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High cervical spinal cord injuries interrupt the bulbospinal respiratory pathways projecting to the cervical phrenic motoneurons
resulting in important respiratory defects. In the case of a lateralized injury thatmaintains the respiratory drive on the opposite side,
a partial recovery of the ipsilateral respiratory function occurs spontaneously over time, as observed in animal models. The rodent
respiratory system is therefore a relevant model to investigate the neuroplastic and neuroprotective mechanisms that will trigger
such phrenicmotoneurons reactivation by supraspinal pathways. Since part of this recovery is dependent on the damaged side of the
spinal cord, the present review highlights our current understanding of the anatomical neuroplasticity processes that are developed
by the surviving damaged bulbospinal neurons, notably axonal sprouting and rerouting. Such anatomical neuroplasticity relies also
on coordinated molecular mechanisms at the level of the axotomized bulbospinal neurons that will promote both neuroprotection
and axon growth.

1. Introduction

Traumatic spinal cord injuries (SCI) often result in severe
lifelong motor and autonomic disabilities, generally due to
the interruption of the supraspinal descending pathways.
Because axon fibers cannot spontaneously regenerate in the
central nervous system (CNS), numerous studies are aimed
to develop restorative treatments designed to repair the dam-
aged pathways. The functional benefits resulting from some
strategies applied in animals (as olfactory ensheathing cells
transplantation or growth-promoting channels bridging the
injury) are quite optimistic for putative translation in humans
[1]. However, the functional benefit of these interventions
may rely on the intrinsic features of the damaged neurons,
such as their ability to react to the injury, to survive, and
to sustain neuroplastic processes. Initial studies focused on
corticospinal locomotor pathways allow putting forward the
principle of post-SCI pathway reorganization [2].This model
however suffers from the rather poor growth-competence of
these corticospinal neurons following SCI by comparison to

other supraspinal neuronal populations, even in presence of
growth-promoting strategies (see below).

Beside locomotion, a devastating effect of cervical SCI can
be breathing impairments. After cervical trauma in humans
respiratory failure is the principal cause ofmortality andmor-
bidity and mechanical ventilator assistance is often required
to compensate respiratory insufficiency [3–5]. The major
inspiratory muscle in mammals is the diaphragm which is
innervated by phrenic motoneurons (PhMN) located into
the ventral horn of the cervical cord (C3–C6) [6]. These
PhMN receive supraspinal projections from respiratory pre-
motoneurons forming a column of cells in the ventrolateral
medulla, the rostral ventral respiratory group (rVRG), a
region just rostral to the obex [7, 8] (Figure 1(a)).These rVRG
premotoneurons discharge during the inspiration in phase
with the phrenic burst. They receive inputs from the pre-
Bötzinger complex considered as being the main inspiratory
rhythm generator [5, 7].The descending bulbospinal respira-
tory pathways project not only to the phrenic nuclei but also
to the thoracicmotoneurons controlling intercostalsmuscles.
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2 Neural Plasticity

In rodents, anterograde labeling by injections within one
rVRG shows that labeled respiratory pathways originating
from one medulla side project bilaterally in the SC, but still
with predominance of ipsilateral (ipsi) projections [9, 10].
This feature is also confirmed by the fact that unilateral
injection of a retrograde tracer into the phrenic area leads to
bilateral labeling of the rVRGs [11]. Another feature of these
respiratory descending pathways is that they can also project
to the contralateral phrenic nucleus by crossing the spinal
midline at the C3–C6 level [11, 12]. These “crossed phrenic
pathways” (CPP) remain generally latent but they can be acti-
vated by respiratory stress conditions (Figure 1(a)). Although
respiratory spinal projections to the phrenic nucleus are
mainly monosynaptic, the PhMN may also receive inputs
from relay pathways via spinal respiratory interneurons (SRI)
located at the level of the phrenic nuclei or at the C1-C2 level
[6, 13] (Figure 1(a)).

The canonical experimental model to study the effect of
high cervical SCI on the respiratory system is a unilateral
section at the C2 level [3]. Such C2 injury damages all ipsi
respiratory spinal projections and consequently interrupts
phrenic and diaphragmatic activities of the damaged side
so that the respiratory function relies only on the opposite
hemidiaphragm (Figure 1(b)). Another experimental model,
which may better reflect the physiopathology of trauma
injury in human, is the cervical unilateral contusion model
[3]. It leads to a substantial impairment of ipsi hemidi-
aphragmactivity but generally not as important as for cervical
sections [14]. In C2 hemisected animals, a well-studied neu-
roplasticity process is the “crossed phrenic phenomenon”: it
refers to the partial ipsi phrenic nerve (PhN) recovery evoked
by some respiratory stress as classically by a transection of the
contralateral PhN [12].This process relies on the rapid activa-
tion of the normally silent CPP innervating the ipsi phrenic
nucleus (see above). Such “crossed phrenic phenomenon” is
not evoked by the C2 hemisection itself, since the respira-
tory stress is limited by various compensatory mechanisms
involving the spared respiratory pathways. However, even
in absence of additional respiratory stress, CPP-dependent
PhN recovery appears spontaneously few days following
the C2 hemisection [15] (Figure 1(c)). It suggests that SCI
may initiate neuroplasticity processes leading to a shift
from latent toward active CPP. More generally, extensive
anatomical neuroplasticity processes may operate during the
weeks and months following high cervical SCI to reinnervate
and reactivate the PhMN leading to a respiratory functional
improvement. Thus, in cervical injured patients who require
ventilatory assistance, a long-term diaphragmatic recovery
can sometimes occur [3]. Similarly, in rats with C2 unilateral
SCI, several studies reveal a progressive spontaneous recovery
of the ipsi PhN activity in relation to the postlesion time,
reaching around 40% from the initial value several months
after lesion [16–18]. Althoughmost studies have been focused
on the contralateral spared CPP pathways, they may become
less essential after long-term SCI [16, 18], suggesting that
additional neuroplastic mechanisms may occur in chronic
conditions. The aim of this present review is therefore to
emphasize the postlesion neuroplastic mechanisms related to
the damaged respiratory bulbospinal neurons and pathways:

axon sprouting and pathways reorganization (Section 2),
molecular cell signaling promoting both neuron survival and
growth-competence (Section 3).

2. Part I: Plasticity Processes of the
Damaged Bulbospinal Pathways and Their
Involvement in Respiratory Recovery

2.1. Regenerative Sprouting and Relevance of
the Respiratory System

2.1.1. Influence of the Proximity to the Injury Site on Regen-
erative Sprouting. After a partial SCI, the axotomized axons
distal to the injury degenerate completely whereas their
proximal axonal elements usually survive. In theMammalian
CNS, by contrast to the PNS, growth of these injured axons
is however very limited due to the inhibitory environment
of the CNS. Thus, in absence of growth-promoting inter-
ventions, damaged axons cannot regenerate spontaneously
throughout the spinal scar to reinnervate and target their
motoneurons. Nevertheless, previous studies using themodel
of the corticospinal tract injury have described important
axonal sprouting and rerouting toward the grey matter [2,
19]. Following a dorsal SCI, Steward et al. [20] have shown
that a few dorsal axotomized corticospinal terminals (1%)
can even regrow toward the ventral SC and thus bypass the
injury site. However, in quite similar rodent models (lateral
or dorsal SCI), other studies did not detect any corticospinal
axon outgrowth in absence of growth-promoting therapeutic
interventions [21, 22], so that the experimental conditions
that permit or not spontaneous sprouting of the corticospinal
fibers are not yet clearly defined. After SCI, the rather poor
growth potential of corticospinal fibers has also been shown
in various permissive conditions which in counterpart allow
the regeneration of other supraspinal neurons [23–27].

One critical parameter that determinates the growth and
regenerative potential of the injured axons is the distance
between the site of axotomy and the cell body [28]. Thus,
for a given SCI site, cell bodies of the corticospinal tract
are more distant from the injury than brainstem bulbospinal
neurons (among which respiratory neurons). It may explain
that only the latter are able to regenerate within a growth
permissive guidance channel (as a peripheral nerve graft)
inserted at the level of the SCI site, whereas neurons of
the motor cortex failed to regenerate their axons [26, 29–
32]. The link between the regenerative potential and the
cell body distance has been directly demonstrated for pro-
priospinal interneurons, with the number of regenerated
cells decreasing progressively with increasing distance from
the lesion site [31]. The same conclusion can be drawn
from the observation that brainstem neurons are able to
regenerate into peripheral nerve transplants after cervical but
not thoracic SCI [33]. Thus, after cervical SCI and even in
absence of growth-promoting interventions, the sprouting
of brainstem bulbospinal neurons (as in the case of the
respiratory and locomotor systems) may be favored by the
short distance between the cell body and the injury site (a
fewmm in the rat).Thus, in the case of the locomotor system,



Neural Plasticity 3

EMG

Diaphragm

PhN

C3

C2

C1

BS

SC

PhMN

rVRG

(a) Intact (b) C2 unilateral injury (c) Subchronic condition (d) Chronic condition

Figure 1: Diagram showing the spontaneous neural plasticity of the respiratory drive after cervical spinal cord injury. Green color represents
active neural network. Red color represents silent or inactive neuronal network. (a, b) Unilateral injury leads to inactivation of ipsilateral
premotoneurons from the brainstem or spinal cord (C1 interneurons). (c) In subchronic condition, the neurorestorative pathways include
activation of CPP (contralateral premotoneurons in subchronic condition). (d) In chronic rerouting of unilateral premotoneurons through
collateral connection to C1 interneurons. These last interneurons relay to phrenic motoneurons. BS: brainstem; C1–C3: cervical levels; EMG:
electromyogram of hemidiaphragm SC: spinal cord; PMN: phrenic motoneuron; PN: phrenic nerve.

the bulbospinal fibers (originating from the Gigantocellularis
nucleus) are able to develop collaterals within the grey
matter above a cervical lateral hemisection [34], whereas
such sprouting was not detected after a thoracic hemisection
[35]. Thus, due to their very close proximity from a high
cervical SCI in comparison to other brainstem neurons, the
respiratory bulbospinal neurons may be a particular relevant
model to analyze such spontaneous anatomical plasticity.
Moreover, even if axonal regeneration may be improved
by some experimental conditions, its success and benefit
may be compromised by the long distance required for
reinnervation of the target motoneurons, especially in the
case of cervical injuries. For the respiratory system, however,
a high cervical SCI is particularly close to themain target sites
of reinnervation, the PhMN (C3–C6 in rats and man).

2.1.2. Regenerative Processes of the Axotomized Respiratory
Pathways. Previous studies have demonstrated the possibil-
ity for the bulbospinal respiratory fibers to regrow within a
growth permissive nerve graft inserted near the lesion site
that contains the damaged descending respiratory tract [30,
36]. In these two studies the presence within the nerve graft
of efferent respiratory axons was confirmed by the recording
from teased fibers of unitary discharges corresponding to
respiratory bursts and also by the labeling of rVRG neurons
after injection of a retrograde tracer in the distal part of the
nerve graft. Hence, when the nerve graft was used to bridge
the injury (in combination with chondroı̈tinase treatment
in order to digest the inhibitory extracellular matrix), the
regeneration of respiratory neurons was accompanied by

a remarkable diaphragm recovery. This recovery was com-
pletely eliminated by transection of the graft bridge [37],
indicating that it relies on axon regeneration within the nerve
channel. These studies altogether indicate that respiratory
neurons have a good intrinsic ability to grow and regenerate
although the CNS environment may represent a limiting
factor. Moreover, even in absence of reparative strategies,
the axotomized respiratory neurons identified by retrograde
labeling exhibit a rather good survival after a chronic C2 SCI
[38].

In order to assess the possibility of spontaneous sprouting
in these axotomized respiratory neurons, we identified the
bulbospinal respiratory fibers by injecting an anterograde
marker in the area of the inspiratory center (rVRG). As
observed in previous studies [10, 39, 40], the labeled bul-
bospinal respiratory fibers were located principally in the
ventrolateral sector of the SC with some collaterals decus-
sating to laminae VII and X [9] (Figure 1(a)). In rats with
a lateralized C2 injury, the number of respiratory fibers
innervating the ipsi phrenic nucleus was, as expected, much
reduced (reaching 5–10% from the initial value), even after
long delay, showing that the damaged ipsi respiratory fibers
did not spontaneously regenerate [9]. In these C2 injured
animals, we found also a reduced number of respiratory-
putative fibers in the lateral ipsi C1 compartment due to puta-
tively axonal retraction rather than to neurodegeneration,
in correlation with the white matter shrinkage around the
lesion site. However, despite this process of axonal retraction
in the ipsi C1 ventrolateral area, collateral arborization of
the respiratory bulbospinal fibers within the C1 ventral grey
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matter appeared increased in chronically injured animals [9]
(Figure 1(d)), as observed also more recently for bulbospinal
fibers originating from the reticular formation [34]. These
data are also in agreement with the higher level of axon
growth marker GAP-43 detected in the injured spinal cord
at C1 level [9] and may indicate an induction of axonal
sprouting in C2 injured animals. Moreover, in rats with a
chronic C2 lateral SCI, we could observe, just rostrally to
the glial scar, numerous fibers (5%) that turn perpendicularly
toward the grey matter and that were thus rerouted toward
the medial SC [9]. Thus, axotomy of bulbospinal respiratory
pathways by a lateral C2 SCI induces regenerative processes
as axonal sprouting and rerouting. However, although some
fibers may be able to bypass the glial scar by the medial
side, our anterograde and retrograde tracing experiments did
not reveal any detectable reinnervation of the phrenic area
by these injured fibers. In addition to axon sprouting, other
neuroplasticity processes may therefore occur to account
for the spontaneous long-term phrenic and diaphragmatic
reactivation.

2.2. Rewiring Processes of Damaged Bulbospinal Pathways and
Their Functional Incidence

2.2.1. Spared versus Damaged Restorative Pathways. The
recovery of the respiratory function after a cervical C2
hemisection has classically been attributed to the activation
of spared contralateral pathways that cross the spinal midline
below the C2 lesion to innervate the ipsi PhMN. These CPP
pathways are latent under normal respiratory conditions but
became progressively recruited following SCI, leading to the
restoration of the inspiratory drive to the ipsi phrenic nucleus
[15, 17, 41, 42]. Thus, in rats, one week after a lateral C2 SCI
(that suppressed all ipsi phrenic drive in acute conditions),
the recovered ipsi PhN activity (20% from the contralateral
PhN) was indeed completely inactivated immediately after
a secondary contralateral C1 hemisection so that animal
survival was compromised in absence of ventilator assistance
[15]. This supplementary contralateral C1 hemisection sup-
pressed indeed all contralateral respiratory drive, including
the CPP innervating the ipsi phrenic nucleus. However, in
conditions of chronic complete hemisection, some studies
show either no ipsi PhN activity [37, 43] or only a modest
recovery [44] so that the effective contribution of CPP
pathways remains controversial. Twomonths after aC2hemi-
section in rats, Li et al. [43] observed that ipsi PhN remains
inactive if the hemisection was complete but was activated
in the case of ventromedial tissue sparing. Thus, in this
latter case, neural substrate other than CPP pathways may be
engaged in spontaneous functional improvement. In linewith
this assumption, we show that, after a chronic lateral (partial)
C2 SCI, the recovery of ipsi PhN activity was almost indepen-
dent of the integrity of the contralateral side [18].These results
show that neuroplasticity processes following SCI may also
engage pathways present in the damaged ipsi side that may
bypass the lesion through the medial SC region. This raises
the question of the putative reorganization of the injured
pathways and their contribution to respiratory recovery.

2.2.2. Respiratory Propriospinal Neurons after a C2 SCI.
While little is known about neuronal substrate of post-SCI
structural reactive plasticity, a first study on the model of the
corticospinal tract reported that propriospinal interneurons
are involved in rewiring processes after thoracic SCI and
may play crucial role in postinjury recovery of function
[2]. In the respiratory system, although direct monosynaptic
projections from the rVRG neurons to PhMNmay dominate,
the presence of propriospinal respiratory neurons (SRI) in the
high cervical SC has also been demonstrated by several elec-
trophysiological and anatomical studies in intact rodents [40,
45–47].Thus, cross correlation analysis revealed the presence
of monosynaptic connections between the rVRG and C1/C2
inspiratory units and between these C1/C2 propriospinal
neurons and the PhMN [47, 48]. These data suggest that the
PhMN may also be innervated by an indirect polysynaptic
pathway involvingC1/C2 SRI. Using neurobiotin intracellular
anterograde tracer, Lipski et al. [40] indeed observed that
SRI had long propriospinal projections with a short collateral
which arborized in the region of the PhMN. The anatomical
connection between these SRI and the PhMN has been
confirmed by other studies using retrograde transsynaptic
tracer [49–51]. Indeed, pseudorabies virus injected into the
PhN permits us to label second-order neurons (connected
to the PhMN pool) at the level of the phrenic nucleus but
also small neurons in the upper cervical SC (C1–C3). These
SRI are principally located in the intermediate and medial
part of the SC, in lamina X and VII, and are synaptically
coupled to both central respiratory neurons (within the
rVRG) and PhMN [50]. Moreover, using a voltage-sensitive
dye on isolated brainstem-SC preparations from neonatal
rats, respiratory-related activity can be visualized in C1-C2
spinal neurons thatmay therefore correspond to SRI [46]. SRI
may represent a heterogeneous population that may mediate
descending supraspinal input to PhMN but that may also
integrate numerous other neuronal circuits and that may
coordinate bilateral PhN activity and also PhN/intercostals
nerve activity [13, 50].

These different features concerning SRI raise the question
of their putative contribution to restorative processes in
the respiratory system. In rats with complete hemisection
(two weeks after SCI) that will damage all ipsi pathways, an
apparent reduction in rVRG projections to SRI and also of
the SRI projections to the PhMN has been reported (even
at 3 months after SCI) [13, 50]. A complete hemisection
will indeed interrupt both the direct and indirect pathways
to respiratory PhMN, so that only CPP pathways (direct
or indirect) may still be able to innervate the ipsi PhMN
pool. Indirect pathways may rather transit principally in the
medial compartment of the SC where the SRI are located
so that their contribution to respiratory recovery may be
favored by a C2 SCI injury with minimal ventromedial
sparing. Such ventromedial sparing (by comparison with
complete C2 hemisection) can indeed improve respiratory
recovery [9, 43, 52], putting forward the contribution of
medial transiting respiratory pathways (see next paragraph).
The putative involvement of SRI to respiratory restorative
pathways was therefore analyzed in rats with a SCI that may
leave intact pathways transiting through the medial part of
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the SC [9]. Anterograde/retrograde dual tracing revealed
bulbospinal fibers originating from the rVRG area (labeled
by an anterograde tracer) that form close appositions to C1
ipsi propriospinal neurons projecting to C4 ventral horn
(labeled by a retrograde tracer) (Figure 1(a)). We found
that the number of these contacts was enhanced in animals
with chronic lateral C2 SCI. This suggests that the injured
axons that develop new collaterals toward the grey matter
may form new connections to C1 propriospinal neurons
in a way that the injured respiratory pathways may bypass
the lateral injury via new indirect relay pathways that may
reinnervate the ipsi PhMN (Figure 1(d)) [9]. More recently,
the possibility for injured bulbospinal fibers to form such
new relay pathways toward cervical motoneurons was also
attested for the locomotor neurons originating from the
reticular Gigantocellularis nucleus [34]. In this latter study,
the presence of excitatory V-GLUT-positive varicosities on
their terminals suggests the synaptic integration of these
regrowing bulbospinal fibers [34]. In addition, this study and
ours show an increased number of propriospinal neurons
and fibers that bypass the injury and project beneath the
injury site (Figure 1(d)). Accordingly, these newly engaged
propriospinal neurons are predominantly located laterally
(above the lateral injury) so that they may putatively corre-
spond to injured interneurons that succeed in bypassing the
injury by the medial part [9]. Thus, for both respiratory and
locomotor bulbospinal pathways, the cervical motoneurons
could be reinnervated by detour pathways formed by the
connection of injured axons to propriospinal neurons that
will thus bridge the injury. Such enhanced recruitment of
propriospinal neurons bypassing the scar has also previously
been demonstrated after a chronic thoracic hemisection [53].

2.2.3. Functional Outcomes. In chronically C2 hemisected
animals with ventromedial tissue sparing, respiratory recov-
ery has been shown to be triggered principally by ipsi
pathways that bypass the chronic C2 SCI by themedial region
rather than by CPP reinforcement [18]. The recovered PhN
activity was indeed maintained after a secondary section at
C1/C2 on both sides that only spared the ipsi medial part [18],
so that the animals could survive without ventilator assis-
tance during the following hours. The contribution of these
medial bypassing pathways is also suggested by the twice
higher diaphragmatic recovery in animals with ventromedial
sparing in comparison to rats with complete hemisection
[9] and by their greater tidal volume during hypercapnic
challenge [52]. Moreover, in chronically hemisected rats, a
recovered PhN activity was detected only in the case of
ventromedial tissue sparing [43]. Although the anatomical
basis of such ventromedial-dependent restorative activity
has not been clearly assessed, one possibility is that it may
engage preexisting directmedial pathways (spared by a lateral
SCI) rather than indirect relay pathways. The presence of
these direct descending respiratory projections within the
ventromedial spinal tissue has been shown by anterograde
labeling [9, 10], although they are less abundant than the
ventrolateral pathways. Still, these medial pathways are not
efficient enough to trigger any PhN activity after an acute
or subchronic (1 week) lateral C2 SCI sparing the medial

spinal compartment [15]. It seems therefore rather unlikely
that they could be sufficiently reinforced after a longer time-
lag to be able to sustain by themselves the observed PhN
recovery. Respiratory recovery may therefore more likely rely
on respiratory pathways remodeling, as, for instance, with
propriospinal respiratory neurons within the ventromedial
compartment (Figure 1(d)).

Consistently with a greater functional involvement of
such polysynaptic relay pathways through SRI, electrophysi-
ological data from rats 12W after C2 SCI showed a delayed
activation of ipsi versus contralateral PhMN, indicating a
prolonged conduction time to ipsi PhMN consecutively to
postinjury plasticity processes [41, 54–56]. Moreover, in the
case of respiratory recovery by a nerve graft bridging the C2
SCI, transection of the graft bridge initially led to an unusual
increase in overall tonic diaphragm electromyographic activ-
ity (which does not occur after C2 hemisection alone) [37].
Due to the fact that the pattern of this activitywas reminiscent
of SRI recordings showing repeated transient increases in
tonic spiking frequencies during inspiration, Alilain et al.
suggest it could be attributed to the recruitment of such SRI
that may play an important role in remodeling of the spinal
respiratory network during the regenerative process.

While C2 hemisection is still the classical model to
study SCI-induced respiratory dysfunctions and reactive
neuroplasticity, the development of more clinically relevant
contusion models is an important step to investigate post-
traumatic lesional process and therapeutic strategies. In the
case of a lateral C2 contusion, it has been reported that
PhN inactivation remains incomplete and that functional
recovery was very limited during the following weeks [14].
By contrast to C2 lateral hemisection, this ipsi PhN activity
appears to arise rather from spared CPP pathways than from
the reorganization of ipsi descending pathways.This is indeed
indicated by the fact that stimulation of the ipsi ventrolateral
column at C1 level did not elicit any response on the ipsi PhN
and also by the observation that an additional contralateral C1
hemisection completely abolished the ipsi PhN activity [57].
A similar suppressive effect of a contralateral hemisection
is also observed in the case of a contusion at the level of
the PhMN nucleus [58] revealing thus a predominant role
of CPP pathways. However, even in this case, transsynaptic
tracing from the ipsi hemidiaphragm revealed an increased
recruitment of interneurons rostral to the injury site one
week after C3/C4 contusion [59]. Moreover, although the
contribution of ipsi restorative pathways appears to be very
limited in spontaneous conditions, it could be promoted by
the adjunction of therapeutical strategies.Thus, in rats with a
chronic lateral C2 contusion that received a transplantation
of nasal olfactory ensheathing cells, stimulation of C1 ipsi
ventrolateral column evoked an ipsi PhN response and
moreover the recovered PhN activity was suppressed by an
ipsi C1 hemisection, suggesting that PhMNs in these animals
are reinnervated by ipsi descending pathways [57].

2.2.4. Other Spinal Respiratory Plasticity Processes. It has been
speculated that the SC contains neurons able to generate res-
piratory drive and rhythm like it is the case in the brainstem
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[60]. Thus, in cats, PhN output can be partially maintained
after lesioning the medullary respiratory centers [61] or
after a C1 transection [62]. However, such intrinsic spinal
inspiratory activity independent of the medullary respiratory
descending pathways has not been confirmed in medul-
lospinal preparation of rats [63]. It has been suggested that
spinal respiratory rhythm generator, although inefficient in
intact rodents, could be induced by neuroplasticity processes
following chronic SCI [60]. However, in adult rats 3 months
after a lateral C2 SCI, we observed that the ipsi recovered PhN
activity was fully abolished by a supplementary complete ipsi
section at C1 level that interrupts all medullospinal ipsi drive
[18]. It may rather exclude the possibility that SRI below C1
may themselves generate the recovered respiratory activity in
absence of any supraspinal command. Thus, even if spared
C1-C2 inspiratory neurons are recruited after chronic SCI,
their activity may be dependent on the connections they
receive from the collaterals of bulbospinal neurons.

In addition to injured pathways rerouting and to spared
pathways reinforcement, other neuroplasticity processes may
potentially contribute to the respiratory recovery, especially at
the level of the ipsi phrenic nucleus. Thus, using an injection
of a Sindbus viral vector expressing Channelrhodopsin in the
phrenic nucleus of C2 injured animals, Alilain et al. 2008 have
shown that light activation of ChR2-expressing phrenic cells
was sufficient to entail durably recovery of diaphragmatic
activity. This NMDA-dependent respiratory recovery may be
attributed to a form of respiratory neuroplasticity through
a synaptic reinforcement to phrenic cells (PhMN and/or
SRI) [54]. In the phrenic nucleus of chronically hemisected
rodents, previous studies have indeed shown an increase in
glutamatergic terminal length and in NMDA 2A subunit
[64, 65], in addition to the reorganization and reinforcement
of the serotoninergic modulatory pathways as indicated by
an increase of presynaptic 5-HT terminals and of its receptor
5HT2A [44, 66–68]. Such PhMN plasticity processes may
have their origin in the preconditions established by chronic
SCI, as an increase in BDNF/TrkB signaling. Experiments
using alteration of the BDNF/TrkB signaling in hemisected
rats (by BDNF or TrkB-Fc infusion in C4 using an implanted
miniosmotic pump) indicate that BDNF/TrkB signaling in
PhMN pool plays indeed a critical role in functional postin-
jury neuroplasticity processes [69]. Thus, these postlesion
changes at the level of the phrenic cells and synapses may be
efficient to reorganize respiratory descending pathways and
to participate in the observed ventilatory recovery.

The importance of postlesion pathways reorganization
following SCI raises the question whether they may only
rely on preexisting neurons (damaged or spared) or if they
may also putatively involve the production of new neurons
as SRI or phrenic MN in the case of the respiratory system.
Numerous studies have shown that the proliferation of
neural progenitors in the neurogenic niches of the adult
forebrain is stimulated after various types of brain injury,
including stroke, seizure, or traumatic brain injury [70–74].
These newly generated neurons persist over time and might
participate in the cognitive recovery [75]. The adult Mam-
malian SC is however a nonneurogenic tissue in physiological
conditions. Although it retains multipotent neural stem cells

that could generate functional neurons in vitro [76, 77], their
potential is mainly restricted to the glial lineage in vivo [78,
79]. SCI is well known to induce the formation of reactive
astrocytes and the infiltration of immune cells in the vicinity
of the lesion site [80–83], but whether SCI also induces the
production of new neurons in vivo has been controversial
until recently. Studies have shown that spinal neurogenesis
occurs to a limited extent after SCI [84–86] but that it could
be stimulated by experimental intervention [87]. Overall,
available data suggest that the extent of neurogenesis at the
spinal level after SCI depends on the localization and severity
of the injury [87, 88]. Recently, using the C2 unilateral injury
model known to induce neuroplasticity, we have shown
that neurogenesis remains absent in the injured SC [89].
Moreover, in these same injured animals, neurogenesis is
notably decreased in the hippocampal dentate gyrus and
this is correlated with brain inflammation suggesting that
forebrain is sensitive to SCI. These results were confirmed
by another group using a thoracic contusion model [90].
Thus, injury-induced neurogenesis does not appear to be
an effective plasticity process participating in SC anatomical
reorganization and to functional spontaneous recovery.

3. Part II: The Molecular Basis of Respiratory
Neurons Plasticity following C2 SCI

Postinjury reactive plasticity processes and respiratory recov-
ery rely in part on injured respiratory neurons and pathways.
It supposes that the injured neurons may be able to both (1)
overcome the neuron insult and survive and (2) reactivate
neuronal growth programs to promote axon sprouting. This
raises the question of themolecular processes that will sustain
and coordinate such neuronal growth and survival. The
molecular mechanisms of postinjury regenerative processes
have mostly been studied in the PNS but are less well
characterized in the CNS. They could involve an intrinsic
postlesion cell body response (CBR) based on the upregu-
lation of specific cell factors, as heat shock proteins (HSPs),
that will assume a dual function in neuroprotection and
neuroplasticity. They may also depend on the activation of
specific signaling pathways depending on external cues, as
neurotrophins, that are known to play a bipotential role in
neuroprotective and neuroregenerative processes.

3.1. The Postlesion CBR and Its Role in
Respiratory Neurons Plasticity

3.1.1. Axotomy-Dependent Transcription Factors in Brainstem
Neurons. Survival and plasticity of injured neurons may
be related, at least in part, to the intrinsic CBR to the
axon damage and the induced cell stress. As shown in the
PNS, axotomy triggers a rapid activation of JNK (C-Jun N-
Terminal Kinase) at the injury site [91] and its retrograde
transport from the injury site to the perikaryon where it
induces both expression and phosphorylation of c-Jun, a
component of the heterodimeric AP-1 transcription factor,
followed by the induction of ATF-3 (activating transcription
factor 3) [92] (Figure 2). These two transcription factors are



Neural Plasticity 7

Nucleus

Trk-R 
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P-FKHR

Akt/P-Akt
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(axotomy)

BDNF

Phrenic premotoneuron

Figure 2: Diagram showing the induction of neuroprotection and neuroplasticity of phrenic premotoneurons after a cervical spinal cord
injury. The injury-induced neuroplasticity through GAP43 expression involves JNK activation, c-Jun and ATF3 activation, and HSP27
induction. JNK can also be activated by tyrosine kinase receptor (Trk-R). The injury-induced neuroprotection involves BDNF increase,
activation of TrK-R, activation of PI3K-Akt, and phosphorylation of FKHR. The pathway inducing HSP27 is also known to be involved
in neuroprotection.

considered as central regulators of the postlesion CBR that
will orchestrate axonal outgrowth but also control the balance
between cell death and survival.Thus, after nerve injury (that
can entail nerve regeneration), the ability of injured neurons
to regenerate their axon is correlatedwith a substantial upreg-
ulation of c-Jun and ATF-3 in injured neurons [91, 92]. For
instance, after transection of the facial nerve, the suppression
of c-Jun caused severe defects in several aspects of the axonal
response and showed reduced target muscle reinnervation,
indicating that c-Jun expression is essential for nerve fibers
regeneration whereas its phosphorylation by JNKs appears
less necessary [93, 94]. Similarly, following CNS neurons
injury, a specific molecular CBR, including an upregulation
of c-Jun and of some other axon growth effectors (as GAP-
43), has been reported in some CNS neuronal populations

[91].This CBRmay reveal an intrinsic growth potential which
determines the neuron ability for axon regeneration if a
growth permissive environment is provided, as, for instance,
by a peripheral graft. Such molecular CBR may also promote
axon sprouting in a standard environment. This is suggested
by in vitro experiments showing that modulation of ATF3
and/or c-Jun in neuron cultures will alter the level of neurite
sprouting and elongation [95, 96]. Thus, for a given CNS
neuron population, the more or less efficiency to develop
postlesion neuroplasticity and neuroregenerative processes
may rely on their postlesion CBR intensity.

The level of the postlesion CBR will principally depend
on the distance between the site of injury and the cell bodies,
consistently with the better regenerative potential within a
growth permissive environment observed for the neurons
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that are the nearest to the injury site (see Section 2). Thus,
regarding corticospinal neurons, they are able to upregulate a
range of growth-associated genes (and to regenerate within a
peripheral nerve graft) following intracortical but not spinal
cervical axotomy [97]. This differential CBR in link with the
somatic distance to the injury and the regenerative potential
is also shown by the fact that rubrospinal and some brainstem
neurons (which are known to regenerate into cervical but
not thoracic nerve transplants) respond to a cervical SCI
by upregulating various regeneration-associated genes [28,
98, 99] but not to a thoracic SCI [100]. After thoracic
lesioning, only thoracic propriospinal neurons (close to the
SCI) are able to upregulate efficiently growth-associated
genes whereas those located at the cervical level are not
[101, 102]. However, in line with this higher CBR, thoracic
propriospinal neurons are also more vulnerable and most of
them will die after thoracic SCI, which is not the case for
cervical ones [103]. Thus, the optimal soma/SCI distance for
anatomical neuroplasticity will be a compromise between a
sufficient proximity to favor growth-associated processes and
aminimal distance to prevent cell death. In rodents with high
cervical SCI, it may be the case for bulbospinal neurons as
respiratory ones, which show both a high survival and an
efficient regenerative response (see Section 2).

The SCI-soma distance is however not the sole fac-
tor accounting for the differential capability to upregulate
growth-associated genes and to develop regenerative growth,
as suggested by the more or less good regenerative potential
within a nerve graft from various brainstem nuclei [32]. In
order to investigate the postlesion CBR level of various pop-
ulations of brainstem neurons, we first assessed the presence
of c-Jun in axotomized respiratory neurons of the rVRG by
comparison to other injured cell populations in the medulla
[104]. We found that most axotomized respiratory neurons
(around 60%) upregulate c-Jun after a C2 SCI (Figure 2) but
it was also the case for the other damaged brainstem nuclei,
suggesting that c-Jun induction may not be sufficient by itself
to determine and trigger successful postlesion CBR and axon
growth. Besides its important role for axonal growth, c-Jun is
also a powerful mediator of axotomy-induced cell death, via
JNK [93, 105]. For instance, suppression of c-Jun by siRNA
enhances the survival of retinal ganglion cell following optic
nerve cut [106] while overexpression of c-Jun enhances death
of injured Purkinje neurons [107].However, in the respiratory
system, most axotomized bulbospinal neurons survive after
cervical SCI despite their c-Jun expression indicating that
they are prevented from c-Jun-induced cell death.The switch
between neuronal death and regenerative growth will also
depend on other cell cues which will allow us to imbalance
the postinjury neuronal fate toward neuroprotective and
neuroregenerative processes rather than neurodegeneration.

3.1.2. HSP27: An Antiapoptotic and Growth-Promoting Factor.
The downstream signaling induced by c-Jun and ATF3 leads
to the induction of various effectors of postlesional neuronal
response, among which are members of the HSPs family,
notably HSP27. On the model of the superior nerve ganglion
neurons, it has been shown that the ATF-3/c-Jun dependent

transcription will produce the antiapoptotic factor HSP27
which in turn will inhibit JNK/c-Jun-induced apoptosis [108]
(Figure 2). HSP27 expression is known to be elevated in
patients with degenerative disorders or stroke [109, 110] and
its induction and phosphorylation exert neuroprotection in
various cerebral insults [111]. Thus, HSP27 intravenous injec-
tion has been shown to prevent cell death following cerebral
ischemia [112, 113]. Following nerve injury, HSP27 induction
promotes neuronal survival [114] and it also favors axon
growth and regeneration in the PNS [115, 116]. Following tho-
racic contusion in rats, a microarray analysis of the damaged
tissue (24 h after injury) found the highest gene induction
(4.22x) for HSP27 [117]. In a similar SCI model, such specific
upregulation of HSP27 (in addition to ATF-3) has also been
reported at the cellular level by qRT-PCR (for 89 genes)
performed after laser microdissection [102]. This latter study
reportedmoreover that HSP27 expression was sustained only
in thoracic interneurons but not in cervical ones, in relation
to their proximity and their greater regenerative potential.

In order to evaluate the postlesion CBR in the rVRG by
comparison to other brainstem nuclei, we have investigated
the presence of HSP27 in axotomized respiratory neurons
several days after a C2 SCI. We have reported that, by
contrast to c-Jun, HSP27 was differentially induced between
the different injured brainstem nuclei, principally in the
rVRG, the dorsal Gigantocellularis, and vestibular nuclei but
seldom in the raphe nuclei and ventral Gi [104], in link
with a different regenerative potential reported between these
different neuron populations. Moreover, also in contrast to c-
Jun, HSP27 was expressed only in a few axotomized neurons
within a given neural group, about 20% in the rVRG, pointing
out a heterogeneous postlesion CBR between the respiratory
neurons (Figure 2). Similarly, a previous report detected
HSP27 in only 6% of the axotomized retinal ganglion cells
[115]. Such heterogeneous CBR between CNS axotomized
neurons has also been shown for NO Synthase (NOS) [118],
another factor known to be associated with CBR and to play
a role in axon growth [119]. However, in the case of the
injured retinal cells, although HSP27 was detected only in
6% of the ganglion cells, this value reaches 30% for those
regenerating in a peripheral graft [115]. Altogether, these data
suggest that the presence of HSP27 in axotomized neurons
may be a good indicator of their growing competence and of
their putative contribution to postinjury anatomic plasticity
processes. Besides HSP27, an important mediator of the
postaxotomy CBR is Stat3 which is activated by axotomy via
JNK and which has both neuroprotective and regenerative
roles after axotomy [120, 121].

After CNS injury, the ability of injured axon to regrowth
may depend not only on the level of the postlesion CBR but
also on its duration that has to be long enough to permit an
effective pathway rerouting and rewiring. Thus, some brain-
stem neurons lose their potential to regenerate in permissive
conditions at longer postinjury intervals [32]. Thus, the evo-
lution of the CBR during the weeks andmonths following the
injury may influence the regenerative processes associated
with anatomical plasticity and the efficiency of reparative
strategies applied after a chronic SCI [98]. After chronic
cervical SCI, a long-lasting expression of c-Jun and NOS has
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been shown in some vestibulospinal neurons [118], known for
their good regenerative potential in chronic conditions [26,
32]. Therefore, in order to investigate whether axotomized
respiratory neurons may also maintain durably their growth-
reactive state after a chronic spinal C2 hemisection we have
analyzed the evolution of some markers of the postlesion
CBR in the rVRG and by comparison in other medullospinal
regions. We found that HSP27 was still expressed at one
month after SCI in approximately 20% of the axotomized
respiratory neurons, similar to the one-week post-SCI time
point, suggesting that this subset of HSP27 immunoreactive
neurons conserve their responsive state for at least onemonth
(manuscript in preparation). Interestingly, we observed that
the same subset of HSP27+ respiratory neurons also express
durably other growth-promoting genes (c-Jun and NOS) and
moreover that they will downregulate the protein NeuN, a
marker of neural mature state (manuscript in preparation),
a fact previously reported for axotomized facial motoneurons
[122].Thus, one can identify a subset ofmedullary respiratory
neurons that remain durably in a growth-reactive state after a
chronic SCI, HSP27 appearing to be an early cell indicator
of this prolonged CBR. One can postulate that this rVRG
neuronal subpopulation exhibiting a long-lasting CBR may
correspond to that potentially involved in neuroregenerative
processes and in long-term respiratory pathways plasticity
although the link between these growth-reactive states and
axonal rewiring remains to be further established.

3.2. The BDNF/AKT/FKHR Pathway. The damaged neuron
will integrate both internal and external cues to determine its
cell fate after injury. Among the different molecular factors
involved in neuroprotection and activated by external cues
after injury, the serine-threonine kinase Akt plays a critical
role in controlling the balance between survival and apoptosis
in CNS [123–125] (Figure 2). After CNS injury, including SCI,
several studies showed an increase in Akt phosphorylation
suggesting its role in protecting the injured nervous tissue
[126–136]. Akt, once phosphorylated by phosphatidylinositol
3-kinase (PI3K), promotes cell survival and prevents apop-
tosis by phosphorylating and inactivating several apoptosis-
inducing factors, including forkhead transcription factors
(FKHR) [123, 125]. Furthermore, the use of PI3K specific
inhibitor compounds like LY294002 [137] suppresses brain
neuroprotection after cerebral ischemia or SCI by inhibiting
phosphorylation of FKHR [138, 139]. These treated animals
developed a more severe trauma compared to untreated
ones. While injury-induced activation of Akt appears to be
a neuroprotective molecular event occurring at the injured
spinal level, Akt has also been reported to be as key mediator
of several aspects of neurite outgrowth and elongation, a
process involving the physical interaction between Akt and
HSP27 [140]. One can therefore also address the question of
the Akt role at the level of the supraspinal structures where it
may operate by promoting both neuroprotection and growth
processes and thus contribute to the spontaneous postlesion
recovery.

Using the cervical C2 unilateral SCI model, we ini-
tially screened for supraspinal molecular signaling and
demonstrated thus that the PI3K-Akt signaling pathway was

activated in the medulla whereas its proapoptotic down-
stream target, FKHR, was inactivated [38] (Figure 2). Retro-
grade labeling of medullary injured premotoneurons, includ-
ing respiratory ones which project to PhMN, revealed that
these injured neurons survived to the C2 SCI and that they
were positive for the neuroprotective signaling factor [38]. To
further explore the functional importance of this supraspinal
cell survival signaling, we demonstrate that medullary inhi-
bition of PI3K-Akt, by cerebral infusion of the LY294002
PI3K inhibitor, activates one of its death-promoting down-
stream targets, Fas ligand, and prevents the ipsi spontaneous
respiratory recovery normally observed within three weeks
[38]. These findings provide novel evidence for supraspinal
cellular contribution to the spontaneous respiratory recovery
after partial SCI. On the model of brain ischemic injury,
inhibition of PI3K had however no effect on Hsp27-mediated
neuroprotection, suggesting that AKT/FKHR and HSP27 are
two distinct cell pathways to promote cell survival [141].

Upstream of PI3K-Akt, BDNF, a PI3K-Akt activator, is
known to influence the plasticity of the respiratory network
after SCI [69, 142] and has been found upregulated in
the injured SC [143]. Treatment of the injured SC or cell
bodies of injured axons with BDNF has been shown to be
efficient in favoring survival and neuroplasticity [144–151].
Thus, at the supraspinal level, it has been shown that BDNF
prevents atrophy of rubrospinal neurons in adult rats after
cervical SCI and also stimulates and sustains the expression
of regeneration-associated genes [152]. In the medulla, we
found that BDNF levels significantly increased as a function
of time postinjury [38]. It suggests that BDNF cell signaling
may contribute to the durable growth-promoting and neuro-
protective cell response necessary to the long-term postlesion
plasticity processes. It is interesting to note that a common
BDNF/PI3K-Akt cell survival signaling pathway exists at
both spinal and supraspinal levels to facilitate spontaneous
recovery of the respiratory function.

4. Conclusion

Respiratory recovery following high cervical SCI has gener-
ally been attributed to the reinforcement of spared respiratory
pathways, as for the classical “crossed phrenic pathways,”
so that the contribution of the damaged neurons has so
far been underestimated. The SCI may however promote an
intrinsic cell body reaction by at least a subpopulation of
the axotomized neurons in addition to a response to various
external cues such as BDNF, in order to induce a neuronal
shift toward an antiapoptotic and growth-promoting reactive
state. Thus, a subset of injured respiratory neurons may
spontaneously develop axon collateral sprouting at the level
of the C1 grey matter and may contact propriospinal neurons
to form new restorative pathways. In the case of a high
cervical SCI, these neuroplastic changes may be fostered by
the fact that respiratory damaged neurons reside in proximity
of the injury and of their main motoneuron target. Alto-
gether, respiratory pathways regrowth and reorganization
may contribute to the spontaneous recovery observed after a
chronic unilateral SCI in animal models. It may also explain
why restorative strategies applied to hemisected rats can
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markedly improve the function of the ipsi hemidiaphragm.
Thus, transplantation of olfactory ensheathing cells applied at
the SC level [43, 153] entails a partial restoration of respiratory
function [57, 154]. Similarly, partial recovery of respiratory
function has been reported in hemisected rodent in which
a peripheral nerve graft was applied to bridge the injury
and allow the regeneration of respiratorymedullary pathways
toward their PhMN targets [37]. It points out the fact that the
survival and growth-competence of the damaged respiratory
and other bulbospinal pathways may be further exploited to
develop repair strategies designed to humans.
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transplantation of olfactory ensheathing cells promotes partial
recovery after complete spinal cord transection in the rat,”
GLIA, vol. 55, no. 3, pp. 303–311, 2007.

[26] R. Vavrek, D. D. Pearse, and K. Fouad, “Neuronal populations
capable of regeneration following a combined treatment in rats
with spinal cord transection,” Journal of Neurotrauma, vol. 24,
no. 10, pp. 1667–1673, 2007.

[27] Y. Wakabayashi, H. Komori, T. Kawa-Uchi et al., “Functional
recovery and regeneration of descending tracts in rats after
spinal cord transection in infancy,” Spine, vol. 26, no. 11, pp.
1215–1222, 2001.

[28] R. Jenkins, W. Tetzlaff, and S. P. Hunt, “Differential expression
of immediate early genes in rubrospinal neurons following
axotomy in rat,” European Journal of Neuroscience, vol. 5, no. 3,
pp. 203–209, 1993.

[29] B. Blits, P. A. Dijkhuizen, G. J. Boer, and J. Verhaagen,
“Intercostal nerve implants transduced with an adenoviral
vector encoding neurotrophin-3 promote regrowth of injured
rat corticospinal tract fibers and improve hindlimb function,”
Experimental Neurology, vol. 164, no. 1, pp. 25–37, 2000.

[30] P. Decherchi and P. Gauthier, “Regeneration of acutely and
chronically injured descending respiratory pathways within
post-traumatic nerve grafts,” Neuroscience, vol. 112, no. 1, pp.
141–152, 2002.

[31] X. M. Xu, S.-X. Zhang, H. Li, P. Aebischer, and M. B. Bunge,
“Regrowth of axons into the distal spinal cord through a
Schwann-cell-seeded mini-channel implanted into hemisected
adult rat spinal cord,” European Journal of Neuroscience, vol. 11,
no. 5, pp. 1723–1740, 1999.

[32] J.-H. Ye and J. D. Houle, “Treatment of the chronically injured
spinal cord with neurotrophic factors can promote axonal
regeneration from supraspinal neurons,” Experimental Neurol-
ogy, vol. 143, no. 1, pp. 70–81, 1997.

[33] P.M. Richardson, V.M. K. Issa, and A. J. Aguayo, “Regeneration
of long spinal axons in the rat,” Journal of Neurocytology, vol. 13,
no. 1, pp. 165–182, 1984.

[34] L. Filli, A. K. Engmann, B. Zörner et al., “Bridging the gap: a
reticulo-propriospinal detour bypassing an incomplete spinal
cord injury,” Journal of Neuroscience, vol. 34, no. 40, pp. 13399–
13410, 2014.

[35] M. Ballermann and K. Fouad, “Spontaneous locomotor recov-
ery in spinal cord injured rats is accompanied by anatomical
plasticity of reticulospinal fibers,” European Journal of Neuro-
science, vol. 23, no. 8, pp. 1988–1996, 2006.

[36] P. Decherchi and P. Gauthier, “In vitro pre-degenerated nerve
autografts support CNS axonal regeneration,” Brain Research,
vol. 726, no. 1-2, pp. 181–188, 1996.

[37] W. J. Alilain, K. P. Horn, H. Hu, T. E. Dick, and J. Silver,
“Functional regeneration of respiratory pathways after spinal
cord injury,” Nature, vol. 475, no. 7355, pp. 196–200, 2011.

[38] M. S. Felix, S. Bauer, F. Darlot et al., “Activation of Akt/FKHR in
the medulla oblongata contributes to spontaneous respiratory

recovery after incomplete spinal cord injury in adult rats,”
Neurobiology of Disease, vol. 69, pp. 93–107, 2014.

[39] H. G. Goshgarian, H. H. Ellenberger, and J. L. Feldman,
“Decussation of bulbospinal respiratory axons at the level of the
phrenic nuclei in adult rats: a possible substrate for the crossed
phrenic phenomenon,” Experimental Neurology, vol. 111, no. 1,
pp. 135–139, 1991.

[40] J. Lipski, J. Duffin, B. Kruszewska, and X. Zhang, “Upper
cervical inspiratory neurons in the rat: an electrophysiological
andmorphological study,” Experimental Brain Research, vol. 95,
no. 3, pp. 477–487, 1993.

[41] D. D. Fuller, N. J. Doperalski, B. J. Dougherty, M. S. Sandhu,
D. C. Bolser, and P. J. Reier, “Modest spontaneous recovery of
ventilation following chronic high cervical hemisection in rats,”
Experimental Neurology, vol. 211, no. 1, pp. 97–106, 2008.

[42] M. G. Z. Ghali and V. Marchenko, “Dynamic changes in
phrenic motor output following high cervical hemisection in
the decerebrate rat,” Experimental Neurology, vol. 271, pp. 379–
389, 2015.

[43] Y. Li, P. Decherchi, and G. Raisman, “Transplantation of
olfactory ensheathing cells into spinal cord lesions restores
breathing and climbing,” Journal of Neuroscience, vol. 23, no. 3,
pp. 727–731, 2003.

[44] F. J. Golder and G. S. Mitchell, “Spinal synaptic enhancement
with acute intermittent hypoxia improves respiratory function
after chronic cervical spinal cord injury,”The Journal of Neuro-
science, vol. 25, no. 11, pp. 2925–2932, 2005.

[45] F. Lu, C. Qin, R. D. Foreman, and J. P. Farber, “Chemical
activation of C1-C2 spinal neurons modulates intercostal and
phrenic nerve activity in rats,”American Journal of Physiology—
Regulatory Integrative and Comparative Physiology, vol. 286, no.
6, pp. R1069–R1076, 2004.

[46] Y. Oku, A. Okabe, T. Hayakawa, and Y. Okada, “Respiratory
neuron group in the high cervical spinal cord discovered by
optical imaging,” NeuroReport, vol. 19, no. 17, pp. 1739–1743,
2008.

[47] G.-F. Tian and J. Duffin, “Connections from upper cervical
inspiratory neurons to phrenic and intercostal motoneurons
studied with cross-correlation in the decerebrate rat,” Experi-
mental Brain Research, vol. 110, no. 2, pp. 196–204, 1996.

[48] G.-F. Tian and J. Duffin, “Spinal connections of ventral-group
bulbospinal inspiratory neurons studied with cross-correlation
in the decerebrate rat,” Experimental Brain Research, vol. 111, no.
2, pp. 178–186, 1996.

[49] E. G. Dobbins and J. L. Feldman, “Brainstem network control-
ling descending drive to phrenic motoneurons in rat,” Journal
of Comparative Neurology, vol. 347, no. 1, pp. 64–86, 1994.

[50] M. A. Lane, D. D. Fuller, T. E.White, and P. J. Reier, “Respiratory
neuroplasticity and cervical spinal cord injury: translational
perspectives,” Trends in Neurosciences, vol. 31, no. 10, pp. 538–
547, 2008.

[51] K. Qiu, M. A. Lane, K. Z. Lee, P. J. Reier, and D. D. Fuller,
“The phrenic motor nucleus in the adult mouse,” Experimental
Neurology, vol. 226, no. 1, pp. 254–258, 2010.

[52] D. D. Fuller, M. S. Sandhu, N. J. Doperalski et al., “Graded
unilateral cervical spinal cord injury and respiratory motor
recovery,” Respiratory Physiology and Neurobiology, vol. 165, no.
2-3, pp. 245–253, 2009.

[53] G. Courtine, B. Song, R. R. Roy et al., “Recovery of supraspinal
control of stepping via indirect propriospinal relay connections
after spinal cord injury,” Nature Medicine, vol. 14, no. 1, pp. 69–
74, 2008.



12 Neural Plasticity

[54] W. J. Alilain, X. Li, K. P. Horn et al., “Light-induced rescue of
breathing after spinal cord injury,” Journal of Neuroscience, vol.
28, no. 46, pp. 11862–11870, 2008.

[55] K.-Z. Lee, B. J. Dougherty, M. S. Sandhu, M. A. Lane, P. J.
Reier, andD.D. Fuller, “Phrenicmotoneuron discharge patterns
following chronic cervical spinal cord injury,” Experimental
Neurology, vol. 249, pp. 20–32, 2013.

[56] M. S. Sandhu, B. J. Dougherty, M. A. Lane et al., “Respira-
tory recovery following high cervical hemisection,” Respiratory
Physiology and Neurobiology, vol. 169, no. 2, pp. 94–101, 2009.

[57] J. C. Stamegna,M. S. Felix, J. Roux-Peyronnet et al., “Nasal OEC
transplantation promotes respiratory recovery in a subchronic
rat model of cervical spinal cord contusion,” Experimental
Neurology, vol. 229, no. 1, pp. 120–131, 2011.

[58] B. I. Awad, P.M.Warren,M. P. Steinmetz, andW. J. Alilain, “The
role of the crossed phrenic pathway after cervical contusion
injury and a new model to evaluate therapeutic interventions,”
Experimental Neurology, vol. 248, pp. 398–405, 2013.

[59] M. A. Lane, K.-Z. Lee, K. Salazar et al., “Respiratory function
following bilateral mid-cervical contusion injury in the adult
rat,” Experimental Neurology, vol. 235, no. 1, pp. 197–210, 2012.

[60] P. M. Warren, B. I. Awad, and W. J. Alilain, “Drawing breath
without the command of effectors: the control of respiration
following spinal cord injury,” Respiratory Physiology and Neu-
robiology, vol. 203, pp. 98–108, 2014.

[61] D. F. Speck and J. L. Feldman, “The effects of microstimulation
and microlesions in the ventral and dorsal respiratory groups
in medulla of cat,”The Journal of Neuroscience, vol. 2, no. 6, pp.
744–757, 1982.

[62] M. Aoki, S. Mori, K. Kawahara, H. Watanabe, and N. Ebata,
“Generation of spontaneous respiratory rhythm in high spinal
cats,” Brain Research, vol. 202, no. 1, pp. 51–63, 1980.

[63] S. E. Jones, M. Saad, D. I. Lewis, H. H. Subramanian, and
M. Dutschmann, “The nucleus retroambiguus as possible site
for inspiratory rhythm generation caudal to obex,” Respiratory
Physiology andNeurobiology, vol. 180, no. 2-3, pp. 305–310, 2012.

[64] W. J. Alilain and H. G. Goshgarian, “Glutamate receptor
plasticity and activity-regulated cytoskeletal associated pro-
tein regulation in the phrenic motor nucleus may mediate
spontaneous recovery of the hemidiaphragm following chronic
cervical spinal cord injury,” Experimental Neurology, vol. 212,
no. 2, pp. 348–357, 2008.

[65] Q. Tai and H. G. Goshgarian, “Ultrastructural quantitative
analysis of glutamatergic and GABAergic synaptic terminals
in the phrenic nucleus after spinal cord injury,” Journal of
Comparative Neurology, vol. 372, no. 3, pp. 343–355, 1996.

[66] D. D. Fuller, T. L. Baker-Herman, F. J. Golder, N. J. Doperalski,
J. J. Watters, and G. S. Mitchell, “Cervical spinal cord injury
upregulates ventral spinal 5-HT2A receptors,” Journal of Neu-
rotrauma, vol. 22, no. 2, pp. 203–213, 2005.

[67] C. B. Mantilla, J. P. Bailey, W.-Z. Zhan, and G. C. Sieck,
“Phrenic motoneuron expression of serotonergic and gluta-
matergic receptors following upper cervical spinal cord injury,”
Experimental Neurology, vol. 234, no. 1, pp. 191–199, 2012.

[68] Q. Tai, K. L. Palazzolo, and H. G. Goshgarian, “Synaptic
plasticity of 5-hydroxytryptamine-immunoreactive terminals
in the phrenic nucleus following spinal cord injury: a quan-
titative electron microscopic analysis,” Journal of Comparative
Neurology, vol. 386, no. 4, pp. 613–624, 1997.

[69] C. B. Mantilla, H. M. Gransee, W.-Z. Zhan, and G. C.
Sieck, “Motoneuron BDNF/TrkB signaling enhances functional

recovery after cervical spinal cord injury,” Experimental Neurol-
ogy, vol. 247, pp. 101–109, 2013.

[70] S. G. Kernie, T. M. Erwin, and L. F. Parada, “Brain remodeling
due to neuronal and astrocytic proliferation after controlled
cortical injury in mice,” Journal of Neuroscience Research, vol.
66, no. 3, pp. 317–326, 2001.

[71] R. Rola, S. Mizumatsu, S. Otsuka et al., “Alterations in hip-
pocampal neurogenesis following traumatic brain injury in
mice,”Experimental Neurology, vol. 202, no. 1, pp. 189–199, 2006.

[72] C. Urrea, D. A. Castellanos, J. Sagen, P. Tsoulfas, H.M. Bramlett,
andW.D. Dietrich, “Widespread cellular proliferation and focal
neurogenesis after traumatic brain injury in the rat,” Restorative
Neurology and Neuroscience, vol. 25, no. 1, pp. 65–76, 2007.

[73] D. Sun,M. J.McGinn, Z. Zhou, H. B. Harvey,M. R. Bullock, and
R. J. Colello, “Anatomical integration of newly generated dentate
granule neurons following traumatic brain injury in adult
rats and its association to cognitive recovery,” Experimental
Neurology, vol. 204, no. 1, pp. 264–272, 2007.

[74] T.-S. Yu, G. Zhang, D. J. Liebl, and S. G. Kernie, “Trau-
matic brain injury-induced hippocampal neurogenesis requires
activation of early nestin-expressing progenitors,” Journal of
Neuroscience, vol. 28, no. 48, pp. 12901–12912, 2008.

[75] C. A. Blaiss, T.-S. Yu, G. Zhang et al., “Temporally specified
genetic ablation of neurogenesis impairs cognitive recovery
after traumatic brain injury,” The Journal of Neuroscience, vol.
31, no. 13, pp. 4906–4916, 2011.

[76] C. Dromard, H. Guillon, V. Rigau et al., “Adult human spinal
cord harbors neural precursor cells that generate neurons and
glial cells in vitro,” Journal of Neuroscience Research, vol. 86, no.
9, pp. 1916–1926, 2008.
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