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Abstract

The central nervous system is not a static, hard-wired organ. Examples of neuroplasticity, whether 

at the level of the synapse, the cell, within and between circuits can be found during development, 

throughout the progression of disease or after injury. One essential component of the molecular, 

anatomical and functional changes associated with neuroplasticity is the spinal interneuron 

(SpIN). Here we draw on recent multidisciplinary studies to identify and interrogate subsets of 

SpINs and their roles in locomotor and respiratory circuits. We highlight some of the recent 

progress that elucidates the importance of SpINs in circuits affected by spinal cord injury, 

especially those within respiratory networks, as well as discuss potential ways spinal 

neuroplasticity can be therapeutically harnessed for recovery.
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Spinal Interneurons – An essential element for neuroplasticity

The adult mammalian spinal cord is comprised of 4 main neuronal types: lower (or spinal) 

motoneurons, pre-ganglionic neurons, ascending projection neurons, and spinal interneurons 

(see Box 1). Although more than 20 spinal interneuron (SpIN) subtypes have been identified 

by their location, electrophysiological properties and specific transcriptional factors [1], 

there are likely many more that are yet to be characterized. In the normal spinal cord, SpINs 

i) receive supraspinal sensorimotor information, ii) transduce sensorimotor information sent 

from the spinal cord to supraspinal centers by ascending tract neurons, iii) modulate 

motoneuron activity, iv) relay information between near and distant spinal cord segments 

(short and long propriospinal neurons, respectively, with ascending or descending 

projections), and v) send information to the opposite side of the spinal cord (commissural 

SpINs). This passage of information can be described both anatomically (e.g. ipsi- vs. 

contralateral, commissural) and/or functionally (e.g. excitatory, inhibitory or modulatory; 

reviewed in [1–3]). Furthermore, this can occur within a given motor or sensory system (e.g. 

phrenic motor system [4]), or between distinct systems (e.g. locomotor and respiratory [5])_. 

In addition to the diversity of these roles, SpINs readily sprout axon collaterals and/or 

dendrites, reorganize their connectivity [6], and can even switch their phenotype [7]. This 

has recently been illustrated by evidence of the involvement of SpINs in anatomical 

reorganization after injury and disease [8, 9], and in functional plasticity resulting in both 

adaptive [6, 10–13] and maladaptive changes in outcome [14–17].

Neuroplasticity (see Glossary) can occur following injury or disease, or can be stimulated 

or enhanced with therapeutic interventions (reviewed in [18]). As is highlighted below, there 

is a growing experimental and clinical appreciation for adaptive plasticity (e.g. partial motor 

recovery) and maladaptive plasticity (e.g. neuropathic pain) exhibited by the injured spinal 

cord (reviewed in [11, 18]). Furthermore, SpINs have been identified as a key component of 

these neuroplastic changes. The present review highlights the critical role of SpINs in 

recovery after spinal cord injury (SCI), and treatments designed to therapeutically target 

them to enhance repair and recovery, and limit maladaptive changes.

Spinal Interneuron Subtypes

The convergence between developmental biology, genetics, physiological and behavioral 

systems have allowed for interrogation of the specific roles that subsets of SpINs play in 

generation, modulation and execution of function (reviewed in [3, 19, 20]). Understanding 

the neuroplastic potential of SpINs will likely elucidate important mechanisms that occur 

within spinal networks following injury or disease. To appreciate their potential contribution 

to neuroplasticity, it is important to first highlight interneuronal diversity.

Homeodomain transcription factors expressed early in development have been used to divide 

interneurons into classes of identifiable populations (Figure 1). The dI1–6 interneurons are 

born dorsally, although some migrate ventrally during development (reviewed in [1]). The 

ventrally born interneurons are divided into V0–V3 and Vx, and further divided into 

subtypes (e.g. V2a and V2b). This division of interneurons based on developmentally 

expressed transcription factors has provided a means to i) determine transmitter phenotypes, 
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ii) identify general projection patterns (ipsilateral or contralateral), and iii) manipulate 

subsets of neurons in order to ascribe function within the hindlimb central pattern generator 

(reviewed in [3, 21]). These same divisions are present throughout the spinal cord and 

therefore relevant in the consideration of both locomotor and respiratory functions. The 

focus of prior studies of transcription factor expression has been mostly on locomotor 

networks at lumbar spinal levels. There is also now evidence to show some differences 

between lumbar and cervical levels [22]. How some of these distinctions might impact our 

understanding of cervical and lumbar locomotor networks, or primary respiratory networks 

that are located at cervical and thoracic levels, is the subject of ongoing investigation.

Excitatory SpINs

The majority of ventrally derived locomotor-related excitatory SpINs come from the V0V, 

V2a, and V3 ventral populations. The V0V population is exclusively commissural and 

maintains alternation at higher locomotor speeds, through connections with inhibitory 

neurons, which likely project to both motoneurons and rhythm generating SpINs (reviewed 

in [3]). The excitatory V3 population is mainly commissural and can be further divided 

based on neuronal size and location [23]. The V2a SpINs are exclusively ipsilaterally 

projecting and rhythmically active during locomotion [24–26], and they are implicated in 

left-right coordination, particularly at higher locomotor speeds, via input to excitatory V0V 

population [27, 28]. A subpopulation of V2a interneurons expressing the transcription factor 

Shox2 does not appear to be involved in left-right coordination, but instead is involved in the 

activation of ipsilateral motoneurons [29]. Importantly, this latter role could mean that 

recruitment of such SpINs after injury could facilitate enhanced motoneuron activity. This 

highlights the fact that even within the V2a subtype of SpINs, there are additional subclasses 

of interneurons that are still being defined. RNA-sequencing has revealed type I and II V2a 

neurons within cervical and lumbar spinal cord, that can be distinguished based on a 

molecular, anatomical and functional basis [22]. Type I V2as appear to make short local 

connections, continue expressing Chx10 into adulthood and are abundant throughout the 

spinal levels. Type II have either local or supraspinal projections, downregulate Chx10 

expression with development and are most abundant at cervical spinal levels. V2as can also 

be divided into medial and lateral pools of SpINs in the intermediate-ventral grey matter, 

each with distinct gene expression [22].

Locomotor rhythm generating neurons have been found to include at least two more 

populations of excitatory, ipsilaterally projecting SpINs: the Shox2+ nonV2a SpINs [29] and 

the Hb9 SpINs [30]. The small ventromedial group of Hb9, or “Vx”, SpINs have received a 

lot of attention as they have many of the hallmarks expected of a rhythm generating 

population [31]. However, neither the Shox2+ nonV2a nor Vx SpINs are likely to be the only 

rhythm generating neurons [29, 30].

Studies of neuroplasticity involving specific SpIN subtypes are in their infancy. V2a SpINs 

are perhaps the most well characterized. Like spinal motoneurons, V2a SpINs display a 

super-sensitivity to serotonin after SCI, at least partly due to an increased clustering of 5-

HT2C receptors on these neurons [32]. Although alterations in connectivity within 

locomotor networks post-SCI have not been described, the V2a SpINs are an attractive target 
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for mediating circuit changes as many of the V2a SpINs have long ascending and/or 

descending axonal branches [24] and have the potential to enhance trans-lesional 

coordination. As outlined below, they also appear to play a role in respiratory plasticity post-

SCI [8].

Inhibitory SpINs

Inhibitory SpINs are essential to regulation of excitability of other interneurons and lower 

motoneurons. They play a key role in the alternation of both flexors-extensors and left-right 

sides of the body. The spinal circuitry controlling this in rodents is the intrasegmental dual 

inhibitory system, which is comprised of two pathways that are: i) mediated by glycinergic/

GABAergic commissural SpINs that have projections onto contralateral motoneurons, and 

ii) mediated by glutamatergic commissural SpINs, resulting in the indirect inhibition of 

contralateral motoneurons [33]. The inhibitory V0D and excitatory V0V commissural SpINs 

make up the direct and indirect inhibitory pathways, respectively, and have been shown to 

underlie different alternating gaits in rodents [34].

While the V1 interneurons comprise more than a third of inhibitory SpINs, their diversity 

and distribution is still being elucidated [35]. Renshaw and Ia SpINs comprise 30% of the 

V1s, which are a class of glycinergic/GABAergic and ipsilaterally projecting interneurons 

derived from Engrailed 1 (En1) expressing developing cells. Although the V1 class of SpINs 

are implicated in rhythmic inhibition of locomotor activity, genetic ablation of the entire V1 

population results in consistent slowing of the locomotor frequency, whilst leaving rhythmic 

inhibition intact [36]. Thus, rhythmic inhibition of motoneurons is generated by several 

groups of molecularly defined interneurons, including V1 SpINs, non-reciprocal Ia SpINs 

and other subtypes such as Gata2/3-expressing V2b SpINs [37].

SpIN Subtypes in Respiratory Networks

Anatomical and electrophysiological characterization of respiratory SpINs has led to a 

growing appreciation for their involvement in respiration and plasticity after injury (Table 1). 

The focus of previous work has been on SpINs innervating the phrenic and intercostal motor 

systems, although there are likely interneurons that innervate other respiratory systems. 

These respiratory SpINs are bilaterally distributed throughout the ventral, intermediate and 

dorsal grey matter, and innervate phrenic and intercostal motoneurons via ipsi- or 

contralateral projections. Dual transneuronal tracing also reveals that subsets of SpINs in the 

intermediate grey matter anatomically integrate i) the phrenic circuitry on each side of the 

spinal cord, and ii) phrenic and intercostal circuitry [4]. This is consistent with 

electrophysiological data suggesting that SpINs integrate and modulate activity in 

respiratory motoneuron pools.

Respiratory SpINs within the cervical spinal cord are often divided into those at upper- and 

mid-cervical levels (Table 1). The anatomical distribution of pre-phrenic SpINs [4], and their 

distinct firing patterns [38], suggest that there is substantial heterogeneity among respiratory 

interneurons. It is also possible that distinct subsets of SpINs are recruited under different 

conditions (e.g. physiological demands). For example, interneurons within the mid-cervical 

Zholudeva et al. Page 4

Trends Neurosci. Author manuscript; available in PMC 2019 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



level can exhibit altered activity when the animals are exposed to hypoxia [39, 40] and 

altered connectivity after SCI [8] (see below).

While the role of SpINs in control and modulation of respiration remains a subject of 

ongoing investigation, their potential contribution to neuroplastic changes and reorganization 

is of increasing interest to those studying SCI or disease. Although respiratory drive and 

pattern generation is known to originate within the medulla, several lines of evidence 

suggest that the spinal cord retains the capacity to drive respiratory activity without 

supraspinal input. While the identity of spinal neurons that contribute to this phenomenon 

has been elusive, recent studies of the injured spinal cord have started to provide important 

insights.

The use of transgenic models and molecular genetics has meant that the roles specific 

interneuronal subtypes play in generation and modulation of respiration can now be explored 

more extensively. Most research effort has focused on the neuronal phenotypes within the 

respiratory brainstem nuclei, but SpINs within respiratory networks are now also being 

identified (e.g. V0 [41]; V2a [42]). Aside from their reported contribution to respiratory 

control, V2a SpINs have been implicated to play a crucial role in compensatory plasticity 

that occurs with early stages of amyotrophic lateral sclerosis. More specifically, the V2a 

class of interneurons located both in the brainstem and spinal cord are crucial to the 

recruitment of inspiratory accessory respiratory muscles, activity of which maintains 

ventilation during disease progression [9].

Although much less is known about inhibitory SpINs within the spinal respiratory network, 

some have been identified within the mid-cervical spinal cord which were shown to 

modulate phrenic motor output [43, 44]. Specific SpIN subtypes involved in these 

neuroplastic mechanisms, however, are currently unknown. Interestingly, disinhibition of 

inhibitory SpINs and/or descending supraspinal inputs via pharmacological manipulation 

(i.e. antagonists of glycinergic/GABAergic inputs such as picrotoxin and strychnine) 

unmasks the potential for activation of respiratory patterns mediated by glutamatergic SpINs 

[45]. Pharmacological disinhibition may therefore enhance the potential for restorative 

plasticity and may open a therapeutic window for the use of additional treatments that can 

enhance plasticity and recovery.

Identifying Spinal Interneurons after Spinal Cord Injury

Advances in transneuronal tracing and their applications to the spinal cord have improved 

our understanding of the diverse populations of SpINs that exist in the intact and injured 

spinal cord. Transneuronal tracing, for example, has allowed the mapping of neuronal 

networks in the intact or injured spinal cord, that mediate muscle [4, 6, 8, 46, 47] or organ 

function [14, 48, 49]. Combining retrograde and anterograde tracing techniques also allows 

the supraspinal, spinal or primary afferent inputs to SpINs to be explored in the naïve or 

injured spinal cord (e.g. [4, 50]).

In addition to anatomically mapping the reorganization of interneuronal networks post-

injury, immunohistochemical staining for immediate early genes (e.g. c-fos, zif268, Arc) has 
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enabled anatomical assessment of alterations in neuronal activity [49, 51]. Increased c-fos 

reactivity could be related to changes in motor or sensory plasticity, and possibly across 

multiple circuits [52]. By combining the use of neuronal activity markers with anatomical 

tracers [15], neuronal activity within specific circuits of interest can be visualized, providing 

a more specified functional insight.

The development of opto- and chemogenetic methods has enhanced the resolution by which 

we can target SpIN activity in the naïve or injured spinal cord. Capitalizing on this, Alilain 

et al. [53] used optogenetic techniques to demonstrate the functional influence of spinal 

phrenic motor circuitry on diaphragm activity, by selectively stimulating transduced moto- 

and interneurons immediately caudal to a high cervical SCI [53]. Furthermore, genetic 

strategies, including transgenic animals and viral vectors, to fluorescently tag and 

specifically manipulate subsets of interneurons allows for their identification and functional 

analysis [54, 55]. These strategies are now being applied to preclinical studies of SCI, to 

assess how specific subsets of SpINs contribute to neural plasticity after injury [8, 32, 56].

Spinal Interneurons following Spinal Cord Injury

SpINs comprise neuronal networks that can provide new anatomical pathways capable of 

facilitating functional recovery [6, 8, 57–59]. Most traumatic SCIs are anatomically 

incomplete, even when considered functionally or neurologically complete, thus sparing 

some tissue at the site of injury. Tissue sparing likely means that some SpINs retain synaptic 

connections with neurons around the injury site. Even if normally latent, these connections 

can become activated or strengthened following injury, providing a ‘by-pass’ pathway 

around the injury (Figure 2). SpINs may also undergo axonal sprouting, allowing 

interneurons that were not previously part of a neuronal circuit to be recruited into a new 

neuronal circuit (Figure 2). Thus, whether they are i) part of an existing network with 

connections around a partial injury, or ii) they are recruited into newly formed neuronal 

pathways that develop around the injury over time, SpINs can relay information from the 

brain, around the injury, to motoneurons below the injury, at least partially restoring control 

to muscles. Even following an anatomically complete SCI, spared tissue in denervated 

neuronal networks caudal to injury can be therapeutically re-activated.

The loss of supraspinal and propriospinal inputs to neurons caudal to SCI also results in 

altered synaptic properties of connected neurons. Sub-acutely following a complete thoracic 

spinal transection, Skup et al. [60] report a reduction in local cholinergic inputs to lumbar 

motoneurons. However, this reduction can be attenuated with locomotor training. Chronic 

SCI also affects neuronal networks and connectivity. For example, studies on deep dorsal 

horn interneurons revealed considerable spontaneous plasticity in both intrinsic and synaptic 

mechanisms that occur after SCI, which take at least 10 weeks after SCI to stabilize [58].

An important consideration is that not all newly formed connections will be beneficial 

(reviewed in [17, 61]). A maladaptive increase in connectivity between inhibitory SpINs and 

spinal motor networks post-SCI may limit potential motor recovery. Alternatively, excessive 

recruitment of excitatory SpINs into sensory networks may enhance pain or spasticity. 

Increased excitatory input to lower motoneurons without regulation by inhibitory SpINs can 
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also lead to hyper-excitability, neuronal damage and functional loss, as seen in amyotrophic 

lateral sclerosis (reviewed in [62]). Thus, treatments used to harness the neuroplastic 

potential of SpINs need to take possible adverse effects into account, with some 

consideration given to the SpIN subtypes that respond to treatment.

Spinal Interneurons in Respiration following Cervical Spinal Cord Injury

Given that respiratory networks are distributed throughout the cervical, thoracic and lumbar 

spinal cord (Table 1), injury at nearly any spinal level can affect respiratory muscle activity. 

The most devastating consequences arise following cervical level injuries which not only 

compromise supraspinal input to all respiratory networks, but can also compromise spinal 

phrenic circuitry which controls function of the primary respiratory muscle – the diaphragm. 

Impaired diaphragm function often necessitates assisted ventilation and increases the risk of 

morbidity and mortality (reviewed in [63, 64]). Despite these devastating consequences, 

there are many examples of endogenous spinal respiratory neuroplasticity post-SCI 

(reviewed in [63, 65]) that lead to some functional improvement, albeit limited. 

Improvements in our understanding of the anatomical changes that contribute to this 

functional recovery are allowing for the development and refinement of treatments to 

enhance neuroplasticity. One of the best pre-clinical models of respiratory neuroplasticity is 

the high cervical (C2) lateral hemisection, in which ipsilateral phrenic motoneuron and 

diaphragm activity can be induced shortly after injury (crossed phrenic phenomenon, CPP) 

or arise spontaneously weeks post-injury (termed as spontaneous CPP, sCPP) [66]; also 

reviewed in [18, 63]). More recent studies have shown that contusion/compression injury 

that results in clinically comparable neuropathological deficits, also exhibits spontaneous 

respiratory plasticity, despite gray matter damage typical of contusive injuries (reviewed in 

[18, 63]).

Recovery observed with the CPP and sCPP has been attributed to spared (uninjured) mono- 

and polysynaptic bulbospinal pathways within the spinal cord contralateral to the injury [13, 

47]. It has also been shown that some of these pathways comprise glutamatergic inputs to 

phrenic motoneurons which are essential for restorative plasticity [67–69]. While some 

glutamatergic input is derived from supraspinal projections, more recent work has also 

shown that this post-injury excitatory input comes in part from glutamatergic SpINs. Not 

only are glutamatergic SpINs capable of driving rhythmic phrenic output in the absence of 

supraspinal drive [45], but their input to spinal phrenic networks is increased post-SCI [8], 

and silencing them attenuates recovery.

Transneuronal tracing has revealed changes in interneuronal connectivity to phrenic circuitry 

following contusion [59] or hemisection injury [47], identifying excitatory V2a SpINs as 

contributors to anatomical plasticity post-injury [8]. However, how other SpIN subtypes 

contribute to respiratory function post-injury remains unknown. The heterogenous 

population of local SpINs that are connected with the spinal phrenic network likely have 

quite diverse functional roles, which may change under different physiological conditions 

[39, 40], and may not all be beneficial for recovery, as the example with inhibitory SpINs 

potentially limiting the extent of recovery post-SCI [70]. Whether specific SpIN phenotypes 
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can be therapeutically harnessed to maintain adaptive, and avoid maladaptive plasticity, 

remains of significant interest to the field.

Therapeutic targeting of SpINs after SCI

The neuroplastic potential of SpINs after injury or disease makes these cells an attractive 

target for therapeutic interventions. Such interventions include activity-based therapies, 

such as exercise and rehabilitation [51, 71] (reviewed in [72]); neural interfacing, such as 

epidural stimulation [51] (reviewed in [73–75]); and cell therapies, such as transplantation of 

SpIN precursors [76–78]. The current challenge is to understand how to access, stimulate, 

and/or enhance these spinal networks, establishing sustainable excitability of damaged/

denervated circuits. Furthermore, the goal is to do so in a way that enhances recovery while 

limiting maladaptive effects.

Pharmacological, electrical, and – in animal models – chemogenetic targeting of SpIN 

populations can be used to disinhibit, amplify or ‘prime’ spared spinal networks. Even the 

isolated spinal cord has the capacity to generate locomotor patterns if stimulated [71] 

(reviewed in [74, 79]). Such stimulation can be derived from activity-based therapies with 

the appropriate pattern and duration of repetitive activity or direct neural stimulation (Figure 

3). Task-specific, activity dependent plasticity can be elicited in the functionally isolated 

spinal cord, months to even years after SCI when neuronal networks are stimulated 

appropriately. There is some evidence to suggest that this effect is at least in part mediated 

by cholinergic SpINs [60, 80]. Harkema [72] suggested that this input may then recruit SpIN 

networks that play a significant role in generating locomotor patterns. Recent pre-clinical 

studies also suggest that SpINs are recruited by respiratory training (e.g. intermittent 

hypoxia [38, 40]), and may be activated by direct neural stimulation of the denervated 

cervical spinal cord (reviewed in [75]).

The contribution of SpINs to recovery after activity-based treatments has been demonstrated 

in the injured spinal cord using markers of neuronal activity (e.g. c-fos) to anatomically map 

activity within SpIN populations [52], and anatomical tracing to identify changes in spinal 

network connectivity [51]. By combining these outcome measures with genetic labeling of 

SpIN subtypes, Bui et al. [56] identified that recovery following activity-based therapies is at 

least in part dependent on a specific excitatory, ipsilaterally projecting population of SpINs 

(dI3 neurons). A limitation of stimulation or activity-based therapies is that they primarily 

rely on spared neural pathways to be activated and/or recruited to promote plasticity. In 

contrast, strategies designed to enhance anatomical repair may provide a greater capacity for 

plasticity.

Harnessing SpINs to Repair the Injured Spinal Cord

A discussion of the vast range of strategies developed for repair of the injured spinal cord, 

and their targeted effects on SpINs, is beyond the scope of this review. Regenerative 

compounds, biomaterials, tissue or cellular transplants have been used to enhance neurite 

outgrowth and facilitate tissue regeneration [81] (reviewed in [82, 83]). Many of these 

approaches have shown that SpINs are recruited into the repaired neuronal networks (e.g. 

[51, 84]). Among these, transplantation of interneuronal precursors represents one strategy 
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with a strong emphasis on harnessing SpINs. Thus, the present discussion focuses on the 

transplantation of neuronal precursor cells with the goal of delivering new populations of 

SpINs to the injured spinal cord (Figure 3) (reviewed in [85]). Transplantation of neural 

precursor cells obtained from i) acutely dissected fetal spinal cord tissue (FSC), ii) FSC’s 

more selected in vitro expanded counterpart (lineage restricted neural progenitor cells 

(NPCs) devoid of extracellular and non-neural components), or iii) even neural stem cells, 

have been shown to survive, integrate with the injured adult spinal cord, and alter functional 

outcome (reviewed in [83, 85–88]). Despite the therapeutic benefit seen with transplantation, 

some caveats remain [78] (reviewed in [85]). Among these caveats is donor heterogeneity.

Theoretically, while donor FSC tissue can produce any of the SpIN subtypes defined above, 

it is important to consider that refining donor cells through cell-culturing may alter that 

potential [77]. Even more importantly, not all donor SpINs will be beneficial for repair and 

functional recovery. Thus, identifying which of these cells survive isolation/preparation, 

dissociation, and transplantation, and then proliferate, differentiate, and mature within the 

injured host spinal cord will be crucial in future preclinical studies. One quite remarkable 

feature of transplanted NPCs, however, is that even once transplanted into the injured adult 

spinal cord the surviving cells can retain their long-term fate once transplanted [89–91]. 

When transplanting dorsally vs ventrally derived FSC tissue, micro-dissected from the 

extreme alar and basal plates, White et al. [90] found that recipients of dorsally-derived 

tissue showed impaired recovery and attenuated phrenic plasticity. This indicates that some 

dorsally derived spinal precursors can limit phrenic motor recovery. While donor neurons 

can become synaptically integrated with injured phrenic networks, Spruance et al. [78] 

recently demonstrated that the extent of recovery is incomplete and not all donor neurons 

become synaptically integrated with the host. Donor cholinergic interneurons, for instance, 

show minimal integration with the host phrenic network ipsilateral to injury. This may be 

due in part to the commissural projections these SpINs have in the normal spinal cord. In 

contrast, V1 and V2a SpINs normally have ipsilaterally projecting axons, and may therefore 

be better donor candidates for innervating the circuitry caudal to injury.

Identifying donor neuronal subtypes and determining their contribution to function post-SCI 

becomes important for future cellular therapies. It is likely that no single SpIN subtype alone 

will be optimal for promoting recovery post-SCI, but identifying those cells that contribute 

to adaptive plasticity offers some insight into which may be beneficial (e.g. dI3 [56] and V2a 

[8]). In addition, while excitatory neurons may be viable candidates for enhancing motor 

recovery post-SCI, inhibitory neurons may be more effective for the treatment of spasticity, 

bladder dysfunction or pain [92]. Through cellular engineering, specific neuronal subtypes 

can be derived from neural stem cells or progenitors for transplantation.

Tailoring Therapies with Cellular Engineering

The traditional method of differentiating pluri- or multipotent stem cells to cells of the 

central nervous system involves recapitulating the internal milieu of the developing spinal 

cord in vitro by introducing growth factors and morphogens at specific time points. Doing so 

results in the generation of spinal neuronal and glial cells [93, 94], and can drive cells toward 

specific cell fates [95]. However, challenges generating large numbers of high purity 
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interneurons persist. Cellular engineering efforts are focused in using transgenic selectable 

and reporter mouse embryonic stem cell lines that enable the identification and/or 

purification of large numbers of SpIN populations [96, 97]. Highly enriched subsets of 

SpINs can now be generated for use as donor populations for transplantation [76, 77, 95, 

98]. An important consideration with such developments, however, is that donor neuron 

populations will likely still need to be combined with donor glia [93] and/or other supportive 

matrices (e.g. [81, 98]) for optimal survival and integration with the host spinal cord.

Since the development of cellular reprogramming technology, cell transplantation studies 

have also begun exploring the development of NPCs derived from other easily obtainable 

cells (e.g. skin cells) (reviewed in [99]). The opportunity then exists to not only bank human 

NPCs, but in the future also derive autologous donor NPCs from patients. To take this 

technology one step further, in vivo direct reprogramming strategies are being developed 

pre-clinically to convert host cells directly into neurons (Figure 3). Direct conversion from 

mouse embryonic fibroblasts to parvalbumin-expressing interneurons was recently achieved 

by a single neurogenic transcription factor, Ascl1 and a PKA activator, forskolin [100]. In 
vivo conversion studies have also paved the way for this technology after SCI [101]. 

Subsequent studies have extended this direct conversion technology to human cultures, and 

towards a variety of cellular phenotypes [102]. Despite this, to date there are no established 

protocols that guide direct conversion to specific SpIN phenotypes.

Concluding remarks

Spinal interneurons not only play crucial roles in the modulation and regulation of motor 

and sensory activity within the uninjured spinal cord, but they contribute to plasticity 

following injury or disease. Given their integration of spinal networks and ability to adapt to 

changing conditions, they also serve as important therapeutic targets for treatments designed 

to enhance neuroplasticity and/or promote repair. Progress in genetics, developmental 

neurobiology and cellular engineering continue to advance our understanding of SpIN 

phenotypes, their neuroplastic potential, and how they can be harnessed to promote adaptive 

and restorative neuroplasticity and contribute to spinal cord repair.
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Glossary

Activity-based therapy
non-electrical means of stimulating neural substrate. Examples include persistent, task-

specific activity such as locomotor and respiratory training, which strengthen musculature, 

stimulate afferent feedback and drive contextual neural plasticity
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Direct reprogramming
conversion of one cellular phenotype into a different phenotype without undergoing a 

pluripotent state via overexpression of transcriptional factors directly responsible for cell 

specification

Neural Interfacing
technology operating at the intersection of the central or peripheral nervous system and 

exogenous devices (e.g. brain computer interfacing, muscle stimulation, cochlear implants, 

transcranial magnetic stimulation, epidural stimulation)

Neuroplasticity
the ability of the nervous system to make anatomical and/ord to persistent alterations in 

sensory-motor function

Spinal Cord Injury (SCI)
damage to the cells and axons comprising the spinal cord; can be traumatic or atraumatic.
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Highlights

1. Spinal interneurons (SpINs) are key cellular elements for plasticity following 

spinal cord injury.

2. Advances in molecular genetics are allowing scientists to characterize 

populations of SpINs, integrated with motor and sensory functions.

3. As SpIN subtypes are identified, their contribution to neuronal networks in 

the normal and injured spinal cord, and their role in plasticity can explored.

4. Understanding how specific SpINs contribute to adaptive or maladaptive 

plasticity will enable the development of more targeted treatments for spinal 

cord injury.

5. There is an increased scientific and clinical interest in the contribution of 

SpINs to respiratory function following spinal cord injury (i.e. cervical) or 

disease (i.e. amyotrophic lateral sclerosis).

6. The present review highlights some of these concepts drawing on some recent 

examples from locomotor and respiratory networks.
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Box 1

What is a Spinal Interneuron?

In the literal sense of the word, and building on a historical definition, an “interneuron” 

is a neuron that connects other neurons within the central nervous system. As we 

continue to learn more about how the nervous system is connected and how it functions, 

our appreciation for interneurons expands. We now know that they are more than just 

‘relay’ cells. They are capable of deciphering inputs they receive and regulating and 

modulating output of the cells they connect to.

An interneuron is now most often defined as a neuron that projects within a structure. 

This distinguishes them from ‘projection neurons’, which are those that project outside of 

the structure that the cell body resides in. Thus, spinal interneurons (SpINs) are those 

located within the spinal cord, that project to other cells within the spinal cord. The spinal 

cord is comprised of lower (or spinal) motoneurons (innervating muscles), pre-ganglionic 

neurons (innervating peripheral ganglia), ascending tract neurons (those that project to 

‘supraspinal neurons’) and the SpINs. Note that while the ascending tract neurons are 

often considered relay neurons which are located in the spinal cord, because they project 

out of the spinal cord they are not technically considered ‘spinal interneurons’.

SpINs can be divided further into local (or segmental) neurons and propriospinal 
neurons (not to be confused with ‘proprioceptive’ neurons). Local SpINs integrate 

neurons within or between networks over short distances. These project either within a 

spinal segment (intrasegmentally) or between 1–2 spinal segments (intersegmentally). 

Propriospinal neurons project intersegmentally to integrate quite distinct neuronal 

circuits over short or long distances. By definition, propriospinal refers to cells contained 

within the spinal cord (“proprio” derived from the Latin word for “within one’s self”). 

While this definition is consistent with all SpINs, the term is used to describe neurons 

that project between spinal segments within the spinal cord. Short propriospinal neurons 

project between few spinal segments (e.g. within the cervical or thoracic spinal 

segments), while long propriospinal neurons project between many segments (e.g. form 

cervical to lumbar spinal cord). Worth noting is that distinguishing between local SpINs 

and short propriospinal neurons is sometimes quite difficult (size and length of axon is 

not sufficient), and the term used to describe them may depend more on their functional 

role.

SpINs have axons that can project on the same side (ipsilaterally) or to the opposite side 

of the spinal cord (contralaterally). Those with projections that cross the spinal midline to 

the contralateral side within the same spinal segment as their cell body are known as 

‘commissural’ interneurons. These SpINs project via the spinal commissures which are 

tracts crossing the spinal midline at the level of origin. SpINs may also have axons that 

cross the spinal midline or ‘decussate’ obliquely between spinal segments (the axon 

crosses at a level other than its origin). It is worth noting that a single SpIN can have axon 

collaterals that project bilaterally (innervate cells both ipsi- and contralaterally). See also 

[137].

Zholudeva et al. Page 19

Trends Neurosci. Author manuscript; available in PMC 2019 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Outstanding Questions

1. How many distinct functional tasks do each of the identified spinal 

interneurons contribute to? To what extent do they switch functional tasks 

under different conditions (altered physiological state, traumatic injury and 

degenerative disease)?

2. Do all subtypes of SpINs display neuroplasticity (anatomical or functional) 

after spinal cord injury, or are some subtypes more “stable”? Does this change 

with the type of injury (i.e. transection, contusion, compression)? Does this 

change with time after injury (i.e. acute, sub-acute, chronic)?

3. It is unlikely that there is a single SpIN optimal for repair of multiple motor 

and/or sensory circuits. Can SpINs be beneficial to function (adaptive) in one 

network, but limit function (maladaptive) in another? How can treatments be 

tailored to target SpIN subtypes for repair, while limiting their contribution to 

maladaptive change?

4. Ongoing studies are identifying SpIN subtypes that can be engineered for 

transplantation. Which SpINs, however, will survive in the harsh internal 

milieu of the injured spinal cord? If they survive, will they connect to the right 

networks spontaneously, or are additional interventions required? If they do 

form appropriate connections, will they contribute to functional improvement 

as intended?

5. While cellular engineering has enabled pre-clinical advances in cell therapies, 

what are the specific adjustments in this technology needed for it to become 

translational?
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Figure 1. Identifying subtypes of spinal interneurons (SpINs) in the mammalian spinal cord
Cross-section through 13-day old embryonic rat spinal cord (A), with schematic diagrams of 

the embryonic (B) and postnatal (C) mammalian spinal cord, identifying known SpIN 

progenitors. SpINs can be identified anatomically using markers for transcriptional factors 

known to be expressed during development. Immunolabeling for Chx10 (A) identifies the 

ventral distribution of V2a SpINs. Note: beta-III-Tubulin (BIII) labeled spinal roots, dorsal 

root ganglion and spinal nerve surrounding the developing neural tube. Ventrally-derived 

progenitors are highlighted in B and C. Note that crossed projections from SpINs (C) can 

innervate motoneurons directly, or other SpINs.
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Figure 2. 
Anatomical plasticity after spinal cord injury

This schematic diagram offers an overview of the entire mammalian central nervous system 

(A), showing axonal projections from supraspinal neurons in the brain (a) and propriospinal 

interneurons (b), to neurons at lumbar spinal levels. A spinal cord injury (SCI), which 

partially disrupts these axons, is shown in red (c). After SCI, the intact axons can undergo 

some limited axonal growth (or ‘sprouting’) that can lead to the formation of new axonal 

projections and pathways (green, d in B), some of which may project around the site of 

injury, by-passing the damaged area. It is not clear whether the ability to undergo axonal 

sprouting differs between SpIN subtypes (i.e. do some interneurons have more axonal 

sprouting than others). A close-up of the spinal cord (B), with the dorsal tissue cut-away to 

reveal the intermediate grey matter, shows crossed-pathways from the uninjured side of the 

spinal cord, to neurons below the site of injury. While some of these pathways are thought to 

be newly formed via axonal sprouting (d), others may pre-exist (b) and become more active 

or strengthened after injury. These examples of plasticity can also be therapeutically 

enhanced. Figure is modified from Reier et al. [103].
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Figure 3. Therapeutic strategies to target spinal interneuronal (SpIN) plasticity
Neuroplasticity within spinal networks can be enhanced by increasing activity within 

neurons spared by injury or repairing injured neural substrates. Strategies targeting neurons 

and circuitry spared by injury can typically be divided into 1) activity-based therapies that 

stimulate activity and afferent feedback to the spinal cord, and 2) more invasive electrical 

stimulation of central or peripheral neural pathways and neurons. A range of activity-based 

therapies exist, that can target specific aspects of function, such as locomotor training (A) or 

respiratory training with intermittent exposure to low-oxygen (hypoxia; B). Neural 

stimulation can be applied almost anywhere in the periphery, spinal cord (e.g. schematic of 

an epidural stimulating array electrode in C) or brain. The limitation of such approaches is 

that they rely on neural pathways spared by the injury. In contrast, some repair strategies, 

such as cell transplantation (D,E) or in vivo cellular reprogramming (F), can provide new 

sources of spinal neurons that can form novel pathways and contribute to plasticity. 

Transplantation of neuronal and glial progenitors (white and black arrowheads in D, 

respectively) provides the building blocks for repair, and these cells can be tagged to track 

their distribution (e.g. with a green dye as shown). An important consideration with such 

repair strategies is the type of neuron being provided. Cellular engineering is now being used 

to direct the development of donor neuronal progenitors towards specific SpIN subtypes 

which can be tagged with separate markers (shown in red in D, white arrowhead). An 

example of recent work using this approach in the injured rat spinal cord is shown in E (one 

month following transplantation of neuronal lineage-restricted progenitors in blue-cyan, 

enriched with V2a neurons in red-purple). Image reproduced with permission from [77]. 

Alternatively, viral injection into a spinal contusion cavity 1 week after mid-cervical injury 
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in the adult rat, can selectively target cells (e.g. astrocytes shown in red in E) and convert 

them into neurons (converting cells shown in green. Arrowhead in indicates a converted 

neuron. *Please note that treadmill training for individuals with SCI is usually performed 

with body-weight support as illustrated in Reier et al. [103]. For respiratory training with 

intermittent hypoxia individuals are given a small mask that covers their mouth and nose, 

and intermittently exposed to low-oxygen.
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