Where in the CNS is reduced respiratory neural activity sensed and
responded to? Central neural apnea results in reduced respiratory neural activity throughout
the neuraxis; however, we hypothesized that local mechanisms near respiratory motor
neurons sense and respond to reduced respiratory-related inputs and give rise to burst
amplitude facilitation (i.e., iPMF, iHMF or iIMF in the respective motor pools), whereas
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mechanisms operating within brainstem respiratory rhythm generating networks give rise to
neural apnea-induced increases in frequency (Baertsch and Baker-Herman, 2013; Mahamed
et al., 2011; Strey et al., 2012). Supportive of this hypothesis, iPMF (but not burst frequency
facilitation) is impaired by application of pharmacological inhibitors that block cellular
pathways leading to iPMF to regions of the spinal cord associated with the phrenic motor
nucleus (Strey et al., 2012). Further, disruption of spinal synaptic inputs to phrenic motor
neurons via C2 axon conduction block (in the absence of noticeable changes in central
respiratory drive) elicits iPMF (Castro-Moure and Goshgarian, 1996, 1997; Strey and Baker-
Herman, 2011) and morphological plasticity within the phrenic motor pool (Castro-Moure
and Goshgarian, 1997), but does not elicit frequency facilitation. Notably, a complete loss of
ipsilateral phrenic motor output during axon conduction block is not required for iPMF to
develop, suggesting that reductions in respiratory neural activity (versus complete inactivity)
are sufficient to elicit these mechanisms (Strey and Baker-Herman, 2011).

Fig. 2 depicts our working model of cellular mechanisms giving rise to iPMF. As discussed
above, we hypothesize that iPMF is the result of mechanisms operating specifically within
the phrenic motor pool (Baker-Herman and Strey, 2011; Mahamed et al., 2011; Strey et al.,
2012). iPMF consists of at least two mechanistically distinct phases: (1) an early, labile
phase that requires activity of the atypical protein kinase C (aPKC) isoform PKCζ and/or
PKCι/λ in spinal regions associated with the phrenic motor nucleus to transition to (2) a late,
long-lasting increase in phrenic burst amplitude (Strey et al., 2012). Atypical PKCs include
the isozymes PKCζ, PKCι/λ and PKMζ, and represent one of three subfamilies of PKCs
(classical, novel and atypical) that are classified based on structure and requirement for co-
activators (Reyland, 2009). Consistent with a key role for spinal PKCζ and/or PKCι/λ
(referred to here as PKCζ/ι for clarity), early, but not late, iPMF is associated with an
increased interaction between PKCζ/ι and the scaffolding protein ZIP (PKCζ interacting
protein)/p62 in ventral spinal regions (C3–C5) associated with the phrenic motor pool; an
interaction which may confer context specificity to PKCζ/ι activity. Upstream mechanisms
that promote formation of the PKCζ/ι-ZIP/p62 signaling cassette are thought to include
release of tumor necrosis factor alpha (TNFα) and subsequent activation of TNF receptors
on phrenic motor neurons. Indeed, spinal TNFα signaling is necessary for iPMF expression,
and exogenous TNFα induces an aPKC dependent increase in phrenic burst amplitude
(Broytman et al., 2013). Mechanisms giving rise to inactivity-induced frequency facilitation
are unknown.

2.2. Gaps in our knowledge of inactivity-induced plasticity
Although we have made considerable progress in our understanding of inactivity-induced
plasticity, many questions remain unanswered. For example, what cell type/s sense reduced
respiratory neural activity, and what signal are these cells sensing? Are these “sensors” also
the cell types that release TNFα to elicit inactivity-induced plasticity? Does inactivity-
induced plasticity reflect mechanisms occurring largely within respiratory motor neurons or
as part of a cellular network within or near motor nuclei? Similarly, do all phrenic motor
neurons express iPMF, or are there “sub-pools” of phrenic motor neurons particularly
sensitive to reduced neural activity (e.g., those involved in eupnic breathing vs. those
recruited during respiratory challenges)? Is inactivity-induced plasticity in other respiratory
motor pools mechanistically similar to iPMF? What mechanisms underlie differential
expression of inactivity-induced facilitation among different motor pools? Do genetic or
epigenetic factors influence the expression or absence of iPMF and related plasticity?

Important and challenging questions regarding the physiological role for inactivity-induced
plasticity in the control of breathing also provide motivation for future studies. For example,
what is the consequence of differential plasticity among inspiratory motor pools in the
sculpting of a breath? In particular, what are the implications for airway stability with a
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prolonged facilitation of phrenic motor output in the absence of hypoglossal facilitation?
What, if any, role does inactivity-induced plasticity play in physiological or
pathophysiological conditions relevant to human health? How might an understanding of the
mechanisms of inactivity-induced plasticity be used to manipulate physiological outcomes?
Since virtually nothing is known concerning the applicability of iPMF to the control of
breathing in health or disease, we will begin forming a necessary conceptual framework by
discussing circumstances where reduced respiratory neural activity may be experienced.

3. Conditions/disorders associated with reduced respiratory neural activity
Although the respiratory control system is remarkably reliable for most individuals, it is
susceptible to transient and recurrent or prolonged periods of reduced respiratory neural
activity in a variety of physiological and pathophysiological situations. Here we briefly
survey conditions and disorders of relevance to human health to outline situations in which
reduced respiratory neural activity may be experienced.

3.1. Disruptions in brainstem respiratory neural activity
Central apnea may occur during normal physiological or pathophysiological processes,
typically during sleep. Central sleep apnea (CSA) is characterized by recurrent episodes of
absent or markedly reduced (hypopnea) respiratory neural output, whereas obstructive sleep
apnea (OSA) is characterized by continued (futile) central neural output in the presence of a
closed or reduced airway. In many cases, both CSA and OSA often co-exist (“mixed”
apnea) in the same patient (Xie et al., 2011; Javaheri and Dempsey, 2013) or CSA may
develop during treatment of OSA (“complex” sleep apnea; Dernaika et al., 2007; Lehman et
al., 2007; Morgenthaler et al., 2006) for reasons that are not clearly understood.

During sleep, a number of physiological changes increase the propensity for ventilatory
instability, even in otherwise healthy individuals (Eckert et al., 2007; Javaheri, 2010;
Javaheri and Dempsey, 2013; Malhotra and Owens, 2010). For example, removal of the so-
called wakefulness drive to breathe reveals a sensitive CO2-dependent apneic threshold
(Dempsey et al., 2012; Skatrud and Dempsey, 1983). Thus, periodic cessation of inspiratory
efforts will occur when PaCO2 drops below a critical level (Dempsey et al., 2012; Pack,
2011). Indeed, during sleep, even small decreases in PaCO2 (~2–5 mmHg) can result in
apnea (Henke et al., 1988; Meza et al., 1998; Skatrud and Dempsey, 1983). During sleep,
PaCO2 rises ~5 mmHg above wakefulness levels (Malhotra and Owens, 2010; Pack, 2011).
During the transition from wakefulness to sleep in individuals with a CO2 apneic threshold
close to eupnic PaCO2, a central apnea may result if the wakefulness drive to breathe is lost
rapidly at sleep onset before sleep-induced reductions in ventilation occur and the
establishment of the sleep PaCO2 setpoint (Javaheri and Dempsey, 2013; Leung et al.,
2012). Further, a central apnea may result following a transient arousal from sleep (Trinder
et al., 1992), which represents a temporary return to wakefulness. The sleeping PaCO2
represents a relative hypercapnia to the aroused brain, which then stimulates breathing to
lower PaCO2 to awake eupnic levels (Eckert et al., 2007; Malhotra and Owens, 2010); if
hyperventilation results in a drop of PaCO2 below the apneic threshold, then upon the
resumption of sleep, the relative hypocapnia to the now sleeping brain results in a central
apnea. The frequency of central apnea during sleep in an otherwise healthy individual is
generally minimal; indeed, a frequency of <5 CSA events/hr is considered to be within a
clinically normal range (Javaheri, 2010).

The prevalence of central apnea during sleep in the general population is not entirely clear,
particularly when considering the clinically normal range. Breathing pattern instability
during sleep with central apneas of short duration is characteristic of the normal, healthy
infant breathing pattern (Kahn et al., 1982; Hoppenbrouwers et al., 1977; Ng and Chan,
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2013). Indeed, periodic breathing is apparent in 78% of infants between 0 and 2 weeks of
age and declines to 29% by 39–52 weeks of age, although the apneic events are typically
<10 s in duration and occupy <1% of the sleep time (Kelly et al., 1985). However,
premature infants are particularly susceptible to central apnea and periodic breathing (Martin
et al., 2004), with nearly 100% of preterm infants exhibiting episodes of periodic breathing
that are longer in duration and more frequent than full-term infants (Henderson-Smart, 1981;
Glotzbach et al., 1989). Although the frequency of central apnea decreases with increasing
gestational age, central apnea is also relatively common in children (Scholle et al., 2011),
with 30–40% of children experiencing a total of 1 to 7 central apneic events lasting >10 s
during sleep (Marcus et al., 1992; Uliel et al., 2004). The frequency of such events appears
to diminish in adolescence (Tapia et al., 2008). As an individual ages, the frequency of
central apnea in sleep increases (Chowdhuri and Badr, 2010; Bixler et al., 1998; Carskadon
and Dement, 1981). For example, in a large study of men aged 20–100 yr., Bixler and
colleagues report that 12.1% of subjects over the age of 65 had a central apnea index ≥2.5,
whereas only 1.7% of middle-aged subjects and no subjects in the young age group had a
central apnea index ≥2.5 (Bixler et al., 1998).

Although central apnea may occur during sleep in healthy individuals, the frequency of such
events is typically minimal and not considered to be clinically relevant (Javaheri, 2010).
However, the prevalence and frequency of CSA increases during certain conditions. For
example, many individuals will experience periodic breathing and frequent central apneas
upon ascent to high altitude. At altitude, the ventilatory response to hypoxia (HVR) lowers
PaCO2 (Pack, 2011), thereby narrowing the eupnic PaCO2—apneic threshold difference
(i.e., “CO2 reserve”) and creating breathing instability during sleep (Bloch et al., 2010;
Kohler et al., 2008; Berssenbrugge et al., 1984). Typically, individuals develop a periodic
breathing pattern characterized by short crescendo–decrescendo cycles (15–30 s) of
hyperventilation alternating with periods of apnea/hypopnea (Pack, 2011). At altitudes
>4500 m, an apnea/hypopnea index of ~60 h−1 during sleep is not uncommon (Burgess et
al., 2004; Nussbaumer-Ochsner et al., 2012), suggesting considerable cumulative time spent
with low (or zero) respiratory neural activity. Over several days at altitude, the magnitude of
CSA is reduced in many individuals (Berssenbrugge et al., 1984).

An increase in the prevalence or frequency of CSA may occur during some pathological
conditions. For example, approximately ~30–40% of patients with heart failure (HF)
develop frequent episodes of CSA (Javaheri et al., 1998; MacDonald et al., 2008; Sin et al.,
1999). Indeed, HF is the most common cause of clinically diagnosed CSA in the general
population (Javaheri, 2010; Javaheri and Dempsey, 2013). CSA in HF patients is
characterized by a long (~60–90 s) crescendo-decrescendo pattern of breathing interspersed
with central apneas lasting ~10–40 s, a form of periodic breathing known as Cheyne–Stokes
Respiration (CSR; Hall et al., 1996; Pack, 2011). Enhanced chemosensitivity and chronic
hyperventilation during sleep in HF patients reduces sleeping PaCO2 levels (Javaheri, 2010;
Tkacova et al., 1997; Yumino and Bradley, 2008; Xie et al., 2002), bringing eupnic PaCO2
closer to the apneic threshold and predisposing HF patients to central apnea. Although
reports vary, patients with HF and CSR on average have an AHI ≥15 h−1 with more than
50% of central origin (Wang et al., 2007). Other conditions that may be associated with an
increased incidence of central apnea include patients with idiopathic CSA (Bradley et al.,
1986; Bradley and Phillipson, 1992), endocrine disorders (Grunstein et al., 1991; Millman et
al., 1983; Rosenow et al., 1998), neuromuscular disorders (Chokroverty et al., 1978, 1984;
Ferguson et al., 1996; Gaig and Iranzo, 2012; Glass et al., 2006; Labanowski et al., 1996;
Santos et al., 2003), congenital central hypoventilation syndrome (CCHS; Goridis et al.,
2010; Fleming et al., 1980; Weese-Mayer et al., 2010) and Rett syndrome (Weese-Mayer et
al., 2008; Katz et al., 2009).
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3.2. Disruption in inputs to spinal respiratory motor neurons
Reduced respiratory neural activity may also be caused by disruption of central neural drive
in transit to respiratory motor neurons as result of injuries to the spinal cord. More than half
(52% since 2010) of all spinal cord injuries (SCIs) occur in the cervical spinal region while
the remaining injuries are localized to thoracic, lumbar or sacral regions (NSCISC, 2013). In
contrast to central neural apnea, SCIs reduce respiratory neural activity in spinal respiratory
motor neurons caudal to injury, while brainstem respiratory centers continue to generate
normal (or even elevated) neural drive to breathe. In addition to disrupting bulbospinal
respiratory axons in white matter tracts, spinal cord injury typically disrupts gray matter
continuity and damages propriospinal interneurons and/or respiratory motor neurons in the
cervical spinal cord (Lane et al., 2009). Depending on the location and severity of the injury,
the level of reduced respiratory neural activity varies. For example, high cervical SCIs
interrupt the descending excitatory drive to phrenic motor neurons innervating the
diaphragm (Golder et al., 2011; Lane et al., 2012), while injuries below cervical regions
impair breathing by damaging axons innervating accessory inspiratory muscles or muscles
mainly involved in expiration (Gorini et al., 2000).

3.3. Artificial reductions in respiratory neural activity
Mechanical ventilation is a life-saving treatment for hundreds of thousands of critically ill
patients each year. Most modern modes of mechanical ventilation attempt to synchronize the
quantity, timing and pattern of a patient’s neural drive with the ventilator, thereby avoiding
deleterious effects associated with removing patient respiratory efforts altogether (Epstein,
2011). Unfortunately, attempts to achieve synchronization are often unsuccessful (de Wit et
al., 2009a, b; Epstein, 2011; Thille et al., 2006; Tobin, 2001), often due to ineffective
ventilator triggering, auto-triggering or poor correspondence in the flow or timing of the
patients neural breath and the ventilator breath (de Wit et al., 2009a, b; Kondili et al., 2007;
Mellott et al., 2009; Pierson, 2011). In addition, many ventilated patients are at risk for over-
assistance, which suppresses or diminishes the patient’s neural drive (Colombo et al., 2008;
Delisle et al., 2011; Meza et al., 1998; Parthasarathy and Tobin, 2002). Thus, many patients
receiving ventilatory support experience reduced central respiratory neural activity while on
the ventilator (de Wit et al., 2009a, b; Epstein, 2011; Kondili et al., 2007; Younes, 2006).

In most patients, mechanical ventilation may be discontinued abruptly (Esteban et al., 1995,
2000). However, up to 30% of mechanically ventilated patients have difficulty resuming
breathing on their own, even after their underlying disorder has been resolved (Epstein,
2009). Indeed, up to 40% of the time spent on the ventilator is associated with the weaning
process (Esteban et al., 2008). Ventilation strategies that suppress spontaneous breathing are
associated with longer duration of mechanical ventilation (Chao et al., 1997; de Wit et al.,
2009b; Putensen et al., 2006; Thille et al., 2006); however, even patients that maintain
spontaneous breathing for the most part, but have a high level of over-assistance or
ventilator asynchrony have a longer duration of weaning from mechanical ventilation than
their counterparts that do not (Chao et al., 1997; de Wit et al., 2009b; Thille et al., 2006).
The pathophysiology underlying weaning failure is multifactorial and likely vary from
patient to patient. Much research has been focused on the impact of reduced diaphragm
muscle activity during mechanical ventilation on subsequent attempts to breathe
spontaneously since many weaning failure patients exhibit a reduced ability to convert
central respiratory drive into an effective breath (Liu et al., 2012), in large part due to
muscle weakness (Anzueto et al., 1997; McClung et al., 2007; Powers et al., 2009; Shanely
et al., 2002). However, the long-lasting impact of reduced respiratory neural activity during
mechanical ventilation on a patient’s subsequent attempts to resume spontaneous respiratory
efforts are completely unknown.
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4. Is there evidence for plasticity in conditions and disorders associated
with reduced respiratory neural activity?

Although recurrent or prolonged disruptions in respiratory neural activity are experienced in
many conditions, little is known regarding the consequences of this reduced respiratory
neural activity. Other than in reduced animal models, little direct evidence is available
concerning links between repetitive central neural apneas or prolonged reduced respiratory
activity with respiratory neuroplasticity. We suggest that this lack of evidence stems from a
lack of systematic investigation since the first description of inactivity-induced respiratory
motor neuroplasticity was only in 2011 (Mahamed et al., 2011).

Review of the literature reveals suggestive evidence that mechanically ventilated patients
exhibit respiratory behaviors consistent with inactivity-induced plasticity. For example,
central respiratory drive is higher than normal in many mechanically ventilated patients,
which is apparent almost immediately after being disconnected from the ventilator (Laghi,
2005; Nemer et al., 2009; Tobin et al., 2009). Central respiratory “drive” is often
approximated by airway occlusion pressure during the first 0.1 s of a breath (P0.1); since it
is measured at zero flow, airway occlusion pressure is independent of respiratory system
compliance and resistance (Whitelaw et al., 1975). Although both weaning failure and
weaning success patients exhibit increased P0.1 relative to normal values, P0.1 is often
higher at the onset and increases progressively in patients that cannot resume spontaneous,
independent breathing (Herrera et al., 1985; Hilbert et al., 1998; Nemer et al., 2009;
Perrigault et al., 1999; Sassoon and Mahutte, 1993; Tobin et al., 2009). Although the
progressive increase in P0.1 in weaning failure patients may be due to deteriorating gas
exchange secondary to worsening respiratory mechanics (Jubran and Tobin, 1997a; Tobin,
2001), the initial increase in P0.1 that is apparent immediately upon the discontinuation of
mechanical ventilation is often apparent prior to any measurable deterioration in respiratory
mechanics (Jubran and Tobin, 1997b; Tobin, 2001). Consistent with increased central
respiratory output, many mechanically ventilated patients exhibit elevated EMG activity in
the diaphragm and accessory inspiratory muscles within minutes of being disconnected from
the ventilator, particularly in patients that ultimately fail the weaning trial (Dres et al., 2012;
Liu et al., 2012). Although a multitude of factors may contribute to increased respiratory
neuromuscular drive in mechanically ventilated patients, the potential role of central neural
plasticity in reconfiguring respiratory motor output in response to prolonged reductions in
respiratory neural activity experienced while on the ventilator should be considered.

To date, the best evidence that reduced respiratory neural activity elicits neuroplasticity is
following SCI. Multiple reports suggest that following cervical SCI, diaphragmatic function
spontaneously improves over time in humans (Axen et al., 1985; McKinley, 1996; Oo et al.,
1999; Strakowski et al., 2007) and rodents (Baussart et al., 2006; El-Bohy et al., 1998; Fuller
et al., 2003, 2006, 2008; Golder et al., 2011; Golder and Mitchell, 2005; Lane et al., 2009;
Vinit et al., 2007). The recovery of phrenic output and diaphragm activity is associated with
a functional recovery of breathing (Strakowski et al., 2007). Since regrowth of damaged
axons across the spinal lesion is limited (Sharma et al., 2012), return of phrenic activity
following SCI is likely due to endogenous mechanisms of compensatory plasticity
(Goshgarian, 2003). Remodeling of spinal circuits post-injury may restore ipsilateral phrenic
motor output by recruiting latent contralateral pathways (the “crossed phrenic
phenomenon”; Goshgarian, 2009; Lane et al., 2009; Darlot et al., 2012) or strengthening
spared ipsilateral pathways (Vinit et al., 2008; Vinit and Kastner, 2009). However, the
cellular mechanisms giving rise to spontaneous functional recovery after SCI are unknown.
Although spinal injury causes many changes in the spinal microenvironment, including local
tissue damage, inflammation and ischemia (Hausmann, 2003), we propose that reduced
synaptic inputs to the phrenic motor pool have the potential to play a prominent role in
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inducing spontaneous functional recovery by strengthening spared pathways via
mechanisms similar to iPMF. Indeed, minutes after spinal injury, TNFα is increased caudal
to the site of injury (Pineau and Lacroix, 2007; Wang et al., 1996), triggering a rapid
increase in synaptic AMPA receptor expression in motor neurons caudal to injury (Ferguson
et al., 2008; Yin et al., 2012). In addition, aPKC activity within the ipsilateral phrenic motor
pool is increased shortly after cervical spinal hemisection, an effect that is still observed 28
days post-SCI (Guenther et al., 2012). Consistent with a key role for withdrawal of neural
inputs inducing spontaneous recovery, a 4 h disruption in descending inputs to phrenic
motor neurons via unilateral cold block causes profound morphological changes within the
phrenic motor pool (Castro-Moure and Goshgarian, 1997), similar to those observed 2 h
after SCI (Sperry and Goshgarian, 1993). These inactivity-induced morphological changes
within the phrenic motor pool are associated with enhanced ipsilateral diaphragm EMG
activity following removal of cold block and restoration of axon conduction (Castro-Moure
and Goshgarian, 1996). Understanding the stimulus and mechanisms for spontaneous
recovery after SCI is vital to further enhance these pathways and improve ventilation
following SCI.

5. Is inactivity-induced respiratory plasticity adaptive or maladaptive?
Without a clear understanding of the role for inactivity-induced plasticity in the control of
breathing, it is difficult to address whether it is adaptive or maladaptive. However, we
speculate that the nature of reduced respiratory neural activity determines the functional
consequences of inactivity-induced plasticity in the creation of a stable breathing pattern.
For example, as discussed above, even otherwise healthy individuals experience central
apnea, particularly during sleep-onset or arousals, although the frequency and duration of
these apneas is generally minimal (Eckert et al., 2007; Gaultier and Gallego, 2005; Javaheri,
2010; Javaheri and Dempsey, 2013). However, these infrequent and minor disruptions in
respiratory neural activity may induce mechanisms of inactivity-induced plasticity that
reconfigure network properties to augment respiratory motor output, thereby preventing
future episodes. In preliminary studies, we find evidence that inactivity-induced plasticity is
associated with a decrease in the CO2 apneic threshold (Baertsch and Baker-Herman,2012),
which may stabilize breathing and further protect against future apneas by increasing the
CO2 reserve. In this sense, inactivity-induced respiratory plasticity may be an important
endogenous mechanism to stabilize respiratory motor output throughout life.

On the other hand, too much enhancement and ventilatory instability may result; increased
inspiratory efforts may cause large swings in PaCO2, perpetuating the cycle of apnea/
hypopnea and predisposing an individual to periodic breathing. Such may be the case in
pathological conditions associated with an increased frequency of CSA, such as patients
with heart failure (although at this early stage we cannot rule out that these conditions
represent a failure of inactivity-induced plasticity). Further, an imbalance between the
duration and magnitude of inactivity-induced plasticity in different respiratory muscle
groups may alter the recruitment patterns of inspiratory/expiratory muscles (Feroah et al.,
2001), potentially impairing the coordination of a breath. Of interest, our findings in
experimental models suggest that inactivity-induced plasticity may preferentially enhance
inspiratory pump muscles versus those stabilizing the upper airway, which may increase the
propensity for airway obstruction during breathing. Thus, in some cases, it may be desirable
to reduce the magnitude of inactivity-induced plasticity to stabilize breathing.

Inactivity-induced plasticity may be beneficial in situations in which reduced respiratory
neural activity is prolonged. For example, following a cervical spinal injury, induction of
inactivity-induced plasticity may partially restore respiratory motor output. Thus, enhancing
inactivity-induced plasticity in patients with compromised breathing following SCI may
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optimize respiratory motor function and ventilation. In this case, a clear understanding of
when and in which motor pool inactivity-induced plasticity should be enhanced following
SCI will be critical to maximize therapeutic benefit. However, it is important to keep in
mind that this restoration of activity may be double-edged since too much plasticity may
result in hyperexcitability of respiratory motor neurons and contribute to respiratory
discoordination and muscle spasticity (Bos et al., 2013; Boulenguez et al., 2010). Indeed,
respiratory muscle spasticity compromises breathing in many SCI patients, contributing to
their ventilator dependence (Britton et al., 2005; Silver and Lehr, 1981).

By contrast, induction of inactivity-induced plasticity may be inappropriate in situations
where respiratory neural activity is reduced artificially, such as during mechanical
ventilation. In this context, inactivity-induced plasticity may be imposed on the system, and
functional adjustments may inappropriately alter system performance, such that when
artificial ventilation ends, unstable breathing may result. Accordingly, preventing induction
of inactivity-induced plasticity by maintaining respiratory neural activity during mechanical
ventilation may be critical for the resumption of a stable breathing pattern and ventilator
weaning. On the other hand, induction of inactivity-induced plasticity may serve some
benefit in facilitating resumption of spontaneous breathing after mechanical ventilation by
strengthening inspiratory motor output to offset weakened respiratory muscles. Clearly, the
consequence of inactivity-induced plasticity in shaping future performance of the respiratory
control system in any clinical context is poorly understood, and further investigation of the
role for inactivity-induced plasticity in the control of breathing is warranted.

6. How do distinct forms of respiratory plasticity interact?
Reduced respiratory neural activity rarely occurs in the absence of additional stimuli that are
also capable of eliciting plasticity. Indeed, during central neural apneas, intermittent
reductions in neural activity are associated with intermittent hypoxia, hypocapnia,
hypercapnia and diminished vagal feedback. As summarized in Fig. 3, each of these stimuli
in isolation has been shown to elicit respiratory plasticity via distinct cellular mechanisms,
and each differentially affects motor output in specific motor pools (Bach and Mitchell,
1996; Baertsch and Baker-Herman, 2013; Baker et al., 2001; Dale-Nagle et al., 2010;
Devinney et al., 2013; Fregosi and Mitchell, 1994; Mahamed and Mitchell, 2008; Mahamed
et al., 2011; Peng et al., 2003; Strey et al., 2012; Tadjalli et al., 2010; Zhang et al., 2003).
For example, acute intermittent ventilator apneas in paralyzed rats (3 or 6, 25 s apneas,
separated by 5 min; without disruption in central neural drive) induces a long-lasting
hypoglossal and phrenic motor facilitation (Mahamed and Mitchell, 2008); similarly,
hypoglossal and phrenic motor facilitation are observed following acute isocapnic
intermittent hypoxia alone (Bach and Mitchell, 1996). On the other hand, diminished vagal
feedback does not elicit phrenic motor facilitation, but preferentially elicits genioglossus
(and presumably, hypoglossal) facilitation (Tadjalli et al., 2010). Interestingly, intermittent
hypoxia in the presence of diminished vagal feedback does not appear to elicit phrenic
motor facilitation (Tadjalli et al., 2010), suggesting that simultaneous induction of multiple
forms of plasticity may confer unique responses.

An important question for future studies is: How do these multiple forms of plasticity
interact to shape necessary long-term adaptations in the respiratory control system?
Certainly, information is gained through investigations of each form of plasticity in isolation
(e.g., intermittent hypoxia without reduced central drive or airway obstruction and vice
versa); however, distinct mechanisms of plasticity may interact in complex ways to give rise
to the final motor output (Devinney et al., 2013; Nichols et al., 2012). Indeed, cross-talk
inhibition between different forms of respiratory plasticity has been demonstrated in
response to intermittent hypoxia (Dale-Nagle et al., 2010; Devinney et al., 2013; Nichols et
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al., 2012). A clear understanding of these mechanisms and how interactions among various
forms of plasticity lend context specificity to unique respiratory challenges in order to shape
ventilatory adaptations is necessary to grasp the significance of plasticity within the control
of breathing.

7. Conclusions
We are beginning to grasp basic mechanisms of inactivity-induced respiratory plasticity. It is
tempting to speculate that this form of plasticity provides a “boost”, ensuring that the
respiratory control system produces adequate motor output at all times; however, little is
known regarding its functional consequences during physiological and/or
pathophysiological situations. Since many conditions and disorders of relevance to human
health are associated with reduced respiratory neural activity, an understanding of inactivity-
induced plasticity and how (and if) it applies in these conditions is important. However, it’s
imperative to consider the potentially complex interactions among multiple forms of
plasticity likely induced during the same event. Since our appreciation of inactivity-induced
respiratory plasticity is new (Mahamed et al., 2011), we anticipate rapid increases in our
understanding from here forward.
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Fig. 1.
Differential expression of inactivity-induced respiratory plasticity. (A) Representative
compressed and integrated phrenic (top) and hypoglossal (bottom) neurograms and
inspiratory intercostal EMG activity (middle) before, during and for 60 min following a 30
min hyperventilation-induced neural apnea, illustrating a prolonged increase in phrenic burst
amplitude and a transient increase in hypoglossal burst amplitude and inspiratory intercostal
EMG activity following resumption of respiratory neural activity, indicating iPMF, iHMF
and iIMF, respectively. (B) Average change in phrenic, hypoglossal and inspiratory
intercostal EMG amplitude from baseline for 60 min following resumption of respiratory
neural activity after a central neural apnea. A prolonged (>60 min) facilitation of phrenic
nerve burst amplitude (diamonds) is apparent following resumption of respiratory neural
activity that is significantly increased relative to phrenic time controls receiving the same
surgical preparation, but no neural apnea. By contrast, hypoglossal nerve burst amplitude
(squares) and intercostal EMG activity (circles) exhibit only transient (15 min) increases in
inspiratory burst activity following neural apnea, relative to hypoglossal and intercostal time
controls. For clarity, time controls are not shown. These data suggest that iPMF is long-
lasting, whereas iHMF and iIMF are transient. * significantly increased from phrenic time
controls; # significantly increased from hypoglossal time controls; Φ significantly increased
from intercostal time controls (p < 0.05).
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Fig. 2.
Current working model of iPMF. We hypothesize that local spinal mechanisms operating
within the phrenic motor pool “sense” and “respond” to reduced bulbospinal respiratory
inputs by local release of TNFα in/near the phrenic motor pool. Subsequent activation of
TNFα receptors promotes the formation of the aPKCζ/ι -ZIP/p62 signalling cassette in
phrenic motor neurons. This stimulus specific signaling cascade increases the synaptic
strength and induces iPMF. The pathways downstream of the aPKCζ/ι -ZIP/p62 signalling
cassette leading to iPMF are unknown. Similar mechanisms are proposed to occur within
hypoglossal and inspiratory intercostal motor pools to give rise to iHMF and iIMF,
respectively.
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Fig. 3.
Reduced respiratory neural activity has the potential to elicit multiple forms of plasticity. In
non-ventilated animals, central apnea results in reduced respiratory neural activity, profound
changes in arterial blood gases and diminished sensory feedback. Similar effects may be
observed following disruption of descending inputs to spinal motor neurons (depending on
extent and location of disruption). Mechanical ventilation may be associated with reduced
respiratory neural activity and/or altered sensory feedback in some patients. Animal models
suggest that each of these stimuli independently elicit unique and possibly overlapping
forms of plasticity. For example, acute intermittent hypoxia elicits long-term facilitation
(LTF) in phrenic, hypoglossal and intercostal nerves (pLTF, hLTF and iLTF, respectively;
Bach and Mitchell, 1996; Fregosi and Mitchell, 1994). Additional forms of plasticity are
elicited during chronic exposures to intermittent hypoxia, specifically facilitation of carotid
body afferent feedback (sensory LTF; Peng et al., 2003). Severe hypercapnia elicits long-
term depression of phrenic and hypoglossal nerve activity (pLTD and hLTD; Bach and
Mitchell, 1998; Baker et al., 2001). Reduced respiratory neural (motor) activity elicits long-
lasting iPMF, and transient iHMF and iIMF (Baertsch and Baker-Herman, 2013; Baker-
Herman and Strey, 2011; Mahamed et al., 2011), whereas reduced intermittent sensory
(vagal) feedback elicits genioglossus facilitation (Tadjalli et al., 2010). To date, we lack a
clear understanding regarding how these multiple forms of plasticity interact to shape
necessary long-term adaptations in the respiratory control system.
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