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Abstract
Respiratory dysfunction is one of the most devastating consequences of cervical spinal cord injury
(SCI) with impaired breathing being a leading cause of morbidity and mortality in this population.
However, there is mounting experimental and clinical evidence for moderate spontaneous
respiratory recovery, or “plasticity”, after some spinal cord injuries. Pre-clinical models of
respiratory dysfunction following SCI have demonstrated plasticity at neural and behavioral levels
that result in progressive recovery of function. Temporal changes in respiration after human SCI
have revealed some functional improvements suggesting plasticity paralleling that seen in
experimental models – a concept that has been previously under-appreciated. While the extent of
spontaneous recovery remains limited, it is possible that enhancing or facilitating neuroplastic
mechanisms may have significant therapeutic potential. The next generation of treatment
strategies for SCI and related respiratory dysfunction should aim to optimize these recovery
processes of the injured spinal cord for lasting functional restoration.

1. Introduction
Traumatic spinal cord injury (SCI) poses an increasingly challenging healthcare problem.
For the spinal cord injured individual, neurologic compromise results in long-term
impairment with secondary health-related complications. Respiratory dysfunction – the
focus of the present review – is of particular concern as it is a frequent consequence of
cervical SCI (over half of all spinal cord injuries (NSCISC, 2012)), and contributes
significantly to overall life-long morbidity and mortality (DeVivo et al., 1993; DeVivo et al.,
1999; Garshick et al., 2005; Waddimba et al., 2009). With an estimated 12,000 new cases of
SCI annually, an increasing chronic SCI population (NSCISC, 2012), and around 40%
reported respiratory failure rate among those hospitalized for cervical SCI (Hoh et al., 2013),
improved treatment of SCI and related respiratory dysfunction is not only an individual but
also a societal imperative.

Normal respiratory function requires the coordinated action of multiple inspiratory and
expiratory muscle groups (Feldman, 1986; Lane, 2011; Monteau and Hilaire, 1991). Central
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neural control of respiration occurs via descending efferent signals from ventilatory centers
in the brainstem to spinal motor neuron pools in the cervical, thoracic and lumbar spinal
cord to activate these various respiratory muscles (Feldman, 1986; Lane, 2011; Monteau and
Hilaire, 1991; Nicholls and Paton, 2009). Given the extensive rostro-caudal distribution of
lower respiratory motor neurons (Lane, 2011; Monteau and Hilaire, 1991), injury at nearly
any level of the spinal cord can result in some type of respiratory impairment.

The most devastating respiratory consequences occur with upper cervical SCI (Jackson and
Groomes, 1994), which may directly compromise phrenic motor neurons (C3-5/6) (Lane,
2011) innervating the diaphragm (which contributes 65% of forced vital capacity during
normal breathing) (Lanig and Peterson, 2000; Ledsome and Sharp, 1981; Winslow and
Rozovsky, 2003), while also disrupting supraspinal input to respiratory motor neurons
caudal to injury (e.g. intercostal and abdominal). Paresis or paralysis of the diaphragm from
an injury at C4 or above leads to decreased inspiratory force, reduction in forced vital
capacity and potentially complete apnea (Linn et al., 2000) (Gardner et al., 1986), with a
>80% incidence of respiratory complications, and up to 40% of people being ventilator
dependent (Jackson and Groomes, 1994).

Respiratory dysfunction is not limited to upper cervical injuries, with respiratory
compromise occurring in 23% of cervical injuries below C4 and 9.9% of thoracic SCI
(Jackson and Groomes, 1994). Disruption of supraspinal input to intercostal and abdominal
motor neurons can cause respiratory dysfunction despite a preserved phrenic motor system
and diaphragm. Flaccid paralysis of thoracic intercostals results in paradoxical chest wall
contraction rather than expansion during diaphragm activity, with reduced ventilatory
efficiency (Brown et al., 2006; Ledsome and Sharp, 1981; McMichan et al., 1980; Stiller et
al., 1992). Weakened abdominal muscles cause the diaphragm to position lower in the rib
cage resulting in less potential excursion with contraction when sitting upright, which may
require use of an abdominal binder. Paralyzed abdominal muscles can lead to impaired
cough-mediated clearance of airway secretions with associated atelectasis, infection, and
compromised respiratory function (Cheng et al., 2006; McMichan et al., 1980).

Currently, effective treatment options for respiratory dysfunction after SCI are limited. Most
individuals with respiratory impairment undergo largely supportive management with
various ventilatory-assist devices (Bach, 2012, 2013), and long-term care focused towards
minimizing respiratory-related complications. Overall respiratory outcome is still largely
impacted by neurologic level and completeness of injury. Upper cervical and functionally
complete SCIs suffer the highest morbidity and mortality (Fishburn et al., 1990; Jackson and
Groomes, 1994; Lemons and Wagner, 1994), which is of particular concern given the
increase in upper cervical injuries in recent years (DeVivo and Chen, 2011).

In order to advance our care of the spinal cord injured and improve upon current respiratory
outcomes, it is imperative that we gain a better understanding of neural injury with regards
to respiratory motor systems. Extensive pre-clinical study of respiratory dysfunction
following experimental cervical SCI has provided insight into these pathophysiologic
processes. The following review provides an overview of these recent pre-clinical studies
and describes emerging, promising clinical evidence that limited respiratory recovery can
occur spontaneously in injured people. An appreciation for the timing and extent this
recovery, and some insight into potential mechanisms, is likely to be key to guiding
translational therapy development with the goal of providing lasting functional
improvement.
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2. Respiratory Dysfunction following Experimental cervical SCI
2.1 C2 Hemisection Model

The experimental model most frequently used to assess post-injury respiratory function has
been a C2 lateral hemisection (C2Hx) – a very precise white matter lesion (Fig. 1). The
primary focus of studies to date has been on the phrenic motor system and plasticity (see
section 3) in phrenic motor neuron or diaphragm activity (Goshgarian, 2003, 2009; Lane et
al., 2009; Vinit and Kastner, 2009). One very distinct advantage of such lesions is that they
also result in a readily-defined population of injured and spared axons, which can then be
studied anatomically and functionally. In this model, bulbospinal axons from neurons in the
ventral respiratory column which project onto phrenic motor neurons (Dobbins and
Feldman, 1994; Ellenberger et al., 1990; Moreno et al., 1992) and spinal interneurons
(Dobbins and Feldman, 1994; Lane, 2011; Lane et al., 2008b) are transected on one side of
the spinal cord above the phrenic motor neurons, resulting in paralysis of the ipsilateral
hemidiaphragm. However, bulbospinal projections on the contralateral spinal cord are
completely spared. Therefore, the majority of projections to contralateral phrenic circuitry
(mediating contralateral hemidiaphragm activity) are spared and function persists. In fact,
contralateral hemidiaphragm activity typically increases, which may partially compensate
for the deficits associated with the injury (see section 4 below). While both incomplete
(Goshgarian, 1981; Fuller et al., 2009; Vinit et al., 2008; Vinit et al., 2006; Vinit et al.,
2007) and complete (Dougherty et al., 2012b; Fuller et al., 2008; Fuller et al., 2009; Golder
et al., 2001a) lateral C2Hx models have been employed, the latter is perhaps more widely
used at present as it compromises all supraspinal projections on one side from both ipsi- and
contralateral respiratory control centers in the medulla (pathways are located in the lateral
and ventral-ventromedial white matter respectively (Fig. 1) (see also Lipski et al., 1994).
Both incomplete and compete hemisections, however, result in paralysis of the ipsilateral
diaphragm. Interestingly, exposure of injured animals to a respiratory challenge
(hypercapnia or hypoxia) amplifies contralateral phrenic activity and may induce phrenic
motor activity ipsilateral to injury (Zhou et al., 2001). This induced response to challenge
activates an otherwise latent pathway that can restore ipsilateral phrenic activity.

Changes in ventilation following C2Hx injury (as measured by plethysmography) are
reflected by an increased breathing frequency (f) and decreased tidal volume (VT) under
eupneic conditions (Fuller et al., 2008; Fuller et al., 2006; Golder et al., 2001b; Goshgarian
et al., 1986). It should be noted that the reduction in VT following incomplete C2Hx (with
sparing of ventromedial white matter) is more limited (Fuller et al., 2009). When exposed to
hypercapnia, there is a robust increase in f, VT and VE following complete or incomplete
C2Hx (Fuller et al., 2009). This rapid, shallow breathing (RSB) phenotype – analogous to
that seen in patients with cervical SCI – is also persistent for months post-injury (Fuller et
al., 2008; Fuller et al., 2006). It is likely that RSB following C2Hx is a compensatory
mechanism that evolves to maintain minute ventilation (VE), which is comparable to values
obtained prior to injury (see section 4 for discussion).

2.2 Cervical Contusion Injury Models
The C2Hx model serves as an excellent proof-of-principle model for studying respiratory
dysfunction and recovery, and for testing therapeutic strategies capable of optimizing
recovery. However, the model bears little in common with the more complex cervical
contusion/compression type injuries that typically occur in people (Lane et al., 2008a). In
contrast to the precise white matter disruption associated with partial section injuries,
contusions involve combined white and gray matter damage (Fig. 1). This is particularly
evident at the neuron-dense cervical and lumbar levels (Magnuson et al., 2005; Reier et al.,
2002). Mid-cervical contusion injuries compromise descending bulbospinal inspiratory
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fibers as well as phrenic motor- and interneurons (Choi et al., 2005; El-Bohy et al., 1998;
Golder et al., 2011; Lane, 2011; Lane et al., 2012) (Fig. 1). As a result, irrespective of lesion
symmetry, such injuries would also partially disrupt axonal pathways that cross the spinal
midline (which are thought to mediate recovery following C2Hx; see section 3) (Lane, 2011;
Lane et al., 2012). Use of cervical contusion (Choi et al., 2005; El-Bohy et al., 1998; Golder
et al., 2011; Lane, 2011; Nicaise et al., 2012a; Nicaise et al., 2012b; Nicaise et al., 2013) and
contusion/compression (Baussart et al., 2006) models has revealed that this injury results in
histopathological and functional consequences that more closely resemble those seen
following human injuries at cervical levels.

Anterograde tracing of bulbospinal projections from inspiratory neurons following intended
midline contusion injury has demonstrated that even with substantial white matter sparing,
there is a reduction in axonal labelling caudal to injury (Lane et al., 2012). While lacking
detailed tracing of bulbospinal pathways, more lateralized injuries have shown a greater
compromise in white matter (Baussart et al., 2006; Choi et al., 2005; El-Bohy et al., 1998),
and therefore likely a greater loss of bulbospinal respiratory projections on the affected side.
By far the most distinctive feature of contusion or compression injuries is the extensive loss
of spinal inter- and motor neurons. The amount of loss is dependent on lesion severity (e.g.
impact force), the spinal level (given greater neuronal numbers found at cervical and lumbar
enlargements) and whether tissue compression is also involved (e.g. is the impactor allowed
to remain on the spinal cord after impact). It is possible that the device used to model the
injury (e.g. NYU impactor vs. Infinite Horizon pneumatic impactor) results in different
pathology. Recent tracing studies estimate the number of motor neurons susceptible to loss
was approximately 50% following a midline C3/4 contusion with the Infinite Horizon
impactor (Lane et al., 2012). In addition, more than 30% of spinal pre-phrenic interneurons
appear to be vulnerable in this injury model (Lane et al., 2012). Retrograde labelling of
phrenic motor neurons with cholera toxin (beta subunit) suggests that a similar proportion of
the motor neuron pool (~50%) is lost following a lateralized contusion injury at C4 (Nicaise
et al., 2012a; Nicaise et al., 2013). While lateralized contusions are typically intended to be
unilateral (Baussart et al., 2006; Nicaise et al., 2012a; Nicaise et al., 2012b), severe
lateralized contusions can result in some “bilateral” compromise of gray matter (El-Bohy et
al., 1998), albeit asymmetrical. Such bilateral, asymmetrical lesions result in partial damage
of the contralateral intermediate gray matter, and likely also crossed respiratory bulbospinal
pathways (see section 3). Nicaise et al. also demonstrated that a single (C4) or dual (C4 and
C5) lateral contusion resulted in substantial combined white and gray matter compromise at
these spinal levels, extensive axonal degeneration within the phrenic nerve (Nicaise et al.,
2012a; Nicaise et al., 2012b), alterations within neuromuscular junctions (Nicaise et al.,
2012a; Nicaise et al., 2012b) and diaphragm muscle atrophy (Nicaise et al., 2012a).

Cervical contusion injuries result in a highly reproducible deficit in diaphragm activity,
which appears to be more consistent with gray matter damage than the more variable white
matter compromise (El-Bohy et al., 1998; Lane et al., 2012). Acute assessment of diaphragm
activity following midline or lateralized contusion injury suggests that the muscle may be
paralyzed only briefly (perhaps due to spinal shock) as rhythmic activity has been seen
bilaterally within hours post-injury. While the extent of deficit in baseline diaphragm
function following midline contusion injury (Lane, 2011) has not yet been well defined,
terminal diaphragm EMG recordings have revealed reduced baseline activity ipsilateral to a
lateralized contusion injury for weeks post-injury (El-Bohy et al., 1998; Golder et al., 2011).
A particularly prominent deficit following cervical contusion is a “blunted” response to
respiratory challenge (modeled using hypoxia or hypercapnia). While in the uninjured rat,
there is a robust increase in diaphragm activity from baseline, contusion injury results in a
significant attenuation of this response (El-Bohy et al., 1998; Golder et al., 2011; Lane et al.,
2012). The deficits in phrenic function following contusion injury therefore appear to be
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two-fold: 1) reduced diaphragm activity during baseline breathing and 2) impairment in the
diaphragmatic response to respiratory challenge. Whether these different post-injury
functional attributes are a direct result of differing or similar anatomical mechanisms (e.g.
direct loss of motor and/or interneurons, or a manifestation of ongoing anatomical plasticity)
is currently unknown.

As would be expected, following asymmetric injuries, the reduction in muscle activity is
greatest on the side of most damage. However, recent experiments in our laboratory revealed
bilateral diaphragm dysfunction following lateralized contusion injury (Fig. 2). Telemetric
diaphragm EMG electrodes (Data Sciences International) were implanted to enable repeated
measures of diaphragm activity following contusive injury. While the extent of diaphragm
dysfunction while spontaneously breathing normal room air post-contusion is not clear from
these initial experiments, there is an impaired response to respiratory challenge
(hypercapnia; 7% CO2) bilaterally 2 days post-injury. While this deficit persists for weeks,
some recovery can be seen 3 weeks post-injury (see section 3). A key advantage of
telemetric EMG recordings is that they can be obtained in awake animals simultaneously
with plethysmography to measure ventilation. Ongoing studies will examine the temporal
change in muscle activity and ventilation.

In contrast to the change in ventilation seen following C2Hx, experimental contusive
injuries appear to have a less severe effect on breathing patterns. In the first study of
ventilation following cervical contusion, Choi et al. (2005) demonstrated that animals with
severe lateral C4-5 contusion showed a RSB pattern under eupneic conditions. Again, this
altered pattern of breathing appeared to be compensatory as VE was comparable to uninjured
animals (see section 4 below). When presented with a hypercapnia respiratory challenge
they also showed an impaired response to this challenge, consistent with clinical reports
after comparable human injuries (Kelling et al., 1985; Lin et al., 1998; Manning et al., 1992;
McCool et al., 1988). Both f and VT when exposed to 7% CO2 were lower than seen in
uninjured animals. More recently, Golder et al. (2011) demonstrated a similar effect on
ventilation 2 days post-injury despite substantial variation in lesion size, lesion symmetry
and rostro-caudal location, revealing that this outcome is biologically robust. Following
intended midline contusion (more extensive gray matter loss, but greater white matter
sparing) ventilatory impairments seem more limited (Lane et al., 2012). Only more severe
midline contusions (intended 250 kilodyne impact) resulted in altered breathing within the
first week post-injury (Lane et al., 2012).

3. Respiratory Recovery following Experimental SCI: Evidence for Plasticity
Before reviewing the examples of recovery seen in the experimental models described
above, it is essential to have an appreciation for the ways in which recovery – or plasticity –
can occur. Spontaneous recovery can arise in different motor and sensory systems in
different ways. However, the present discussion will focus on motor recovery as this is what
we have gained the best appreciation for from the models outlined above. In general terms,
spontaneous functional recovery post-SCI can occur via: restorative and/or compensatory
plasticity, which occur at both the neural substrate (e.g. neuronal and/or muscular plasticity)
and behavioral level (e.g. breathing pattern) (see Table 1 and (Kleim, 2012) for discussion).

Further, both types of plasticity can arise either as a result of anatomical changes, or result in
anatomical changes. These anatomical changes can occur at multiple levels of the neural
substrate: altered supraspinal or spinal neuronal connections (e.g. activation of latent
connections or formation of new connections via axonal or dendritic growth), reorganization
of neuromuscular junctions, changes in muscle fiber size and type. Restorative plasticity
typically arises as a result of anatomical changes (restoration of function within an injury
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system generally occurs sometime post-injury after either existing or new anatomical
pathways have been activated or recruited, respectively, to perform the lost function). In
contrast, compensatory plasticity usually gives rise to anatomical changes (plasticity is
dependent on altered levels of activity in compensating systems and results in associated
changes; e.g. muscle hypertrophy or atrophy associated with increased or decreased use,
altered synaptic input between neurons in more active pathways). Restorative and
compensatory plasticity - and associated anatomical changes - are not independent and
exclusive, but rather, are likely to involve dynamic processes which continuously provide
both positive and negative feedback. For instance, robust compensatory plasticity may limit
the need or stimulus required for restorative plasticity to occur. These are important
concepts to consider when trying to determine the time-course and extent of functional
recovery after injury, as well as, the nature of the underlying anatomical changes.

Restorative plasticity has perhaps received the most attention to date in the study of
respiration post-SCI, with research focusing on the C2Hx model. In this experimental
model, there are relatively few examples of compensatory plasticity with evidence of
changes in muscles and substrates other than the ipsilateral phrenic motor neuron pool and
diaphragm. However, this has become a growing area of interest as we seek to better
understand how post-injury ventilation is achieved following cervical hemisection or
contusion injury. This has recently been prompted by the rapid recovery of ventilatory
function following mid-cervical contusion, despite significant anatomical compromise and
diaphragm dysfunction.

While the factors that contribute to the onset and extent of plasticity observed
experimentally or clinically remain elusive, it is likely that no single event is responsible.
Experimental studies suggest that the tissue trauma itself will contribute to spontaneous
anatomical reorganization and plasticity at neural levels, the timing and extent of which
likely varies with injury location and severity. Impairment in function post injury – at neural
and behavioral levels – likely drives i) rapid compensatory plasticity via chemoreflexes and
ii) more protracted functional change associated with restorative plasticity (the underlying
mechanisms of which are less well defined). In addition it is likely that ongoing behavioral
changes following injury (e.g. adaptive behaviors, rehabilitation) can further contribute to
neuroplasticity.

3.1 C2 Hemisection Model
Early studies using the C2Hx model found that subsequent transection of the phrenic nerve
contralateral to C2Hx provoked recovery of ipsilateral phrenic motor neuron and diaphragm
activity (Porter, 1895). This demonstration of functional recovery – attributed to “the
crossed-phrenic phenomenon” (CPP) – became the leading example of respiratory plasticity
following cervical spinal cord injury (Goshgarian, 2003, 2009; Lane et al., 2008a). It has
also since been shown that ipsilateral phrenic motor neuron and diaphragm activity can
spontaneously recover within weeks to months post-C2Hx (Fuller et al., 2008; Fuller et al.,
2006; Fuller et al., 2003; Golder and Mitchell, 2005; Golder et al., 2001a; Nantwi et al.,
1999). The extent of this restorative plasticity, however, remains limited for several months
post-injury (Fuller et al., 2008). Recovery of diaphragm activity post-C2Hx is thought to
involve recruitment of spared, latent bulbospinal axons in the contralateral spinal cord that
cross the spinal midline caudal to injury and monosynaptically innervate phrenic motor
neurons ipsilateral to injury (Fig. 3A) (Lane et al., 2009; Moreno et al., 1992). Another
possibility is that supraspinal input to phrenic motor neurons post-C2Hx is mediated by
polysynaptic pathways involving spinal interneurons (Darlot et al., 2012; Lane, 2011; Lane
et al., 2009; Lane et al., 2008b; Sandhu et al., 2009). The past decade has seen a growing
appreciation for the contribution spinal interneurons can make to post-SCI function, neural
plasticity, and repair (Bareyre et al., 2004; Courtine et al., 2008; Flynn et al., 2011; Fouad
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and Tse, 2008; Harkema, 2008; Hou et al., 2008; Saywell et al., 2010). There is now also
mounting evidence for cervical interneurons that respond to respiratory related signals (e.g.
hypoxia or hypercapnia) (Lane et al., 2009), and may be involved with ipsilateral phrenic
motor neuron activity following a C2Hx (Darlot et al., 2012; Sandhu et al., 2009).
Therefore, the potential involvement of interneurons in the restorative plasticity associated
with the spontaneous CPP cannot be underestimated (Fig 3B). In addition, while the focus of
the present discussion is on anatomical and functional changes within the spinal cord, an
important consideration is that spontaneous changes have also been observed in other areas
of the central (brainstem (Golder et al., 2001a)) and peripheral nervous systems
(neuromuscular junctions and muscle itself (Mantilla et al., 2012; Mantilla et al., 2007;
Mantilla and Sieck, 2009)). The clinical correlation of this in human SCI is unknown,
however, the strong evidence of these supraspinal and peripheral changes in pre-clinical
models certainly suggests a need for further investigation in humans.

While the CPP following C2Hx has been extensively documented, less is known about
recovery in non-phrenic respiratory systems (e.g. intercostal and abdominal). An example of
spontaneous restorative plasticity was recently observed in intercostal muscles following
C2Hx (Dougherty et al., 2012a). While ipsilateral intercostal activity was minimal or absent
within the first 3 days post-injury, spontaneous improvement in function was observed 2
weeks post-injury. Much less is known, however, about the substrates that might mediate
intercostal restorative plasticity post-SCI. A better definition of the plasticity that occurs
within these other respiratory systems is needed for identifying their contribution to post-
injury ventilation.

The basis for ventilatory recovery following C2Hx is now thought to involve both
compensatory (e.g. contralateral phrenic motor system (Golder et al., 2003; Golder et al.,
2001a)) and restorative plasticity (albeit limited) (Dougherty et al., 2012b; Golder et al.,
2003) at neural levels, and illustrates the ongoing feedback between these two processes
during stages of recovery (Fig. 5). Activity in spared respiratory systems increases acutely
after injury to compensate for ipsilateral diaphragm paralysis. The emergence of a rapid,
shallow pattern of breathing that arises immediately post-injury represents compensatory
plasticity at the behavioral level. Recovery of relatively normal minute ventilation is a result
of compensatory changes in breathing frequency (increased) and tidal volume (decreased).
With progressive restorative plasticity at the neural level arising over time (as ipsilateral
diaphragm activity improves), the need for compensation from spared respiratory systems is
reduced. Maintenance of post-injury breathing behavior is therefore a balance between these
two types of plasticity.

3.2 Cervical Contusion Injury Models
While our understanding of respiratory dysfunction and plasticity following C2Hx is rapidly
improving, less is known about the pattern of respiratory recovery following cervical
contusion injury. Terminal electrophysiology offers some insight into differences in phrenic
motor neuron and diaphragm function in uninjured animals and at different times post-
contusion in injured animals. The detectable diaphragm activity observed within hours post-
injury (following an initial paralysis) is most likely attributable to recovered activity in
spared neural substrates. While the identity of spared neurons contributing to this diaphragm
function is presently unclear, one possibility is that some spared phrenic motoneurons not
typically involved with eupneic breathing pre-injury (e.g. those that are recruited during
circumstances requiring increased respiratory drive), become recruited following injury to
contribute to diaphragm activity. Recruitment of neurons in this manner would indicate
compensatory plasticity at the neural level. This notion is supported by the fact that
diaphragmatic response to respiratory challenge is impaired following contusion injury and
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cells that would normally be recruited are already active during eupneic breathing post-
injury.

While determining the time course of post-injury respiratory function using terminal
electrophysiology presents limitations, chronic diaphragm EMG enables a more
comprehensive assessment of function within individual animals prior to- and at multiple
time point post-injury. Recordings from animals with implanted telemetric EMG electrodes
(Fig. 2) have revealed some recovery both ipsi- and contralateral to a lateral contusion
injury. Although the response to hypercapnic challenge was reduced bilaterally 2 days post-
injury, improvement was seen 3 weeks post-injury. Recent studies by Nicaise et al (2013)
reported recovery of compound muscle action potential (following phrenic nerve
stimulation) one week after lateral C4 contusion, suggestive of changes at peripheral levels
(neuromuscular junctions, change in muscle fibers). Progressive recovery of diaphragm
activity after cervical contusion may in part be attributable to such peripheral changes.

Given the evidence for neural recovery following contusion injury, behavioral recovery
could also be expected. Studies using either midline or lateral contusion injury models have
shown ventilatory recovery within a month post-contusion injury (Choi et al., 2005; Golder
et al., 2011; Lane et al., 2012). In fact, baseline breathing patterns became comparable to
pre-injury measurements. This perhaps unexpected degree of recovery may partially reflect
that many of the experimental SCI models currently employed are less severe than those
typically seen clinically. However, the recovery in ventilatory function post-contusion still
provides an example of plasticity and significant functional recovery. The basis for the
limited ventilatory deficit and rapid spontaneous recovery in models of cervical contusion
injury remains unknown. It is tempting to speculate, however, that the recovery of breathing
behavior is dependent upon increased activity in multiple respiratory muscles. We propose
that much like ventilation post-C2Hx, breathing following contusion injury is a function of
restorative and compensatory plasticity (Fig. 3). This notion is supported in part by the
observation that recovery of ipsi- and contralateral diaphragm function coincides with
improved ventilatory function within the first 3 weeks following lateral contusion injury
(Fig. 4). Ongoing studies are investigating temporal functional changes at these neural and
behavioral levels.

As was described following C2Hx, plasticity-mediated anatomical changes have been
observed at the spinal level (Lane et al., 2012) and in the periphery (Nicaise et al., 2012a;
Nicaise et al 2013) following lateral contusion. Consistent with neuronal loss associated
with contusion injury, axonal degeneration is evident throughout the phrenic nerve (Nicaise
et al., 2012a; Nicaise et al., 2012b). In addition, progressive changes in the diaphragm
neuromuscular junctions occur over time. While complete and partial denervation was seen
following C4 lateral contusion, there were signs of reinnervation 6 weeks post-injury
(Nicaise et al., 2012a; Nicaise et al., 2012b). At the spinal level, transynaptic tracing of the
neuronal pathways mediating diaphragm function following a midline contusion has
revealed an apparent change in the underlying neuronal circuitry (Lane et al., 2012). One
week post-injury there was an increase in interneuronal labelling rostral to the injury. While
additional studies are required, increased labelling within this region may reflect increased
synaptic connectivity with nearby motor neurons. How these anatomical changes reflect, or
are reflected by, functional plasticity has yet to be explored.

3.3 Pre-clinical Therapeutic Strategies for Optimizing Recovery
There are multiple different treatments that have been tested in experimental models of SCI
that have shown some promising therapeutic results. While it is not the intention of this
paper to review these therapies (reviewed elsewhere (Sharma et al., 2012)), it is worth
highlighting examples of some treatments that have provided insight into the mechanisms of
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underlying respiratory plasticity. An important lesson learned from these studies is that
injured respiratory bulbospinal axons retain the ability to regrow given the optimal
environment. Some of the first experiments to demonstrate this were by Gauthier et al
(Decherchi and Gauthier, 2000, 2002; Decherchi et al., 1996; Gauthier and Lammari-
Barreault, 1992; Gauthier and Rasminsky, 1988; Gauthier et al., 2002; Lammari-Barreault et
al., 1991). Peripheral nerve implants were used as a bridge to facilitate growth of afferent
and efferent axons between respiratory centers in the medulla and spinal levels. These
studies revealed that supraspinal and spinal (interneuronal) axons can grow through a
peripheral nerve bridge implanted acutely or chronically into cervical Hx injury, innervate
the caudal spinal cord and modulate phrenic activity. This growth potential was more
recently exploited by Alilain et al (2011), who also used a peripheral nerve implant, but in
combination with delivery of chondroitinase (an enzyme that degrades the main inhibitory
molecules associated with glial scarring – chondroitin sulphate proteoglycans). This
combined approach following C2Hx showed significant growth of axons from cells in the
ventral respiratory column, reticular and serotonergic nuclei, which enhanced diaphragm
activity to nearly normal levels (output was comparable to the contralateral diaphragm)
(Alilain et al., 2011). Given the contribution that spinal interneurons make to plasticity and
recovery post-SCI (Darlot et al., 2012; Lane et al., 2009; Sandhu et al., 2009), it should be
noted that these transplantation strategies may also facilitate growth of axons from
interneurons located rostral to the transplant.

Another important finding of these experiments was that the treatment approach not only
promoted repair, but also appeared to alter underlying plasticity. Transection of the
peripheral nerve bridge did not immediately abolish ipsilateral diaphragm activity, but
instead unmasked a novel pattern of activity which could be attributed to altered spinal
connectivity caudal to the transplant (Alilain et al., 2011). Earlier studies by Alilain et al
(2008) also revealed that optogenetic activation of spinal circuitry (estimated 80%
interneuronal) caudal to a C2Hx (otherwise untreated) unmasked robust, patterned
respiratory activity. In addition, experiments by Kowalski and DiMarco have shown that
following a complete C1 transection (in rats (Kowalski et al., 2013) or dogs (DiMarco and
Kowalski, 2009)), epidural stimulation of the high thoracic spinal cord resulted in activation
and maintenance of diaphragm activity for 60 minutes without sign of fatigue. These
collective results highlight the fact that neuronal circuitry caudal to spinal injury is capable
of producing significant respiratory activity. Accordingly it represents a viable therapeutic
target for enhancing respiratory function post-SCI.

4. Respiratory Recovery After Human SCI: Does Human Plasticity Occur?
Previously, it was believed that functional plasticity does not occur after human SCI, and
that spontaneous recovery was a phenomenon limited to experimental animal models.
However, as we further investigate pre-clinical models and achieve a better understanding of
plasticity-mediated recovery, we gain insight into potential similar recovery processes in
humans. While we do not have the same capacity to demonstrate the underlying mechanisms
by which this recovery occurs clinically (as we do in pre-clinical models), there are
undoubtedly clear examples of spontaneous functional improvement in humans.

An illustrative case example is a 36 year old male who presented with acute onset of
headache and neck pain which progressed to complete quadriplegia, diaphragm paralysis
and respiratory distress requiring emergent intubation and mechanical ventilation. Magnetic
resonance imaging (MRI) revealed an acute intramedullary spinal cord hemorrhage
involving the upper cervical spinal cord (Fig. 4A, B). The asymmetric lesion presumably
affected, among other motor and sensory tracts, pathways between the brainstem and the
phrenic motor neuron pool and other respiratory lower motor systems. Two months post-
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hemorrhage with aggressive respiratory rehabilitation, the same individual was weaned from
the ventilator completely and was able to support independent respiration. Neurologically,
he had regained better than antigravity strength in his left arm and leg, and was less than
antigravity strength in his right arm and leg. MRI evaluation at this functionally improved
time point demonstrated resolution of edema with significantly smaller residual blood
products, however, persistent evidence of an upper cervical hemi-cord lesion (Fig. 4C, D).

This case represents a clinical example of an upper cervical hemicord lesion with
spontaneous recovery, which may pose a corollary to the previously described plasticity-
mediated recovery in experimental C2Hx and lateral contusion models. Currently, we can
only speculate as to the underlying mechanisms which allow for some individuals to regain
independent respiration when the majority of spinal cord injured fail. This disparity
underscores the challenges of investigating plasticity in the clinical arena. First, spontaneous
recovery for most individuals likely represents incremental (yet potentially relevant)
functional changes that may not be detectable using conventional clinical or behavioral
measures for assessing gross neurologic outcome (Fawcett et al., 2007; Steeves et al., 2007).
Second, spinal cord injury is a heterogeneous disorder with respect to level of spinal injury,
severity of injury, anatomic substrate that is injured versus preserved, and with evidence that
some SCI syndromes (e.g. central cord, cauda equina) have higher rates of spontaneous
recovery than other injuries (Steeves et al., 2007). Third, variable rates of recovery may
occur at different time points following the initial injury, which may also be susceptible to
different interventions (to be discussed below). Therefore, detection of recovery may be
dependent on the window of observation (Fawcett et al., 2007). Finally, spontaneous
recovery in the majority of injured individuals ultimately occurs without actual repair of the
underlying injured neural substrate, thereby relying on spared tissue and circuitry to support
function. This strategy presents limitations to the extent of function that can be fully
restored, a finding seen also in pre-clinical models. However, it is clear that enhancement or
facilitation of plasticity to supersede these limitations will potentially be the target for future
therapeutic investigation.

Further evidence exists that spontaneous functional recovery does occur after human SCI. It
has been reported that up to 4 – 10% of individuals presenting with an overall complete
(neurologically, not anatomically) injury eventually improve to incomplete status (Fawcett
et al., 2007; Kirshblum et al., 2004; Waters et al., 1993). The respiratory system, however,
demonstrates a particularly robust capacity for partial spontaneous functional recovery (Call
et al., 2011; Oo et al., 1999; Wicks and Menter, 1986), as seen by the relatively high rate
(approximately 50%) of cervical SCI patients presenting with respiratory failure who are
able to be successfully weaned from mechanical ventilation after injury (Call et al., 2011;
Wicks and Menter, 1986). While the mechanisms of this recovery remain unclear, the
temporal patterns of recovery in certain cases suggest that restorative plasticity may be
partly responsible. This is because restorative processes typically seem to require more time
for underlying anatomical changes to occur and re-establish neural control to impaired
motor systems (Fawcett et al., 2007). This is opposed to early compensatory processes
where spared muscle groups may rapidly increase activity to counteract weakened muscles.
Although, it should be noted that some compensatory processes may be strengthened over
time, also showing a delayed progressive improvement. Unfortunately, definitive
determination of restorative versus compensatory processes based on anatomical changes in
vivo is currently not possible, and therefore relies on inference given behavioral recovery
patterns.

The precedence for functional plasticity has already been observed in other non-respiratory
motor systems in which delayed spontaneous motor recovery occurs in a zone of partial
preservation, a spared region in which there is some measurable albeit impaired motor
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activity that subsequently shows late improvement (Fawcett et al., 2007; Waters et al.,
1993). Delayed neurologic motor recovery has been observed even as late as between 1 and
5 years post injury (Kirshblum et al., 2004). Respiratory recovery demonstrates a similar
trajectory of delayed incremental improvement suggestive of restorative plasticity. While the
time course of recovery is variable between individuals (likely speaking to the overall
heterogeneity of SCI and patients) (Oo et al., 1999), significant gains in lung function
typically occur over the first 6 months after injury (Axen et al., 1985; Bluechardt et al.,
1992; Haas et al., 1985; Loveridge et al., 1992). In a small series of 12 patients with
complete diaphragm paralysis after upper cervical SCI, spontaneous recovery of
diaphragmatic activity was seen between 40 and 569 days after SCI, with 7 of the 12
achieving ventilator independence (Oo et al., 1999). In another study, improvement in
certain pulmonary function measures were seen as late as 10 years after SCI (Tow et al.,
2001), although this finding has not been universally observed (Fugl-Meyer, 1971).

Like other skeletal muscle, respiratory muscles have the potential to increase in strength
when exposed to exercise, stress or conditioning (Mitchell and Johnson, 2003; Sapienza and
Wheeler, 2006). Intensive respiratory training programs have been demonstrated to improve
ventilatory performance with increases in total lung capacity, vital capacity and ventilator-
independent breathing time (Gross et al., 1980; Gutierrez et al., 2003; Loveridge et al., 1989;
Martin et al., 2011; Rutchik et al., 1998; Van Houtte et al., 2006; Wang et al., 2002).
Specifically, inspiratory muscle training targeting weakened or paralyzed muscles has been
shown to improve forced vital capacity, forced inspiratory vital capacity, vital capacity, total
lung capacity, functional residual capacity, and maximum inspiratory pressure (Gross et al.,
1980; Mueller et al., 2008; Rutchik et al., 1998), with evidence of sustained improvement in
a number of pulmonary function parameters up to 1 year after training (Mueller et al., 2008).
Expiratory muscle training similarly drives increases in expiratory muscle function after SCI
with improvement in forced vital capacity, FEV1 and expiratory reserve volume (Bluechardt
et al., 1992; Estenne et al., 1989; Roth et al., 2010). Unfortunately, we currently lack studies
to demonstrate the neuroanatomical changes underlying this recovery, although the pattern
and behavior certainly suggest that anatomic changes are likely occurring at both the level of
the neural substrate and muscle. Recent advances in functional neuroimaging modalities
may soon provide capability for assessing these possible neuroanatomical changes in vivo
(Cadotte et al., 2012).

In addition to these examples of restorative plasticity, there are also examples of
compensatory plasticity at the neural level with the recruitment of multiple spared muscle
groups to account for weakened or paralyzed muscles after injury (e.g. McCool et al., 1988;
Tamplin et al., 2011). It is likely that a balance between compensatory and restorative
plasticity contributes to post-injury breathing behavior as is seen in pre-clinical models. In
the absence of restorative plasticity acutely following injury, compensatory neural plasticity
is solely responsible for breathing behavior. The rapid shallow pattern of breathing seen
acutely following experimental injury is most likely attributable to compensatory neural
mechanisms. Similarly, evidence of ventilatory recovery in humans is seen through altered
compensatory behavior (Call et al., 2011; Haas et al., 1985; Ledsome and Sharp, 1981;
Wicks and Menter, 1986). Early acute response to respiratory failure after complete cervical
SCI demonstrates a relatively rapid increase in vital capacity, inspiratory capacity, and total
lung capacity (Haas et al., 1985; Ledsome and Sharp, 1981). In line with the theory that
compensatory plasticity underscores this recovery, overall improvement in respiratory
function coincides with altered respiratory mechanics, as evidenced by changes in lung
compliance and a paradoxical decrease in functional residual capacity (Haas et al., 1985).
Regardless, in this acute-stage, compensatory recovery likely serves as an early functional
benefit prior to the potential for any possible restorative plasticity to occur. In fact, acute
recovery can account for early ventilator weaning and extubation in a significant population
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(Wicks and Menter, 1986), with up to 74% of individuals being extubated as soon as 5.5
days post injury (Call et al., 2011).

Compensatory plasticity not only assists early recovery but also demonstrates late changes,
with findings of increased activity in multiple spared respiratory muscle groups above and
below the injury level (Axen et al., 1985; Bluechardt et al., 1992; Ledsome and Sharp, 1981;
Loveridge et al., 1989; McMichan et al., 1980; Ovechkin et al., 2010; Rutchik et al., 1998;
Silver and Lehr, 1981). After chronic SCI, EMG recordings show increased activity of
accessory trapezius and pectoralis muscles during breathing (Ovechkin et al., 2010), which
are innervated by pathways arising from above the injury level. EMG activity is also
observed in previously paralyzed intercostals (below the injury level) in chronic cervical
SCI (Silver and Lehr, 1981). The mechanism by which the intercostal motor system recovers
is unclear, however, this electrophysiological activity may represent a compensatory reflex
contraction in response to respiratory drive deformation of the thoracic wall (Silver and
Lehr, 1981). Chronic changes in intercostal activity function to increase effective
transduction of diaphragmatic displacement to lung volume by decreasing chest wall
compliance and increasing rib cage stability (Haas et al., 1985). The end result is an
adaptive, altered breathing strategy (Loveridge et al., 1989; Rutchik et al., 1998) which is
effective in increasing forced vital capacity and maximal inspiratory force to about 60% of
predicted pre-injury levels (Ledsome and Sharp, 1981; McMichan et al., 1980). Although, it
should be noted that this compensatory change paradoxically causes a decrease in functional
residual capacity, and may represent imperfect functional recovery as there is limited
maximum inspiration with potential for chronic hypoventilation (Haas et al., 1985)

While many clinical reports have made no mention of neuroplasticity, we strongly believe
that the examples outlined above reveal some of the neuroplastic potential of the injured
human spinal cord – a concept that remains under appreciated. More in-depth clinical study
of patients with cervical SCI will likely yield a better understanding of the time course of
such plasticity and possibly even insight into the underlying neural substrates. Using a
bedside-to-bench translational approach, this may enable the development of more effective
therapeutic strategies capable of optimizing plasticity and lasting functional recovery.

5. Closing Remarks
Despite the aforementioned examples of spontaneous respiratory recovery, the reality is that
for the majority of affected individuals with SCI-related respiratory dysfunction, the current
outlook is unfavorable. Respiratory complications continue to be the leading cause of
morbidity and mortality after SCI (DeVivo et al., 1993; DeVivo et al., 1999; Garshick et al.,
2005; Waddimba et al., 2009). Our current clinical treatment paradigm involves managing
respiratory dysfunction primarily with positive pressure assisted ventilation, yet ventilator
dependence remains a strong predictor of negative outcome (e.g. Wicks and Menter, 1986).
There continues to be important advances in the management of respiratory dysfunction
with a particular focus towards achieving ventilator independence. Phrenic nerve (PNP) and
diaphragm (DP) pacing (discussed in further detail in [EDITORS: Please cite DiMarco et al
paper in this issue]) are two strategies designed to promote ventilator independence by
delivering electrical stimulation to drive diaphragmatic contraction. For some individuals,
PNP and DP generate sufficient negative intra-thoracic pressure for independent ventilation,
however, in only about 50% of cases (DiMarco, 2009; Onders et al., 2009; Romero et al.,
2012; Weese-Mayer et al., 1996). Activity-dependent respiratory training is another method
that has demonstrated success in improving rates of independent ventilation, even in those
with complicated underlying pulmonary and neuromuscular conditions who have failed
prior attempts at extubation (Aldrich et al., 1989; Cader et al., 2010; Martin et al., 2011).
While these therapeutic approaches undoubtedly provide clinical benefit for those who are
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successfully treated, there still remains the large percentage of those who continue with
respiratory dysfunction, along with the other significant neurologic impairments that result
from SCI. Therefore, in developing the next generation of SCI therapies, the challenge
remains identifying processes that may optimize repair and recovery of the underlying
neural substrate with the hope of restoring long-term multi-system function.
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Highlights

Preclinical studies have revealed multiple examples of plasticity following spinal
cord injury (SCI)

While similar examples arise clinically, the neuroplastic potential of the injured
human spinal cord has been under appreciated

This review defines some of the ways that neuroplasticity is seen post-SCI and
highlights pre-clinical and clinical examples
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Figure 1.
Schematic diagrams of the cervical spinal cord highlighting the phrenic motor circuit of the
adult rat as it is presently known: uninjured (left), with lateralized C2 hemisection (center),
or with a lateral mid-cervical contusion (right). Descending bulbospinal connections from
the bilateral ventral respiratory columns (VRC; A) innervate the phrenic motor neurons (B)
distributed from C3 to C6 (monosynaptic connections). Connections from the VRC to
phrenic motor neurons can also be made indirectly through spinal interneurons (C). Motor
neurons axons extend out through dorsal roots and converge into the phrenic nerve (D) that
innervates the ipsilateral hemidiaphragm. In these diagrams functioning motor neurons are
indicated in green. Denervated neurons are shown in white. A lateral C2 hemisection is
above the phrenic motor neuron pool and can be complete, severing all connections on one
side of the spinal cord to the phrenic motor neuron pool (E), or incomplete, sparing
respiratory related axons in the ventromedial white matter on the injured side. Experimental
lateral or midline contusion injuries results in combined white and gray matter disruption.
Mid-cervical contusion injuries result in sparing of some motor neurons rostral to injury (F)
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that still receive supraspinal input, direct loss of motor neurons at the level of injury, and
partial denervation of motor neurons caudal to injury.
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Figure 2.
Telemetric EMG (Data Scientific International, Inc) and plethysmography were conducted
after a 200 KD left lateralized contusion. EMG recordings are shown as raw voltage output
and plethysmography is displayed as mL/sec. 2 days following SCI the animal shows an
impaired response to hypercapnic challenge in both the ipsilateral (left diaEMG) and
contralateral side (right diaEMG). Concurrent plethysmography also reveals an impaired
ventilatory response to challenge. At 3 weeks the animal recovers the ability to respond to
hypercapnic challenge with the contralateral hemi diaphragm; however, ipsilateral
diaphragm dysfunction persists. Consistent with previous reports previous reports of
ventilation following contusion (Choi et al., 2005; Golder et al., 2011), the ventilatory
response to challenge improves 3 weeks post-injury.
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Figure 3.
Schematic diagrams of the cervical spinal cord highlighting possible anatomical substrates
(in blue) of restorative plasticity following a lateral C2Hx (left) or a lateral mid-cervical
contusion (center) and or compensatory plasticity post-C2HX (right). Restorative plasticity
following spinal cord injury occurs by restoring activity in the circuits that have been
directly compromised by injury. In the past, spontaneous recovery following C2Hx has
primarily been attributed activation of previous latent respiratory bulbospinal pathways
located contralateral to the injury, which cross the spinal midline below the level of injury to
directly innervate phrenic motor neurons (A). However, the identification of interneurons
that relay bulbospinal input to phrenic motor neurons has raised the possibility that
polysynaptic pathways also facilitate restoration of ipsilateral phrenic function (B). While
less is known about changes in anatomical substrates following mid-cervical contusion
injuries, there is some evidence for reorganization of connections amongst spared substrates
rostral to injury (Lane et al., 2012) (C). Another consideration is that interneuronal relays to
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may be recruited to restore input to the phrenic motor neurons caudal to injury (D). While
very little is known about compensatory processes (right), it can be speculated that
following a lateral C2 hemisection enhanced connections from the VRC (E) or spinal
interneurons (F) to contralateral phrenic motor neurons, or recruitment of interneurons
associated with the affected circuit (G), may accompany compensatory increases in
contralateral phrenic activity.
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Figure 4.
T2-weighted magnetic resonance imaging (MRI) from a 36 year old male that presented
with acute onset of headache and neck pain which progressed to complete quadriplegia,
diaphragm paralysis and respiratory distress requiring emergent intubation and mechanical
ventilation. Sagittal magnetic resonance imaging (MRI) demonstrates an acute
intramedullary spinal cord hemorrhage extending from the medulla to C3 with extensive
surrounding edema (A). Axial MRI at the approximate level of C2 (B) demonstrates a
primarily right sided (asymmetric) intramedullary hemorrhage with extensive gray matter
and partial white matter involvement. Two months post hemorrhage (C, D) the individual
had completely weaned from assisted ventilation. Neurologically, he had regained better
than antigravity strength in his left arm and leg and was less than antigravity strength in his
right arm and leg. Sagittal MRI at this time (C) demonstrates resolution of edema with
significantly smaller residual blood products at C2. Axial MRI (D) two months post
hemorrhage confirms a primarily right hemi-cord lesion.
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Table 1

Functional Respiratory Plasticity. Divisions of functional plasticity to account for differences in the way that
plasticity can occur (restorative vs. compensatory) and the level at which it occurs (neural vs. behavioral).
(Modified from (Kleim, 2012))

Restoration Compensation

Neural Restoration of function in respiratory circuits (and
muscles they control) that have been directly
compromised/paralysed by injury (e.g. ipsilateral
restoration following C2Hx via the spontaneous
crossed-phrenic phenomenon).

Altered activity within respiratory circuits (and the
muscles they control) that are not directly compromised by
injury in order to compensate for functional deficits. (e.g.
increased activity in the contralateral phrenic circuit
following C2Hx)

Behavioral (NB.
behavioral changes may
arise as a result of
compensatory and/or
restorative changes)

Restoring the ability to perform ventilation in
exactly the same manner as it was performed prior to
injury (e.g. within weeks-months following
experimental cervical contusion ventilation appears
normal)

Ventilation performed in a manner different from how it
was performed prior to injury (e.g. Rapid, shallow
breathing; an adaptation in breathing frequency and tidal
volume to maintain normal minute ventilation)
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