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Abstract

Cervical spinal cord injury (SCI) results in permanent life-altering sensorimotor deficits, among 

which impaired breathing is one of the most devastating and life-threatening. While clinical and 

experimental research has revealed that some spontaneous respiratory improvement (functional 

plasticity) can occur post-SCI, the extent of the recovery is limited and significant deficits persist. 

Thus, increasing effort is being made to develop therapies that harness and enhance this 

neuroplastic potential to optimize long-term recovery of breathing in injured individuals. One 

strategy with demonstrated therapeutic potential is the use of treatments that increase neural and 

muscular activity (e.g. locomotor training, neural and muscular stimulation) and promote 

plasticity. With a focus on respiratory function post-SCI, this review will discuss advances in the 

use of neural interfacing strategies and activity-based treatments, and highlights some recent 

results from our own research.
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INTRODUCTION

The formation and retention of functionally relevant neuronal connections during 

development is driven in part by motor and sensory activity. Increased and/or repetitive 

activity in mature pathways strengthens existing neuronal circuits (increasing synaptic and 

dendritic growth), refines and prunes irrelevant connectivity through synaptic competition, 

and can promote the recruitment of additional neurons into these pathways while preserving 
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selectivity. Accordingly, these neuroplastic changes can be harnessed for therapeutic gain. 

Treatments designed to stimulate neural activity can contribute to the formation of new 

neural pathways and repair of those that are damaged, ultimately resulting in improved 

function following spinal cord injury (SCI). Strategies to drive neural activity can be 

separated into those using electrical stimuli (`neural interfaces' (NI's): functional electrical 

stimulation, epidural stimulation, transcranial magnetic stimulation) and physical stimuli 

(`activity-based therapies' (ABTs): rehabilitation, locomotor training). NIs and ABTs may 

be structured to either engage local circuits and musculoskeletal subsystems (e.g. a specific 

muscle and reflex) targeted in the therapy, or to engage broader system function (e.g. 

locomotion as a whole). Both approaches are becoming widely recognized as effective, 

clinically-viable means of reactivating neural circuitry that might otherwise remain inactive 

following SCI. For instance, electrical stimulation of the spinal cord caudal to a SCI (e.g. 

using epidural stimulation and intraspinal microstimulation) can restore sufficient activity to 

denervated spinal motor networks en masse to evoke not only simple tasks such as stance, 

but also more complex patterned limb movements (Bamford and Mushahwar, 2011; Tator et 

al., 2012), or to regulate specific synergies and phases of locomotion (Giszter, 2015; Wenger 

et al., 2016). With some parallels to electrical stimulation, physically increasing activity with 

exercise or rehabilitation also activates neural circuits in a localized or more general fashion. 

Persistence of this physical training strengthens the muscles being used, stimulates afferent 

feedback and drives contextual neural plasticity. For example, treadmill training can harness 

beneficial neuroplastic changes to promote lasting functional improvement in people with 

SCI (Harkema, 2001). More recently combinations of NIs and ABTs (e.g. epidural 

stimulation and locomotor training) have been shown to act synergistically for further 

enhancement of function (Hsieh and Giszter, 2011).

While historically the focus has been on improving locomotor recovery, there is growing 

appreciation for how stimulating neural activity can be used to treat non-locomotor 

impairments (bladder dysfunction, pain, spasticity, and respiration). Autonomic and 

segmental sensory motor function is likely integrated at the circuit level, but little effort has 

been made to investigate these interactions. General system effects of neural motor activity 

are likely more pervasive than they were previously considered. Building upon recent 

clinical findings and ongoing experimental studies, the present review discusses how 

strategies for stimulating neural activity can be used therapeutically to enhance respiratory 

function following cervical SCI.

RESPIRATION POST-SCI

Motoneurons innervating respiratory muscles are distributed throughout the cervical, 

thoracic and lumbar spinal cord (innervating the diaphragm, intercostals and abdominals, 

respectively) (Lane, 2011). Thus, SCI at any of these levels can affect respiratory function. 

Injuries at thoracic and lumbar levels can compromise the motor pathways controlling the 

intercostal and abdominal muscles. While thoracic and lumbar level injuries have little 

impact on inspiratory function (largely mediated by the phrenic motor system and 

diaphragm), they can produce deficits in respiratory–related behaviors (e.g. sneezing, 

coughing). Furthermore, impaired airway clearance can contribute to life-threatening 

secondary respiratory infections (Baydur and Sassoon, 2010).
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The most severe respiratory deficits arise following cervical SCI, which not only partially or 

completely denervates respiratory circuitry at thoracic and lumbar spinal levels, but directly 

compromises the phrenic motor circuitry. Spinal phrenic motoneurons innervate the 

diaphragm, which is the most important respiratory muscle. Thus, injuries compromising 

phrenic motor function result in diaphragm paralysis/paresis, and typically necessitate 

assisted ventilation. Furthermore, cervical SCI denervates more caudal respiratory circuitry 

resulting in a combined inspiratory and expiratory dysfunction, impairing defensive 

respiratory-related behaviors (e.g. cough), and thereby increasing the risk of secondary 

complications (e.g. infection).

Despite these devastating outcomes, extensive research has shown some potential for 

respiratory plasticity and spontaneous functional recovery following cervical SCI. While the 

amount of recovery attributable to plasticity is limited, several studies have shown that onset 

and extent of plasticity can be therapeutically enhanced. Ongoing research is identifying 

new therapeutic targets that will promote respiratory plasticity and lasting recovery of 

breathing post-SCI.

PLASTICITY AFTER CERVICAL SCI

For the purpose of this review neuroplasticity can be defined as the ability of the nervous 

system to make anatomical and functional changes that lead to persistent alterations in 

sensory-motor function. These changes can be mediated by a range of factors, such as an 

experience (e.g. learning), persistent activity (e.g. training), or injury (e.g. SCI). 

Furthermore, this plasticity can occur `spontaneously' (without external interference) 

following traumatic SCI and/or following therapeutic intervention (driven by external 

influences). An important goal for SCI treatments is that they either; i) do not impair 

spontaneously occurring, beneficial plasticity, ii) limit any detrimental aspects of plasticity 

(e.g. spontaneously occurring pain), or even more preferably, iii) act synergistically to 

enhance intrinsic neuroplasticity and optimize the extent of lasting functional improvement.

Following SCI, anatomical plasticity (e.g. reorganization of neuronal connections, activation 

of spared latent pathways) can lead to functional plasticity (e.g. restoration of activity in 

damaged pathways, increased activity in spared pathways to compensate for damage, 

synaptic strengthening), and vice-versa. While the present review focuses on neuroplastic 

changes within the spinal cord post-injury, it should also be noted that plasticity from the 

peripheral nervous system (Mantilla and Sieck, 2009; Nicaise et al., 2012b) to supraspinal 

circuitry (Golder et al., 2001; Goshgarian, 2009) can occur post-SCI and may affect 

functional outcome. Even a localized event (e.g. SCI) can result in plasticity through the 

brain, brainstem, spinal cord, peripheral nerves and muscle (Bezdudnaya et al., 2014; Oza 

and Giszter, 2014, 2015; Raineteau and Schwab, 2001). Another important consideration is 

that neuroplastic changes do not always translate to functional improvements and may even 

result in erroneous and detrimental (maladaptive) functions (e.g. pain, spasticity) (Byl 2004; 

Norenberg 2004; Dashtipour et al. 2007). With that in mind, the timing and `dose' of any 

treatment must be carefully assessed to limit maladaptive effects and optimize repair and 

recovery.
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Evidence for functional respiratory plasticity was first demonstrated over a century ago 

using a lateral C2 hemisection (C2Hx) (Porter, 1895), which has since become the most 

frequently used model of respiratory dysfunction and plasticity following SCI (Goshgarian, 

2003a; Hoh et al., 2013; Vinit and Kastner, 2009b; Warren and Alilain, 2014). This type of 

injury compromises direct (monosynaptic) projections from the ventral respiratory column 

in the medulla to ipsilateral phrenic motoneurons (Ellenberger and Feldman, 1988; 

Ellenberger et al., 1990; Keomani et al., 2014; Lane et al., 2009b; Lane et al., 2008; Vinit 

and Kastner, 2009a), and results in an ipsilateral hemidiaphragm paralysis (Figure 1). 

Despite the extent of injury, acute partial recovery of phrenic and hemidiaphragm activity 

after C2Hx can be accomplished by a subsequent contralateral phrenicotomy (Goshgarian, 

2003a; Porter, 1895) or by inducing a respiratory stress such as asphyxia, hypoxia or 

hypercapnia (Golder and Mitchell, 2005; Lewis and Brookhart, 1951). This type of post-

injury plasticity - known as the “cross-phrenic phenomenon” (CPP) – is attributed to 

activation of contralateral (spared), normally latent, bulbospinal pathways that cross the 

spinal midline below the injury (Figure 1A) (Goshgarian et al., 1991; Moreno et al., 1992). 

While not normally active, these pathways become active post-C2Hx following a respiratory 

challenge or stress (Goshgarian, 2003b; O'Hara and Goshgarian, 1991; Vinit et al., 2006), 

and removing the respiratory challenge abolishes the described recovery. Spontaneous, long-

lasting recovery of phrenic activity, albeit to a limited extent, has also been observed in 

chronic C2Hx animals and occurs within weeks to months following injury (Figure 1B) 

(Fuller et al., 2008; Nantwi et al., 1999). There is some suggestion that this spontaneous 

plasticity, or “spontaneous cross-phrenic phenomenon”, may be distinct from the pathways 

described for the crossed-phrenic phenomenon and involve axonal sprouting, rerouting 

(Darlot et al., 2012; Vinit et al., 2005; Vinit and Kastner, 2009b) and the formation of new 

polysynaptic connections with phrenic motoneurons via cervical spinal interneurons (Darlot 

et al., 2012; Lane et al., 2009c; Lane et al., 2008; Sandhu et al., 2009). The extent of 

recovered phrenic motor function, however, remains limited (Fuller et al., 2008; Lane et al., 

2009a; Vinit et al., 2006) and significant deficits in breathing persist for months post-injury 

(Fuller et al., 2008; see also Figure 1B).

A growing number of studies have begun to assess respiratory function using more clinically 

comparable contusion injury models (Figure 2). With a primary focus again on the phrenic 

motor system, these studies have also begun to demonstrate the capacity for spontaneous 

respiratory plasticity. El-Bohy, Reier and Goshgarian were the first to show that lateral or 

midline cervical contusion resulted in reduced phrenic motor output, and an attenuated 

phrenic motor response to respiratory challenge (Figure 2B) (El-Bohy et al., 1998). Using 

plethysmography, Choi et al. (2005) subsequently showed that ventilatory patterns were 

altered acutely following a lateral contusion – exhibiting rapid, shallow patterns of breathing 

(analogous to that seen following C2Hx), but there was a progressive recovery toward a 

more normal breathing behavior weeks post-injury. One study did show greater recovery, 

following only minimal functional deficit that was associated with a more mild contusive 

injury (Alvarez-Argote et al., 2016). More recently, we (Lane et al., 2012) and others (Awad 

et al., 2013; Baussart et al., 2006; Golder et al., 2011; Nicaise et al., 2013; Nicaise et al., 

2012a; Nicaise et al., 2012b) have confirmed these original findings, providing some 
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evidence for phrenic and ventilatory plasticity following moderate to severe SCI, but as is 

seen in the C2Hx model the extent of recovery is limited and significant deficits persist.

THERAPEUTICALLY SHAPING RESPIRATORY NEUROPLASTICITY

Substantial efforts have been made to develop treatments capable of enhancing recovery of 

phrenic motor function and diaphragm activity. In the present review, these treatments are 

grouped into therapies that are designed to drive this activity via electrical (neural 

interfacing) or non-electrical stimulation (activity-based therapies) in people with SCI. The 

primary therapeutic goal of neural stimulation post-SCI is to activate otherwise silenced/

paralyzed circuitry and muscles. When applied under the right conditions the beneficial 

effects can also persist after termination of treatment (Mercier et al., 2016; Posluszny et al., 

2014). Such therapies, summarized in Figure 3, are designed to stimulate neural activity via 

electrical stimuli applied to the periphery (functional electrical stimulation (A)), spinal cord 

(epidural stimulation (B) or intraspinal microstimulation (C), and transcranial magnetic 

stimulation (D)) or supraspinal regions (transcranial magnetic stimulation and deep brain 

stimulation), or via physical stimuli (locomotor training (F) and respiratory rehabilitation 

(E)). Evidence for efficacy of both electrical and non-electrical strategies have come from 

clinical and pre-clinical studies. Each strategy activates neural circuits, amplifying beneficial 

neuroplastic changes that can promote lasting functional improvements post-SCI.

Neural Interfacing and Respiratory Neuroplasticity

Rapid advances in bioengineering and brain-computer interface technology have driven 

forward the clinical use of operative neuromodulation (electrically or chemically altering 

synaptic transmission via implantable devices). A wide variety of devices now are being 

surgically implanted to interface with the nervous system for the treatment of motor (e.g. 

diaphragm pacing, epidural stimulation, deep brain stimulation for movement disorders) and 

sensory (e.g. retinal and cochlear implants) deficits. These devices also range from 

externally controlled open-loop devices to self-regulating closed-loop interfaces. Open-loop 

devices, such as diaphragm pacers that can be used to treat respiratory dysfunction (Onders, 

2012; Onders et al., 2007; Onders et al., 2010; Posluszny et al., 2014; Tedde et al., 2012), 

generate electrical stimulation based on an exogenous signal (e.g. a pre-programmed 

external controller). Closed-loop devices record and amplify signals from sensors (e.g. 

position sensor, muscle contraction sensors) implanted within the recipient, and use the 

recorded (endogenous) signal for stimulation. In this case, voluntary contraction or 

movement of non-paralyzed muscle/circuity could be used to trigger stimulation of 

paralyzed pathways or muscles.

As this review highlights, these are just some of the neural interfacing strategies that can be 

used to improve respiratory function post-SCI. Furthermore, growing use of both open- and 

closed-loop strategies has begun to reveal that the benefits of stimulation are not limited to 

merely treating a deficit. Long-term, repeated stimulation may actually drive neuroplasticity, 

contribute to rewiring of neural circuitry, and overall greater recovery of impaired function.
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Functional Electrical Stimulation

Functional electrical stimulation (FES) is the direct stimulation of muscles or peripheral 

nerves which can provide sufficient efferent activity to elicit muscle contraction in otherwise 

paralyzed muscles. FES has been applied to produce both isometric muscle contractions 

(which are conditioning) and contractions against resistance (exercise), thus counteracting or 

limiting disuse atrophy (Baldi et al., 1998; Giangregorio and McCartney, 2006). Improved 

fatigue resistance, increased muscle mass and maximal force can be seen within a few 

months of FES therapy. Muscle conditioning and exercise often are a necessary step for 

regaining muscle mass before applying any additional therapies directed at recovery of lost 

function. The management of post-SCI respiratory dysfunction using open-loop muscle/

nerve FES (e.g. diaphragm pacing (Gonzalez-Bermejo et al., 2015; Onders, 2012; Onders et 

al., 2014; Posluszny et al., 2014)), represents a significant improvement over alternative 

assisted-ventilation strategies. Ongoing work in this area has revealed that it not only 

maintains ventilation, but may also contribute to plasticity and lasting functional recovery 

(Posluszny et al., 2014).

The use of FES treatments for respiratory dysfunction post-SCI has focused on the phrenic 

motor system, likely due to the primary role the phrenic system has in maintaining 

ventilation (Lane, 2011). While non-ventilatory respiratory-related functions (e.g. expiratory 

behaviors such as cough) are extremely important to individuals with spinal cord injury, the 

scope of the present review is also focused to ventilatory functions. Phrenic nerve 

stimulation and diaphragm pacing (Figure 3Ai) are FES strategies which effectively 

maintain ventilation in people with cervical SCI. Aside from significantly improving the 

quality of life for people requiring assisted ventilation (e.g. tracheal tubes are not required), 

restoring muscle activity attenuates rapid disuse atrophy. Disuse atrophy of respiratory 

muscles may occur far more quickly than in non-respiratory muscles, with muscular changes 

seen within hours of positive pressure mechanical ventilation (Powers et al., 2009). Patients 

that have had long-term mechanical ventilation and experienced diaphragm atrophy require 

muscle reconditioning, which can in fact be achieved with muscle pacing (Dalal and 

DiMarco, 2014; DiMarco et al., 2005a). Thus, these strategies represent a significant 

improvement in the management of respiratory dysfunction post-SCI (Alshekhlee et al., 

2008; Creasey et al., 2004; Dalal and DiMarco, 2014; DiMarco, 2001, 2005, 2009; DiMarco 

et al., 2005a; DiMarco et al., 2002; DiMarco et al., 2005b; Ho et al., 2014; Onders, 2012; 

Onders et al., 2007; Onders et al., 2011; Tedde et al., 2012).

Initial studies in the 1970s revealed that phrenic nerve stimulation could eliminate the need 

for mechanical ventilation, greatly increasing an injured individual's independence and 

quality of life. However, the implantation of the stimulating electrodes requires a 

thoracotomy and surgical manipulation of the phrenic nerves (in close approximation to the 

brachial plexus), posing a risk of nerve damage, and thereby exacerbating deficits and 

morbidity. Furthermore, as pacers for phrenic nerve stimulation are placed within the neck, 

they fail to stimulate the accessory phrenic nerve which merges with the main trunk of the 

phrenic nerve within the thoracic cavity. In contrast, direct stimulation of the diaphragm at 

the motor end point with diaphragm pacing avoids these risks.
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Diaphragm pacing represents a viable alternative to mechanical ventilation, significantly 

improving quality of life for injured individuals (Dalal and DiMarco 2014). This procedure 

involves visualizing the abdominal surface of the diaphragm via laproscopy, 

electrophysiologically mapping the muscle to identify the primary motor point for optimal 

contraction, and surgical implantation of stimulating electrodes at that site. Clinical studies 

have shown that diaphragm pacing not only reduces or eliminates the need for mechanical 

ventilation (Dalal and DiMarco, 2014; DiMarco, 2005), but it can also promote progressive 

recovery of independent respiration (Bass et al., 2005; Posluszny et al., 2014). While it has 

been suggested that diaphragm pacing may induce neuroplastic changes in the respiratory 

system and facilitate recovery in SCI patients (Onders, 2012), the mechanisms involved in 

this recovery remain unknown.

Unfortunately, not all injured individuals are eligible for phrenic nerve stimulation or 

diaphragm pacing as intact phrenic motoneurons (distributed C3-C5) and phrenic nerves are 

required in order to elicit muscle contraction (DiMarco et al., 2005a; Gonzalez-Bermejo et 

al., 2015). Injuries directly compromising the C3-5 spinal cord or resulting in root avulsion/

nerve damage typically result in a paralyzed diaphragm that cannot be stimulated. Thus, 

treatments are typically limited to those people with respiratory deficits that arise from 

injury above C3 (Dalal and DiMarco 2014). However, there is some evidence to suggest that 

if there is partial phrenic sparing contralateral to an asymmetric (lateralized) SCI, then 

combined contralateral phrenic and bilateral intercostal pacing may yield similar functional 

benefits (DiMarco et al., 2005b). Moreover, effectiveness of diaphragm pacing may be time 

dependent and only acute post-injury patients may benefit from this intervention (Jarosz et 

al., 2012). For these reasons, additional reverse-translation studies in animal models are 

needed to explore mechanisms contributing to diaphragm stimulation and its effects on 

neuroplasticity, muscle preservation, improvements in general respiration as well as ways to 

improve existing pacing techniques. Given some of these caveats, DiMarco et al. (DiMarco 

and Kowalski, 2010, 2011; DiMarco et al., 1994) explored whether stimulation of intercostal 

muscles via spinal cord stimulation (see below) could achieve similar therapeutic efficacy.

The focus of most FES strategies for respiratory systems has been on the restoration of 

inspiratory function to improve ventilation. However, electrical stimulation of abdominal 

muscles can also assist expiratory functions (Bell et al., 2007; McBain et al., 2013, 2015), 

and thus may be a viable means of treating these deficits in injured individuals. Abdominal 

muscle activation for assisted expiration has even been achieved using non-invasive high-

frequency magnetic stimulation, surface muscle stimulation and the more invasive strategy 

of stimulating the ventral roots of the lower thoracic spinal cord (reviewed in DiMarco 

2005).

Stimulating non-respiratory muscles to enhance respiratory function

The integration of breathing with motor function and vice versa is well known. Maximum 

efforts involve breathing coordination, exemplified by forced expiratory event during 

physical exertion (e.g. weight lifter's grunt during a lift). Alternatively, respiration efficiency 

can benefit from phase-locking to locomotion or other motor activity. While the respiratory 

muscles/nerves remain a logical therapeutic target for FES to enhance respiratory function, 
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an often under-appreciated fact is that stimulation of non-respiratory muscles may also 

enhance activity within respiratory systems (Figure 3Aii). The integration of respiratory and 

non-respiratory (e.g. locomotor pathways) provides an anatomical and functional substrate 

that can be harnessed to modulate respiratory function post-injury (Isaev et al., 2004; Morin 

and Viala, 2002; Palisses et al., 1988; Persegol et al., 1993; Viala et al., 1987). Experimental 

studies have shown that stimulation of peripheral nerves innervating either the upper or 

lower limbs, as well limb muscles themselves, can rapidly induce changes in respiration 

(D'Orangeville et al., 2013; Iscoe and Polosa, 1976; McCloskey and Mitchell, 1972; 

Persegol et al., 1993; Potts et al., 2005; Tibes, 1977; Waldrop et al., 1986b). The two main 

effects that have been observed during peripheral nerve stimulation are respiratory rhythm 

entrainment (Iscoe and Polosa, 1976; Morin and Viala, 2002; Potts et al., 2005) and 

increased phrenic output (Persegol et al., 1993; Tibes, 1977; Waldrop et al., 1986b). More 

specifically, a number of studies have demonstrated that activation of group III and IV 

muscle afferents may be primarily responsible for the effects seen in the respiratory output 

(Hill et al., 1996; Mateika and Duffin, 1995; Tibes, 1977). In addition, coupling between 

respiratory and locomotor systems at the spinal and supraspinal levels may contribute to 

observed changes in respiration. For example, in a preliminary study we observed that 

stimulation of hind limb (tibialis posterior extensor muscle) of an anesthetized, vagotomized 

adult female rat for less than one minute can be used to entrain the animal's respiratory 

rhythm in a 2:1 ratio of stimulus to phrenic burst (Figure 4). Thus, stimulation of non-

respiratory muscles may represent a viable means of activating respiratory circuits (as shown 

in Figure 3Aii). While these experiments were conducted in spinal intact animals, the results 

highlight how primary afferent feedback can modulate spinal respiratory activity (Gariepy et 

al., 2012; Gariepy et al., 2010; Morin and Viala, 2002). In fact, more recent experiments 

have confirmed that stimulation of muscles in the upper extremities, and thus associated 

primary afferents, can restore phrenic motor output to an otherwise silent phrenic motor pool 

caudal to a C2 hemisection injury (Bezdudnaya et al., 2015).

A common theme amongst therapeutic effects of all FES strategies within the central 

nervous system discussed above is that the stimulation of primary afferents to modulate 

spinal neuron activity appears to play an important role in spinal plasticity.

Spinal stimulation to enhance respiratory plasticity and recovery

Given the importance of primary afferent stimulation in the reported benefits of FES 

strategies, it is not surprising that several studies have assessed whether direct stimulation of 

afferent fibers in the spinal cord (within the dorsal roots) can achieve similar or enhanced 

therapeutic effects. Early attempts to treat pain by peripheral nerve stimulation encountered 

variability in outcome, and prompted a neurosurgeon in the late 60s – Clyde Norman Shealy 

– to speculate that direct stimulation of the spinal cord may be equally if not more effective 

(Shealy et al., 1967). Through assessing optimal electrode placement, and altering 

stimulation intensity and frequency, however, it became clear that patterned spinal motor 

activity could also be activated by epidural spinal stimulation (Dimitrijevic and Faganel, 

1980; Sherwood et al., 1980). There is now rapidly growing appreciation for the fact that 

spinal stimulation (e.g. epidural or intraspinal stimulation) can be used to directly target 

spinal neurons caudal to injury, `priming' the circuitry, increasing neuronal excitability and 
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driving functional locomotor plasticity and recovery (Edgerton et al., 2008; Harkema et al., 

2011; Ichiyama et al., 2008; Lavrov et al., 2006), as reviewed in detail (Edgerton and 

Harkema, 2011; Tator et al., 2012).

The use of epidural stimulation (Figure 3B) for treating respiratory dysfunction has focused 

primarily on driving intercostal muscle activity (DiMarco et al., 1987; DiMarco and 

Kowalski, 2010, 2011, 2015; DiMarco et al., 2005b). Using a ventrally placed stimulating 

electrode in the upper thoracic spinal cord, DiMarco and Kowalski have shown improved 

intercostal and diaphragm activity (DiMarco and Kowalski, 2010; DiMarco et al., 2005b; 

Kowalski et al., 2013). Epidural stimulation of the ventral surface of the intact upper 

thoracic spinal cord promoted sufficient intercostal muscle activity to contribute to 

ventilation, even following a bilateral phrenicotomy (DiMarco and Kowalski, 2010). In 

addition, an initial clinical trial confirmed that stimulation could maintain limited 

ventilation, albeit for short periods of time (DiMarco et al., 2005b). The authors state that it 

is likely that this approach directly stimulates ventral roots, rather than intraspinal circuity, 

thus referring to the technique as `ventral root stimulation' (VRS) (DiMarco et al., 1994). 

While VRS alone resulted in only modest improved in ventilation, the combination of VRS 

and diaphragm pacing increased therapeutic efficacy (DiMarco et al., 2005b). Although 

people with compromised phrenic circuitry are ineligible for diaphragm pacing, combined 

diaphragm pacing and VRS can maintain ventilation even following partial compromise of 

the phrenic motor system.

More recent studies by DiMarco et al (DiMarco and Kowalski, 2009, 2011, 2013, 2015) 

have revealed greater therapeutic efficacy with high-frequency epidural stimulation, with 

which the goal is to stimulate spinal pathways (Dimarco and Kowalski, 2013). This high-

frequency (300Hz) spinal cord stimulation can drive simultaneous activation of both 

diaphragm and intercostal muscles following complete high- (C1–2), mid- (C4) and low- 

(C8) cervical transection. Furthermore, long-term ventilation could be maintained at low 

stimulation amplitudes (~0.5–1.0mA) (DiMarco and Kowalski, 2009). The authors suggest 

that high-frequency spinal cord stimulation stimulates spared spinal pathways resulting in a 

more `physiological' activation of inspiratory muscles. As shown in Figure 5, preliminary 

studies using a similar high-frequency spinal cord stimulation strategy demonstrate that 

stimulation of the midcervical (C4) ventral spinal cord (60 μA, 0.2 ms pulse, 200 Hz, 0.33 s 

pulse train duration) with two teflon-coated silver wires (0.01” bare and 0.013” coated with 

~ 1mm un-insulated tips, AM-Systems) was sufficient to activate respiratory muscles and 

maintain ventilation following a complete C1 transection in unanesthetized decerebrate rats. 

Despite the therapeutic potential for spinal cord stimulation in improving respiratory 

function post-SCI, these strategies remain in pre-clinical testing. An important advantage 

spinal cord stimulation has over FES strategies is that physiological activation of spinal 

circuitry can stimulate coordinated activity in multiple respiratory systems (e.g. phrenic and 

intercostal). In addition, the risk of muscle fatigue inherent to FES and its non-physiological 

recruitment order is avoided or reduced. Notable caveats of epidural stimulation compared 

with FES, however, are that i) the surgical implantation of stimulating electrodes is far more 

invasive and ii) stimulation can also elicit unintended activation of non-respiratory muscles.
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This latter issue (extraneous effects of epidural spinal cord stimulation) may arise from the 

relatively large area stimulated with epidural electrodes. Such wide spread stimulation of 

spinal substrates will activate both intended and unintended circuitry. In addition, epidural 

stimulation has primarily been used to activate axons of passage at the site of stimulation, 

rather than deeper grey matter structures due to the physiological properties of stimulation 

(Cuellar et al., 2013; Ranck, 1975). More precise activation of spinal neurons can be 

achieved via implantation of intraspinal microwires. In recent years, intraspinal 

microstimulation (see Figure 3C) has been shown to effectively promote some recovery of 

both lower (Bamford and Mushahwar, 2011; Bamford et al., 2011; Bamford et al., 2010) and 

upper (Kasten et al., 2013; Moritz et al., 2007; Sunshine et al., 2013) extremities post-SCI. 

Intraspinal microstimulation has now also been used to activate respiratory circuitry caudal 

to SCI (Mercier et al., 2016). Stimulating the C4 ventral grey matter via a single tungsten 

microwire (100Hz), Mercier et al. (2016) demonstrated restoration of activity to the 

paralyzed hemidiaphragm acutely following C2Hx, that persisted even once stimulation 

ceased. The authors also employed a closed-loop paradigm, using recorded genioglossus 

activity as the trigger for intraspinal microstimulation, enhancing the physiological relevance 

of this strategy further. While activation of non-respiratory muscles was also observed in this 

initial study, modification of stimulating wires and surgical placement in future work will 

likely reduce these unwanted effects and improve stimulation resolution. Improved electrode 

technologies, which are under investigation, are needed for intraspinal microstimulation to 

provide long term stability and site precision in clinical settings.

Supraspinal Electrical Stimulation

Given that the majority of SCIs are anatomically incomplete, another strategy for activating 

spared neural substrates is the stimulation of supraspinal neurons. This can be achieved 

invasively with deep brain stimulation or non-invasively with transcranial magnetic 

stimulation (TMS), transcranial direct current stimulation, and its variants. While TMS 

(Figure 3D) has been used as a diagnostic tool (to assess functional connectivity between the 

motor cortex and spinal neurons), it is gaining popularity as a means of therapeutically 

enhancing neural activity and plasticity. This technique utilizes a brief, highly intense 

magnetic field applied to cortical and sub-cortical areas to elicit volleys of action potentials 

which propagate from supraspinal levels to their muscular targets. A number of clinical 

studies have demonstrated TMS to be an effective way of generating diaphragmatic motor 

evoked potentials (Davey et al., 1996; Khedr and Trakhan, 2001; Lissens and 

Vanderstraeten, 1996) and may be a safe, non-invasive, and readily usable strategy for 

neuromodulation and treatment of respiratory dysfunction post-SCI (Vinit et al., 2016; Vinit 

et al., 2014). While supraspinal neuromodulation (e.g. repetitive TMS) following cervical 

SCI could contribute to functional respiratory recovery, experimental studies have been 

lacking. The size of the magnetic coil required for stimulation has been a limiting factor in 

assessing TMS in small animal models. This issue has been partially addressed by shielding 

the animal from the coil. Capitalizing on this strategy, we recently demonstrated the 

feasibility of using TMS by recording specific diaphragmatic motor evoked potentials in the 

adult rat (Vinit et al 2014). TMS can also be used to assess excitability and plasticity of 

phrenic motoneurons post-SCI via non-invasively accessing supraspinal respiratory centers. 

For example, we have demonstrated early functional neuroplasticity with TMS in the 
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absence of spontaneous functional diaphragm activity on the injured side in a C2Hx rat 

(Vinit et al. 2016). More specifically, TMS was used to stimulate supraspinal structures, 

inducing action potential volleys which may travel via spared bulbospinal pathways 

(contralateral to injury), eliciting diaphragmatic motor evoked potentials on the injured, 

paralyzed, side of the diaphragm. Although preliminary, the results of these experiments lay 

the foundation for exploring the therapeutic potential of this unique, non-invasive technique 

in preclinical animal models of respiratory injury or disease.

NON-ELECTRICAL NEURAL STIMULATION

Activity-based therapies (ABTs) have extensively shown to promote neuroplasticity and 

improve function post-SCI in several sensory and motor systems, in a range of neurological 

disorders (stroke, brain injury, SCI). For example, there is extensive evidence for locomotor 

training having beneficial effects on plasticity and locomotor function following SCI (Galea 

et al., 2013; Hajela et al., 2013; Hillen et al., 2013; Hubli and Dietz, 2013; Martinez et al., 

2013; Morawietz and Moffat, 2013; Singh et al., 2011a; Singh et al., 2011b) and locomotor 

training has proven to be beneficial for people with a range of SCIs (different spinal levels 

and severities). Functional improvements have also been seen across multiple motor and 

sensory systems using a range of different training strategies (see Houle and Cote (2013) for 

discussion). ABTs and training paradigms that enhance respiratory function, have also been 

adapted for conditioning and strengthening of respiratory muscles (Hammond et al., 1999; 

Sapienza and Wheeler, 2006). Such training may enable individuals that are dependent on 

assisted-ventilation to recover sustained voluntary control of breathing, dramatically 

improving quality of life. Such respiratory training paradigms include the use of intermittent 

hypoxia and merit exploration and discussion within the field.

Respiratory Training and Intermittent Hypoxia (IH)

Respiratory training can be divided into inspiratory and expiratory training strategies, which 

are chosen based on exhibited deficits (Bolser et al., 2009; Laciuga et al., 2014; Martin et al., 

2011; Sapienza et al., 2011). Thus, people with cervical SCI are candidates for both 

inspiratory and expiratory training. Respiratory muscle training can be achieved by having 

an individual breathe through a tube in which airflow can be impeded (intake or outflow) 

(Sapienza and Wheeler, 2006) Figure 3Ei). Thus, respiratory muscles have to work harder 

against the resistance encountered with each breath. The benefits of resistance training can 

be seen in improved ventilation under normal (eupneic) conditions, and other respiratory 

behaviors such as sneezing, sniffing or coughing. Furthermore, it represents a viable means 

of strengthening respiratory muscles to facilitate weaning people from assisted ventilation. 

However, very little is known about how these training protocols contribute to plasticity. 

While substantial clinical research has been conducted in this area, reverse-translating these 

types of training paradigms to animals models, although logistically difficult, will enable 

greater assessment of the underpinnings.

While training devices offer an effective method for resistance training in respiratory 

muscles, altering inhaled oxygen and carbon dioxide levels offer an alternative means of 

increasing neural drive and respiratory muscle activity (Figure 3Eii). Oxygen and carbon 
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dioxide act on peripheral and central chemoreceptors to stimulate respiratory drive at the 

brainstem level. It is possible that spinal circuitry is stimulated by alterations in blood gas, 

but less is known. Repeated (intermittent) exposures to decreased inhaled oxygen (hypoxia) 

(or `intermittent hypoxia' (IH)) provides a non-invasive means of amplifying spinal 

respiratory plasticity (Mitchell and Johnson, 2003; Wilkerson and Mitchell, 2009) which can 

be used to enhance diaphragm recovery following cervical SCI (Dale-Nagle et al., 2010; 

Fuller et al., 2003; Lovett-Barr et al., 2012; Vinit et al., 2009). More specifically, brief 

intermittent exposures to hypoxia (3–10 × 5 minute exposure alternating with air) during 

terminal electrophysiological recordings of the phrenic nerves in spinal intact (uninjured) 

adult rats results in a prolonged increase of phrenic nerve output, called phrenic long term 

facilitation (Fuller et al., 2000; Mitchell et al., 2001). Long term facilitation has most 

frequently been studied using this acute IH strategy. Chronic IH (repeated 5 min exposures 

over 12 hours) has been shown to elicit long term respiratory plasticity although this can be 

accompanied with deleterious side effects (hippocampal damage and cognitive impairment) 

(Navarrete-Opazo and Mitchell, 2014; Vinit et al., 2009). The respiratory plasticity elicited 

by IH led to the development of a daily, acute IH strategy that could be used in awake 

animals to `train' respiratory activity and improve recovery following SCI, but without the 

detrimental effects seen with chronic IH. Starting one week post-C2HX, daily acute IH (10 × 

5 minutes exposures to 10% inhaled oxygen, daily for 5–7 days) has since been shown to 

promote recovery of phrenic motor output ipsilateral to injury and enhance ventilatory 

function post-injury (Lovett-Barr et al., 2012). It should be noted that daily acute IH does 

not appear to significantly alter ventilation in spinal intact animals (Lovett-Barr et al., 2012).

While serotonergic changes are known to contribute to the therapeutic effects (Baker-

Herman and Mitchell, 2002; Dale et al., 2014; Fuller et al., 2005), not all aspects of the 

anatomical underpinnings have been explored. For instance, the role of spinal interneurons 

in Long term facilitation remains unclear. Given its relative safety, IH therapy is now already 

being tested clinically for its ability to promote recovery of both respiratory (Tester et al., 

2014) and non-respiratory (Dale et al., 2014; Hayes et al., 2014; Trumbower et al., 2012) 

motor functions. The therapeutic benefits of IH in improving non-respiratory function raises 

the question: is recovery enhanced by increasing respiratory drive and activity or via an 

alternative chemical stimulation induced by low oxygen levels? It is not clear whether 

intermittent increases in respiratory activity that are induced by other means (increased 

metabolic demands, exercise, hypercapnia) may elicit similar plasticity. However, the 

efficacy of this treatment has not been extensively tested following a more clinically-

comparable model of SCI, such as contusion injury.

While data from pre-clinical and clinical studies in non-respiratory systems support a more 

widespread beneficial effect following IH, future work should also explore whether 

alternative training strategies (e.g. intermittent hypercapnia) could improve upon existing 

methods.

Locomotor Training and Respiration post-SCI

Treadmill training is perhaps the most extensively used locomotor training strategy in a 

range of animal injury models. While use of treadmill training (Figure 3F) has focused on 
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improving locomotor function, it has also been shown to improve sensory (Detloff et al., 

2014; Dugan and Sagen, 2014; Ward et al., 2014), bladder (Ward et al., 2014) and 

cardiovascular (Ditor et al., 2005a; Ditor et al., 2005b; Hicks and Ginis, 2008) function in 

injured animals and people. Recent clinical studies at the University of Louisville (Terson de 

Paleville et al., 2013) revealed that treadmill training can enhance respiratory recovery in 

people with cervical and thoracic injuries. Training began chronically following injury (12 – 

48 months post-injury) and consisted of 60 minutes of assisted stepping on a treadmill (with 

body weight support), 5 days a week for an average of about 12 weeks, improving 

respiratory function and increasing respiratory muscle activity in 7 of the 8 subjects post-

training.

The mechanisms underlying this exercise-induced respiratory plasticity remain unclear. 

Exercise-induced changes in respiratory musculature are the subject of ongoing research in 

uninjured animal models and people. As Terson de Paleville et al. note (Terson de Paleville 

et al., 2013), locomotor training as used in their study increases heart rate and minute-

ventilation. Accordingly, they conclude that locomotor training intensity had to be sufficient 

to increase cardiopulmonary activity. Consistent with this conclusion are the results from a 

separate study that did not show improvement in cardiopulmonary function following robot-

assisted stepping (in which the injured people remained `passive' throughout training) (Jack 

et al., 2011). In contrast, however, several studies have revealed evidence for respiratory 

rhythm entrainment (Iscoe et al., 1976; Morin and Viala, 2002; Potts et al., 2005) and 

increases in phrenic motor output (Persegol et al., 1993; Waldrop et al., 1986a) following 

hindlimb stimulation. The possibility therefore exists that locomotion and stimulation of 

limb afferents may contribute to direct stimulation of respiratory circuitry and increased 

motor output. Support of this hypothesis is the reported example of locomotor-respiratory 

synchrony occurring following treadmill training in an individual with high (C1/2) 

incomplete SCI (Sherman et al., 2009). Locomotor-respiratory coupling has been 

demonstrated in a number of animal (see Figure 4) and human studies, although it is not 

known whether this phenomenon may serve as a therapeutic target post-SCI.

Treatment Effect and Neuroplasticity

The molecular and anatomical mechanisms of functional plasticity following activity-based 

therapies (ABTs) or neural interfaces (Nis) are a subject of ongoing research. Despite the 

differences in these treatment strategies, several similar anatomical and molecular changes 

are reported to occur that have been associated with the therapeutic effects seen. For 

example, as has been reviewed elsewhere (Houle and Cote, 2013), anatomical and molecular 

changes following ABTs include, but are not limited to i) increased spinal neuron activity, ii) 

increased expression of growth factors and iii) increased serotonergic input to spinal neurons 

and increased serotonergic receptor expression. To what extent these changes are 

comparable between ABT and NI strategies is presently unclear, and beyond the scope of 

this present review. A common theme among these therapeutic strategies, however, is the 

contribution of spinal interneurons to the modulation of motor and sensory activity during 

and following treatment. Spinal interneurons can alter the function and connectivity in 

response to ABTs and/or NIs (Harkema, 2008; Houle and Cote, 2013; van den Brand et al., 

2012).
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Spinal Interneurons

With a rapidly growing appreciation for the neuroplastic reserve of the injured spinal cord in 

the past decade (Blesch and Tuszynski, 2009; Darian-Smith, 2009; Fouad and Tse, 2008; 

Harkema, 2001; Stein, 2008), spinal interneurons have been identified as a key component 

by contributing to neural circuit remodeling and modulation of motoneuron excitability 

(Alilain et al., 2011; Bareyre et al., 2004; Courtine et al., 2009; Courtine et al., 2008; Flynn 

et al., 2011; Harkema, 2008; Lane et al., 2009c; Lane et al., 2008; Sandhu et al., 2009; 

Stelzner and Cullen, 1991). In addition, increased interneuronal activity (Houle and Cote, 

2013) and reorganization of connectivity (Rank et al., 2015) is also thought to be necessary 

for some of the functional benefits seen with locomotor training (Houle and Cote, 2013). 

While a similar role for interneurons may be a component of the plasticity induced by 

intermittent hypoxia, this has not yet been studied in depth. Thus far the focus has been 

primarily on changes at the level of the motoneuron pool. According to the conventional 

view, phrenic motoneurons receive primarily monosynaptic excitatory (inspiratory) and 

inhibitory (expiratory) inputs from supraspinal respiratory neurons located at the 

pontomedullary level. The role of spinal interneurons in phrenic activity and in shaping 

motor output has been largely overlooked. However, anatomical (Lane et al., 2009c; Lane et 

al., 2008; Yates et al., 1999), neuropharmacological (Marchenko et al., 2015), and 

electrophysiological (Bellingham, 1999; Bellingham and Lipski, 1990; Douse and Duffin, 

1993; Duffin and Iscoe, 1996; Palisses et al., 1989; Palisses and Viala, 1987; Tian and 

Duffin, 1996) characterization of spinal phrenic interneurons in a number of species, has led 

to a growing appreciation for their involvement in recovery of phrenic motor activity after 

injury. Spinal interneurons are anatomically positioned to contribute to plasticity (Lane et 

al., 2008), and evidence suggests that they contribute to spontaneous phrenic recovery post-

SCI (Buttry and Goshgarian, 2014; Sandhu et al., 2009). Ongoing research is beginning to 

focus more on how spinal interneurons may represent a therapeutic target for neural 

interfacing and/or activity based therapies.

CLOSING REMARKS

A vast range of therapeutic strategies exist for electrically or physically enhancing 

respiratory activity and plasticity following SCI. As new technologies develop for pre-

clinical and translational neuroscience research (e.g. development of opto- and chemo-

genetic methods and novel electrodes better suited to the spinal cord), new opportunities will 

exist for harnessing and enhancing neural activity. The genetic manipulation of neuronal 

populations to incorporate receptors that are activated only by specific wavelengths of light 

(channelrhodopsins, halorhodopsins) or designer receptors exclusively activated by designer 

drugs (a.k.a. DREADDs), has enabled researchers to control neuronal activity. Furthermore, 

these approaches can be less invasive than other neural interfacing strategies in use.

Promising treatments for improving respiratory function post-SCI are being tested and 

optimized pre-clinically with the goal of translation to clinical trial. New and ongoing 

clinical trials that test strategies to treat non-respiratory disorders (e.g. intraspinal 

microstimulation) will help to guide translation for the treatment of respiratory dysfunction. 

As advances in neural interfacing methods continue to expand and optimize treatment 
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options, we predict that existing clinically used strategies will be readily modified (e.g. the 

development of closed-loop diaphragm pacing) and new treatment approaches will develop. 

As our understanding of the underlying neuroplastic mechanisms improves, treatments will 

be more effectively directed toward harnessing ongoing beneficial plasticity which will 

enhance lasting functional improvement. In addition to ongoing bench-to-bedside 

translation, current clinically used strategies are now being reverse-translated. Experimental 

modelling of clinically used therapies will enable more effective pre-clinical research and 

rapid improvement upon existing treatments. Ongoing bi-directional translation of this 

nature is necessary for the timely and effective development, translation and optimization of 

treatments for respiratory dysfunction in people with SCI.

It is widely appreciated that no single treatment will completely restore function to any 

motor or sensory system post-SCI. There is a growing consensus among many researchers 

and clinicians that promising treatments will likely be most effective when paired with 

rehabilitative approaches. Pre-clinical research has shown that combining NIs and ABTs 

with pharmacological treatment strategies can promote significant functional improvement 

post-SCI (van den Brand et al., 2012). As cellular therapies for SCI gain attention through 

translation to clinical trial (see also XXX in this issue), preclinical work has begun assessing 

combinatorial strategies for the use of these with ABTs or NI therapies to focus 

accompanying neuroplastic changes and enhance their therapeutic effect (Liu et al., 2013, 

2014). As neural engineering advances and a wider array of tools emerges to target deficits 

and enhance directed plasticity, the options to improve function and restore controls after 

injury are expanding, and the likelihood of more effective SCI therapies increasing.
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Figure 1. 
A schematic diagram (A) of the cervical spinal cord (adapted from Lane 2011) shows the 

distribution of spinal phrenic motor- and interneurons (green) associated with one half of the 

diaphragm. The phrenic motoneuron pool innervates the hemi-diaphragm via the phrenic 

nerve. Spinal phrenic neurons receive bulbospinal respiratory related drive from cells in the 

ventral respiratory column (VRC, blue). Phrenic motor output is also modulated by 

serotonergic pathways (purple). Input from neurons in both the VRC and serotonergic nuclei 

have been shown to be essential for functional respiratory plasticity seen following C2 

hemisection. Left and right hemidiaphragm electromyography (dEMG; B) reveal recovery of 

activity, albeit limited, ipsilateral (ipsi.) to injury (left-side) 12 weeks post-C2 hemisection. 

Contralateral (contra.) diaphragm activity is not impaired by the injury, but may increase to 

compensate for ipsilateral deficits. Asterisk indicates an 'augmented' breath, during which 

activity is increased bilaterally.
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Figure 2. 
Contusive injury results in a combined white and grey matter lesion. As indicated in the 

schematic diagram (A), mid-cervical contusion injury compromises both descending axonal 

pathways and spinal phrenic motor- and interneurons. Terminal diaphragm EMG (dEMG) 

following lateralized contusion injury reveals ipsilateral diaphragm paresis during baseline 

breathing (breathing room air; B) and an attenuated response to hypoxic (not shown) or 

hypercapnic challenge (B). The increase in diaphragm activity seen with hypercapnic 

challenge is indicated by the blue bar in B.
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Figure 3. 
Schematic diagram of strategies to drive neural activity using electrical stimuli (neural 

interfaces) and physical stimuli (activity-based therapies). Neural interfaces include 

strategies applied to the periphery such as functional electrical stimulation (FES) (diaphragm 

pacers (Ai), and limb FES (Aii)). Electrical stimuli can also be applied to the spinal cord via 

epidural stimulation (B) and intraspinal microstimulation (C) as well as supraspinally via 

transcranial magnetic stimulation (D). Activity-based therapies use physical stimuli to elicit 

increased respiratory drive and neural stimulation via strategies like resistance training (Ei) 
or intermittent hypoxia (Eii), as well as locomotor training accomplished with, for example, 

the use of a treadmill (F).
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Figure 4. 
Hindlimb muscle stimulation was shown to alter the pattern of phrenic motor output. 

Stimulation of the tibialis posterior (extensor) muscle was achieved via two silver electrodes 

inserted into the belly of the muscle (1cm apart) in a vagotomized, chemo/barro receptor 

denervated and paralyzed (Vecuronium) adult male rat under isoflurane anesthesia (1% in 

oxygen). Tibialis stimulation (train pulses, 50 Hz, n=30, pulse duration 1 ms, 400 mkA) 

during terminal phrenic nerve recordings (A) revealed coupling of phrenic motor activity to 

the stimulus at a 2:1 ratio within a minute of the first stimulus (B). These results highlight 

the potential for therapeutic modulation of phrenic motor output by stimulation of non-

respiratory muscles.
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Figure 5. 
Spinal cord stimulation is capable of ventilating an animal even following complete 

transection of the spinal cord at the first cervical segment (C1). Ventilatory patterns and 

CO2% are shown prior to spinal cord injury in A. Following a complete C1 transection, the 

animal in this experiment was maintained on mechanical (positive-pressure) ventilator 

support (B). Turning off the ventilator (indicated by blue bar in B) confirmed that the animal 

was not capable of maintaining ventilation. However, epidural stimulation of the 

ventrolateral spinal cord (C) restored ventilatory patterns and a tidal volume comparable to 

that seen prior to injury. These results support those from DiMarco and colleagues, 

indicating that epidural stimulation is a viable approach for maintaining ventilation.
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