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Abstract

Summary: Spinal cord injury (SCI) often leads to an impairment of the respiratory system. The more rostral
the level of injury, the more likely the injury will affect ventilation. In fact, respiratory insufficiency is the
number one cause of mortality and morbidity after SCI. This review highlights the progress that has been
made in basic and clinical research, while noting the gaps in our knowledge. Basic research has focused on a
hemisection injury model to examine methods aimed at improving respiratory function after SCI, but
contusion injury models have also been used. Increasing synaptic plasticity, strengthening spared axonal
pathways, and the disinhibition of phrenic motor neurons all result in the activation of a latent respiratory
motor pathway that restores function to a previously paralyzed hemidiaphragm in animal models. Human
clinical studies have revealed that respiratory function is negatively impacted by SCI. Respiratory muscle
training regimens may improve inspiratory function after SCI, but more thorough and carefully designed
studies are needed to adequately address this issue. Phrenic nerve and diaphragm pacing are options
available to wean patients from standard mechanical ventilation. The techniques aimed at improving
respiratory function in humans with SCI have both pros and cons, but having more options available to the
clinician allows for more individualized treatment, resulting in better patient care. Despite significant
progress in both basic and clinical research, there is still a significant gap in our understanding of the effect of

SCI on the respiratory system.
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INTRODUCTION

Spinal cord injury (SCI) severely compromises both
sensory and motor function and affects approximately
11,000 new individuals every year in the United States
alone. More than one half of all SCls (56.4%) occur at the
cervical level (1). Cervical SCl often leads to an
interruption of the descending bulbospinal respiratory
pathways, resulting in respiratory muscle paresis and/or
paralysis; the more rostral the level of the injury, the
greater the likelihood that a major respiratory impairment
will occur. Currently, there are no known cures for muscle
paralysis. In cases in which patients are unable to
maintain adequate ventilation, long-term mechanical
ventilator support is indicated (2,3). Although this
treatment is effective, it can also lead to serious medical
complications such as infection, pneumonia, atelectasis,
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and even death (4-7). In fact, the primary cause of death
after SCI, regardless of the level of injury, is caused by
respiratory insufficiency and complications associated
with impaired respiratory function (1,8).

Today, basic research on SCI tends to focus on several
areas that target functional restitution and regeneration of
the injured neural substrate within the spinal cord.
Although this research has generated promising results,
there still remain many questions regarding successful
regeneration and the complete recovery of motor
function (9-11). Basic research on the respiratory system
after SCI, however, has focused on ways to use neural
pathways that are spared by the injury to restore
respiratory function. A recent study that questioned the
priorities of spinal cord-injured people stated “... that
improvements in respiration and the elimination of
ventilator dependence are extremely important to the
quality of life, and this topic should be at the forefront of
research” (12). Thus, the aim of this review is to describe
some of the more recent advances in the field of basic
respiratory biology after SCI and to review some of the
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clinical options that patients have regarding the improve-
ment of ventilatory function after SCI.

NEURAL CIRCUITRY UNDERLYING RESPIRATION

The neural circuitry commanding the activation of the
diaphragm has been well described and is based primarily
on research that was completed on rats and cats (13,14).
The respiratory neural circuitry is made up of neurons
located within the brainstem and spinal cord. Respiratory
rhythm-generating neurons are located within the pre-
Botzinger complex (PBC) and the para-facial respiratory
group (pFRG) situated in the ventral lateral medulla
(15,16). These respiratory rhythm-generating neurons
are connected to propriobulbar neurons and to premotor
neurons located in the ventral respiratory group (VRG),
located just ventral and lateral to the nucleus ambiguous
(Figure 1). The most rostral part of the VRG (rVRG)
contains primarily inspiratory bulbospinal neurons,
whereas expiratory bulbospinal neurons are located in
the caudal part of the VRG (cVRG). Some of the axons of
the bulbospinal VRG neurons cross in the medulla, but
others remain uncrossed. These axons descend either
unilaterally or bilaterally through the spinal cord in the
lateral and ventral funiculi (17-20) and enter the gray
matter at the level of the phrenic nucleus where they
synapse directly onto phrenic motor neurons (18,21).

The phrenic motor neurons in the ventral horn of the
cervical spinal cord extend rostrocaudally as an interrupt-
ed column of cells. The specific segmental location of
phrenic neurons varies between species: human C3-C5
(22,23), cat C5-C6 (24,25), and rat C3—-C6 (26-28). The
majority of the dendrites of the phrenic motor neurons
run rostrocaudally within the phrenic nucleus; however,
some radiate out into the white matter of the spinal cord
both laterally and medially. In rats, the primary respira-
tory projection from the medulla to the phrenic motor
nucleus is a bilateral, monosynaptic projection (Figure 1).
Upper cervical SCI often disrupts the transmission of the
respiratory signal from the brainstem to the phrenic
motor neurons, resulting in some paralysis of the
diaphragm. Indeed, any injury to the cervical region,
even below the phrenic motor nucleus, may affect the
transmission of respiratory impulses to the thoracic and
abdominal musculature, resulting in muscle paralysis that
alters breathing significantly.

Although contusion injuries closely parallel the types
of injuries sustained by humans, a hemisection, in which
the spinal cord is incised on 1 side of the spinal cord
(either left or right) at the second cervical segment,
effectively interrupts the descending respiratory projec-
tions to the phrenic nucleus ipsilateral to the hemisection,
thereby paralyzing the ipsilateral hemidiaphragm. This
type of injury produces a precise lesion and allows one to
know exactly which respiratory axons are injured and
which axons are spared. Thus, the hemisection model has
been used in many basic science studies involving
respiration after SCI (29).
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Figure 1. Schematic drawing of the major respiratory
neural centers and pathways in the rat. Respiratory
rhythm generation is formed by neurons located within
the pFRG and the PBC. Impulses are transmitted to
premotor neurons located within the VRG with inspira-
tory neurons located predominantly in rVRG and expira-
tory neurons localized to cVRG. Premotor neurons project
either unilaterally or bilaterally down to phrenic motor
neurons located on both sides of the spinal cord (C3-C6).
Crossed respiratory axons (arising from VRG neurons
bilaterally) have been localized at the level of the phrenic
nucleus and contribute to the expression of the crossed
phrenic phenomenon. Phrenic axons from each side of
the spinal cord form the phrenic nerve, which projects to
each half of the diaphragm.

After a C2-hemisection injury, paralysis of the
ipsilateral hemidiaphragm results in a significant reduc-
tion in tidal volume and an increase in breathing
frequency. This has been shown in unanesthetized
(30,31) and anesthetized, spontaneously breathing rats
(32). The changes in breathing pattern observed after SCI
are the result of vagal feedback, most likely arising from
changes in lung and chest wall compliance caused by the
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paralyzed hemidiaphragm and intercostal muscles. Stud-
ies performed on C2-hemisected rats show that,
although the breathing pattern is significantly altered in
response to SCI, total ventilation (breathing frequency X
tidal volume) remains unchanged (31,32).

Recently, contusion models have been used to
examine the effect of high SCI on respiration (33-35).
Baussart et al (35) developed a C2-contusion injury that
displays respiratory patterns similar to a C2-hemisection
injury and allows one to examine the activation and
neuroplasticity of latent respiratory pathways similar to
the hemisection model. The contusion model also allows
one to examine various strategies that are unique to the
repair of the contused spinal cord. Such strategies as
neuroprotection and repair of contused axons, regener-
ation and reconnection of descending premotor fibers
with motor neurons, and methods aimed at targeting the
reduction of primary and secondary processes of injury to
increase axonal sparing can now be performed in a C2-
contusion model using the respiratory motor system to
measure improved motor function.

HISTORY OF THE CROSSED PHRENIC PHENOMENON
The respiratory system was designed with redundant
motor pathways that contain latent respiratory fibers that
can be activated to restore some motor function after
SCl. In a series of seminal experiments, Porter (36)
showed one of the first examples of motor recovery in the
respiratory system after SCI. In rabbits and dogs, Porter
paralyzed the ipsilateral hemidiaphragm by making a
spinal cord hemisection rostral to the level of the phrenic
motor nucleus. Subsequent transection of the contralat-
eral phrenic nerve resulted in complete paralysis of the
diaphragm. The significant increase in the drive to
breathe activated a latent pathway that restored function
to the hemidiaphragm paralyzed by hemisection and was
later termed the “crossed phrenic phenomenon” (37).
Further examination revealed that the amount of activity
recorded from the previously paralyzed hemidiaphragm
was proportional to the intensity of the respiratory drive
(38). The presence of the crossed phrenic phenomenon
has since been confirmed in dogs (37-39), cats (37-41),
rabbits (37,41-43), guinea pigs (44,45), rats (35,46-48),
mice (49), and even woodchucks (37).

The neural pathway mediating the crossed phrenic
phenomenon in rats was revealed using a retrograde,
transsynaptic neural tracer (50). The study revealed that
the neural substrate underlying the crossed phrenic
phenomenon in rats is a monosynaptic connection
composed of bulbospinal axons that arise bilaterally in
the VRG, project down the spinal cord contralateral to the
hemisection, and decussate in the spinal cord to synapse
onto phrenic motor neurons (Figure 1). This pathway is
referred to as the “crossed phrenic pathway” (CPP) (50).
Although it was reported that no phrenic motor neuron
dendrites in adult rats crossed the midline of the spinal
cord (51), Prakash et al (52) did observe a small amount

of spinal decussating phrenic dendrites in adult rats.
Therefore, the CPP may involve respiratory impulses that
cross the midline over both descending premotor axons,
as well as dendrites from the contralateral side that cross
in the spinal cord and receive descending inputs (29).

ACTIVATION OF THE CROSSED PHRENIC PATHWAY
Traditionally, the CPP was induced using asphyxia. In
fact, either hypoxia (53-55) or hypercapnia (53,54,56)
alone is sufficient to illicit the CPP. Studies now typically
measure the amount of recovered activity in the phrenic
nerve ipsilateral to hemisection, referred to as crossed
phrenic activity (57). In general, most methods that
enhance phrenic motor output seem capable of convert-
ing the ineffective CPP into an effective motor pathway.
For example, in rats, administration of theophylline, a
respiratory stimulant (58), activated the CPP and restored
respiratory function after a C2 hemisection (59). Follow-
up experiments indicated that theophylline acted
primarily through the adenosine-A, receptor (60), but
the magnitude of the recovery could be further enhanced
by targeting both A1 and A2 receptors. Specifically,
studies that simultaneously targeted central A1 receptors
(DPCPX, a specific Al-receptor antagonist) and periph-
eral A2 receptor CGS-21680 (a peripherally specific A2-
receptor agonist) enhanced the magnitude of recovered
function over that attained by ATl-receptor blockade
alone (61,62).

Interestingly, chronic administration of theophylline
(3 times per day for 3 days) not only induced respiratory
recovery through the activation of the CPP, but the
recovery persisted (60). The drug-induced activation of
the CPP was sustained for at least 1 month after
treatment; long after theophylline was cleared from
blood as determined by blood serum analysis. The
mechanism underlying the drug induced plasticity is
unknown, but ongoing studies are addressed at resolving
this issue.

In most species, crossed phrenic activity can be
expressed within minutes after spinal hemisection, but
not in guinea pigs and young adult rats (45,46). Studies
have shown that morphologic changes occur within the
rat phrenic nucleus within hours after hemisection, such
as increases in the number of dendrodendritic apposi-
tions and the number of excitatory synapses, as well as
lengthening of the synaptic active zones (63,64). These
changes may improve the efficacy of the communication
between VRG neurons and phrenic motor neurons. If
sufficient time is allowed after hemisection before cutting
the contralateral nerve, 3.5 hours for the guinea pig (45),
0.5 hours for the rat (57), and approximately an hour for
the mouse (49), the CPP can be activated. The amount of
crossed phrenic activity that can be induced continues to
increase as the interoperative interval is lengthened. In
fact, over time, crossed phrenic activity appears sponta-
neously after C2 hemisection (65). Nantwi et al (65)
reported that spontaneous crossed phrenic activity
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begins to appear in female rats 6 weeks after hemisec-
tion. By 12 weeks after injury, all female rats showed
spontaneous crossed phrenic activity. Other studies have
reported that crossed phrenic activity appears at even
earlier time-points in male rats, at 2 (31,55) and 4 weeks
(31), suggesting that there may be sex differences or
possibly differences between individual rat strains.
Although morphologic changes occur after SClI,
which seem to enhance motor neuron firing, it is possible
that the functionally ineffective synaptic terminal may be
physiologically normal. In other words, the synapse is
functional and neurotransmitter is released, but the
amount of synaptic input over the CPP may be
quantitatively insufficient to fully depolarize phrenic
motor neurons after SCI (63). In addition, the size of
phrenic motor neurons decreases after SCI (66). Because
smaller neurons are more excitable because of the
Henneman principle (67), it would be more likely that
the existing crossed input would activate phrenic motor
neurons and cause contraction of the diaphragm.

Synaptic Strengthening Onto Phrenic
Motoneurons

Exposure to acute intermittent hypoxia (a series of short-
term hypoxic episodes separated by episodes of normox-
ia) leads to a type of neural plasticity that strengthens
synaptic pathways to phrenic motor neurons. This
plasticity, referred to as phrenic long-term facilitation
(pLTF), is expressed as a gradual increase in phrenic burst
output that occurs after the last exposure to hypoxia and
lasts for many minutes to hours (68,69). The underlying
mechanisms that contribute to the increase in phrenic
motor output include serotonin receptor activation and
downstream signaling cascades with brain-derived neu-
rotrophic factor (BDNF) (70-72), which lead to the
strengthening of excitatory glutamatergic synapses
between VRG neurons and phrenic motor neurons,
similar to mechanisms underlying long-term potentiation
(LTP). Indeed, McGuire et al (73) showed that blocking
N-methyl-p-aspartate (NMDA) receptors with MK-801
eliminates pLTF produced by intermittent hypoxia.

Golder and Mitchell (55) found that acute intermit-
tent hypoxia was able to illicit pLTF in rats that had
sustained a chronic SCI, 8 weeks after injury, but not in
rats in which the injury was more acute, 2 weeks after
injury. The lack of pLTF in acutely injured rats was
correlated with an injury-induced reduction in serotonin
content around phrenic motor neurons. As time
progressed after injury, the serotonin content increased,
and pLTF was elicited. This was mediated through the
serotonin 2A (5HT-2A) receptor because ketanserin, a
5HT-2A receptor antagonist, blocked pLTF (55).

Because SCI alters the breathing pattern such that
the output of the contralateral nerve may be increased,
Doperalski and Fuller (74) hypothesized that the contra-
lateral nerve of C2-hemisected rats might not have as
great a capacity for plasticity as the ipsilateral nerve. They
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examined the effect of intermittent hypoxia on both
nerves of chronic injured (4 and 8 weeks) rats. They
found that pLTF did not occur in the contralateral nerves
at 4 and 8 weeks after injury but that it did occur in the
ipsilateral nerves.

Chronic intermittent hypoxia induces pLTF that is
also serotonin dependent; however, data have shown
that the neural plasticity occurs not only in the spinal
cord but also in central respiratory neurons (75,76).
Similar to acute intermittent hypoxia, pLTF was only
observed on the nerve ipsilateral, but not contralateral, to
hemisection (54). Subsequent exposure to hypoxia and
hypercapnia showed a greater ventilatory response in
chronic intermittent hypoxia exposed rats compared
with normoxia, but again, only in the ipsilateral nerve
(54), indicating that neural plasticity of the VRG—phrenic
pathway is possible after SCI.

Other studies also indicate that serotonin plays a
significant role in the activation of the CPP. Examination
of serotonin-labeled terminals using electron microscopy,
before and after C2 hemisection (30 days), revealed that
the number of serotonin immunoreactive terminals
contacting phrenic motor neurons was significantly
elevated in hemisected rats (77). Moreover, depletion
of serotonin significantly attenuated the morphologic
changes induced by C2 spinal hemisection (78). Finally, if
serotonin content is elevated in rats with an acute injury
(1 day after hemisection) using 5-hydroxytryptophan (5-
HTP), crossed phrenic activity can be induced (79). These
studies indicate that levels of serotonin must be sufficient
to activate the CPP.

In addition to the critical role of serotonin, pLTF also
requires the activation of NMDA receptors within the
phrenic nucleus in normal rats (73). Although no one has
shown that glutamate receptors are involved in pLTF after
SCl, it has been shown that upregulation of the NR2A
subunit of the NMDA receptor results in the activation of
the CPP (80). Collectively, the data suggest that NMDA
and serotonin receptors play critical roles in the
mechanisms underlying neuroplasticity, leading to the
activation of the CPP after SCI.

Disinhibition of Phrenic Motor Neurons

Both acute (81) and chronic (47) cervical dorsal root
rhizotomy activated the CPP after SCI. In acute C2-
hemisected rats, the EMG activity of the previously
paralyzed hemidiaphragm progressively increased as
each successive dorsal root (C3-C8) was transected
(81). After chronic cervical dorsal root rhizotomy,
stimulation of the contralateral ventrolateral funiculus
led to greater phrenic potentials in C2-hemisected rats
compared with C2 hemisected rats without rhizotomy
(47). Because cervical dorsal root rhizotomy increases
serotonin innervation of phrenic motor neurons in the
spinal cord (82), Fuller et al (47) suggested that the
increased serotonin may act on 5HT-2A receptors located
on phrenic motor neurons to increase their excitability
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and activate the ineffective crossed phrenic pathways.
Another possibility is that the increased serotonin levels
may also act in the dorsal horn on 5HT-1A receptors to
decrease the excitability of dorsal horn sensory neurons
(83). After SCI, dorsal horn sensory neurons become
hyperexcitable, and studies have shown that an agonist
of the 5HT-1A receptor, 8-hydroxy-DPAT-hydrobromide
(8-OH-DPAT), can decrease the excitability of dorsal horn
sensory neurons and attenuate mechanical allodynia and
thermal hyperalgesia observed after SCI (84).

In the respiratory system, stimulation of cervical
dorsal afferents during the inspiratory phase results in
the inhibition of phrenic motor output (85). This reflex is
a segmental spinal reflex that is most likely mediated
through nonrespiratory interneurons located in the dorsal
horn of the spinal cord (86,87). Application of 8-OH-
DPAT, a 5HT-1A agonist, to the dorsal horn of the spinal
cord increased phrenic motor output and activated the
CPP (83). Thus, phrenic motor neurons were most likely
disinhibited. Blocking the GABA, receptor, not the
glycine receptor, resulted in the enhancement of phrenic
motor output and the activation of the CPP (13).

CERVICAL SCI INDUCES SUPRASPINAL PLASTICITY
Within the respiratory system, sensory feedback is altered
because of the elimination of one half of the spinal cord
and through altered vagal receptor feedback originating
from the changes in breathing pattern (see above).
Golder et al (89) found that chronic SCI also altered
supraspinal respiratory motor output. Phrenic neuro-
grams of anesthetized, vagotomized, ventilated rats
showed that resting phrenic frequency and hypoglossal
motor output was significantly decreased bilaterally 2
months after injury, strongly indicating that supraspinal
plasticity may also occur as a result of high cervical SCI.
Preliminary data (90) using spinal cord-injured neonates
and the in vitro brainstem spinal cord preparation
support the finding of a reduced central respiratory drive
after injury. SCI causes an alteration in neurotransmitters
and proteins both below and above the injury (91-93),
and preliminary data showed that, after a high cervical
SCl, changes in protein levels extend into the brainstem.
Changes in protein levels within the brainstem could
potentially cause a direct change in the respiratory motor
output (90), as well as alter other autonomic control
systems located within brainstem regions.

DEVELOPMENT OF THE CROSSED PHRENIC
PATHWAY

Numerous studies have shown that neuronal pathways
grow extensively during fetal development and that
nonfunctional neural projections are eliminated (94,95),
even in the respiratory system (96-98). Because the CPP
is latent in adult rats, but remains intact, it was
hypothesized that this pathway must have been active
during development. A study using the in vitro,
brainstem-spinal cord preparation showed that the CPP

was active, not latent at birth (99). Ongoing studies are
aimed at determining the development of the crossed
phrenic pathway in vivo.

In neonates, neurons are relatively more depolarized
and thus more excitable (100). The hyperexcitability is
caused by many factors including differences in ion
channel composition and a higher resting membrane
potential (13). In addition, phrenic motor neurons
contain gap junction proteins early in development
(101,102). Thus, in the neonate any crossed phrenic
input might be translated into phrenic motor neuron
firing, whereas in the adult relatively more crossed phrenic
input may be needed to generate an action potential.

The amount of crossed phrenic activity that could be
induced was also compared between young (9-10 wk
old) and older adult (9-10 months old) female Sprague-
Dawley rats (103). In both age groups, crossed phrenic
activity was induced 30 minutes after spinal hemisection,
but there was almost a fourfold enhancement of crossed
phrenic activity generated in older rats. It is not clear what
happens to motor neurons and the respiratory neural
circuitry as rats mature. Is there a gradual reorganization
of the respiratory neural circuitry that enables older
animals to more strongly express crossed phrenic activity?
What happens to the respiratory neural pathway between
early neonatal stages and the adult? At this point, the
existing data generate more questions than answers.

FUNCTIONAL SIGNIFICANCE OF THE CROSSED
PHRENIC PATHWAY

Weeks to months after SCI, the CPP becomes spontane-
ously active (65). The extent to which this increased
muscle activity translates into a functional increase in
respiratory capacity is not clear. Two recent studies have
addressed this question (31,53). The first study (53)
showed that spontaneous expression of the CPP did
contribute functionally to respiration after SCI. Two
months after SCI, crossed phrenic activity was spontane-
ously present in C2 hemisected rats; however, in rats with
a hemisection plus phrenicotomy (dual injury), no
crossed phrenic activity was present. Under anesthetized,
spontaneously breathing conditions, the rapid, shallow
breathing patterns were not different between the 2
groups, indicating that, under normal “resting” condi-
tions, the CPP did not contribute functionally to
respiratory capacity. However, under conditions when
respiratory capacity was elevated, the rats with the dual
injury were unable to generate as large inspiratory
volumes as the hemisected-only rats. During hypercap-
nia, hypoxia, and asphyxia, the contralateral phrenic
output in the dual-injured group was larger than the
hemisected-only rats, indicating that dual-injured rats
needed a larger contralateral output to increase ventila-
tion sufficiently. The data suggest that the C2-hemisect-
ed rats were able to use the spared CPP to generate larger
inspiratory volumes when necessary. Thus, the CPP
contributed significantly to respiratory function during
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conditions of elevated respiratory drive. The second study
found that the presence of spontaneous crossed phrenic
activity did not contribute functionally to respiration
under normal conditions or during hypercapnia (31).

The 2 studies clearly show that under normal
conditions, the amount of crossed phrenic activity
expressed spontaneously in chronic spinal cord-injured
rats is not contributing to an increase in tidal volume.
Why 1 study showed that crossed phrenic activity may
contribute to increased ventilation during hypercapnia
and 1 did not may simply reflect a difference in the time
after hemisection, the rat strain used and the amount of
crossed phrenic activity expressed. Recall that Nantwi et
al (65) did not detect any spontaneous crossed phrenic
activity in female rats until 6 weeks after hemisection. The
recovery was not significantly enhanced until 12 weeks
after hemisection. Further studies are needed to ade-
quately address whether the spontaneous expression of
crossed phrenic activity contributes toward a functional
role in respiration.

TREATMENT OF RESPIRATORY INSUFFICIENCY IN
HUMANS WITH SCI

Respiratory insufficiency is reported as the number one
cause of morbidity and mortality in patients who survive
a SCI (1,8). Studies consistently report that SCI negatively
impacts respiratory function in humans (1,8,104-106).
Not surprisingly, the amount of respiratory impairment is
relative to the level of the lesion. Many patients who
sustain a cervical SCI will require some form of
mechanical ventilatory support (3-5,8). During the first
year after injury, however, improvements in respiratory
function occur spontaneously, and only 5% of patients
require further ventilatory support. Even in lower level
tetraplegia and paraplegia, improvements in lung func-
tion are observed over the first year (106). This is not
unusual because small improvements in general motor
function usually occur during the first year after injury
(107,108). After the first year, however, very little
improvement is noted; sometimes a loss of function is
even observed (104).

The CPP has not been shown in humans. However,
all mammals tested so far (mice, rats, guinea pigs,
rabbits, cats, dogs, woodchucks) have shown that the
CPP is present. Because mammals are the only class of
vertebrates that possess a diaphragm, the CPP is most
likely a mammalian feature and present in humans.
Demonstration of the CPP in humans is difficult. Often,
SCl is so severe that both the right and left sides are
affected, masking the presence (or absence) of any
crossed pathways. In addition, there have been no
studies designed to examine whether the CPP exists or
can be activated in humans. One case study (109),
however, did indicate that the CPP may exist in humans.
In a patient with chronic asymmetric C5-C7 tetraplegia
and respiratory insufficiency, theophylline increased
diaphragm function and showed a greater increase in
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function on the side with the more rostral injury, strongly
indicating that the CPP may have been activated to
restore function to the previously impaired muscle.

In the respiratory system, forced vital capacity (FVC),
forced expired volume in 1 second (FEV,), and peak
expiratory flow rates (PEFR) are normal in people with
low-level paraplegia that never smoked (104). However,
these respiratory parameters are all reduced in smokers
and in people with a more rostral level of paraplegia and
tetraplegia (104). Maximum inspiratory pressures (MIP)
and maximum expiratory pressures (MEP) are also
significantly reduced in patients with tetraplegia (106).
Moreover, the loss of muscle tone and respiratory
function leads to a high incidence of sleep disordered
breathing that occurs within 4 weeks after cervical SCI
(106). Most importantly, however, a greater loss of
respiratory function was observed in patients with a
longer duration of injury, independent of age in both
paraplegia (105) and tetraplegia (104). The research on
humans clearly indicates that efforts should be made to
help patients increase ventilatory function and minimize
respiratory complications after SCI.

Apart from drugs given to increase respiratory
function immediately after injury, several methods have
been used to restore respiratory motor function (primarily
inspiratory) after SCl in humans (110,111). These include
muscle training regimens that target specific respiratory
muscles to improve ventilatory function (112), and
electrical and magnetic stimulation techniques aimed at
the activation of the diaphragm and intercostal muscles
to allow patients to safely wean from ventilators (113).

Respiratory Muscle Training

Van Houtte et al (112) and Brooks et al (114) attempted
to perform a meta-analysis of the research to evaluate the
effectiveness of respiratory muscle training in patients
with SCI on respiratory muscle strength, endurance, and
pulmonary function. However, the data retrieved from
the literature were insufficient to perform an adequate
meta-analysis. This underscores the need for more
careful, controlled studies examining respiratory muscle
training regimens after SCI. The resultant systematic
review of the literature (112), however, did reveal that
respiratory muscle training regimens tended to improve
expiratory muscle strength, vital capacity, and residual
volume after SCI. Even other forms of muscle training
regimens, such as wheelchair interval training (115) or
providing trunk and abdominal support (116), have
reported improvements in ventilation or the efficiency of
ventilation. Studies indicate that exercise regimens are
extremely important in the improvement of other motor
functions after SCI (117,118). In a recent questionnaire
that asked patients with spinal cord injury what they
thought would improve their quality of life, an over-
whelming majority indicated that “exercise was impor-
tant to functional recovery” (12). However, more than
one half indicated that they did not have access to
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exercise or a trained therapist to oversee the exercise.
Another major limitation, as well, is that even if a muscle
training regimen is started, most studies reveal that
patients discontinue the exercise within months unless
some major motivational or monitoring strategy has been
used (119).

Numerous animal studies indicate that exercise may
improve motor function by a form of neural plasticity
induced through serotonin, BDNF, and glutamate
receptor signaling in the spinal cord (120,121). Thus, it
is easy to speculate that because serotonin, BDNF, and
NMDA receptors are involved in forms of long-term
neural plasticity of the respiratory system (eg, pLTF) and
serotonin, BDNF, and NMDA receptors are involved in
exercise-induced neural plasticity; serotonin, BDNF, and
NMDA receptors may also be an underlying mechanism
behind improvements in respiratory motor function after
respiratory muscle training programs.

Phrenic Nerve Pacing, Diaphragm Pacing, and
Combined Intercostal and Diaphragm Pacing
Techniques

Diaphragm muscle pacing, phrenic nerve pacing, and
combined intercostal and unilateral diaphragm pacing
techniques are currently being used to wean patients
from ventilators and reduce the incidence of infection,
atelectasis, and respiratory failure (113). Phrenic nerve
pacing is a clinically accepted method that entails a
thoracotomy to implant electrodes on the phrenic nerve
(122). 1t gives patients improved speech, increased
comfort, and mobility along with a reduction in health
care costs compared with mechanical ventilation. How-
ever, phrenic nerve pacing does have a relatively high risk
of nerve damage or deterioration associated with its
placement. Diaphragm pacing, on the other hand,
requires a less invasive procedure that does not require
long hospitalization after implantation, but it costs more
initially. Currently, diaphragm pacing protocols have
electrode wires exiting the skin that carry a small risk of
infection. However, an implantable system similar to that
used with conventional phrenic nerve pacing is under
development (113). Clinical trials with both the phrenic
nerve pacing and diaphragm pacing methods showed
that, after a period of reconditioning, which is required to
increase muscle tone because of muscle atrophy, lung
volume is significantly improved, and most patients gain
full independence and no longer require ventilator
assistance (113).

Techniques targeting the upper intercostal muscles
alone have been less successful. Patients who had injured
phrenic nerves and were not good candidates for either
diaphragm or phrenic nerve pacing were able to
participate in a clinical trial to examine whether
inspiratory intercostal muscle pacing (electrodes placed
on T2-T3) would increase respiratory function (123).
Stimulation only resulted in modest increases in inspired
volumes, and patients were unable to wean completely

Recovery of Respiratory Function After SCI

from the ventilator; patients could only breathe unaided
from 20 minutes to 2 to 3 hours. Combining intercostal
and diaphragm pacing, however, might be a feasible
option when 1 side of the diaphragm is unable to support
diaphragm pacing. This approach has shown promising
results, and clinical trials indicate that patients can be
maintained for 16 to 24 h/d without ventilator support
(123).

Others, however, argue that high costs and potential
complications of surgery indicate that alternative meth-
ods of ventilatory support other than traditional mechan-
ical ventilation and phrenic nerve pacing should be
considered for the patient with SCI (124,125). Noninva-
sive mechanical ventilation and body ventilators have
been suggested as alternatives that avoid intubation and
its associated risks; thus far, this procedure is only based
on case reports or case series, and no clinical studies have
evaluated the effectiveness of this procedure in patients
with SCI (126). Noninvasive intermittent positive airway
pressure can be administered through the mouth, nose,
or custom strapless oral-nasal interface, and it has been
used successfully to treat patients with high level
tetraplegia who were unable to sustain ventilation on
their own (125-128). The lack of an endotracheal tube
affords these patients the ability to vocalize and eat orally
and has a much lower risk of respiratory infections than
standard mechanical ventilator use. Noninvasive me-
chanical ventilation, however, is not without its associat-
ed problems such as ischemia and necrosis at the skin—
mask interface, gastric distention from high pressures,
mucosal drying and thickening, and possible emesis and
aspiration (111,129). Although each method of ventila-
tory aid has its pros and cons, having multiple options
available to the clinician allows for more individualized
treatment, resulting in better patient care.

Thus far, the options discussed that are currently
available to the patient with SCI, respiratory muscle
training, phrenic pacing, diaphragm pacing, or even
intercostal muscle pacing, target the inspiratory muscles
only. The expiratory muscles are also extremely impor-
tant for normal respiratory function. Some patients have
normal spirometry values; however, they lack the
abdominal strength to generate adequate cough.
Coughing clears the lungs of foreign material and greatly
reduces the amount of lung infections. Currently, studies
are underway to restore expiratory muscle function to
restore effective cough mechanisms (130,131). Initial
studies showed that surface electrodes were not sufficient
in increasing abdominal and lower thoracic pressures.
Animal studies, however, showed that electrodes im-
planted in the lower spinal cord at T9 and T13 can
activate intercostal and abdominal muscles to generate
sufficient pressures that could aid in coughing mecha-
nisms (132). Restoration of the cough may greatly reduce
the risk of respiratory infection and prevent atelectasis
and respiratory failure in patients with SCI.
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Drug Administration

Because animal studies indicated that theophylline was
capable of improving respiratory function after SCI, and
theophylline was already an Food and Drug Administra-
tion (FDA)-approved drug used for respiratory insuffi-
ciency (infant apneas, asthma, and chronic obstructive
pulmonary disease), the effect of theophylline was
examined in patients with SCI and a history of respiratory
insufficiency (109,133,134). Two case studies showed
that theophylline increased respiratory motor output
after SCI (109,133). Theophylline resulted in an increase
in central respiratory drive and inspiratory muscle force in
1 patient with chronic asymmetric C5-C7 tetraplegia and
a history of respiratory insufficiency (109). Another
patient with C5-C6 chronic tetraplegia was quickly and
effectively weaned from a ventilator with theophylline
(133). The patient had contracted pneumonia and
septicemia years after the SCI, developed respiratory
failure, and was placed on a ventilator. After resolution of
the primary infections, the patient was unable to wean
from the ventilator because of respiratory insufficiency,
but within 1 day of theophylline treatment, the patient
successfully weaned from the ventilator (133). The
extremely positive results from these 2 case studies led
to the design of a double-blind, placebo-controlled
crossover study to examine the effect of theophylline
on respiratory muscle strength in 10 patients with
chronic tetraplegia (134). Although the mean data were
not significant, 40% of the patients did show some
positive changes in response to theophylline. The lack of
significant group differences may have been because of
the small sample size or that the study did not recruit
patients with a history of respiratory insufficiency. Indeed
24 patients were initially recruited, but the drug was not
well tolerated by most, and only 10 patients completed
the study. More thorough studies are needed to fully
address the potential therapeutic effects of theophylline
in spinal cord-injured patients.

Some studies indicated that muscle spasticity may
also affect respiration after SCI (135,136). For example, in
a recent case study, baclofen was administered to a C4-
level patient who was unable to wean from the ventilator
(136). After baclofen treatment and subsequent reduc-
tion in muscle spasticity, the patient quickly and
successfully weaned from the ventilator. The authors
concluded that clinical trials should address whether
muscle spasticity interferes with respiratory function and
determine whether reducing spasticity results in im-
proved respiratory function in patients with SCI. Animal
studies involving a combination of baclofen and theoph-
ylline therapy to improve respiratory function are
currently underway in our laboratory.

SUMMARY

SCl at any level can lead to an impairment of the
respiratory system. The long-term goal of basic and
clinical research is to effectively treat patients with SClI,
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improve the quality of life, and significantly decrease
mortality rates associated with respiratory insufficiency.
Researchers now have contusion and hemisection animal
models available to examine repair, restoration, and
synaptic plasticity strategies to improve respiratory
function after injury. The recent availability of the mouse
as a SCl model of respiratory insufficiency now allows the
use of genetic manipulation and the possible discovery of
new genes that may also be involved in those repair,
restoration, and synaptic plasticity strategies. Currently,
basic research has tended to focus on how spared
respiratory neural pathways can be activated to restore
function to previously paralyzed muscles by (a) increasing
the descending excitatory respiratory drive, (b) strength-
ening synaptic transmission between bulbospinal de-
scending pathways and phrenic motor neurons, (c)
decreasing the firing threshold level in phrenic motor
neurons, and (d) decreasing the inhibitory inputs on
phrenic motor neurons. Data suggest that some if not all
of these approaches may also be implemented in the
chronically injured animal, showing possible mechanisms
for future clinical studies.

Human studies suggest that respiratory muscle
training regimens may improve respiratory function;
however, it seems that few studies have carefully
addressed this issue. Patients with SCI realize the
importance of exercise, yet very few have access to
trained therapists to oversee exercise programs. Because
the primary cause of death is attributed to respiratory
insufficiency in all patients, research needs to be targeted
at improving respiratory function in all patients with SClI,
not just those currently experiencing respiratory insuffi-
ciency. The data from both the basic and the clinical
sciences have shown considerable progress over recent
years in our understanding of how SCI alters respiratory
function. However, it is clear that more research is
needed to address all of the concerns surrounding the
control of respiratory function after SCI.
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