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ABSTRACT 

 

Spinal cord injury (SCI) results in persistent neurological deficits and significant 

long-term disability. Stimulation of peripheral afferents by epidural electrical stimulation 

(EES) has been reported to reduce spasticity by reorganizing spared and disrupted 

descending pathways and local circuits. However, a current barrier to the field is that the 

plasticity mechanisms that underly improved recovery is unknown. Using the power of 

hM3Dq Designer Receptors Exclusively Activated by Designer Drugs (DREADDs), we 

aim to accelerate the dissection of the mechanisms underlying enhanced recovery. In these 

studies, we identified the effect of clozapine-N-oxide (CNO) on the H-reflex of naïve 

animals; investigated the baseline influence of hM3Dq DREADDs in peripheral afferents 

in the intact animal using a novel behavioral tool, an addition of angled rungs to the 

horizontal ladder walking task; and began to uncover the neural and behavioral changes 

that accompany hM3Dq DREADDs activation in peripheral afferents after SCI. We 

observed no significant differences in the H-reflex with 4 mg/kg dosage of CNO 

administration (pre-CNO vs. CNO-active: p=0.82; CNO-active vs. CNO wash-out: p=0.98; 

n=6). On our novel ladder, we found significant differences in correct hind paw placement 

(p=0.0002, n=7) and incorrect placement (p=0.01) when DREADDs were activated with 

CNO (4 mg/kg). In our SCI study, we report that acute and chronic DREADDs activation 

may activate extensor muscles about the hip (32 cm/s: p=0.047; controls: n=6; DREADDs: 

n=8 and hereafter unless otherwise stated) as well as induce sprouting and synaptogenesis 

within motor pools and Clarke’s column in the lumbar spinal cord (motor pool: p=0.00053; 
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Clarke’s column: p=0.021; controls: n=4; DREADDs: n=6). This muscle recruitment may 

have long-term effects such as increased hindquarter heights (e.g., 16 cm/s: p=0.017) and 

more frequent hindlimb coordination (p=0.002). Results from this study suggest hM3Dq 

DREADDs may have the potential to recapitulate EES-activation of afferents as well as 

provide a platform with which to functionally map changes that occur both within targeted 

afferents and second order neurons they effect. Future work, such as using C-Fos to 

examine and map changes in interneuronal networks, could seek to more directly tie 

changes in kinematics to observed changes in plasticity.  
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± SD; p=0.032; t-test); and the swing phase (C; 32 cm/s, week 6: controls = 62.68 ± 

1.98 mm; n=6; DREADDs animals = 70.00 ± 5.57 mm; n=8; mean ± SD; p=0.034). 

(D) The hip joint heights in the DREADDs group were also significantly higher than 

controls (16 cm/s, week 6: controls = 43.26 ± 3.31 mm; n=6; DREADDs animals = 

50.38 ± 4.45 mm; n=8; mean ± SD; p=0.013; t-test). (E) Control animals have longer 

step durations at 24 cm/s (controls = 0.55 ± 0.014 s; n=6; DREADDs animals = 0.50 

± 0.045 s; n=8; mean ± SD; p=0.036; t-test). ............................................................ 98 

Figure 5.6. Variability between groups is joint-dependent. The following results refer 

to analyses performed on kinematics data from weeks 6. Data is represented as 

standard deviations. (A) DREADDs animals show a larger standard deviation in the 

hip joint angle in the stance phase at 24 cm/s (controls = 12.18 ± 1.56 deg; n=6; 

DREADDs animals = 14.83 ± 2.30 deg; n=8; mean ± SD; p=0.032; t-test). (BC) The 

control cohort displayed larger variability in the swing phase for knee joint angle (B; 

16 cm/s, week 6: controls = 11.29 ± 0.70 deg; n=6; DREADDs animals = 9.76 ± 1.26 

deg; n=8; mean ± SD; p=0.035; t-test; 20 cm/s, week 6: controls = 11.12 ± 0.16 deg; 

n=6; DREADDs animals = 9.73 ± 0.89 deg; n=8; mean ± SD; p=0.0066; t-test) and 

ankle joint angles (16 cm/s, week6: controls = 30.30 ± 2.78 deg; n=6; DREADDs 
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Figure 5.7. A buckling phenomenon occurs when CNO is not administered. Animals 

were subjected to run in the absence of CNO during Week 7. Results were compared 

to running bouts with CNO administration (Weeks 6 and 8). Triweekly treadmill 

training was discontinued between week 6 through week 8 to prevent progression of 

recovery due to exercise training. Only results for DREADDs animals are shown as 

control animals did not exhibit the buckling event in the absence of CNO. (A) Grossly 
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observed buckling phenomenon (occurred in Stride 2). DREADDs animals would 

take one to several normal strides; suddenly drop their hindquarters onto the treadmill 

belt and remain seated on the belt moving their hindlimb as if they were mid-stride, 

but unable to stand (buckling event); posturally correct their error by lifting their 

hindquarters off the belt; and begin locomoting normally again. (B) ASIS joint heights 

for one rat. Heights were stable in Weeks 6 and 8 and instable in Week 7. Dips in 

ASIS joint height in Week 7 correspond to the buckling events when the hindquarters 

dropped onto the belt. (C) Range of ASIS joint heights are larger with buckling. There 

is a significantly higher ASIS height range in week 7 at 16 cm/s (week 6 = 17.5 ± 2.97 

mm; week 7 = 24.01 ± 5.00 mm; week 8 = 17.77 ± 3.11 mm; n=8; mean ± SD; 

p=0.006; one-way ANOVA and Tukey multiple comparisons test; Figure 5.7C) and a 

trend of higher ranges at 24 cm/s (week 6 = 19.40 ± 3.27 mm; week 7 = 24.63 ± 3.74 

mm; week 8 = 19.94 ± 4.78 mm; n=8; mean ± SD; p=0.085; one-way ANOVA and 

Tukey multiple comparisons test). .......................................................................... 100 
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CHAPTER 1: INTRODUCTION 

Note: this Chapter was partially adapted and modified from the publication below: 

Eisdorfer et al. (2020) Epidural Electrical Stimulation: a review of plasticity mechanisms 

that are hypothesized to underly enhanced recovery from spinal cord injury with 

stimulation. Frontiers in Molecular Neuroscience. 13:163. doi: 

10.3389/fnmol.2020.00163.  

 

Spinal Cord Injury  

Spinal cord injury (SCI) results in persistent neurological deficits with little 

spontaneous functional improvement, resulting in significant long-term disability. 

Individuals with SCI often have pronounced sensory and motor dysfunction below the 

injury site. There is an estimated 300,000 people with SCI living in the United States and 

there is currently no effective treatment (Spinal Cord Injury Facts and Figures at a Glance, 

2019). As individuals living with SCI are now living to a normal life span, developing 

therapeutic interventions to promote recovery after SCI is imperative.  

Although regeneration within the adult spinal cord is limited, some spontaneous or 

activity-dependent sensorimotor recovery still occurs, mostly mediated by localized 

sprouting and plasticity of axon terminals (Burns et al., 1997; Waters et al., 1996). 

Substantial recovery after trauma is challenging because of the poor ability of supraspinal 

axons to regenerate and form functional networks below the level of injury. The loss of 

these vital inputs reduces the generation, regulation, and patterning of motor outputs. 

Improvements in motor function can be achieved with locomotor training, rehabilitation 
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and/or increased neuronal activity. These methods activate axonal growth pathways (e.g., 

GAP43 (Storer & Houle, 2003)) to enhance sprouting and plasticity to either establish 

circuits that bypass the lesion to relay motor commands and/or increase connections onto 

vital motor circuits. Over the years, direct electrical stimulation of cortical or supraspinal 

neurons demonstrated that activity plays an important role in mediating plasticity induced 

sensorimotor recovery (Martin, 2016). 

Sensory activity of peripheral afferents entering through the dorsal roots is an 

important contributor, and may be vital, to recovery after SCI. Indeed, recovery is lessened 

in animal models with dorsal root lesions (Hollis et al., 2015). Recent data suggest that 

proprioceptive input has the greatest influence on circuit reorganization during recovery, 

and that ablation of proprioceptors permanently reverts sensorimotor improvements to the 

injured state (Capogrosso et al., 2013; Takeoka, 2019; Takeoka et al., 2014; Takeoka & 

Arber, 2019). However, cutaneous afferents may also be important for functional recovery 

(Bouyer & Rossignol, 2003, 1998). Stimulation of these spinal sensory axons with 

electrodes placed epidurally has shown benefits in promoting functional recovery. Indeed, 

epidurally placed electrodes can stimulate afferents in specific patterns to increase the 

excitability of networks to drive voluntary and autonomically controlled motor responses 

(Edgerton & Harkema, 2011). Although multiple mechanisms have been proposed, the 

neuroplastic changes that underlie these improvements are not yet well understood. A 

better understanding of these mechanisms or circuits would be beneficial in the 

development of combined therapies to augment sensorimotor improvements using epidural 

stimulation to further enhance the recovery of sensorimotor function in individuals with 

SCI. 
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Epidural Electrical Stimulation  

The foundation of artificially modulating neurons with electrical stimulation was 

borne from the search for pain management. In the first century AD, Scribonius Largus, a 

Roman physician, reportedly advised patients to sit in pools of water electrified by torpedo 

fish in order to numb distal extremity pain (Moller, 1995). It was not until 1967, however, 

that epidural stimulation was first used and approved by the FDA for suppression of 

intractable pain (Shealy et al., 1967). Then, in 1976, epidural electrical stimulation (EES) 

was introduced to alleviate spasticity due to Multiple Sclerosis, and it was anecdotally 

noticed that patients improved in motor function (Cook, 1976). EES was also identified to 

reduce spasticity (Barolat et al., 1988) and allow for voluntary mobility across the knee or 

ankle in several SCI patients, further indicating its utility in supplementing motor activation 

(Dimitrijevic et al., 1986). 

Activity-based training in conjunction with EES can bolster use-dependent plastic 

changes in sensorimotor circuits caudal to the injury site (Courtine et al., 2009). In a 

seminal paper by Harkema et al. (2011), it was demonstrated in humans that EES can 

enhance weight bearing standing, stepping, and volitional movement of leg muscles when 

in a supine position. This work was followed up with similar demonstrations in individuals 

with motor complete paralysis for intentional control of movements of the lower limbs 

(Angeli et al., 2014; Grahn et al., 2017) as well as independent stepping during EES 

activation (Gill et al., 2018). Similarly, in clinical studies, central and peripheral electrical 

stimulation improved sensorimotor function (Guiraud et al., 2014; Possover, 2014), such as 

weight bearing, standing (Crosbie et al., 2014), and walking (Hardin et al., 2007; Herman 

et al., 2002; Karimi et al., 2013; Possover, 2014). Emerging evidence suggests that closed-
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loop and/or phasic EES is more efficacious in promoting functional recovery in humans 

than tonic stimuli. Unlike closed-loop and phasic stimuli, continuous input increases the 

probability of antidromic collisions in proprioceptive afferents, thereby disrupting sensory 

information, especially in humans, as they have longer nerves. As such, stimulation 

protocols restricted to a range of frequencies and amplitudes appear to better facilitate 

recovery and locomotion (Formento et al., 2018). 

In addition to enhanced sensorimotor recovery, EES can improve cardiovascular 

(Harkema et al., 2018; West et al., 2018), autonomic (Gad et al., 2014, 2018), and 

respiratory (Hachmann et al., 2017) functions as well as body weight composition (Terson 

de Paleville et al., 2019) in individuals with motor complete paralysis. Despite relatively 

small sample sizes, EES has shown remarkable therapeutic potential as an intervention for 

SCI. However, the mechanisms that underlie EES-induced long-term recovery remain 

elusive. It is widely believed that EES activates large and medium diameter afferents within 

the posterior roots in humans and animals (Capogrosso et al., 2013; Courtine et al., 2009; Murg et 

al., 2000; Rattay et al., 2000). Indeed, computational modeling studies corroborated with 

electrophysiological and pharmacological data of afferent populations indicate specifically 

that group Ia/Ib/II proprioceptive and low-threshold cutaneous afferents are all affected by 

electrical stimulation (Bouyer & Rossignol, 1998; Capogrosso et al., 2016; Rossignol et al., 

2006). Recent data suggest that proprioceptive input has the greatest influence on circuit 

reorganization during recovery, and that ablation of proprioceptors permanently reverts 

sensorimotor improvements to the injured state (Capogrosso et al., 2013; Takeoka, 2019; 

Takeoka et al., 2014; Takeoka & Arber, 2019). Congruently, Formento et al. (2018) 

proposed that if the chosen EES stimuli blocks proprioceptive input, individuals with SCI 

are unable to show meaningful locomotor improvements.  
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EES is advantageous as it is currently used clinically and stimulation protocols are 

well-established and readily adaptable for human patients. However, implantable electrical 

stimulation devices may have adverse effects on neural tissue and have a limited functional 

lifetime due to formation of scar tissue. Moreover, electrical stimulation is nonselective. 

Thus, it is not definitively known the primary and secondary spinal circuits that are 

recruited and modulated by the stimulation (Spataro et al., 2005; Thelin et al., 2011). To 

develop targeted therapies for SCI, it is crucial to better understand the mechanisms that 

underlie sensorimotor improvements demonstrated with EES.  

 

 

Using DREADD technology to uncover EES-induced mechanisms of recovery 

Although remarkable progress has been made in identifying pathways that support 

enhanced recovery after SCI with EES, the daunting challenge of pinpointing new and 

enhanced connections at the cellular and synaptic levels, some of which were illustrated 

above, remains. Genetic tools may help in this task. Genetic tools enable 1) targeted, 

reversible manipulation of specific pathways and neuronal subpopulations, 2) labelling of 

precisely which neurons have been modulated (not definitively known with electrical 

stimulation), and 3) identification and subsequent tracing of secondary circuits that have 

been influenced. Multiple genetically encoded tools for remote control of the nervous 

system now exist on timescales ranging from milliseconds (e.g. optogenetics) to hours (e.g. 

chemogenetics), as well as viral and transgenic methods to restrict their expression to 

defined neural groups or phenotypes (e.g. motor, proprioceptive, or nociceptive) (Iyer et 

al., 2016; Towne et al., 2013). 
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Unlike optogenetics, chemogenetics provides the advantage of not requiring a tether, thus 

neuromodulation can be studied in freely behaving animals. Chemogenetic technology has 

the potential to achieve behaviorally relevant excitation or inhibition of neural phenotypes 

upon administration of an actuator molecule (either an injected drug or given food item). 

Designer Receptors Exclusively Activated by Designer Drugs (DREADDs) are perhaps 

the most well established chemogenetic tool for neuromodulation, and, upon activation, 

has been demonstrated to modulate neural activity in vitro in brain slice (Alexander et al., 

2009; Roth, 2016) and in the intact animal (Wirtshafter & Stratford, 2016) (Figure 1.1). 

Through the Gq G-protein coupled pathway, hM3Dq (excitatory) DREADDs increase 

neuronal firing by activating the phospholipase-C cascade, thereby altering intracellular 

Calcium release. Through activation of the G protein inward-rectifying potassium channel 

(GIRK), hM3Di (inhibitory) DREADDs temporarily suppress neuronal firing by 

decreasing cAMP signaling (Armbruster et al., 2007; Rogan & Roth, 2011). 

Relevant to neural dysfunction and repair, Jaiswal and English (Jaiswal & English, 

2017) found that activation of motoneurons with excitatory DREADDs in a rat peripheral 

nerve injury model could improve functional recovery. In a rat contusion model of SCI, 

targeted DREADDs-silencing was used to identify glutamatergic neurons of the ventral 

gigantocellular reticular and vestibular nuclei as responsible for transmitting cortical 

command to lumbar neurons for trunk stability and patterned movements (Asboth et al., 

2018). In a mouse staggered bilateral hemisection model of SCI, DREADDs 

hyperpolarization of inhibitory interneurons identified these interneurons as the limiting 

factor preventing supraspinal commands from propagating into relay circuits (and 

putatively lumbar CPG centers) after injury (Chen et al., 2018). Although the mechanism 
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of action of DREADDs agonist clozapine-N-oxide (CNO) has been questioned (Gomez 

et al., 2017; Mahler & Aston-Jones, 2018), experimental designs with between-subject 

controls can make CNO (3-5 mg/kg) a suitable DREADD agonist (Jendryka et al., 2019). 

The control of specific neurons via administration of a drug, and subsequent neuronal 

tracing capability, make DREADDs an important tool for modulating circuits to understand 

molecular mechanisms of plasticity. 

Importantly, DREADDs manipulation of afferent activity holds promise to 

uncovering molecular and circuit mechanisms of EES-induced recovery from SCI. For 

Figure 1.1. DREADD technology for afferent modulation. (Left) DREADD hM3Dq can make 
neurons more excitable through depolarization. (Right) DREADD hM4Di can inhibit neuronal 
activity through hyperpolarization. Upon CNO binding, DREADDs activate G-protein coupled 
signaling cascades, that ultimately change cellular membrane potentials. Adapted from review by 
Eisdorfer et al. (2020). 
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example, if DREADDs was restricted to, and altered excitability of, afferents activated by 

EES (medium and large diameter afferents within the posterior roots) in SCI models, the 

neural circuit changes that were induced by these afferents could be quantified in 

postmortem histological analyses. In addition to tracing modulated pathways and definitive 

knowledge of which afferents were affected, it opens the door to combinatorial modulation 

of subsets of types of afferents (e.g. excite only proprioceptors without affecting 

exteroceptors, whilst inhibiting nociceptors). As with EES, locomotor changes from 

afferent excitation (or inhibition with DREADDs) can be identified using assays such as 

high-speed kinematics. However, the main strength of DREADDs lies in the unique 

advantage of identification of plastic mechanisms that occur during recovery from SCI, a 

unique ability that EES cannot replicate.  
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Thesis objectives and hypotheses 

Specific Aim 1: To determine baseline influence of excitatory DREADDs and 

DREADDs agonist, CNO, in the intact rat. Our goal is to standardize any changes that 

may be elicited by hM3Dq (excitatory) DREADDs and its activator in the absence of 

injury. We will analyze monosynaptic reflex pathway excitability in response to CNO and 

evaluate locomotor changes evoked by excitatory DREADDs on a novel sensorimotor 

assay.  

a) Evaluate if DREADDs agonist, CNO, induces changes to local locomotor-

active spinal circuits using the Hoffman reflex assay (H-reflex). 

b) Design and build a novel addition to a conventional sensorimotor assay that can 

more sensitively probe for locomotor changes evoked by excitatory DREADDs 

in the intact animal. 

Several studies have raised concerns about the off-targeting effects of CNO (Gomez 

et al., 2017; Mahler & Aston-Jones, 2018). However, these studies do not examine 

locomotion after CNO administration. Recent results by Jendryka et al. (2019) 

demonstrated that CNO (5 mg/kg) does not induce locomotor shifts. Thus, we hypothesize 

that CNO does not affect local locomotor-active spinal circuits, but instead may induce 

behavioral changes exclusively in supraspinal centers. We further hypothesize that our 

novel sensorimotor assay will detect locomotor shifts that are induced by hM3Dq  

DREADDs – differences that are concealed in a comparable standard assay due to 

robustness of the animal model. 
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Specific Aim 2: To determine whether selective expression of hM3Dq 

DREADDs in large diameter peripheral afferents influences recovery from SCI. To 

begin to uncover changes, cellular and biomechanical, that are elicited by increased 

excitation of large diameter peripheral afferents, the same afferents targeted by EES. We 

will capture 3D kinematic data with a custom high-speed color multi-camera acquisition 

system to assess rat hindlimb patterning changes post-SCI and in response to hM3Dq 

DREADDs activation. Postmortem histological analyses will facilitate mapping of spinal 

circuits driving recovery including peripheral afferents expressing excitatory DREADDs 

and secondary circuits these afferents influence. 

We hypothesize the use of hM3Dq DREADDs will affect recovery after SCI by 

activating peripheral afferents (similar to activation by implantable EES devices). We 

further hypothesize these afferents will display increased sprouting onto synaptic targets 

as compared to non-DREADDs controls. In addition, postmortem immunohistological 

tracing may enable us to begin to dissect what secondary circuits are being affected by 

DREADDs-expressing afferents.  

Aim 1 results and discussion are presented in Chapters 3 and 4. Chapters 1 and 2 

have been adapted from a journal article titled “Epidural Electrical Stimulation: a review 

of plasticity mechanisms that are hypothesized to underly enhanced recovery from spinal 

cord injury with stimulation” which has been published in Frontiers in Molecular 

Neuroscience (2020). Chapter 3 has been adapted from a journal article titled “CNO alone 

does not effect the H-reflex in naïve rats: implications for studies that use DREADDs” 

which is in preparation. Chapter 4 has been adapted from a journal article titled “Addition 

of angled rungs to the horizontal ladder walking task for more sensitive probing of 
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sensorimotor changes” which has been published in PLoS ONE (2021). Aim 2 results and 

discussion are presented in Chapter 5. Future directions will be discussed in Chapter 6.    
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CHAPTER 2: PLASTICITY MECHANISMS THAT ARE HYPOTHESIZED TO 
ENABLE EES TO PROMOTE ENHANCED LOCOMOTOR RECOVERY 

AFTER SCI  

Note: this Chapter was partially adapted and modified from the publication below: 

Eisdorfer et al. (2020) Epidural Electrical Stimulation: a review of plasticity mechanisms 

that are hypothesized to underly enhanced recovery from spinal cord injury with 

stimulation. Frontiers in Molecular Neuroscience. 13:163. doi: 

10.3389/fnmol.2020.00163. 

 

Introduction 

While we utilize DREADD technology, findings from epidural stimulation studies 

were fundamental to the development of our research. However, the mechanisms that 

underlie sensorimotor improvements demonstrated with EES are not well understood. In 

this Chapter, we discuss three endogenous sensorimotor plasticity mechanisms that we 

hypothesize may be augmented by epidural stimulation to promote enhanced recovery after 

SCI: direct strengthening of monosynaptic connections; dynamic reorganization of 

propriospinal neurons around and below the lesion site; and the influence of the internal 

model for error correction and learning proper patterning (via interneurons). These 

mechanisms most likely behave synergistically, integrating and functioning in concert to 

promote sensorimotor recovery.  
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Hypothesis 1: Strengthening of monosynaptic connections between proprioceptive 

afferents and motoneurons 

Perhaps the most straightforward form of plasticity for enhancing motor output with 

EES after SCI is strengthened connections between stimulated afferents and motoneurons 

that reside in nearby lumbar spinal cord segments (Figure 2.1). Within sensory afferent 

populations, proprioceptive neurons provide information concerning muscle length, 

velocity, and force development that are thought to be used to estimate limb position and 

other aspects of movement dynamics. Within the spinal cord cutaneous and proprioceptive 

axons branch extensively, relaying limb positional information and force dynamics to 

multiple spinal cord levels, and supraspinal and somatosensory cortical regions. Of these 

sensory afferents, group Ia proprioceptive axons establish direct monosynaptic connections 

motor pools. Both of these circuits involving proprioceptive afferents thought to be critical 

for locomotor recovery after SCI (for recent review see Takeoka, 2019). Animal models 

lacking muscle spindle feedback (Takeoka et al., 2014) or after loss of proprioceptive 

afferents (Takeoka & Arber, 2019) fail to regain control of affected hindlimbs and 

inappropriately reorganize descending circuitry (Takeoka, 2019). Proprioceptive ablation 

following recovery from SCI also permanently regresses sensorimotor improvements to 

the injured state (Takeoka & Arber, 2019). While EES can activate large and medium onto 

motoneurons that innervate agonist muscles as well as interneuronal circuits within 

diameter afferents of the dorsal roots, proprioceptive afferents have been proposed to be 

the most influential in regaining volitional control of affected muscles. 

 



14 

 

 

 

 

During activity, EES is thought to work by boosting muscle recruitment via the 

activation of Ia muscle spindle afferents (Moraud et al., 2016). Although this procedure 

works well in animal models, the length of peripheral nerves in humans makes it less 

effective by increasing the probability of antidromic collisions, thereby reducing the 

propagation of naturally occurring proprioceptive action potentials (Retamal et al., 2018). 

Recent forms of EES that employ spatiotemporal modulation (Wagner et al., 2018; Wenger 

et al., 2016) show improvement in human locomotion because they activate appropriate 

Figure 2.1. Strengthening of monosynaptic connections by EES induced activation of group 
Ia afferents. (A) Schematic illustration depicting group Ia afferents directly activating 
motoneurons (MNs, red) to activate agonistic muscles and indirectly (orange MNs) to inhibit 
antagonistic muscles (via inhibitory interneurons, iINs, black). (B) After SCI, EES increases 
activity of type Ia afferents, putatively strengthening their connections by inducing sprouting and 
new synapse formation onto MNs and iINs. Adapted from review by Eisdorfer et al. (2020). 
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muscles (via spatial localization within the cord – flexors vs. extensors, hip vs ankle, etc.) 

in concordance to swing-stance rhythmicity without negatively effecting endogenous 

proprioceptive information. 

Activity dependent stimulation can strengthen connections between neurons by 

enhancing the efficacy of existing synapses (Davis et al., 1985), as well as by inducing 

growth promoting factors that enhance axonal sprouting and result in the formation of new 

synapses (Retamal et al., 2018; Xu et al., 2019). Whether these mechanisms occur between 

group Ia afferents and motoneurons (Figure 2.1) is an open question (Wolpaw & Lee, 

1989). If they do occur, it would enhance group Ia afferent drive of motoneurons and 

possibly the motoneuron drive (Heckman & Enoka, 2012). This, in turn, would enhance 

muscle activity by supplementing activity provided from partially denervated motor 

subsystems that, after SCI, contribute insufficient locomotor drive. Interestingly, although 

the majority of Ia connections onto motoneurons occur within the same muscle target, they 

also establish a lower number of connections onto functionally related muscles (Eccles et 

al., 1957). Thus, sprouting of group Ia afferents onto these muscle synergists could increase 

the activation of several muscles within a particular extensor or flexor group, thereby 

increasing the overall force generated. 

Not only do proprioceptive group Ia afferents activate the agonist muscle (Mears & 

Frank, 1997), they also indirectly inhibit the antagonist muscles via inhibitory neurons 

(Hultborn et al., 1971) (Figure 2.1). EES facilitation or sprouting of additional synapse 

formation of group Ia afferents onto inhibitory interneurons could help facilitate 

locomotion by supporting stronger inhibition of antagonist muscle activity at appropriate 

phases of movement. Whether local plastic changes in proprioceptors such as these can 

influence helpful rearrangement of descending pathways is unknown (Lamy et al., 2010), 
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but mice with genetic ablation of these proprioceptors are unable to form these functional 

reorganizations (Takeoka, 2019; Takeoka et al., 2014). 

 

Hypothesis 2: Reorganization of propriospinal circuitry around the lesion site and 

within the lumbar central pattern generator to promote rhythmic activity and 

hindlimb coordination 

Propriospinal neurons (PNs) play a crucial role in locomotion by integrating 

sensory and motor information to coordinate multiple muscle groups. Functionally they 

may work to achieve tasks such as maintenance of balance, and may be part of the neural 

substrate that results in “motor synergies”, acting to, e.g., adjust the dynamics of synergistic 

muscles after perturbation (Levine et al., 2014; Miller & Van der Burg, 1973). For the 

purpose of this review, we use the definition of a PN as proposed by Flynn et al. (2011): a 

neuron whose soma is located within a spinal segment and whose axons project ipsilaterally 

and/or contralaterally to a different spinal segment and/or to supraspinal centers. 

Anatomically, PNs can be classified as “short” if their projections span less than seven spinal 

segments, including commissural interneurons and a number of genetically defined interneuronal 

types, and “long” if they span seven or more spinal segments (Conta & Stelzner, 2009; Flynn et 

al., 2011). PN circuits are modulated by descending input from supraspinal pathways (e.g. 

information containing motor commands) and/or sensory input from peripheral afferents 

(Cowley & Schmidt, 1997; Levine et al., 2014).  

Modeling and experimental studies have demonstrated that PNs (short and long) 

may be an important CPG supraspinal target for the control of locomotion and fore-hind 

coordination (Ausborn et al., 2019; Ballion et al., 2001; Danner et al., 2017; Lin et al., 
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2019; for reviews, see Flynn et al., 2011; Laliberte et al., 2019). In its traditional 

formulation, the vertebrate locomotor CPGs (one CPG each per hindlimb) are located 

within the spinal cord and each consist of  a “half-center” oscillator where flexors and 

extensors mutually inhibit each other (Brown, 1914). Current versions have the half-centers 

organized into two-levels – rhythm generator and pattern formation networks) –which are 

both susceptible to supraspinal and peripheral afferent modulation during locomotion, but 

can also generate rhythmic behavior in the absence of these feedbacks (Brown, 1911; 

Rybak et al., 2006a, 2006b). Interactions between these half-centers are coordinated by the 

activities of short (commissural, V01, etc.) and long PNs under the control of the 

supraspinal centers (Cowley et al., 2008, 2010; Rybak et al., 2006a, 2006b, 2015; 

Zaporozhets et al., 2011).  

Contained within the spinal cord, PNs are well-suited to relay information to motor 

pools below a lesion site (Han et al., 2019). Many receive inputs from supraspinal motor 

systems, and after unilateral lesion, corticospinal tract (CST) or reticulospinal (ReST) tract 

axons can sprout onto cervical PNs to relay these motor commands past the lesion site 

(Bareyre et al., 2004; Filli et al., 2014). After injury PNs upregulate GAP-43, neurotrophic 

factors, tubulins, and neurofilaments, all of which contribute to elongation and axonal 

sprouting (Fernandes et al., 1999; Siebert et al., 2010; Taccola et al., 2018; Wang et al., 

2018). Indeed, eight weeks after unilateral thoracic hemisection, long descending PNs 

bypassing the lesion undergo distal sprouting and show a doubling of connectivity onto 

lumbosacral motoneurons (Bareyre et al., 2004). Reorganization of PN networks is two-

fold: circumnavigation of the injury site and plasticity below the level of injury. Delayed 

staggered hemisection studies demonstrated the ability of PNs to detour around the lesion 

to provide a surrogate flow of supraspinal locomotor commands to motor pools below the 
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level of injury (Courtine et al., 2008; Kato et al., 1984; May et al., 2017). Propagation of 

these locomotor commands through PNs can elicit rhythmic activity of motoneurons of the 

lumbar CPG (Cowley et al., 2008). Detouring lesions cannot occur in complete SCI, 

however animal models often exhibit some sensorimotor recovery. This is due to plasticity 

of the PN network below the level of injury (Fenrich & Rose, 2009; Howland et al., 1995; 

Laliberte et al., 2019). Even after disrupting the flow of supraspinal motor commands, 

exogenously-augmented changes in PN circuitry can lead to the re-emergence of 

locomotion. In multiple animal models, PN networks induce locomotor-like activity in the 

absence of supraspinal input as shown in, for example, an ex vivo preparation of the spinal 

cord with drug administration (Zaporozhets et al., 2011) and after complete spinal cord 

transection with electrical stimulation (Yakovenko et al., 2007). Thus, these interneuronal 

networks have the ability to adapt to the loss of supraspinal input via dynamic 

reorganization, and can partially compensate for the loss of higher-level control if their 

activity is directly or indirectly bolstered by an exogenous source.  

Although EES does not directly target PNs, evidence suggests EES can indirectly 

recruit and modulate these circuits, through the activation of peripheral sensory afferents, 

to facilitate hindlimb stepping (Capogrosso et al., 2013; Formento et al., 2018; Moraud et 

al., 2016). Notably, enhanced proprioceptive input provides critical guidance to organize 

plasticity of PNs to circumvent a lesion site and relay information below the level of injury 

(Courtine et al., 2008; Takeoka & Arber, 2019). In addition, Hebbian-like processes 

directed by electrically-enhanced sensory afferents and spared supraspinal projections 

could strengthen terminal contacts of PNs within motor pools in the lumbar CPG, which 

may be susceptible to Hebbian facilitation (Righetti et al., 2006).  Even though spared 

supraspinal projections provide insufficient drive to activate locomotion, additional drive 
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provided by PN bypass relays could enhance supraspinal control to promote regain of 

function in animal models with severe SCI (Courtine et al., 2008). Spared PN circuitry, 

which can remain dormant after injury, may also play a vital role in this relay mechanism. 

Indeed, recovery of some volitional control in chronically paralyzed patients (Angeli et al., 

2014; Harkema et al., 2011) may be a consequence of reactivating dormant spared PN 

circuitry indirectly via EES. Prolonged electrical stimulation may also promote 

propriospinal neuronal sprouting, which can strengthen newly formed and spared 

connections (Figure 2.2). 

Several genetically identified PNs may play distinct roles in locomotor recovery in 

part by propagating locomotor commands to the lumbar CPGs (Laliberte et al., 2019). V1 

PNs are inhibitory interneurons that project ipsilaterally onto motoneurons, as well as onto 

other V1 PNs and inhibitory interneurons. V1 PNs putatively inhibit motoneurons that 

innervate flexor muscles for facilitation of coordination of flexor and extensor activity 

possibly do so via inhibition of extensor muscles (Britz et al., 2015). V2a PNs, however, 

act as excitatory messengers to commissural interneurons for left-right coordination. For 

example, Dougherty and Kiehn (2010) proposed that a subpopulation of nonrhythmic V2a 

interneurons mediate sensory-evoked locomotor-like activity by being recruited at different 

speeds to help regulate right-left coordination and ipsilateral firing of motoneurons. V3 PNs are 

also excitatory interneurons, but function to stabilize ipsilateral and contralateral patterns of 

(Alvarez et al., 2005). Likewise, V2b PNs coordinate flexor and extensor activity, but 

locomotion. Further, during postmitotic development, V3 interneurons migrate dorsally or 

ventrally and develop distinct functions: dorsal V3 interneurons receive robust input from 

group Ia proprioceptive neurons and might be indirectly involved in adjusting right-left 

coordination, whereas ventral V3 interneurons were suggested to synchronize motor output 
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amongst multiple motoneuron pools (Borowska et al., 2013; Lin et al., 2019). This work 

was followed with a computational model of the locomotor CPG demonstrating that as 

speed increases, sensory afferents relay limb speed onto V3 interneurons, with V3 

interneurons assisting in the transition from alternating to synchronized gaits (Danner et 

al., 2017). dI3 PNs too receive sensory information from the periphery and directly activate 

 

 

 

 

 

Figure 2.2. Plasticity of propriospinal neuronal circuitry after injury. (A) Schematic 
illustration depicting integration of sensory and motor information by propriospinal neurons (PNs, 
green). PNs project ipsilaterally and contralaterally onto motoneuron pools (MNs, red) and 
contribute to interlimb coordination by integrating information relayed from supraspinal centers 
and received from sensory input. (B) After injury, PNs have plastic potential for dynamic 
reorganization. EES can indirectly recruit and modulate propriospinal circuits, creating functional 
networks caudal to the lesion site. PNs can relay supraspinal input by circumventing the injury, 
providing a surrogate flow of supraspinal locomotor commands to MNs. PNs can also reorganize 
below the level of injury, sprouting contralaterally to facilitate communication across multiple 
spinal segments. Adapted from review by Eisdorfer et al. (2020). 
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motoneuron pools in the cervical and lumbar CPGs driving ipsilateral agonist muscles (Bui 

et al., 2013, 2016). Importantly, dI3 PNs have been identified to promote rhythmic 

locomotor recovery after SCI even in the absence of supraspinal input, suggesting an 

essential role of these PNs in transmission of activity between adjacent spinal segments 

that contain lumbar CPG components (Bui et al., 2016). Together, plasticity among 

different types of PNs could influence locomotion by enhancing supraspinal drive through 

relays bypassing the lesion as well as supporting rhythm generation to increase stepping 

patterning.  

As CPGs may be sensitive to Hebbian facilitation (Righetti et al., 2006), it is the 

convergence of activity (e.g. peripheral afferents with increased activity from EES, PN 

networks, and spared supraspinal projections) within lumbar motor pools that is likely 

responsible for driving locomotor recovery after SCI (Dimitrijevic et al., 1998; Guertin, 

2012). It is the ultimate activation of the lumbar CPGs that may facilitate improvements in 

individuals with incomplete SCI (Herman et al., 2002) and generate stepping-like 

movements via tonic input in individuals with complete SCI (Minassian et al., 2004, 2007). 

Importantly, peripheral afferent activation from EES can modulate the lumbar CPGs to 

adapt to perturbations and entrain it appropriately to drive recovery (Young, 2015). 

However, studies with split-belt locomotion suggest that this phenomenon results from 

side-specific proprioceptive input and PNs are necessary to transfer information to 

contralateral sides of the spinal cord (Prokop et al., 1995). As such, PNs are not only 

recruited by EES, particularly those that are susceptible to afferent input (e.g. V3 and dI3 

PNs), but perhaps are also required for the transmission of rhythmic activity throughout 

the lumbar CPGs to elicit hindlimb coordination. 
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Hypothesis 3: Spatiotemporal integration of the internal model with peripheral 

afferent input within interneuronal networks to aid learning of correct motor 

output 

Motor activity requires precise timing to coordinate a series of individual muscle 

contractions in sequence so that the movement can proceed smoothly. Disruption of 

descending motor control pathways reduces vital input into spinal motor systems reducing 

coordination and inducing movement errors. Here we discuss circuits known to influence 

timing of muscle contraction, error correction, motor learning, and movement patterning 

as possible mechanisms by which increased afferent activation could enhance recovery. 

Error correction and motor memory have been studied extensively within cerebellar 

circuits. One such circuit is the internal forward dynamic model; derived from internally 

generated motor signals, this circuit is used to predict the motor and sensory consequences 

of an action (Bui et al., 2013; Wolpert et al., 1995; Wolpert & Ghahramani, 2000). These 

predictions are then compared with actual sensory data to either identify errors in the motor 

program or possible external perturbations of the limb. Prediction calculations are 

primarily performed in the cerebellum from planned motor commands driving a forward 

model of the limb. Simultaneously, proprioceptive and low-threshold cutaneous 

information is transmitted to the cerebellum (via the dorsal and ventral spinocerebellar 

tracts respectively), where comparative analysis of the incoming information is processed 

and directed back to the spinal cord through the ReST. Anatomically, the ventral 

spinocerebellar pathway is also responsible for carrying a spinal copy of motor commands 

of rhythmic activity (e.g. locomotion) back to the cerebellum (Brownstone et al., 2015). 

The reticulospinal tract extends from the caudal midbrain through the pons and medulla 
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with its axons descending via the ventrolateral funiculus of the spinal cord, eventually 

forming glutamatergic synapses with spinal interneurons and primary motoneurons 

(Brownstone & Chopek, 2018). With repetition of the task, discrepancies in the motor 

program are eliminated to generate a progressively more refined motor memory (Tuthill & 

Azim, 2018).  

When discussing the internal model, which is composed of the inverse model, 

forward model, and efferent copy, it is important to define the pathways involved. The 

inverse model determines the motor commands necessary to achieve a desired movement, 

where the inputs are the desired state of a limb, and the outputs are the motor commands 

needed to achieve that state. The forward model simulates the forward dynamics of the 

limb given a set of motor commands and produces an estimate of the final state (motor and 

sensory) of the limb; the inputs are the commands issued by the central nervous system, 

and the outputs are the predicted limb outcomes (Kawato, 1999; Wolpert & Miall, 1996). 

The efference copy is a copy of the motor command actually delivered to the muscles and 

can be used as input to the forward model to predict expected motor output and sensory 

feedback (Kawato, 1999). For the purposes of this review, we refer to the entirety of this 

endogenous system (including the ReST) as the descending supraspinal control, and we 

propose that it is a contributory mechanism involved in recovery from spinal cord injury 

both with and without spinal cord stimulation.   

In absence of pathology, the descending supraspinal control is hypothesized to be 

involved in three aspects of motor physiology: sensory prediction, real-time adjustments, 

and motor memory. For example, Straka, Simmers, and Chagnaud (2018) discuss how the 

efference copy, in conjunction with the forward model, predicts the sensory consequences 

of an action so that the central nervous system can routinely ignore the self-generated 
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sensory input produced during the behavior. Azim and Alstermark (2015) use the term 

internal motor copy to describe the efference copy that is conveyed to the cerebellum to 

generate predictions of motor actions. The forward model can predict the consequences of 

a motor command and adjust the output in real-time without having to rely on delayed 

proprioceptive feedback (Wolpert & Miall, 1996). However, the forward model can also 

respond to ongoing sensory feedback in order to refine accuracy of the outputs (Figure 2.3).   

Post-injury, the descending supraspinal control potentially assumes a principal role 

in recovery of locomotion. Asboth et al. (2018) found that residual ReST fibers in a rat 

contusion study were fundamental to regaining locomotive function. The study involved 

severe thoracic spine contusions designed to abolish CST fibers, followed by the retraining 

of lumbar circuits using a strict neurorehabilitation program. Prior to injury, the rats were 

randomly assigned to untrained and trained groups for neurorehabilitation. All the rats that 

received a rehabilitation program while simultaneously receiving electrochemical 

neuromodulation regained weight-bearing locomotion, whereas none of the untrained rats 

were able to produce locomotion (even in the presence of electrochemical 

neuromodulation). Additionally, the majority of the animals who did not receive any 

neuromodulation but did receive neurorehabilitation were able to recover locomotion, 

illustrating that the underlying process was organic in nature. Neuroanatomical tracing 

confirmed that the contusions interrupted all motor cortex projections to the lumbar 

segments, and that only neurons in the ventral gigantocellular reticular nuclei (vGi), raphe, 

and the parapyramidal region retained connectivity across the lesion. They concluded that 

neurorehabilitation and neuromodulation synergistically promoted the reorganization of 

glutamatergic cortical projections to the vGi and the growth of ReST fibers across the 

injury, which relayed the cortical commands downstream. Importantly, with the 
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application of DREADDs, they established that these ReST fibers are of little consequence 

in uninjured animals, and the extensive reorganization of cortico-reticulo-spinal circuits 

becomes critical in SCI. 

The internal model may have a spinal component functioning independently of the 

cerebellum. Brownstone et al. (2015) refer to the spinal component in the context of motor 

learning. They infer that the alpha-motoneurons of the spinal cord may function similarly 

to the deep cerebellar nuclei by measuring motor command errors during motor learning. 

The alpha-motoneurons, which produce muscle contraction, receive excitatory sensory 

information from Ia afferents, inhibitory inputs from Renshaw cells, as well as providing 

the Renshaw cells with an efferent copy of the commands.  They describe the alpha- 

motoneurons as comparators that assess the discrepancy between motor commands and 

motor outputs in essence arguing that the cerebellum is not the only CNS structure where 

forward models are expressed. Takeoka (2019) discusses how the proprioceptive feedback 

may contribute to intrinsic spinal cord circuitry, and how proprioception helps construct an 

internal motor command that executes outputs in the event of severed descending 

pathways. In fact, “movement-specific activation of spinal interneurons and motoneurons 

combined with intrinsic plasticity of the spinal cord network facilitates learning to walk 

with limited brain input” (Takeoka, 2019). For example, Forssberg (1979) noted that 

completely transected cats were able to adjust limb trajectory during the swing phase of 

locomotion upon encountering an obstacle, thus underlining the existence of an intrinsic 

spinal network independent of descending input. The conceptual framework of the forward 

model may thus be separated into two distinctive entities, one confined to the hindbrain 

and one located in the spinal cord, that are implicated in the recovery of locomotion. 
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Figure 2.3. The influence of internal motor copy circuitry during rehabilitation. (A) Schematic 
illustration depicting the internal motor copy, a cerebellar loop that makes a forward prediction of 
sensory input. It is thought to be primarily performed in the cerebellum and, to a lesser extent, 
within local spinal circuits. Predictions are compared (and respond) to incoming proprioceptive 
information to adjust motor actions in real-time before the completion of movement. Supraspinal 
networks, including the cortical spinal tract (CST, purple), reticulospinal tract (ReST, blue), and 
rubriospinal tract (not shown) relay planned motor information to the cerebellum to generate the 
internal motor copy. Multiple internal motor copies are relayed to the cerebellar loop via the Lateral 
Reticular Nucleus. Simultaneously, sensory information from the periphery is relayed to the 
cerebellum via spinocerebellar tracts. Comparative analyses are performed within this cerebellar 
loop to communicate what the intended motor command accomplished. Supraspinal fibers 
converge onto interneurons (INs, black), including propriospinal neurons (PNs, green), to indirectly 
excite motoneurons. (B) With lesion, fibers from the reticulospinal tract (ReST, blue) may relay 
cortical commands, as the internal motor copy is unaffected by the lesion and spared and injured 
PNs can dynamically reorganize after SCI. With EES, input from the ReST spatiotemporally 
combines with increased activity of group Ia afferents to achieve supra-threshold activation of 
interneurons as well as indirectly activating motoneurons (MNs, red and orange). Adapted from 
review by Eisdorfer et al. (2020). 
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Certain spinal interneurons may contribute to the spinal internal motor circuitry. 

Bui et al. (2016) demonstrated that dI3 interneurons receive afferent inputs and project onto 

intermediate and ventral regions of the spinal cord. “The dI3 interneurons are positioned 

between multimodal sensory input and spinal locomotor circuits, and have a bi-directional 

relationship with these locomotor circuits, receiving an efference copy of their activity.” 

They surmised that this spinal microcircuitry is not necessary for normal locomotor 

activity, but is critical in driving locomotion following transection as it continues to 

integrate sensory input. In their rodent model, dI3 knockout mice with spinal transection 

displayed a significant reduction in generating locomotor activity when compared to 

spinalized control mice. They performed lower thoracic spinal cord transections on both 

dI3 knockout mice and control mice, and then compared locomotor recovery. Performance 

was quantified using forelimb/hindlimb step ratios, with any forward excursions of the toes 

(“forward excursions”) counted as steps, and qualitatively assessed using high-speed 

kinematic video recordings. During recovery, they found that the knockout mice had half 

the number of steps of the control mice. Furthermore, the knockout mice displayed linear 

kinematics not at all reflective of locomotion when compared to the control mice using 

horizontal movement, vertical movement, and joint angles as parameters. As such, dI3 

interneurons and the associated circuits could promote sensory-mediated recovery of 

function in the absence of any descending motor commands, mirroring the automaticity of 

the proposed descending supraspinal control. 

Rehabilitative training with or without EES could provide error correction by either 

rerouting cerebellar instructions past the injury or at local spinal cord circuit levels. For 

cerebellar modulation following SCI, descending supraspinal control could be responsive 

to EES. Lesion studies have found that severed ReST fibers sprout in an ipsilesional 



28 

 

 

manner above the injury to form excitatory boutons, and while descending supraspinal 

fibers struggle to penetrate the hostile micro-environment of a lesion, they do converge 

onto interneurons (e.g. PNs) as intermediaries (Filli et al., 2014; Flynn et al., 2011). The 

reorganization and prioritization of glutamatergic ReST neurons with ancillary projections 

below the injury could therefore relay error adjusted commands following SCI (Asboth et 

al., 2018; Fink & Cafferty, 2016; Kim et al., 2017). The descending reticulospinal control 

may facilitate recovery through heterosynaptic plasticity in concordance with EES sensory 

afferents: the activity of the ReSTs spatiotemporally combines with group Ia afferents to 

help overcome a threshold needed for interneuronal activation (Figure 3.3). Therapies 

utilizing spinal cord stimulation help promote recovery in part by fortifying the 

spatiotemporal consolidation of activity at the intersection between ReST fibers and group 

Ia afferents, which in turn stimulate motoneurons. 
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CHAPTER 3: CNO ALONE DOES NOT AFFECT H-REFLEX IN NAÏVE RATS: 
IMPLICATIONS FOR STUDIES THAT USE DREADDS 

Note: this Chapter was partially adapted and modified from the publication below: 

Eisdorfer et al. (in prep). CNO alone does not affect the H-reflex in naïve rats: implications 

for studies that use DREADDs.  

  

Introduction 

Designer Receptors Exclusively Activated by Designer Drugs (DREADDs) are 

chemogenetic tools for precise neural targeting and reversible remote neural control in 

freely behaving animals (Armbruster et al., 2007). DREADDs can accelerate our 

understanding of neural circuitry by functionally mapping plasticity mechanisms that occur 

during rehabilitation, and in the long term could potentially facilitate enhanced recovery 

through multiplexed manipulation of specific neural subpopulations (Sternson & Roth, 

2014). DREADDs are mutated muscarinic receptors (Armbruster et al., 2007) that are 

finding increasing utility across neuroscience (Smith et al., 2016), including in spinal cord 

injury studies (Asboth et al., 2018; Chen et al., 2018). DREADDs have been engineered to 

respond to clozapine-N-oxide (CNO), a synthetic compound that is thought to be otherwise 

pharmacologically inert.  

However, recent concerns that have been raised about the off-target actions of CNO 

demonstrate the importance of elucidating its possible side effects. Importantly, CNO is 

derived as an inactive metabolite from its parent compound clozapine, an atypical 

antipsychotic drug with antagonistic activity at numerous endogenous receptors, including 

serotonin and dopamine receptors (Selent et al., 2008). Despite its derivation from 
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clozapine, CNO has previously been thought to lack appreciable affinity for off-target 

receptors (Armbruster et al., 2007; Roth, 2016). However, it has been demonstrated that 

CNO can rapidly reverse-metabolize to clozapine in vivo (Gomez et al., 2017; Jann et al., 

1994; MacLaren et al., 2016). Reverse-metabolized clozapine is shown to have a higher 

affinity than CNO for DREADDs (Gomez et al., 2017) and can cause significant behavioral 

effects beyond those mediated by DREADDs activation (Bærentzen et al., 2019; MacLaren 

et al., 2016; Mahler & Aston-Jones, 2018).  

While CNO (Gomez et al., 2017; MacLaren et al., 2016) and corresponding 

clozapine doses (Ilg et al., 2018) have produced changes in locomotion, it is unknown 

whether changes arose largely from antipsychotic effects on brain physiology, or whether 

spinal circuitry is also modulated. It is well established that clozapine can affect spinal 

neurons, including neurons involved in micturition (Vera & Nadelhaft, 2001), and behave 

as an effective immunomodulatory agent within the spinal cord (Green et al., 2017). 

However, whether CNO or reverse-metabolized clozapine affect local locomotor-active 

spinal circuitry remains an open question. 

To test this, we investigated the effect of CNO on monosynaptic reflex pathway 

excitability by measuring the H-reflex. The Hoffman or H-reflex is an electrical analog of 

a compound muscle response elicited by motorneurons that are activated by electrical 

stimulation of type Ia afferents (Ball, 2004). Changes in H-reflex amplitude reflect changes 

in pathway excitability (Ollivier-Lanvin et al., 2010). We used the H-reflex as a probe to 

study a pathway that is involved in locomotion (Knikou, 2008). In the absence of 

DREADDs, we present a comparison of H-reflex profiles of naïve rats who were 

administered CNO versus a control cohort. Our results indicate that CNO administration 

(4 mg/kg) does not significantly affect the H-reflex to within our statistical power. The lack 
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of CNO effects suggest that locomotor changes observed after CNO administration may 

not be a result of off-target actions within local spinal circuits, but may be chiefly due to 

pharmacological activity of CNO and reverse-metabolized clozapine within supraspinal 

centers. CNO effects on polysynaptic spinal circuitry remain a possibility although we did 

not observe noticeable changes in flexion withdrawal reflexes following CNO 

administration. 

 

Materials and Methods 

Subjects 

Sixteen male and female Sprague-Dawley rats (250-300 g) were obtained from 

Charles River Laboratories Inc. (Wilmington, Massachusetts) and housed in pairs with 

access to food and water ad libitum. Animal holding rooms were maintained on a 12-hour 

light/dark cycle with experiments conducted during the light phase. Experimental protocol 

#4675 (AJS) was approved by Temple University’s Institutional Animal Care and Use 

Committee (IACUC). Animal care followed institutional and National Institute of Health 

(NIH) guidelines.  

Animal groups 

Animals were divided into two groups: those who were administered CNO (n=6) 

and controls (n=8). Naïve rats were used to eliminate confounding results that may result 

from variability in spinal cord injury severity (Krishna et al., 2013). Subjects were excluded 

from the study if they did not exhibit consistent and reasonable H-reflex responses upon 

comparison with consistent direct motorneuron-activated muscle responses (M-wave) 
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(Ollivier-Lanvin et al., 2010). We measured the H-reflex at three phases: “pre phase”: 

immediately before animals were administered CNO; “active phase”: during the ~2 h 

testing window when CNO effects are thought to be strongest; and “post phase”: after CNO 

wash-out (Mahler & Aston-Jones, 2018). CNO was injected intraperitoneally at a dosage 

of 4 mg/kg (Jendryka et al., 2019). The H-reflex of the control group was recorded during 

all phases, but these animals were not administered CNO.  

Electrophysiological experiments 

Animals were anesthetized with intraperitoneal injection of ketamine (Zetamine, 

Vet One, Boise, ID) and xylazine (AnaSed, Lloyd Laboratories, Shenandoah, IA), diluted 

in sterile saline and maintained at this level with supplemental doses (Ho & Waite, 2002). 

To stimulate the medial plantar divisions of the tibial nerve, bipolar EMG electrodes were 

subcutaneously inserted adjacent to the medial malleolus. For recording compound muscle 

action potentials, bipolar EMG electrodes were subcutaneously inserted in the digital 

interosseous muscles. The ground electrode was subcutaneously inserted into the skin of 

the back.  

An isolated pulse stimulator (A–M Systems Model 2100, A–M Systems Inc, 

Carlsborg WA) delivered electrical stimuli to the tibial nerve and a differential AC 

amplifier (A–M Systems Model 1700, A–M Systems Inc, Carlsborg WA; Gain ×1000; pass 

band 10-5K Hz) recorded EMG responses, which were then acquired with a customized 

LabView (National Instruments Corporation, Austin, TX) program.  

During each phase (pre, active, post), single electrical pulses (100 µs duration) were 

delivered to determine the following currents (milliamps): threshold afferent activation of 

the muscle action potential (H-reflex); the maximal H-reflex; and the maximal response of 
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direct muscle activation (M-wave). To produce a recruitment curve, H-reflex and M-wave 

amplitudes were recorded simultaneously during a set of increasing electrical pulse stimuli 

(3 s apart) ranging in current from below H-reflex threshold to saturation of the M-wave. 

To measure frequency-induced depression of the H-reflex, the tibial nerve was stimulated 

consecutively in 2 series of 18 pulses (10 Hz and 0.3 Hz) at the current that produced the 

largest H-reflex amplitude in comparison to the smallest M-wave amplitude.  

Data analysis 

Peak amplitudes of H-reflexes and M-waves recorded for each phase were extracted 

using custom MATLAB (The MathWorks Incorporated, Natick, MA) scripts. The two 

main components (positive and negative peaks) of the M-waves were compared and the 

component having the larger median across all trials was used for the following 

calculations.  

The ratio of maximal peak amplitudes of the H-reflex (Hmax) and M-wave (Mmax) 

were calculated as a measure of the fraction of motor units pool that can be recruited by 

excitation of the stretch reflex pathway (=Hmax/Mmax) (Magladery et al., 1951; Magladery 

& McDougal, 1950). A change in the Hmax/Mmax ratio is indicative of a change in afferent 

pathway excitability (Ollivier-Lanvin et al., 2010). To account for variability between 

animals and improve inter-subject comparisons, we normalized the Hmax/Mmax ratios to 

each individual animal’s response recorded during the pre phase.  

Frequency depression of the H-reflex was calculated using methods from Skinner 

et al. (1996) (Skinner et al., 1996). The average of the last 11 H-reflex amplitudes from the 

series of 18 pulses was computed for each of the stimulation frequencies (10 Hz and 0.3 
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Hz). The change in stimulation depression of the H-reflex was calculated as the ratio of the 

H-reflex response at 10 Hz to the response at 0.3 Hz (=H10Hz/H0.3Hz).  

Statistical approach 

Hmax/Mmax ratios, normalized Hmax/Mmax ratios, and H10Hz/H0.3Hz ratios were 

compared using one-way ANOVA and Tukey multiple comparisons tests. Data was 

analyzed using mean ± standard deviation (SD). A p-value < 0.05 was considered 

significant. Data is presented as mean ± standard error of the mean (SEM).  

 

Results 

EMG responses 

We stimulated the medial plantar divisions of the tibial nerve to simultaneously 

evoke H-reflexes and M-waves, which we then recorded from the digital interosseous 

muscles (Fig. 1A). Figure 1B depicts typical examples of H-reflex and M-wave responses 

with different electrical stimuli. Animals without consistent H-reflex responses were 

omitted from the study. Recorded recruitment curves, comprised of H-reflex and M-wave 

responses to graded stimuli, produced waveforms with a classical profile (Knikou, 2008) 

(Fig. 1C).  

CNO effect on H-reflex amplitudes 

Figure 2AB shows the raw and normalized Hmax/Mmax ratios, which indicates 

monosynaptic reflex excitability, for both groups across all phases (pre, active, and post).  
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Upon comparison of the Hmax/Mmax ratios (Fig. 2A) of the control group (pre=0.46 

± 0.17; active=0.41 ± 0.18; post=0.33 ± 0.18; mean ± SD; n=8; p=0.36 one-way ANOVA; 

Tukey Multiple Comparisons tests: pre vs. active: p=0.82; active vs. post: p=0.67; pre vs. 

post: p=0.33) and CNO group (pre=0.42 ± 0.24; active=0.34 ± 0.24; post=0.36 ± 0.2; mean 

± SD; n=6; p=0.83 one-way ANOVA; Tukey Multiple Comparisons test: pre vs. post: 

p=0.91), we observed that this measure of excitability did not significantly vary with the 

time point of measurement within each group. We report that CNO (4 mg/kg) does not 

significantly affect the Hmax/Mmax ratio (CNO group; pre vs. active: p=0.82; active vs. post: 

p=0.98; mean ± SD; n=6; one-way ANOVA with Tukey Multiple Comparisons tests). We 

also found no statistically significant difference between groups during the active phase 

(control group; n=8; CNO group; n=6; mean ± SD; p=0.53; one-way ANOVA with Tukey 

Multiple Comparisons tests).  

We normalized individual Hmax/Mmax ratios to the response recorded in the pre 

phase to decrease inter-animal variability, by subtracting the value of this ratio from the 

data in the two later phases. After normalizing (Fig. 2B), we did not detect a difference in 

Hmax/Mmax ratios in the control group (active=-0.05 ± 0.15; post=-0.13 ± 0.12; mean ± SD; 

n=8; p=0.30; one-way ANOVA with Tukey Multiple Comparisons test) and CNO group 

(active=-0.08 ± 0.10; post=-0.05 ± 0.13; mean ± SD; n=6; p=0.70; one-way ANOVA with 

Tukey Multiple Comparisons test). Further, we did not detect a significant difference 

between groups during the active phase (control group; n=8; CNO group; n=6; mean ± SD; 

p=0.72; one-way ANOVA with Tukey Multiple Comparisons test).  



36 

 

 

CNO effect on H-reflex stimulation depression 

The H-reflex has frequency-dependent habituation with repeated stimulation (Eccles & 

Rall, 1951). Presented in Figure 2C, the H10Hz/H0.3Hz ratios quantify the frequency-

dependent depression of the H-reflex response by comparing the response at 10 Hz to the 

response at 0.3 Hz. During the post phase, the control group is n=7. The H10Hz/H0.3Hz 

ratios were not significantly affected in the control group (pre=0.23 ± 0.18; active=0.41 ± 

0.39; post=0.46 ± 0.37; mean ± SD; n=8 for pre and active phases; n=7 for post phase; 

p=0.38 one-way ANOVA; Tukey Multiple Comparisons tests: pre vs. active: p=0.54; 

active vs. post: p=0.95; pre vs. post: p=0.39) and CNO group (pre=0.18 ± 0.11; active=0.28 

± 0.30; post=0.26 ± 0.22; mean ± SD; n=6; p=0.69 one-way ANOVA; Tukey Multiple 

Comparisons tests: pre vs. post: p=0.79). We did not observe a significant change in 

H10Hz/H0.3Hz ratios after CNO was administered (CNO group; pre vs. active: p=0.69; 

active vs. post: p=0.98; mean ± SD; n=6; one-way ANOVA with Tukey Multiple 

Comparisons test). We further did not detect a difference between groups during the active 

phase (control group; n=8; CNO group; n=6; mean ± SD; p=0.53; one-way ANOVA with 

Tukey Multiple Comparisons test).  

With our sample size and observed standard deviation, we would have detected a 

0.13 difference in Hmax/Mmax with 80% statistical power, corresponding to approximately 

half the change seen after spinal cord transection (Ollivier-Lanvin et al., 2010). The lack 

of significance for all tests after Tukey correction for multiple comparisons suggests that 

there is no effect of CNO on the H-reflex at this level of statistical power. 
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Figure 3.1.  Experimental set up and EMG traces. (A) Illustration of H-reflex set up. (B) Typical 
raw EMG traces of M-waves (M) and H-reflexes (H) during increasing single electrical stimuli. 
EMG traces shown from stimuli at the following: H-reflex threshold, maximal H-reflex amplitude, 
H-reflex depression, and maximal M-wave amplitude (top to bottom). (C) Typical recruitment 
curve generated from M-wave (dashed) and H-reflex (solid) amplitudes during graded stimuli. 
Adapted from Eisdorfer et al. (in prep). 
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Figure 3.2.CNO effect on the H-reflex. Ratios were extrapolated from EMG recordings. Control 
animals did not receive CNO. (A) We did not observe any significant differences in Hmax/Mmax 

ratios within the CNO group after CNO injection (pre=0.42 ± 0.24; active=0.34 ± 0.24; post=0.36 
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± 0.2; mean ± SD; n=6; p=0.83 one-way ANOVA; Tukey Multiple Comparisons tests: pre vs. 
active: p=0.82; active vs. post: p=0.98) or between groups during the active phase (control group; 
active=0.41 ± 0.18; n=8; CNO group; n=6; mean ± SD; p=0.53; one-way ANOVA with Tukey 
Multiple Comparisons tests, here and below unless otherwise mentioned). (B) We did not detect 
any significant differences in normalized Hmax/Mmax within the CNO group (active=-0.08 ± 0.10; 
post=-0.05 ± 0.13; mean ± SD; n=6; p=0.70) or between groups during the active phase (control 
group; active=-0.05 ± 0.15; n=8; CNO group; n=6; mean ± SD; p=0.72). (C) H10Hz/H0.3Hz ratios did 
not significantly change within the CNO group (pre=0.18 ± 0.11; active=0.28 ± 0.30; post=0.26 ± 
0.22; mean ± SD; n=6; p=0.69 one-way ANOVA; Tukey Multiple Comparisons tests: pre vs. 
active: p=0.69; active vs. post: p=0.98) or between groups during the active phase (control group; 
active= active=0.41 ± 0.39; n=8; CNO group; n=6; mean ± SD; p=0.53). Further statistical tests are 
listed in the text. Adapted from Eisdorfer et al. (in prep). 
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Discussion 

We investigated the effect of CNO on the excitability of a monosynaptic reflex arc 

and observed that CNO (4 mg/kg) does not significantly alter the H-reflex response during 

graded stimuli (Hmax/Mmax and normalized Hmax/Mmax ratios) or frequency-dependent 

habituation during repeated stimulation (H10Hz/M0.3Hz ratio). These results indicate 

locomotor changes observed after CNO administration may be chiefly due to off-target 

activity of CNO or reverse-metabolized clozapine within supraspinal centers, instead of 

within local locomotor-active spinal circuits. While polysynaptic circuits remain a 

possibility, we did not observe changes in flexion withdrawal reflexes following CNO 

administration. 

During H-reflex experiments, descending commands and actions of spinal 

inhibitory neurons are thought to be minimal (Knikou, 2008). With local spinal circuits 

putatively isolated, we did not detect significant differences in monosynaptic reflex 

responses within subjects, and between groups when CNO effects are thought to be 

strongest. These data suggest that CNO or reverse-metabolized clozapine do not 

significantly affect the excitability of the monosynaptic stretch reflex pathway. 

Furthermore, results from frequency-dependent habituation with repeated stimuli indicate 

that CNO administration does not significantly change activation of motoneurons by type 

Ia afferents at monosynaptic junctions (Eccles & Rall, 1951). Thus, locomotor differences 

reported after CNO administration (Gomez et al., 2017) and corresponding clozapine doses 

(Ilg et al., 2018) may be due to changes in descending commands. Indeed, reverse-

metabolized clozapine likely acts to decrease locomotion in awake animals via 5-HT2A 

serotonin receptors in the forebrain (McOmish et al., 2012), the same receptors which are 
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also thought to ameliorate dyskinesia in patients who are prescribed atypical neuroleptics 

(Robinson et al., 2005). These data are strengthened by findings from Jendryka et al. (2019) 

where it was reported that CNO reverse-metabolized to clozapine at a constant rate, 

resulting in a stable concentration of bio-available clozapine in brain tissue.  

Our results with CNO and reverse-metabolized clozapine, both antagonists of 

serotonin and dopamine receptors (Gomez et al., 2017), are also consistent with 

electrophysiological studies that administer other antagonists of these receptors. Said 

studies demonstrated that the monosynaptic reflex is susceptible to depression with 

administration of dopamine or serotonin receptor agonists, not antagonists (Carp & 

Anderson, 1982; Lucas-Osma et al., 2019). Further, in a transection spinal cord injury 

model, electrical stimulation-induced locomotion was not modified after administration of 

serotonin receptor antagonists (Musienko et al., 2011). These data suggest that there is a 

lack of constitutive serotonin and dopamine receptor activity in spinal neurons that are 

capable of modulating motor output (Noga et al., 2009; Sharples et al., 2014) and presence 

of receptor antagonists, such as reverse-metabolized clozapine, would putatively produce 

little or no effect on spinal locomotor-active responses.  

In conclusion, we investigated the effect of CNO (4 mg/kg) on the H-reflex to better 

understand the origin of neural activity that elicits changes in movement after CNO 

administration. Our results demonstrate that CNO does not significantly alter H-reflex 

responses, which indicates that locomotor differences evoked by CNO likely arose from 

changes in descending supraspinal commands. While H-reflex experiments can be used as 

an indirect probe to evaluate local spinal circuits, pharmacological activity of CNO on 

locomotor-active spinal neurons should be characterized in depth to elucidate all possible 

effects CNO has on these neurons, and CNO control groups in DREADDs studies with 
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freely behaving animals are still a necessity to decrease confounding events. Nevertheless, 

our results suggest that in the absence of supraspinal input, effects observed in locomotion 

studies using DREADDs, such as those with transection spinal cord injury models, are 

more safely ascribed to the DREADDs themselves and to not off-target actions of 

administered CNO. 
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CHAPTER 4: ADDITION OF ANGLED RUNGS TO THE HORIZONTAL 
LADDER WALKING TASK FOR MORE SENSITIVE PROBING OF 

SENSORIMOTOR CHANGES   

Note: This Chapter was partially adapted and modified from the publication below: 

Eisdorfer et al (2021). Addition of angled rungs to the horizontal ladder walking task for 

more sensitive probing of sensorimotor changes. PLoS ONE. 16:2. doi: 

10.1371/journal.pone.0246298. 

Introduction  

Sensitive analysis of sensorimotor function is essential to evaluate potential 

therapeutic interventions. There are several methods to measure locomotor recovery in 

rodents, including the Basso, Beattie, Bresnahan (BBB) Open Field Locomotor Scale 

(Basso et al., 1995), the horizontal ladder walking task (Antonow-Schlorke et al., 2013; 

Cummings et al., 2007; Metz & Whishaw, 2009), gait analysis (Bellardita & Kiehn, 2015; 

Deumens et al., 2007; Hamers et al., 2006), kinematic analysis (Vahedipour et al., 2018), 

the rotarod (Deacon, 2013; Jones & Roberts, 1968), grid walk (Tillerson & Miller, 2003), 

beam walking tests (Luong et al., 2011), and force platform/arena methods (Fowler et al., 

2009). The horizontal ladder walking task is advantageous as it was designed for rapid 

analysis of skilled walking, limb placement, and limb coordination after disease or injury, 

such as spinal cord injury (Metz & Whishaw, 2009). However, this task is limited to 

evaluation of gross differences in locomotion and thus small changes may be undetectable 

(Antonow-Schlorke et al., 2013; Cummings et al., 2007; Metz & Whishaw, 2009). This 

may be a result of a neural compensatory mechanism known as “cross limb transfer”, or 

the contribution of the contralateral limb to estimate an injured or perturbed limb’s position 
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(Hortobágyi, 2005). The robust locomotion involved in this phenomenon may obscure 

subtle locomotor outcomes that are evoked by clinically relevant therapies (such as genetic 

neural manipulation), in the early onset of disease, or between higher levels of recovery. 

Thus, it is crucial to develop more sensitive sensorimotor assays to better quantify subtle 

changes in locomotion due to potentially precise, subtle changes in neuromotor systems. 

The horizontal ladder walking task evaluates forelimb and hindlimb function 

deficits after disease or injury (Cummings et al., 2007; Metz & Whishaw, 2009). It was 

first developed to assess movement dysfunction after sensorimotor cortex injury in rats 

(Metz & Whishaw, 2009; Soblosky et al., 1997), but has since also been used for evaluation 

of spinal cord injury, traumatic brain injury, poststroke, etc. (Ding & Mcallister, 2001; 

Onifer et al., 2011; Soblosky et al., 1997). In the task, animals are directed to run in one 

direction across a horizontal ladder. There are several distinct stepping or foot-fault events 

that can occur: foot was placed on rung with full body weight support: “Hit”; foot was 

placed on rung, but slipped off: “Slip”; foot did not touch rung at all: “Miss” (Metz & 

Whishaw, 2009). 

Conventionally, a horizontal ladder is made of parallel rungs that are either placed 

at equal or unequal distances apart (Metz & Whishaw, 2009). In both equally and unequally 

spaced parallel rung arrangements, both hindpaws have the same locomotion path. 

Locomotion path is defined here (and throughout) as the footfalls of each hindpaw as the 

animal crosses the ladder. While the placement of rungs in a parallel fashion can indeed 

detect neurological deficits if severe enough, this arrangement is limited by the cross limb 

transfer phenomenon. As such, parallel rungs cannot control for compensatory effects 

originating from the contralateral limb, an occurrence which may conceal subtle 

sensorimotor deficits. 
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In 1894, Edward Wheeler Scripture first introduced the concept of “cross limb 

transfer”, or the effects of one limb on its contralateral pair (Scripture, 1894). Cross limb 

transfer (used here and throughout) is also commonly referred to as cross education, cross 

training, or cross exercise. It is well established that both contralateral and ipsilateral 

cortical motor areas display increased excitability during a unilateral movement, but the 

mechanism driving this occurrence is debated (Kannabiran, 2016; Lauber et al., 2013; 

Ruddy & Carson, 2013). There are two prevailing hypotheses that explain dual hemisphere 

activation during unilateral movement. The bilateral access hypothesis states that motor 

engrams developed in the hemisphere of one limb are accessible to the motor networks of 

both limbs via the corpus callosum during task performance and for making adjustments 

during a task. The cross activation hypothesis states that supraspinal centers exhibit 

bilateral activation and adaptation even if a task is performed unilaterally (Lee et al., 2010). 

In both hypotheses, unilateral tasks can elicit changes in motor circuit organization and this 

information can be used by both the ipsilateral and contralateral limbs.  

A spinal component to cross limb transfer that can be activated while a task is being 

performed has also been previously demonstrated. Studies with electrical stimulation 

report that muscle contraction can increase spinal excitability in the homologous muscle 

on the contralateral side (Arya et al., 1991; Hortobágyi et al., 2003). Both endogenous 

proprioception and cutaneous afferent input exert strong excitatory effects on contralateral 

motor neurons during this occurrence (Hortobágyi, 2005). Since the anatomical basis of 

the nervous system is bilaterally symmetrical with crossed representation, the development 

of a technology that can isolate limb performance from compensation or guidance 

transferred from the contralateral limb can provide useful information on spinal circuit 

changes that accompany unilateral limb perturbation, neuromodulation, or injury.  
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Although modifications have been made to horizontal ladders (Antonow-Schlorke 

et al., 2013; Cummings et al., 2007), to our knowledge, none were designed to uncover any 

changes that may be concealed by the occurrence of cross limb transfer. We thereby sought 

to develop a more sensitive ladder assay by decoupling this phenomenon via the 

introduction of different locomotion paths to contralateral limb pairs. Thus, the central 

contribution of this paper is a novel ladder with angled rungs to more sensitively probe for 

changes in sensorimotor control. For the purpose of this paper, we refer to our novel 

asymmetrical ladder with angled rungs as “asymmetrical” henceforth. Our asymmetrical 

ladder is capable of being set to a multitude of variable distances and angles between rungs. 

This introduces a high number of possible arrangements.  

To evaluate whether this design had improved detection sensitivity for small 

changes in sensorimotor control, we utilized the genetic tool Designer Receptors 

Exclusively Activated by Designer Drugs (DREADDs) to modulate afferent feedback in 

intact, wild-type, freely moving rats. Importantly, DREADD technology was chosen to 

validate our design as its subtle effects in the intact animal may be concealed by cross limb 

transfer. We introduced hM3Dq (excitatory) DREADDs into the right lumbar dorsal root 

ganglia (DRG) and hypothesized that angled rung arrangements would more sensitively 

discriminate DREADDs-evoked hindlimb locomotor changes. Upon activation by its 

receptor-ligand clozapine-N-oxide (CNO), hM3Dq DREADDs enhance neuronal firing by 

activating Gq signaling pathways (Roth, 2016) and, as such, may influence muscle 

recruitment when expressed in afferents of the periphery. In this study, we compared 

performance on angled rungs to symmetrical rungs. We chose to compare our design to 

equally-spaced parallel rungs as this is complementary to published studies with the ladder 

task and DREADDs activation (Hilton et al., 2016; Schroeder et al., 2018).  
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Based on simulation studies that find activation of afferents should extend joints 

(Capogrosso et al., 2013), we hypothesized that targeting the lumbar DRG would result in 

increased foot-fault events by extending the muscles about the hip. We report here the 

measured rate of correct and incorrect footfall placements whilst animals locomoted over 

standard symmetrical and our asymmetrical ladders with and without activation of hM3Dq 

DREADDs. Results from our asymmetrical ladder demonstrate ease of rung adjustments 

between trials to introduce new locomotion paths quickly. Results further reveal locomotor 

deficits that were not observable with a standard symmetrical rung arrangement, which 

may be a result of the decoupling of the cross limb transfer compensatory mechanism. 

 

Materials and Methods 

Subjects 

This study was carried out in strict accordance with the recommendations in the 

Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The 

protocol was approved by the Institutional Animal Care and Use Committee (IACUC) of 

Temple University (Protocol No.: 4675 awarded to Dr. Andrew J. Spence). All surgical 

procedures were performed under aseptic conditions. Animals were anesthetized with 

ketamine and xylazine, and all efforts were made to minimize suffering. Eight female 

Sprague-Dawley rats (200-250 g at the start of the study) were obtained from Charles River 

Laboratories Inc. (Wilmington, Massachusetts). Animals were housed in pairs with access 

to food and water ad libitum in holding rooms that were maintained on a 12-hour light/dark 

cycle. Experiments were conducted during the light phase. One animal showed signs of 
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neurological injury, which is a predetermined humane endpoint, and was subsequently 

humanely euthanized. 

Ladder Design 

The components and overall design of the novel rat ladder system were modeled in 

computer-aided design (CAD) software (Fusion360, AutoDesk, San Rafael, CA). Several 

critical functional characteristics were implemented in the design. These included the use 

of bolt mounted ladder rungs that could be slid inside of the tracks for repositioning, the 

oversizing of the track runs relative to the bolts to enable multiple angles to be set for each 

rung, the staggered overlap of the track runs to provide stability, the use of transparent 

components when possible to aid visualization and computational tracking, the inclusion 

of measurement marks, and the design of a wall tensioning device to allow straightening 

of the walls relative to the locomotion path across the horizontal ladder. The tracks on 

which the bolts would slide were designed in 2D CAD (AutoCAD, AutoDesk, San Rafael, 

CA) for laser cutting applications.  

Ladder Fabrication 

The transparent positioning tracks were fabricated from 3/8” ACRYLITE® cast 

acrylic (Evonik Industries, Essen, Germany) and cut with a VLS 6.60 laser cutting system 

(Universal Laser Systems, Scottsdale, AZ). The primary frame of the ladder was 

constructed with 30-3030 T-slot aluminum extrusion (ZYLtech, Spring, Texas) affixed 

with M6 bolts and 30 mm corner brackets. Rungs were constructed by using 2 part epoxy 

(Gorilla Glue, Sharonville, OH) to affix 3/16” wooden dowels cut to 9” (McMaster-Carr, 

Elmhurst, IL) to 1/4"-20 x 1-1/2” flat head screws (McMaster-Carr, Elmhurst, IL) which 
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were then mounted to the acrylic positioning tracks using wingnuts with oversized washers 

(McMaster-Carr, Elmhurst, IL). The transparent and opaque walls were constructed with 

1/8” plexiglass (Everything Plastics, Philadelphia, PA) and standard 1/8” plywood, 

respectively. The opaque wall was spray painted black to aid in the visualization of 

locomotion. The starting and ending containers were constructed with standard 1/8” 

medium density fiberboard. The tensioning device and other exterior parts were 

individually prepared on a Bridgeport mill (Hardinge, Inc., Elmira, NY) using 1/16” and 

1/8” aluminum flat bar and 1/8” aluminum bar (McMaster-Carr, Elmhurst, IL). Tension 

was achieved using standard bass tuning pegs. The design of the ladder system was 

completed in computer-aided design (CAD), including a complete isometric view (Figure 

4.1A), longitudinal views (Figure 4.1B), the design of the tensioning system (Figure 4.1C), 

the mechanism of rung placement on the track (Figure 4.1D), and a portion of the 2D CAD 

file used to laser cut the acrylic track (Figure 4.1E). Using these CAD files, the entire ladder 

system (Figure 4.1F) and the tensioning device (Figure 4.1G) were fabricated. Rungs were 

affixed to the acrylic tracks for feasible locomotion (Figure 1H). Rungs can be repositioned 

to change location and angle (Figure 4.1IJ). The completed ladder was confirmed to have 

the structural integrity to support rat locomotion without slipping or loosening of the rungs 

and that sufficient rungs can be added to the system to have a no greater than 6 cm 

maximum distance between one another. The complete ladder has an overall runnable 

length of 182 cm and a width of 10 cm.  

 



50 

 

 

 
Figure 4.1. CAD and construction of the modular asymmetrical ladder. (A) A CAD (computer-
aided design) rendering of the complete ladder. (B) A longitudinal projection of the CAD rendering. 
(C) A close-up CAD rendering of the wall tensioning mechanism. (D) A close-up CAD rendering 
of the rung adjustment mechanism. (E) A 2D CAD image used for laser cutting of the rung 
adjustment mechanism. (F) The actual complete ladder after fabrication. (G) A close-up of the 
actual wall tensioning mechanism. (H) A close-up of the actual rung adjustment mechanism with 
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etched measurement marks. (I, J) A demonstration of the adjustment and angling of the ladder 
rungs. Adapted from Eisdorfer and Phelan et al. (2020). 
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Measurement of ladder rung gaps and angles 

To evaluate the gap distances and angles between rungs on the two ladder types, 

images were taken from set heights above each ladder and processed in ImageJ (Rasband, 

n.d.). Using in-built scale markers, the largest and smallest distances were measured 

between each rung using the “measurement” function. Angles were measured using the 

angle tool. The gaps between rungs on the asymmetrical ladder ranged from approximately 

1.75 to 5.5 cm with a maximum angle varying from 81 degrees to 98 degrees from 

perpendicular. The average gaps between rungs was 3.579 cm and 90.583°. 

DRG Injections 

All surgical procedures were carried out under aseptic conditions. Lumbar dorsal 

root ganglia (DRG) L2 through L5 were chosen to be injected with the hM3Dq DREADDs 

viral construct as these DRG are reported to innervate muscles about the hip and throughout 

the leg (Courtine et al., 2009; Lavrov et al., 2008; Nakajima et al., 2008). Adeno-associated 

virus serotype 2 (AAV2) was selected as a viral vector to deliver DREADDs as this virus 

primarily targets large diameter afferents when directly injected into the DRG (Akache et 

al., 2006; Jacques et al., 2012). By extension, we intended to increase excitation of large 

diameter peripheral afferents as these neurons are thought to largely influence recovery 

after injury, e.g. spinal cord injury (Bouyer & Rossignol, 1998; Capogrosso et al., 2016; 

Rossignol et al., 2006). All viral constructs utilized the human synapsin (hSyn) promotor 

and also encoded an mCherry fluorescent tag for postmortem histology. Animals were 

anesthetized with a mix of Ketamine (100 mg/mL, Zetamine, Vet One, Boise, ID), 

Xylazine (100 mg/mL, AnaSed, Lloyd Laboratories, Shenandoah, IA), and sterile saline 

injected intraperitoneally and maintained at this level with supplemental doses. For DRG 



53 

 

 

exposure, an approximately 5 cm incision was made in the skin along the dorsal midline 

starting from the first lumbar (L1) vertebrae. Superficial muscular fascia were incised and 

paraspinal muscles were separated via dissection to expose the lateral surface of the right 

L2 to L5 vertebrae as well as the dorsal surface of the medial portion of their transverse 

processes. The accessory processes that descend from the L2 through L5 vertebrae were 

removed using a 1 mm rongeur (Friedman bone rongeurs, Fine Science Tools). Laminar 

bone was removed using the same rongeur to expose the distal third of the DRG. Fascia 

covering the DRG were removed with 0.1 mm ultra-fine clipper scissors (Fine Science 

Tools, catalogue number: 15300-00). Once DRGs were exposed, animals were attached to 

stereotactic spinal clamps for injections. pAAV-hSyn-DIO-hM3D(Gq)-mCherry 

(Addgene plasmid #44361; Roth, 2016) was co-injected with scAAV-Cre  (generously 

gifted to us by the Hu Lab (Miao et al., 2016)) and Fast Green FCF (#F7258, Sigma-

Aldrich), a method that was adopted in part from Gompf et al. (Gompf et al., 2015). Four 

right DRG were injected with (excitatory, n=7) DREADDs per animal using a 

micromanipulator. Each DRG received 1 uL pAAV-hSyn-DIO-hM3D(Gq)-mCherry at a 

flow rate of 20 nL/s. Following injection, the pipette tip was left in place for 5 min for 

distribution of fluid and equalization of tissue pressure. Musculature and skin were closed 

with 4-0 chromic gut sutures (DemeTECH, Miami Lakes, FL) and surgical wound clips, 

respectively. After surgery, animals were administered 10 cc sterile saline. Cefazolin (0.5 

g Cefazonlin powder reconstituted in sterile saline, Cat. No. NDC #0143-9923-90, Hikma 

Pharmaceutical USA, Inc., Eatontown, NJ) and analgesic (Rimadyl, 1 mg tablet, Cat. No. 

MD150-2, Bio-Serv, Flemington, NJ) was also given after surgery and for two additional 

days thereafter. 
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Hargreaves test (Thermal Hyperalgesia) 

To ensure DREADDs did not transfect thermal nociceptors, animals were subjected 

to the Hargreaves test (Ugo Basile, catalog number: 37370) with methods described by 

Goh et al. (Goh et al., 2014). In brief, rats were placed individually in clear plastic chambers 

for 5 min each day for three days to acclimate. Paw withdrawal latency times were then 

recorded for the right hindpaw in biological triplicates at a heat stimulation of infrared 

intensity 90. Measurements were obtained prior to DRG injections (baseline), after 

DREADDs expression without CNO administration (-CNO), and DREADDs activation 

with 4 mg/kg dosage of CNO injected intraperitoneally (+CNO). In the +CNO condition, 

measurements were recorded between 30-60 min after CNO injection. 

Video recording 

Animals were trained for one week prior to the first video recording. For the first 

training session, animals were acclimated to the horizontal ladder walking task whereby 

they were allowed to move freely across the horizontal ladder. The following training 

sessions involved directed running of the animal across the ladder from one neutral holding 

chamber to the other on the distal end of the ladder. For video recording, a camera (Hero 

7, GoPro) was placed in the center of the horizontal ladder at an angle perpendicular to the 

ladder and recorded at 120 frames per second. Each video recording consisted of four 

successful ladder crossings. All animals were recorded crossing the ladder in the same 

direction with the right hindlimb facing the camera. Prior to DRG injections of hM3Dq 

DREADDs, baseline horizontal ladder scores were recorded for all animals. Animals were 

then tested for injury after DRG injection surgery with methods described by Fischer et al. 

(Fischer et al., 2011).  
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DREADDs achieve putative maximal expression approximately 3 weeks after 

injection (Roth, 2016; Smith et al., 2016), which is when we began examination of 

locomotion across horizontal ladders with and without CNO administration (-CNO and 

+CNO). We compared the ability to detect locomotion differences of our asymmetrical 

ladder with angled rungs to a horizontal ladder with equally-spaced parallel rungs (Hilton 

et al., 2016; Schroeder et al., 2018). A maximum of 6 cm between any two points on 

adjacent rungs was employed to ensure feasible locomotion across standard symmetrical 

and asymmetrical rung arrangements. If rungs were placed >6 cm apart, animals would 

consistently fall through the rungs. The minimum distance between rungs that we 

employed was approximately 1.8 cm, which was the intrinsic limits of our design. We 

observed normal stepping patterns, with animals placing their paws on every rung, when 

the rungs were placed approximately 1.8 cm apart. Video recordings of animal locomotion 

with hM3Dq DREADDs expression (-CNO) and activation (+CNO) were obtained on 

different days to prevent variability caused by fatigue. Furthermore, DREADDs expression 

(-CNO) was recorded before CNO administration (+CNO) to limit synaptic changes that 

may arise from increased neural excitation. DREADDs activation (+CNO) was recorded 

with intraperitoneal injections of CNO at a dosage of 4 mg/kg. All tests involving CNO 

were started no earlier than 30 minutes after injection and ceased no later than 60 minutes 

after injection to ensure maximal DREADDs activation. Asymmetrical rung arrangements 

were changed to prevent learning of rung patterns during repetitive trials (Wallace et al., 

2012) and locomoting animals were examined in real-time to ensure animals were not 

leaning against the walls as they were crossing the ladder. Only trials where the animal 

used the midline of the runway were analyzed.  
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Horizontal Ladder Analysis 

Recordings were analyzed in terms of right hindlimb placement on a rung (full 

weight bearing stepping and slipping off the rung) or misplacement between rungs. There 

were three types of trials: before DRG injections: “Baseline”; DREADDs expression 

without CNO administration: “-CNO”; and DREADDs activation by intraperitoneal 

injection of 4 mg/kg dosage of CNO: “+CNO”. Observers were blind to the type of trial 

and scored each animal in an Excel spreadsheet. Using methods previously described (Metz 

& Whishaw, 2002, 2009), we observed one distinct stepping event and two distinct foot-

fault events: foot was placed on rung with full body weight support: “Hit”; foot was placed 

on rung, but slipped off: “Slip”; foot did not touch rung at all: “Miss.” The right hindlimb 

was scored with a distinct footfall event (Hit, Slip, and Miss) in completed trials (4 

traversals across the ladder). Number of footfall events were calculated as a percentage out 

of total steps (ranging from 56 to 68 steps) as a means of standardization. 

Training of scorers 

Individuals were trained before they were permitted to score independently. 

Training consisted of randomly assigning a scorer five videos of animals crossing either 

the symmetrical or asymmetrical horizontal ladders. Each video had an average of 62 steps, 

with a range of 56 to 68 steps. Once individuals achieved greater than 95% match to a 

concealed “answer key” generated by the experiment designers in all five of the videos 

they scored, they then were authorized to score independently. Scorers were blind to type 

of trial (Baseline, -CNO, +CNO) and all videos were scored in slow motion to resolve each 

hindlimb placement event. 
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Immunohistochemistry 

When the study concluded, expression of hM3Dq DREADDs in large diameter 

peripheral afferents was characterized in postmortem histological analyses by amplifying 

mCherry fluorescent tags. Animals were euthanized with lethal overdoses of Fatal-Plus 

(Cat. No. V.P.L. 9373, Vortech, Dearborn, MI) and intracardially perfused with 4% 

paraformaldehyde. Injected DRG and corresponding spinal cords were grossly dissected 

and post-fixed for 24-48 hours (4°C). The tissue was then transferred to 30% sucrose 

dissolved in phosphate-buffered saline (PBS) for 3-5 days. DRG and spinal cord were 

frozen and mounted separately. Using a cryostat, 10 µm DRG sections and 20 µm coronal 

spinal cord sections were affixed to Colorfrost Plus microscope slides (Cat. No. 12-550-

18, Fisher Scientific, Hampton, NH). Slide-fixed sections were washed with phosphate-

buffered saline tween (PBS-T) 3 times. To amplify the mCherry signal, sections were 

incubated with primary antibody dsRed (rabbit, polyclonal; Cat. No. 632496, Takara Bio 

Inc., Mountain View, CA) at 1:400 overnight at 4°C. Sections were then washed in PBS-

T 5 times and incubated with secondary antibody Alexa Fluor 594 (donkey anti-rabbit; Cat. 

No. 111-585-144, Jackson Immunoresearch Laboratories Inc., West Grove, PA) at 1:400 

for 2 hours at room temperature. After washing with PBS-T 5 times, sections were air-

dried and cover-slipped with Fluoromount-G (Cat. No. 0100-01, VWR International, 

Radnor, PA). Fluorescent Nissl NeuroTrace, Cat. No. N21479, ThermoFisher Scientific, 

Waltham, MA) at 1:400 was used to visualize all neurons of the DRG with methods 

provided by the manufacturer.  

Images were acquired using a Zeiss microscope (Jena, Germany) at 10x magnitude 

and stitched together using Adobe Photoshop. To obtain hM3Dq DREADDs transfection 

rate within an injected DRG, DRG sections that were 10 µm apart were stained with either 
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dsRed or Fluorescent Nissl. The ratio of dsRed (hM3Dq DREADDs) positive cells to total 

neurons of the DRG (Fluorescent Nissl positive cells) was obtained using ImageJ.  

Statistical Approach 

To account for differences in number of steps taken per trial (four traversals), the 

proportion of hits, misses, and slips was calculated according to the total number of 

recorded steps. In data containing proportions, resultant values always land between 0 and 

100 percent. This skews the variance of the data and risks invalidating evaluation of 

statistical significance (Sokal & Rohlf, 1995). As described by Sokal and Rohlf (1995), we 

applied an arcsine transformation to remove the variance from the means of our data, 

enabling statistical analysis. After arcsine transformation, one-way ANOVA and Tukey 

multiple comparisons tests were performed on the data. Animals were analyzed across the 

three types of trials: pre-DRG injections: “Baseline”; DREADDs expression without CNO 

administration: “-CNO”; and DREADDs activation by CNO (4mg/kg): “+CNO”. A p-

value < 0.05 was considered significant. Data is presented as mean ± standard error of the 

mean (SEM). Comparisons in which both groups would have a standard deviation of zero 

were not evaluated. 

 

Results 

Characterization of DREADDs expression 

Once activated by CNO, hM3Dq (excitatory) DREADDs act to increase neuronal 

excitability by depolarizing expressing cells (Figure 4.2A). On average, we observed a 

DREADDs transfection rate of 42% in L2-L5 (lumbar) DRG (Figure 4.2B-D). 
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Corresponding spinal cord sections show transfected cells project throughout the ventral 

and dorsal horn (Figure 4.2E). We further report no significant changes to thermal 

nociceptive paw withdrawal response time between Baseline (pre-DRG injection; 9.52 s ± 

2.42 s; mean ± SD; n=7 rats; and hereafter unless otherwise mentioned), when DREADDs 

were expressed (-CNO; 8.7 s ± 1.24 s; p=0.85; n=7; one-way ANOVA and Tukey multiple 

comparisons tests and hereafter unless otherwise mentioned), and when DREADDs were 

activated (+CNO; 10.65 s ± 3.55 s; p=0.41; n=7). These data suggest nociceptive afferents 

are not considerably affected by DRG injections or by DREADDs excitation (Figure 4.2F).   

Ladder walk validation 

On symmetrically arranged rungs, animals had the same locomotion paths for 

contralateral limb pairs, whereas on angled rungs, they were different (Figure 4.3A). All 

hindlimb footfalls were visible in video recordings (Figure 4.3B) and animals did not lean 

against the plexiglass as they were crossing the horizontal ladder (Figure 4.3CD). 

Intra-ladder comparison 

All hit, slip, and miss data is presented as arcsine transformed data. 

To evaluate the sensitivity of our ladder as it would be employed in research 

applications, we performed an ANOVA analysis between different treatment conditions of 

rats run on the same ladders (e.g., asymmetrical ladder before and after administration of 

CNO). Henceforth, we refer to this analysis as “intra-ladder” comparison. Significant 

differences were not detected for hits, misses, or slips in any of the comparisons associated 
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Figure 4.2. Injection of Designer Receptors Exclusively Activated by Designer Drugs 
(DREADDs) into rat L2-L5 DRG. (A) Schematic of hM3Dq (excitatory) DREADDs. DREADDs 
are a transmembrane protein activated by its chemical actuator clozapine-N-oxide (CNO). Potential 
downstream neuronal effect of hM3Dq DREADDs is increased neuronal excitation. (B) 
Photograph of L2-L5 DRG injection in wild type Sprague Dawley rats (from right to left; yellow 
arrows). Injected DRGs (blue) are visualized with Fast Green FCF. (C, D) Immunostaining shows 
we achieve approximately 42% DREADDs transfection in rat DRGs. Fluorescent Nissl shows total 
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DRG neurons (green; C) and dsRed amplified mCherry in virally transfected neurons (red; D). C 
and D are sections that are 20 um apart. Scale bar, 100 um. (E) Immunostaining in corresponding 
lumbar spinal cord of DREADDs injected DRGs. DREADDs positive axons can be observed 
extending throughout the dorsal and ventral horn. Scale bars 200um. (F) Hargreaves paw 
withdrawal response times to thermal nociception activation of rats before DRG injection 
(Baseline), after DREADDs expression without CNO administration (–CNO), and DREADDs 
expression with 4 mg/kg dosage of CNO (+CNO). Data were analyzed by one-way ANOVA and 
Tukey multiple comparisons tests and expressed as mean ± SEM. We did not observe any 
significant changes to paw withdrawal response time after DREADDs were expressed (–CNO; 8.7 
s ± 1.24 s; p=0.85; n=7 rats), and when DREADDs were activated (+CNO; 10.65 s ± 3.55 s; p=0.41; 
n=7). Adapted from Eisdorfer and Phelan et al. (2020). 
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with the symmetrical ladder. Neither was significance detected in the comparisons between 

the baseline and without CNO administration after DREADDs injections (-CNO) 

conditions for the asymmetrical ladder. Significance was detected in only two conditions, 

the asymmetrical ladder before and after the administration of CNO for both hits 

(asymmetrical (-CNO) hit rate = 1.472 ± 0.126, asymmetrical (+CNO) hit rate = 1.340 ± 

0.111; F=10.03; degrees of freedom, df=4; p=0.049) and for misses (asymmetrical (-CNO) 

miss rate = 0 ± 0, asymmetrical (+CNO) hit rate = 0.0239 ± 0.0118; F=28.68; df=4; 

p=0.000011).  

Inter-ladder comparison 

To evaluate the performance of our asymmetrical ladder relative to existing 

symmetrical systems, we performed ANOVA analysis comparing the same treatment 

conditions on the two ladder types. Henceforth, we refer to this analysis as “inter-ladder” 

comparison. Significance was not detected in hit, miss, or slip between any of inter-ladder 

“baseline” or inter-ladder “-CNO” conditions. However, a significant difference was 

observed comparing the “+CNO” condition between the symmetrical and asymmetrical 

ladders for misses (symmetrical (+CNO) miss rate = 0.0051 ± 0.00872, asymmetrical 

(+CNO) hit rate = 0.0239 ± 0.0118; F=9.261; df=5; p=0.0022). Figure 4.4 shows the 

comprehensive results of arcsine transformed proportions for hits, misses, and slips on both 

ladder types for all three treatment conditions and indicates significance of comparisons 

for p < 0.05. 
 
 
 
 



63 

 

 

  

Figure 4.3. Rat locomotion on horizontal ladder walking task. (A, B) Illustrative rat locomotion 
from bottom view on symmetrical (A) and novel asymmetrical (B) rung arrangements. (C-E) Rat 
walking with full weight bearing (e.g. “Hit”) from lateral view (C), top-down view (D), and bottom 
view (E). (F, G) Rat during a foot-fault event (e.g. “Miss”). Eisdorfer and Phelan et al. (2020).  
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Figure 4.4. Locomotion Data for Each Ladder Type. (A) The arcsine transformed Miss rate of 
the right hindlimb symmetrical and asymmetrical ladder before DREADDs injections (Baseline), 
after DREADDs injection (–CNO), and after activation of DREADDs (+CNO). Significance was 
detected for the intra-ladder comparison between -CNO and +CNO conditions for the asymmetrical 
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ladder only (p=0.049). (B) The arcsine transformed Hit rate under the same conditions. Significance 
was detected in two conditions; the intra-ladder comparison between -CNO and +CNO conditions 
for the asymmetrical ladder (p=0.000011), and the inter-ladder comparison for the +CNO 
conditions of the symmetrical and asymmetrical ladder (p=0.0022). (C) The arcsine transformed 
Slip rate under the same conditions. We found no significant differences in percent Slip between 
any two conditions in either the symmetrical or asymmetrical rung arrangements. We observed no 
significant increases in percent Slip with DREADDs expression in any comparison. Asterisks 
denote significance at the p < 0.05 level. When not indicated, no significance was detected. 
Eisdorfer and Phelan et al. (2020). 
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Discussion 

Sensitive probing of sensorimotor changes after disease or injury is crucial for basic 

neuroscience and evaluating potential therapies. Several instruments have been developed 

to quantify locomotor changes in rodents (Antonow-Schlorke et al., 2013; Cummings et 

al., 2007; Deacon, 2013; Fowler et al., 2009; Hamers et al., 2006; Jones & Roberts, 1968; 

Luong et al., 2011; Metz & Whishaw, 2009; Tillerson & Miller, 2003; Vahedipour et al., 

2018). One of these methods, the horizontal ladder walking task, is advantageous as it 

yields unambiguous and inexpensive assessment of locomotor recovery (Metz & Whishaw, 

2009). However, this task is limited to evaluating apparent differences in locomotion and 

may be unable to detect small changes (Antonow-Schlorke et al., 2013; Cummings et al., 

2007; Metz & Whishaw, 2009). This may be a result of cross limb transfer, a neural 

compensatory mechanism for estimation of an injured or perturbed limb’s position via 

information transferred from its contralateral pair (Hortobágyi, 2005). The robust 

locomotion involved in cross limb transfer may conceal small sensorimotor changes that 

can be evoked by clinically relevant therapies (such as genetic neural manipulation), in the 

early onset of disease, or between higher levels of recovery. Unfortunately, few 

methodologies can currently provide sufficient sensitivity to identify small locomotor 

shifts, and ones that do are often prohibitively expensive (e.g. commercial motion capture 

systems). Here, we propose a novel ladder system – with angled rungs – as an additional 

tool to uncover subtle changes that may be overlooked by the standard ladder task. To 

evaluate our design, we examined ladder walking task performance of intact animals with 

hM3Dq DREADDs expressed in large diameter peripheral afferents. DREADD technology 
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was chosen to validate our design as its subtle effects in the intact animal may be concealed 

by cross limb transfer (Roth, 2016).  

Although existing ladder systems have shown adjustable positions, conventional 

horizontal ladders with equally or unequally spaced parallel rungs provide the same 

locomotion path for contralateral limb pairs. Similarly, other locomotor assays, such as 

beam walking tests and grid walk, do not force animals to adapt to different locomotion 

paths for contralateral limb pairs (Luong et al., 2011; Tillerson & Miller, 2003). The 

introduction of angled rungs in our asymmetrical ladder design uniquely decouples cross 

limb transfer by mimicking random perturbations that may occur in the native environment. 

Our results suggest that angled rungs are able to detect subtle locomotor changes by 

increasing the neural burden required of foothold selection, balance, and interlimb 

coordination.  

Our asymmetrical design was developed to increase the sensitivity of the assay 

without dramatically decreasing its selectivity to false positives. The detection of 

significant inter-ladder changes and intra-ladder changes after DREADDs activation 

supports our hypothesis that a more complex design would more sensitively probe 

locomotor changes. Additionally, significant changes were not detected in baseline-

baseline or (-CNO)-(-CNO) inter-ladder comparisons or in the baseline-(-CNO) intra-

ladder comparisons. While we do not mean to imply the absence of the significance 

supports our hypothesis, we do claim that, in our hands, there is insufficient evidence to 

indicate that the asymmetrical design changes animal gait behavior unless intervention or 

injury is introduced. We believe this justifies further investigation into the use of complex 

horizontal ladders and other locomotor assays, such as grid walk, to elucidate minor or 

subtle changes in animal locomotion that may go undetected with existing designs. 
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While this study demonstrated that DREADDs expressed in the right lumbar dorsal 

root ganglia (DRG) influences locomotion in the intact animal, it does so subtly. We found 

significant differences in percent Hit and Miss when animals crossed asymmetrical rung 

arrangements during DREADDs activation. As lumbar large diameter afferents innervate 

muscles primarily about the hip and stimulation of afferents has been shown to extend 

joints (Capogrosso et al., 2013), our data suggest enhanced neuronal firing by hM3Dq 

DREADDs may drive increased error rates by extending hindlimb joints. Further, we report 

an indetectable change in percent Slip. Our findings suggest that, of the targeted large 

diameter afferents, proprioceptive afferents may have been preferentially transduced. Since 

proprioceptive afferents are responsible for reporting information about limb position and 

limb dynamics while in motion to the central nervous system, it is reasonable that targeting 

of these afferents resulted in significantly increased hindlimb misplacement. Furthermore, 

if cutaneous afferents were not preferentially transduced, it is likely that an animal would 

be able to grasp appropriately as long as their hindpaw came in contact with a rung, which 

is consistent with our not detecting changes in hindlimb slippage.  

Although significant, our findings illustrate the robustness of intact animal 

locomotion. This robustness may conceal locomotor shifts caused by increased neural 

excitation by hM3Dq DREADDs expressed in peripheral afferents. As such, standard rung 

arrangements may require additional subjects to elaborate DREADDs influence. Here, we 

show that angled rungs offer high sensitivity of detecting changes with a modest number 

of replicates, despite locomotor robustness, which, if broadly adopted, may aid other 

researchers in accomplishing the NIH guideline of reducing the number of subjects in 

animal experimentation (Iclas, 2012).  
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 Interestingly, in Baseline trials, animals crossed the asymmetrical ladder with 

complete accuracy, whereas they exhibited a small error rate on the symmetrical ladder. 

As with other irregularly spaced ladders (Metz & Whishaw, 2009), we changed rung 

arrangements between trial types (e.g. Baseline, DREADDs without CNO, and DREADDs 

activation) to prevent learning of rung patterns during repetitive trials. During testing, 

animals crossed the asymmetrical ladder at grossly observable lower velocities than the 

symmetrical ladder, regardless of CNO administration. This observation may be due to the 

higher neural burden of foothold selection of the asymmetrical design. As such, slower 

speeds may contribute to increased accuracy of footfalls during the task. While we noted 

that animals appeared to have slowed down, or were perhaps more conscientious, during 

asymmetrical ladder crossings, the quantitative evaluation of this occurrence is out of the 

scope of this study. Since animals accelerated, decelerated, and paused whilst locomoting 

across the horizontal ladder, time to completion does not provide indicators of the median 

speed. To rigorously examine speed differences between ladder types, high-speed 

kinematics would be required to quantify speed between footfalls on rungs. 

One potential limitation of this study is the possibility that observed effects in 

locomotion were due to off-target effects of CNO inducing muscle dysfunction 

independent of our DREADDs transfection (Gomez et al., 2017; MacLaren et al., 2016). 

While we believe this is unlikely to be the primary factor due to the positive visualization 

of our fluorescent markers (Figure 4.2 DE), doses below the known 5 mg/kg threshold, and 

the absence of expected observable behavioral changes in our observations, it is still 

possible that off-target CNO effects may have been a contributing factor in our results 

(Jendryka et al., 2019; MacLaren et al., 2016). However, if compounding off-target effects 

are present, the exclusive detection of significance in our asymmetrical ladder as compared 
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to the symmetrical ladder should further bolster our claim to the sensitivity of our new 

assay. 

 Angled rungs are not only an attractive tool for investigation of locomotor changes 

after genetic manipulation, we speculate that they may also be able to detect deficits in the 

early onset of disease or to tease apart locomotor shifts during later stages of recovery. 

While genetic manipulation is of keen interest for therapeutic interventions after disease or 

injury, it is important to note that the biochemical mechanisms evaluated in this study are 

not likely observed in nature. As such, additional studies in a well-established preclinical 

model of neurological disorders wherein modest locomotor deficits are expressed will 

identify whether angled rungs are capable of distinguishing subtle locomotor differences 

over a longitudinal study. These data can be applicable in the administration of time-

sensitive interventions. 

The present study demonstrates the ability of angled rungs to elaborate error rates 

that may be overlooked by standard ladders by introducing different locomotion paths to 

contralateral limb pairs. Our asymmetrical ladder also has a high degree of flexibility, 

modularity, and reusability and can be applied to upgrade standard ladder locomotor 

analyses, including those for other animal models (Farr et al., 2006). Our design enables 

for easy visualization of limb stepping and, as such, future additions to our design may also 

include adding multi-camera, high-speed motion capture kinematics. This could provide 

keen insight into differences in step kinematics during locomotion across standard and 

asymmetrical ladders that which are not grossly observable in standard ladder evaluation 

methods. 
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Conclusion 

We present an angled rung modification to the standard horizontal ladder walking 

task to increase the neural burden of foothold selection during the task. Angled rungs are 

able to achieve high sensitivity to detect subtle changes in locomotion by decoupling cross 

limb transfer. As such, our proposed design is a novel means to dissect changes in 

locomotion that may have been overlooked using standard horizontal ladders. Importantly, 

we believe our design can progress the current understanding of locomotor changes in the 

early onset of disease, between higher levels of recovery, or that occur by external 

manipulation.  
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CHAPTER 5: USING CHEMOGENETICS TO UNCOVER NEURAL 
PLASTICITY AND BEHAVIORAL CHANGES AFTER INJURY  

The studies that are outlined in this chapter support our efforts to investigate 

Specific Aim 2: To determine whether selective expression of excitatory DREADDs 

in large diameter peripheral afferents influences recovery from SCI.  

 

Introduction 

Individuals with spinal cord injury (SCI) have pronounced sensory and motor 

dysfunction below the level of injury, often resulting in significant long-term disability. It 

is well established that damage to sensorimotor pathways after SCI cause changes in 

synapses within neural circuitry, acutely and chronically. Behavioral improvements are 

often marked by the strengthening and rewiring of damaged and spared connections (Burns 

et al., 1997; Waters et al., 1996). As discussed in Chapters 1 and 2, an important contributor 

to recovery is activity of peripheral afferents that enter through the dorsal roots (Bouyer & 

Rossignol, 2003, 1998; Capogrosso et al., 2013; Takeoka, 2019; Takeoka et al., 2014; 

Takeoka & Arber, 2019). Demonstrated in studies with EES, increased activation of these 

afferents, particularly of the proprioceptors, after SCI can modulate synaptic connections 

that drive agonist and antagonist muscle recruitment directly or indirectly (Hypotheses 1 

and 2) and that relay sensory information to supraspinal centers for motor correction and 

learning (Hypothesis 3) (for recent review of hypothesized plasticity mechanisms, see 

Eisdorfer et al., 2020 and Chapter 2 of this Thesis). However, studies with EES often 

require a tether and cannot functionally map the neurons that are affected (Spataro et al., 
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2005; Thelin et al., 2011). As such, the molecular changes, such as afferent plasticity within 

the spinal cord, that occur with increased activity remain largely unknown. 

Understanding the neural adaptations that underlie behavioral improvements would 

be beneficial in the development of combined therapies and personalized medicine. As of 

late, identification of a suitable substitute for EES that can function to boost peripheral 

afferent activity while also enabling neural tracing in postmortem histology has not yet 

been established. Here, we investigated hM3Dq (excitatory) Designer Receptors 

Exclusively Activated by Designer Drugs (DREADDs) as a potential candidate. 

DREADDs are chemogenetic receptors that enable for targeted neural modulation in freely 

behaving animals through selective binding of its ligand (Roth, 2016). hM3Dq DREADDs 

work through the Gq G-protein coupled pathway to increase neuronal firing by activating 

the phospholipase-C cascade, thereby altering intracellular calcium release. DREADDs 

delivery method can be via adeno-associated virus (AAV) vectors which are advantageous 

as they can also encode for a fluorescent tag (Haery et al., 2019), permitting postmortem 

characterization of targeted neurons and the second-order neurons they influence.  

We sought to discover whether hM3Dq DREADDs can give keen insight into the 

plasticity mechanisms that underlie recovery with increased activation of peripheral 

afferents (Hypotheses 1-3), particularly in the motor pools and Clarke’s column – two 

regions of interest where important synaptic changes might occur. Increased direct or 

indirect (e.g., through interneurons) afferent activation of neurons in motor pools can 

increase appropriate activation/inactivation of agonist/antagonist muscle groups during 

training and rehabilitation (Dimitrijevic et al., 1998; Guertin, 2012; Hultborn et al., 1971; 

Mears & Frank, 1997). Furthermore, Clarke’s column (nucleus dorsalis or Clarke’s 

nucleus), which is located within the thoracic and lumbar spinal segments, contains dorsal 
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spinalocerebellar (dSC) tract neurons that can relay proprioceptive sensory signaling from 

the hindlimb to cortical motor centers (Aoyama et al., 1988; Bosco et al., 2000; Bosco & 

Poppele, 2003; Edgley & Gallimore, 1988; Hantman & Jessell, 2010; Kim et al., 1986; 

Sengul & Watson, 2012). Strengthening spared circuitry within this region may contribute 

to increased coordination of movement, motor learning, and motor correction after injury.  

In this study, we expressed hM3Dq DREADDs in large diameter peripheral 

afferents innervating the lumbar spinal cord and used a combination of kinematics analysis, 

a behavioral assay, and postmortem histology to gain a holistic understanding of the 

influence DREADDs has in the hindlimb after SCI. We compared our results to a control 

cohort that was administered AAV with only a fluorescent tag. In animals expressing 

DREADDs, we report higher densities of fluorescent axons in the motor pools and Clarke’s 

column of the lumbar spinal cord, indicating that increased activation of these afferents by 

DREADDs resulted in increased afferent sprouting and synaptogenesis onto interneurons 

and motorneurons. Our observed changes in neural circuitry may support the proposed 

plasticity mechanisms that are outlined in Eisdorfer et al. (2020) and Chapter 2 of this 

Thesis. Analyses on joint/limb kinematics for five joints in the hindlimb – anterior superior 

iliac spine (ASIS), greater trochanter (hip), knee, ankle, and metatarsophalangeal (MTP) 

joints – reveal that chronic DREADDs activation leads to increased overall hindquarter 

height (indicated by the ASIS joint), which may indicate increased motorneuron activation 

and muscle recruitment especially in muscles about the hip joint. Future work, such as 

using C-Fos to examine and map changes in interneuronal networks, could seek to more 

directly tie changes in kinematics to observed changes in plasticity. 
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Materials and methods 

Experimental design 

This study required an experimental group and a control group. For the 

experimental group, AAV2 encoding excitatory DREADDs (hM3Dq) and an mCherry 

fluorescent tag was injected into L2-L5 (lumbar) dorsal root ganglia (DRG). For the control 

group, a viral construct with expression of only mCherry was instead injected into the L2-

L5 DRG. We targeted afferents in these DRG because (1) these afferents innervate muscles 

about the hip and leg and (2) these are the same afferents recruited by EES (Courtine et al., 

2009; Lavrov et al., 2008; Nakajima et al., 2008). All animals received a right-side 

hemisection SCI and were administered intraperitoneal (IP) injections of clozapine-N-

oxide (CNO) at a dosage of 4 mg/kg 3 times per week for the duration of the study 

(Jendryka et al., 2019; Eisdorfer et al., in prep).  

The overview of the timeline of experiments is listed in Table 5.1 and methodology 

is described below. Data gathered pre-lesion was used as a gold standard for full recovery, 

and data from one week post-lesion was used as a baseline from which functional recovery 

was assessed. Treadmill training, which is widely accepted to be necessary for recovery 

after SCI (Côté et al., 2017; Sandrow-Feinberg & Houlé, 2015), occurred three times per 

week. High-speed multi-camera motion capture data was gathered on the third training 

session on appropriate weeks. Training concluded after 6 weeks post-injury. At the 

beginning of 7 weeks post-injury, we gathered kinematics data in the absence of CNO. 

From these data, we investigated if changes observed in joint/limb kinematics are 

dependent on activation of excitatory DREADDs.  
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Table 5.1. Timeline of procedures and experiments. 

 

Kinematics recordings were analyzed with DeepLabCut computer software, which 

estimates marker postures based on transfer learning with pattern-recognizing, deep neural 

networks (Mathis et al., 2018; Nath et al., 2019). For each video, DeepLabCut provides an 

output file for each camera containing 2D coordinates (x and y) of joint locations. 

Coordinates from multiple camera capture volumes can be used to reconstruct joint/limb 

kinematics in 3D using a customized software (Maghsoudi et al., 2019). Perfusion, 

dissection, and post-mortem histology (including mCherry axonal density quantification in 

the lumbar spinal cord) followed thereafter. 

Subjects  

Twenty male and female Long-Evans rats (200-225 g) were obtained from Charles 

River Laboratories Inc. (Wilmington, Massachusetts) and housed in pairs with access to 

food and water ad libitum. Animal holding rooms are maintained on a 12-hour light/dark 

cycle and experiments were conducted during the light phase. Experiments and animal 

Week Experiment(s) 
N/A DRG injection 
N/A Marker application 
-1 Treadmill training (3x), Healthy baseline Kinematics on last day 
0 Hemisection spinal cord lesion 
1 Treadmill training (3x), SCI baseline Kinematics on last day 
2 Treadmill training (3x), Kinematics on last day 
3 Treadmill training (3x) 
4 Treadmill training (3x), Kinematics on last day 
5 Treadmill training (3x) 
6 Treadmill training (3x), Kinematics on last day 
7 Kinematics without CNO 
8 Perfusion 

9+ Perfusion (continued), Post-mortem histology 
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handling under experimental protocol #4675 (Dr. Andrew J. Spence) was in strict 

accordance of guidelines set by Temple Universities’ Institutional Animal Care and Use 

Committee (IACUC) and National Institute of Health (NIH). Animals were immediately 

terminated if they reached predetermined humane endpoints. 

 Surgical procedures 

Surgeries were performed under aseptic conditions. Animals were anesthetized 

with a combination of ketamine (100 mg/mL, Zetamine, Vet One, Boise, ID), xylazine 

(100 mg/mL, AnaSed, Lloyd Laboratories, Shenandoah, IA), and sterile saline via IP 

injection and maintained at this surgical level with supplemental doses as needed. 

Musculature and skin were closed with 4-0 chromic gut sutures (DemeTECH, Miami 

Lakes, FL) and surgical skin staples, respectively. After surgery, animals were 

administered 10 cc sterile saline. Cefazolin (0.5 g Cefazonlin powder reconstituted in 

sterile saline, Cat. No. NDC #0143-9923-90, Hikma Pharmaceutical USA, Inc., 

Eatontown, NJ) and analgesic (Rimadyl, 1 mg tablet, Cat. No. MD150-2, Bio-Serv, 

Flemington, NJ) was also given after surgery and for two additional days thereafter. 

DRG injection surgeries 

Methodology for dorsal root ganglia (DRG) injections of excitatory DREADDs is 

described in chapter 4 (AAV2-hM3Dq DREADD-mCh). To allow for direct comparison 

to animals with excitatory DREADDs, control cohorts were instead injected with a viral 

construct encoding expression of only mCherry (AAV2-mCh). Due to the COVID-19 

pandemic, there was a mandatory gap of 5 months between DRG injections and 

continuation of the study. However, animals have been routinely monitored by ULAR 
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veterinarians and myself for abnormal gait, distress, neurological signs of pain, and atypical 

growths that may be or become cancerous. At the start of continuation of the study, we 

report no aberrant motor behavior, a normal disposition to being handled, and no detectable 

anomalous masses. 

Marker application 

To identify hindlimb joints in kinematics recordings and subsequently reconstruct 

their locations in 3D space, we used markers as joint indicators. Markers were applied to 

the following joints: the iliac crest (ASIS), the greater trochanter (hip rotation center), the 

knee, the ankle, and the metatarsophalangeal joint (MTP or toe joint). Markers, and 

therefore hindlimb joints, were easily detected with computer software from surrounding 

skin pixels in the camera capture volume. We used a combination of tattoo application and 

Sharpie markings for marker application. Unlike sticky retroreflective markers, tattoos and 

Sharpie markings are advantageous as they do not agitate the animals and do not affect 

their locomotion. Tattoos are also advantageous as they are long-lasting.  

Tattoos have been applied using the General Rodent Tattoo System (Cat. No. ATS-

3, Animal Identification and Marking Systems, Inc., Hornell, NY) with methods described 

by the manufacturer.  In brief, animals were induced with 3.5 – 4.5% isoflurane anesthesia 

with oxygen flow at 1 l/min and maintained at 1.5 – 2%. The right hindlimb and right-side 

abdomen was shaved and the skin cleaned using a cleanser provided by the manufacturer 

(Animal Tissue Cleanser Concentrate, Animal Identification and Marking Systems, Inc., 

Hornell, NY) and pat dry with sterile gauze. The needle of the tattoo machine was 

generously coated with blue ink and the distal third of the needle was inserted 

perpendicular to the skin. The skin covering the iliac crest, greater trochanter, and knee 
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joints was tattooed in 2 cm horizontal or vertical movements and dipped back into the ink 

as needed. Tattoos were not be applied to the ankle and MTP as these joints can be marked 

with Sharpie with light restraint on the day of video capture. A liberal amount of triple 

antibiotic ointment was applied onto tattooed skin to prevent irritation and scab formation. 

Sharpie markings were applied over the tattoos and on the ankle and MTP joints 

immediately prior to video capture. This ensures that markings are discrete from 

surrounding pixels for the marker tracking software.  

Hemisection SCI 

A skin incision was made between spinal cord segments T4 – T12 and paravertebral 

muscles were retracted using a 1 mm rongeur (Friedman bone rongeurs, Fine Science 

Tools, Foster City, CA) to expose the dorsal side of the vertebral columns. A partial 

laminectomy was performed using the same rongeurs to expose spinal cord segments T9 – 

T11. Lidocaine was applied on the exposed spinal cord and followed by a complete 

hemisection of the right hemicord at T10 with a 25 Gauge 1.5” needle and Vannas Spring 

scissors (Cat. No. 15000-00, Fine Science Tools, Foster City, CA). Care was taken to 

ensure all appropriate tissue is cut. Recovery gelled food (DietGel, ClearH2O, Portland, 

ME) was provided to animals for one week following surgery. Bladder function was not 

compromised with this injury. Chlorhexidine gluconate 0.2% (Dermachlor Rinse, Cat. No. 

006356, Covetrus, Portland, ME) and liquid bandage (New-Skin, Cedar Knolls, NJ) was 

applied to the left hind paw throughout the course of the study to discourage autophagia. 

Animals were immediately terminated if they reach defined humane endpoints, such as the 

presentation of neurological signs of pain.  
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BBB scoring 

The BBB locomotor rating scale is a 21-point scoring system that assesses motor 

behavior post-injury. Scoring methodology is described by Basso et al. (1995). In brief, 

scoring sessions began when a rat is individually placed in a small wading pool with a 

smooth floor. Animals were assessed for hindlimb joint movements, trunk and abdomen 

positions, paw placement, stepping patterns, coordination, toe clearance, predominant paw 

position, trunk stability, and tail position. Animals that remain stationary for longer than 

20 sec are enticed to move or picked up and moved to the center of the pool, taking care to 

avoid stimulation of the hindlimbs. In the case of ambiguous movements, we default to 

assignment of a score that indicates a greater deficit. Sessions last approximately 5 min. 

Motor movements (or lack thereof) can be captured and generalized using the BBB rating 

scale: a score of 0-7 is observed when there is little or no hindlimb joint movements and is 

usually recorded immediately following injury; a score of 8-13 indicates an intermediate 

stage of recovery with uncoordinated stepping patterns; and a score of 14-21 suggests 

higher levels of recovery, usually accompanied by fore- and hindlimb coordination (Basso 

et al., 1995).  

Although this study involves a right-side hemisection SCI model, we scored both 

left and right hindlimbs as both ipsilateral and contralateral neural circuits are affected by 

the injury. Importantly, BBB scoring sessions took place in the absence of CNO and prior 

to treadmill training to prevent variability caused by fatigue. Two trained individuals were 

present for each scoring session. 
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Treadmill training 

Treadmill training consists of tri-weekly locomotion at the following 5 speeds: 16, 

20, 24, 28, and 32 cm/s. Training sessions take approximately 25 min, with animals 

locomoting at each speed for 4 min and recovering for 1 min between speeds. Animals 

receive an IP injection of clozapine-N-oxide (CNO) at a dosage of 4 mg/kg 30 min prior to 

sessions. Training takes place in a multi-lane treadmill with 4 or 5 animals simultaneously 

training in individual lanes that are separated by plexiglass.  

Data recording 

3D kinematic data was captured on a custom color two-camera acquisition system 

at a frame rate of 300 Hz (Robertson, 2016). At the start of each day of motion capture, we 

calibrated the capture volume using a 3D object that has defined (x, y, z) positions relative 

to a known origin. Calibration enables the generation of direct linear transforms (DLT) 

coefficients for each camera and subsequent 3D reconstruction of locations of features with 

sub millimeter accuracy (Hendrick, 2008). Movements were tracked in real-time using 

computer vision tools and observation to prevent animals from leaning on the plexiglass 

during walking bouts. Locomotion was captured synchronously by the two-camera high-

speed system when an animal remained in the center of the treadmill belt for at least 4 

seconds while the belt is in motion. Consistent, rapid, and objective videos of steady state 

locomotion are acquired for 5 trials at each of the 5 speeds.  

Marker tracking with DeepLabCut 

With DeepLabCut (DLC) methods described in Mathis et al. (2018) and Nath et al. 

(2019), we estimated the locations of the ASIS (iliac crest), hip (greater trochanter), knee, 
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ankle, and MTP joints in kinematics recordings. While DLC is a powerful software, its 

deep neural networks cannot recognize novel patterns of marker postures. Importantly, at 

each stage of recovery, marker postures may appear different and thus may not be 

recognized by the software. To account for variations in limb kinematics/marker locations 

during the time course of the study, we created a neural network with a customized 

configuration file at the beginning of the study and then continuously added to this network 

each time we collected a kinematics dataset (see Table 5.1 for experimental design). For 

each kinematics dataset, we manually tracked joint locations on approximately 1200 

consecutive frames per camera using a DLC “labeling” graphical user interface (GUI) and 

then retrained the neural network. We aimed to create a powerful network that may be able 

to estimate joint locations in subsequent studies without the requirement of manual 

initialization.  

Once the neural network is trained, DLC predicted marker postures for the entire 

kinematics dataset. Detection errors were extracted and labels were redefined in frames 

with incorrect predictions using a DLC “refine labels” GUI. We had great success with 

minimal network retraining. For each video DLC analyzes, it outputs a CSV file containing 

2D (x and y) coordinates of each joint for each frame (1000 frames per video) for each 

camera. These data were used for subsequent 3D reconstruction and analysis. 

3D Reconstruction and Kinematic Analysis 

To calibrate the camera capture volume, DLT coefficients from each camera are 

generated using a GUI designed by Hendrick (2008). Using a GUI designed by Haji 

Maghsoudi et al. (2019), we input the 2D coordinates of joint locations and the DLT 

coefficients from each camera to generate 3D renderings of joint locations. To extract joint 
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features, we define one stride as a full cycle of hindlimb movement, comprised of swing 

and stance phases. The swing phase consists of the time between when the hindpaw is lifted 

off of the treadmill belt (toe off) to the time it contacts the belt again (toe on). The stance 

phase is the time between the initial contact of the hindpaw with the belt to the time it lifts 

off again. The following features are computed from the GUI designed by Haji Maghsoudi 

et al. (2019): angles for the ankle, hip, and ASIS; distances between adjacent joints; and 

distances between each of the joints and the treadmill belt (joint heights). Feature values 

are also calculated individually for swing and stance phases. The GUI is capable of 

differentiating between speeds and combining multiple trials of the same speed.  

Histology 

Methodology for perfusion and dissection of L2-L5 spinal segments and post-

mortem histological analysis with dsRed/Alexa Fluor 594 is described in Chapter 4.  

Using gross inspection, spinal cord from T8-T12 spinal segments (site of SCI) were 

dissected, post-fixed for 24-48 hours (4°C), and transferred to sucrose for 3-5 days. Spinal 

cord tissue was embedded in OCT cryostat sectioning medium, sectioned coronally using 

a cryostat, and immediately affixed to Colorfrost Plus microscope slides (Cat. No. 12-550-

18, Fisher Scientific, Hampton, NH). Hemisection injury sizes were assessed using 

Hematoxylin and Eosin (H&E) staining. Prior to staining, slides were incubated in 4% 

paraformaldehyde in phosphate buffered solution (PBS) and PBS and then placed on a slide 

warmer to better adhere tissue sections to slides. Tissue was then stained with H&E using 

methods from the manufacturer (Cat. No. 54348, ScyTek Inc., Logan, Utah). In brief, 

sections were washed with xylene and rehydrated with a series of decreasing ethanol 

concentrations ranging from 100% to 70%. Sections were rinsed with deionized water, 
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stained with hematoxylin, washed with acid alcohol, and stained with eosin Y.  A series of 

95% and 100% ethanol concentrations was used to dehydrate the tissue, followed by xylene 

and Citrisolv washes. Slides were coverslipped with Cytoseal 60 (Cat. No. 8310-4, Thermo 

Fisher Scientific, Waltham, MA) and then left to dry under the fume hood.  

Images of fluorescent tissue were acquired using a Zeiss microscope (Jena, 

Germany) at 10x magnitude. Sections with H&E stain were imaged using a Nikon Eclipse 

80i microscope (Melville, NY) at 4x magnitude. Images of the same tissue were stitched 

together using Adobe Photoshop.  

Healthy spared tissue quantification 

Healthy spared tissue was quantified using the NIS-Elements Basic Research 

program (Nikon, 2011). At the epicenter of the hemisection SCI of coronal sections, 

custom regions of interest (ROIs) were generated for individual animals. ROIs were 

converted from pixels2 to mm2 with scale bars that were annotated on images at the time 

of capture on the Nikon Eclipse 80i microscope.  

Quantification of mCherry axonal densities in the lumbar spinal cord 

Axonal projections of neurons transfected with AAV2-mCh (controls) or AAV2-

hM3Dq DREADD-mCh are visible under fluorescent microscopy. Five lumbar spinal cord 

segments L2-L5 from each animal with detectable axonal fluorescence were analyzed for 

mCherry axonal density. Each section was at least 300 µm apart. Axon densities were 

quantified using the NIS-Elements Basic Research program. Two ROIs were defined – the 

motor pools and Clarke’s column – and uniform across all animals. For each ROI, a 

threshold was set to eliminate background autofluorescence. mCherry fluorescence was 
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determined as a fraction of the total area of the ROI. As described in Chapter 4, proportional 

data have resultant values that lie between 0 and 100 percent, which skews the variance 

and risks invalidating evaluation of statistical significance (Sokal & Rohlf, 1995). To 

enable for statistical analysis, we removed the variance from the means of the data by 

applying an arcsine transformation as described by Sokal and Rohlf (1995). 

Animal numbers and statistical analysis 

Animal numbers were determined by power analysis (G*Power 3) using previous 

data or published literature. Histological analysis and motor score differences with t-tests 

requires a sample size of n=8 animals per group to detect a minimum change of 25% 

between the means with an alpha of 0.05 and 95% power. To detect a minimum 25% 

change in joint/limb kinematics, however, a power analysis for mixed effects design with 

12 measurements (strides) at a 0.25 correlation between strides requires n=15 animals per 

group. Significant differences post-injury were not considered if they were also found in 

the pre-injury condition. A p-value < 0.05 will be considered statistically significant. Data 

is represented in box and whisker plots.  

Over the past two years, we developed our cutting-edge techniques, including 

refining DRG injection surgeries without tissue injury and quantifying the power of 

excitatory DREADDs in cell cultures. As such, we have made adjustments to our animal 

numbers to complete the study in the allotted 3 years. In this study, we directly compare 

hemisected animals expressing excitatory DREADDs to controls expressing AAV2-

mCherry. These changes still support our Specific Aims. Due to the COVID-19 pandemic, 

we have had to make additional adjustments to animal numbers within groups for realistic 

completion of the study. Although animal numbers are lower than the original design, they 
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are high by standards of SCI studies (Lavrov et al., 2008; Moraud et al., 2018; Ollivier-

Lanvin et al., 2010). 

 

Results 

Healthy spared tissue at epicenter of hemisection SCI is similar between groups 

Spared tissue was considered healthy if it was intact and had uniform H&E-stained 

color. Examples of stained spared tissue of controls and DREADDs animals are shown in 

Figure 5.1 A and B, respectively. Spared tissue consisted of the entirety of the left 

hemicord, including the dorsal and ventral horns. There were no significant differences in 

healthy spared tissue (and putatively hemisection sizes) between groups (controls = 2.26 ± 

0.26 mm2; n=6; DREADDs animals = 2.07 ± 0.51 mm2; n=8; mean ± SD; p=0.39; t-test).  

mCherry axonal densities in the lumbar spinal cord are higher in the DREADDs group 

From previously published data, we report a 42% transfection rate of AAV2 viral vectors 

in neurons of the DRG across groups (Eisdorfer et al., 2021). In this study, we injected 

right lumbar DRG L2-L5 with either excitatory DREADDs or control virus (Figure 5.2A). 

Neurons expressing mCherry were observed in DRG of controls (Figure 5.2B) and 

DREADDs animals (Figure 5.2C) as well as in corresponding lumbar spinal cord segments 

(Figure 5.2D and E, respectively). DRG and corresponding spinal cord of the same animal 

are presented (e.g., Figure 5.2BD is imaged from the same animal, as was Figure 5.2CE). 

Sections show that mCherry fluorescent axons synapse in multiple laminae, the lamina of 

the ventral horn (comprises of the motor pools) and lamina VII (comprises of Clarke’s 

column). Density of mCherry axons in the motor pools and Clarke’s column were 
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compared between groups (Figure 5.2F). We report a significantly higher density of 

mCherry axons in the motor pools of DREADDs animals (controls = 0.078 ± 0.027; n=4; 

DREADDs animals = 0.172 ± 0.024; n=6; mean ± SD; p=0.00053; t-test). Additionally, 

DREADDs animals show significantly higher density of mCherry axons in the Clarke’s 

column (controls = 0.128 ± 0.033; n=4; DREADDs animals = 0.228 ± 0.059; n=6; mean ± 

SD of arcsine transformed data; p=0.021; t-test). 

 

 

 

 

 

 

 

Figure 5.1. Groups do not exhibit differences in spared tissue at the epicenter of the 
hemisection. (AB) Hemisection epicenter of control (A) and DREADDs (B) animals. (C) We did 
not find any statistical significance between in healthy spared tissue (and putatively hemisection 
sizes) between groups (controls = 2.26 ± 0.26 mm2; n=6; DREADDs animals = 2.07 ± 0.51 mm2; 
n=8; mean ± SD; p=0.39; t-test). 
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Figure 5.2. DREADDs animals show greater densities of mCherry axons in the motor pools 
and Clarke’s column. (A) Illustrative schematic of L2-L5 right DRG injected with excitatory 
DREADDs or control virus. (B-E) DRG and corresponding lumbar spinal cord of control (BD) and 
DREADDs (CE) animals. (F) There was significantly higher density of mCherry axons in 
DREADDs animals within the motor pools (controls = 0.078 ± 0.027; n=4; DREADDs animals = 
0.172 ± 0.024; n=6; mean ± SD; p=0.00053; t-test) and in Clarke’s column (controls = 0.128 ± 
0.033; n=4; DREADDs animals = 0.228 ± 0.059; n=6; mean ± SD of arcsine transformed data; 
p=0.021; t-test). 
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DREADDs animals have higher BBB motor scores upon study completion 

We did not observe any deficits in left or right hindlimbs in any animals in the week 

preceding lesion surgeries (Figure 5.3). There was a minimal range of motor dysfunction 

following injuries, with each animal experiencing severe loss of function in the right 

hindlimbs (Figure 5.3A). We did not observe any significant differences in motor scores 

one week post-injury (controls = 6.12 ± 2.32; n=6; DREADDs animals = 8.0 ± 2.62; n=8; 

mean ± SD; p=0.2; t-test). However, DREADDs animals did have significantly higher 

scores in the final week of the study (controls = 12.0 ± 0.0; n=6; DREADDs animals = 

12.75 ± 0.46; n=8; mean ± SD; p=0.002; t-test).  

We also found that there was a loss of function in the left hindlimbs, albeit to a 

much lesser extent than the right hindlimbs (Figure 5.3B). It is important to note that unless 

the animal can keep its tail lifted, the highest score the left hindlimb can be awarded is 19. 

Since all animals did not reach a level of recovery that allowed for its tail to remain lifted, 

the motor scores of the left hindlimb were restricted to a score of 19. 

DREADDs animals display lower joint heights, more extended hip joint angles, and 
shorter strides in the acute stage of injury 

In accordance with Tukey’s rule (Hoaglin, 2003; Tukey, 1977), for all kinematics 

data, values outside 1.5 times the interquartile range of the respective feature, week, and 

speed were omitted from the following analyses. Strides are examined as a whole as well 

as broken into swing and stance phases. Low speeds include 16 and 20 cm/s, the mid-range 

speed was 24 cm/s, and high speeds include 28 and 32 cm/s. Five joints in the right 

hindlimb were examined for their joint/limb kinematics: anterior superior iliac spine 

(ASIS), hip, knee, ankle, and metatarsophalangeal (MTP) joints.  
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Kinematics analyses reveal multiple significant data at the acute stage of injury. 

The following results refer to analyses performed on kinematics data from week 1. Control 

animals display a higher ASIS joint in the swing phase at high speeds (32 cm/s, week 1: 

controls = 43.98 ± 1.76 mm; n=6; DREADDs animals = 38.95 ± 17.18 mm; n=8; mean ± 

SD; p= 0.047; t-test; Figure 5.4A). Controls also have significantly higher ankle joints in 

the swing phase at high speeds (28 cm/s, week 1: controls = 16.32 ± 0.85 mm; n=6; 

DREADDs animals = 17.27 ± 4.42 mm; n=8; mean ± SD; p=0.0048; t-test; 32 cm/s, week 

1: controls = 17.19 ± 1.14 mm; n=6; DREADDs animals = 16.79 ± 4.64 mm; n=8; mean ± 

SD; p=0.008; t-test; Figure 5.4B). DREADDs animals, however, display significantly more 

extended hips in the swing phase at high speeds (32 cm/s, week 1: controls = 118.55 ± 8.16 

Figure 5.3. DREADDs animals have higher BBB motor scores at the end of the study. Animals 
did not show any deficits in either hindlimb prior to SCI. (A) There were no significant differences 
in motor scores one week post-injury (controls = 6.12 ± 2.32; n=6; DREADDs animals = 8.0 ± 
2.62; n=8; mean ± SD; p=0.2; t-test). DREADDs animals did, however, exhibit significantly higher 
scores in the final week of the study (controls = 12.0 ± 0.0; n=6; DREADDs animals = 12.75 ± 
0.46; n=8; mean ± SD; p=0.002; t-test). (B) A moderate loss of function was observed in the left 
hindlimbs. Motor scores were restricted to a score of 19 because, due to the right-side hemisection, 
animals in both groups could not keep their tails lifted for the duration of the scoring session. 
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deg; n=6; DREADDs animals = 129.43 ± 7.54 deg; n=8; mean ± SD; p=0.047; t-test; Figure 

5.4C). The standard deviation of each joint angle was compared to examine the differences 

in variability between groups. In the stance phase of the mid-range speed, the ankle joint 

angle is more variable in the control group (24 cm/s, week 1: controls = 20.88 ± 2.37 mm; 

n=6; DREADDs animals = 16.20 ± 2.84 mm; n=8; mean ± SD; p=0.013; t-test; Figure 

5.4D). Some step attributes include step duration (the length of time a stride takes), step 

height, and step length (distance traveled throughout the stride). When observing the stride 

as a whole, control animals were observed to have longer step duration at mid-range speeds 

(24 cm/s, week 1: controls = 0.62 ± 0.07 s; n=6; DREADDs animals = 0.55 ± 0.05 s; n=8; 

mean ± SD; p=0.04; t-test; Figure 5.4E); higher step height at low speeds (16 cm/s, week 

1: controls = 14.19 ± 2.54 mm; n=6; DREADDs animals = 11.96 ± 5.02 mm; n=8; mean ± 

SD; p=0.016; t-test;  Figure 5.4F).; and longer step length at high speeds (32 cm/s, week 1: 

controls = 25.25 ± 4.25 mm; n=6; DREADDs animals = 12.21 ± 1.82 mm; n=8; mean ± 

SD; p=0.0004; t-test; Figure 5.4G). 

DREADDs animals have higher ASIS and hip joints in the more chronic stages of injury 

The following results refer to analyses performed on kinematics data from week 6. In the 

more chronic stages of injury, we observed multiple instances of significantly higher or 

trending higher ASIS joints in the DREADDs group from low to mid-range speeds in the 

overall stride (16 cm/s, week 6: controls = 57.57 ± 2.41 mm; n=6; DREADDs animals = 

65.83 ± 6.20 mm; n=8; mean ± SD; p=0.017; t-test; 20 cm/s, week 6: controls = 61.86 ± 

7.50 mm; n=6; DREADDs animals = 68.05 ± 7.44 mm; n=8; mean ± SD; p=0.15; t-test; 

24 cm/s, week 6: controls = 58.82 ± 2.15 mm; n=6; DREADDs animals = 69.12 ± 9.11 

mm; n=8; mean ± SD; p=0.03; t-test; Figure 5.5A). In the stance phase, we observed higher 
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ASIS joints of DREADDs animals (16 cm/s, week 6: controls =57.74 ± 2.18 mm; n=6; 

DREADDs animals = 65.84 ± 5.94 mm; n=8; mean ± SD; p=0.015; t-test; 20 cm/s, week 

6: controls = 59.16 ± 4.31 mm; n=6; DREADDs animals = 67.82 ± 7.23 mm; n=8; mean ± 

SD; p=0.035; t-test; 24 cm/s, week 6: controls = 58.70 ± 2.41 mm; n=6; DREADDs animals 

= 68.77 ± 8.86 mm; n=8; mean ± SD; p=0.032; t-test; Figure 5.5B). Further, in the swing 

phase, DREADDDs also had significantly higher ASIS joint heights (16 cm/s, week 6: 

controls = 57.06 ± 3.46 mm; n=6; DREADDs animals = 65.81 ± 7.10 mm; n=8; mean ± 

SD; p=0.027; t-test; Figure 5.5C; 32 cm/s, week 6: controls = 62.68 ± 1.98 mm; n=6; 

DREADDs animals = 70.00 ± 5.57 mm; n=8; mean ± SD; p=0.034; t-test; Figure 5.4A) as 

well as hip joint heights (16 cm/s, week 6: controls = 43.26 ± 3.31 mm; n=6; DREADDs 

animals = 50.38 ± 4.45 mm; n=8; mean ± SD; p=0.013; t-test; Figure 5.5D). Control 

animals have significantly longer step durations at the mid-range speed (24 cm/s, week 6: 

controls = 0.55 ± 0.014 s; n=6; DREADDs animals = 0.50 ± 0.045 s; n=8; mean ± SD; 

p=0.036; t-test; Figure 5.5E). 

Joint angle variability 

We compared the standard deviation of each joint angle to investigate differences 

in variability between groups. The following results refer to analyses performed on 

kinematics data from weeks 6. We observed a significantly larger standard deviation in 

DREADDs animals in the hip joint angle in the stance phase (24 cm/s, week 6: controls = 

12.18 ± 1.56 deg; n=6; DREADDs animals = 14.83 ± 2.30 deg; n=8; mean ± SD; p=0.032; 

t-test; Figure 5.6A). The control cohort, however, had significantly larger variability in the 

knee and ankle joint angles in the swing phase (knee joint angle standard deviation; 16 

cm/s, week 6: controls = 11.29 ± 0.70 deg; n=6; DREADDs animals = 9.76 ± 1.26 deg; 
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n=8; mean ± SD; p=0.035; t-test; 20 cm/s, week 6: controls = 11.12 ± 0.16 deg; n=6; 

DREADDs animals = 9.73 ± 0.89 deg; n=8; mean ± SD; p=0.0066; t-test; Figure 5.6B; 

ankle joint angle standard deviation; 16 cm/s, week6: controls = 30.30 ± 2.78 deg; n=6; 

DREADDs animals = 22.64 ± 5.85 deg; n=8; mean ± SD; p=0.02; t-test; Figure 5.6C). 

Withdrawal of CNO elicits a buckling phenomenon in DREADDs animals 

In the week following completion of the study (e.g., week 7), we subjected animals 

to run on the treadmill in the absence of CNO to determine if CNO is required to see 

locomotor changes observed with DREADDs activation. To ensure scientific rigor, in week 

8, we administered CNO and subjected animals to run on the treadmill again. To avoid 

progressing recovery due to continued treadmill training, we did not exercise animals 

between weeks 6 and 8, except for the 2 running bouts: without CNO (week 7) and CNO 

administration (week 8).  

We grossly observed a buckling phenomenon in DREADDs animals, whereby they 

would locomote normally, suddenly drop their hindquarters on the treadmill belt, and 

within  another  stride  or  two,  they  would  posturally  correct  their  error  and  lift  their 

hindquarters to walk normally again (Figure 5.7A; buckling event happened in Stride 2). 

Sometimes this would be followed by a second buckling event within the same trial. 

Buckling was not observed in any control animals. Figure 5.7B presents the height of the 

ASIS joint for one rat in week 6 (top, CNO administered), week 7 (middle, CNO 

withdrawal), and week 8 (bottom, CNO administered). Line plots represent trials (e.g., 5 

trials per speed) and points represent strides. In comparison to week 6, the ASIS joint height 

in week 7 is more instable, with dips in ASIS height corresponding to the buckling events 
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where the hindquarters dropped onto the belt. The ASIS joint returned to a more stable 

height in week 8 with CNO administration, albeit slightly less stable than in week 6.  

Quantifying this phenomenon was difficult as the event can be masked by normal 

strides that flank the buckling event. Here, we looked at ASIS height range within trials 

and then averaged them across speeds to prevent pseudoreplication. The buckling event 

would putatively present itself as a larger range in ASIS heights. There is a significantly 

higher ASIS height range in week 7 at a low speed (16 cm/s: week 6 = 17.5 ± 2.97 mm; 

week 7 = 24.01 ± 5.00 mm; week 8 = 17.77 ± 3.11 mm; n=8; mean ± SD; p=0.006; one-

way ANOVA and Tukey multiple comparisons test; Figure 5.7C) and a trend of higher 

ranges in week 7 in the mid-range speed (24 cm/s: week 6 = 19.40 ± 3.27 mm; week 7 = 

24.63  ± 3.74 mm; week 8 = 19.94 ± 4.78 mm; n=8; mean ± SD; p=0.085; one-way 

ANOVA and Tukey multiple comparisons test).  
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Figure 5.4. DREADDs animals display lower joint heights, more extended hip joint angles, 
and shorter strides immediately following injury. The following results refer to analyses 
performed on kinematics data from week 1. (A) Control animals display higher ASIS joints heights 
in the swing phase at 32 cm/s (controls = 43.98 ± 1.76 mm; n=6; DREADDs animals = 38.95 ± 
17.18 mm; n=8; mean ± SD; p= 0.047; t-test). (B) Controls also exhibit higher ankle joint heights 
in the swing phase at high speeds (28 cm/s: controls = 16.32 ± 0.85 mm; n=6; DREADDs animals 
= 17.27 ± 4.42 mm; n=8; mean ± SD; p=0.0048; t-test; 32 cm/s: controls = 17.19 ± 1.14 mm; n=6; 
DREADDs animals = 16.79 ± 4.64 mm; n=8; mean ± SD; p=0.008; t-test). (C) DREADDs animals 
show more extended hip joint angles in the swing phase at 32 cm/s (controls = 118.55 ± 8.16 deg; 
n=6; DREADDs animals = 129.43 ± 7.54 deg; n=8; mean ± SD; p=0.047; t-test). (D) Control 
animals have a larger standard deviation in angle joint angles at 24 cm/s (controls = 20.88 ± 2.37 
mm; n=6; DREADDs animals = 16.20 ± 2.84 mm; n=8; mean ± SD; p=0.013; t-test). (E-G) Control 
animals have longer step durations at 24 cm/s (E: controls = 0.62 ± 0.07 s; n=6; DREADDs animals 
= 0.55 ± 0.05 s; n=8; mean ± SD; p=0.04; t-test), higher step height at 16 cm/s (F: controls = 14.19 
± 2.54 mm; n=6; DREADDs animals = 11.96 ± 5.02 mm; n=8; mean ± SD; p=0.016; t-test), and 
longer step length at 32 cm/s (F: controls = 25.25 ± 4.25 mm; n=6; DREADDs animals = 12.21 ± 
1.82 mm; n=8; mean ± SD; p=0.0004; t-test). 
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Figure 5.5. DREADDs animals higher ASIS and hip joint heights at the end of the study. The 
following results refer to analyses performed on kinematics data from week 6. (A-C) DREADDs 
animals exhibit higher ASIS joint heights in the overall stride (A; 16 cm/s, week 6: controls = 57.57 
± 2.41 mm; n=6; DREADDs animals = 65.83 ± 6.20 mm; n=8; mean ± SD; p=0.017; t-test; 20 
cm/s, week 6: controls = 61.86 ± 7.50 mm; n=6; DREADDs animals = 68.05 ± 7.44 mm; n=8; 
mean ± SD; p=0.15; t-test; 24 cm/s, week 6: controls = 58.82 ± 2.15 mm; n=6; DREADDs animals 
= 69.12 ± 9.11 mm; n=8; mean ± SD; p=0.03; t-test), the stance phase, (B; 16 cm/s, week 6: controls 
=57.74 ± 2.18 mm; n=6; DREADDs animals = 65.84 ± 5.94 mm; n=8; mean ± SD; p=0.015; t-test; 
20 cm/s, week 6: controls = 59.16 ± 4.31 mm; n=6; DREADDs animals = 67.82 ± 7.23 mm; n=8; 
mean ± SD; p=0.035; t-test; 24 cm/s, week 6: controls = 58.70 ± 2.41 mm; n=6; DREADDs animals 
= 68.77 ± 8.86 mm; n=8; mean ± SD; p=0.032; t-test); and the swing phase (C; 32 cm/s, week 6: 
controls = 62.68 ± 1.98 mm; n=6; DREADDs animals = 70.00 ± 5.57 mm; n=8; mean ± SD; 
p=0.034). (D) The hip joint heights in the DREADDs group were also significantly higher than 
controls (16 cm/s, week 6: controls = 43.26 ± 3.31 mm; n=6; DREADDs animals = 50.38 ± 4.45 
mm; n=8; mean ± SD; p=0.013; t-test). (E) Control animals have longer step durations at 24 cm/s 
(controls = 0.55 ± 0.014 s; n=6; DREADDs animals = 0.50 ± 0.045 s; n=8; mean ± SD; p=0.036; 
t-test). 
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Figure 5.6. Variability between groups is joint-dependent. The following results refer to 
analyses performed on kinematics data from weeks 6. Data is represented as standard deviations. 
(A) DREADDs animals show a larger standard deviation in the hip joint angle in the stance phase 
at 24 cm/s (controls = 12.18 ± 1.56 deg; n=6; DREADDs animals = 14.83 ± 2.30 deg; n=8; mean 
± SD; p=0.032; t-test). (BC) The control cohort displayed larger variability in the swing phase for 
knee joint angle (B; 16 cm/s, week 6: controls = 11.29 ± 0.70 deg; n=6; DREADDs animals = 9.76 
± 1.26 deg; n=8; mean ± SD; p=0.035; t-test; 20 cm/s, week 6: controls = 11.12 ± 0.16 deg; n=6; 
DREADDs animals = 9.73 ± 0.89 deg; n=8; mean ± SD; p=0.0066; t-test) and ankle joint angles 
(16 cm/s, week6: controls = 30.30 ± 2.78 deg; n=6; DREADDs animals = 22.64 ± 5.85 deg; n=8; 
mean ± SD; p=0.02; t-test). 
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Figure 5.7. A buckling phenomenon occurs when CNO is not administered. Animals were 
subjected to run in the absence of CNO during Week 7. Results were compared to running bouts 
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with CNO administration (Weeks 6 and 8). Triweekly treadmill training was discontinued between 
week 6 through week 8 to prevent progression of recovery due to exercise training. Only results for 
DREADDs animals are shown as control animals did not exhibit the buckling event in the absence 
of CNO. (A) Grossly observed buckling phenomenon (occurred in Stride 2). DREADDs animals 
would take one to several normal strides; suddenly drop their hindquarters onto the treadmill belt 
and remain seated on the belt moving their hindlimb as if they were mid-stride, but unable to stand 
(buckling event); posturally correct their error by lifting their hindquarters off the belt; and begin 
locomoting normally again. (B) ASIS joint heights for one rat. Heights were stable in Weeks 6 and 
8 and instable in Week 7. Dips in ASIS joint height in Week 7 correspond to the buckling events 
when the hindquarters dropped onto the belt. (C) Range of ASIS joint heights are larger with 
buckling. There is a significantly higher ASIS height range in week 7 at 16 cm/s (week 6 = 17.5 ± 
2.97 mm; week 7 = 24.01 ± 5.00 mm; week 8 = 17.77 ± 3.11 mm; n=8; mean ± SD; p=0.006; one-
way ANOVA and Tukey multiple comparisons test; Figure 5.7C) and a trend of higher ranges at 
24 cm/s (week 6 = 19.40 ± 3.27 mm; week 7 = 24.63 ± 3.74 mm; week 8 = 19.94 ± 4.78 mm; n=8; 
mean ± SD; p=0.085; one-way ANOVA and Tukey multiple comparisons test). 
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Discussion 

Based on data that demonstrates that sensory cues from afferents entering through 

these dorsal roots may be vital for recovery and increased activation of these afferents by 

EES has been shown to enhance sensorimotor improvements after SCI (Capogrosso et al., 

2013, 2016; Courtine et al., 2009; Murg et al., 2000; Rattay et al., 2000), this study investigated the 

influence of hM3Dq DREADDs expressed in large diameter peripheral afferents that 

innervate the lumbar spinal cord (L2-L5) in a hemisection SCI model. Results suggest 

hM3Dq DREADDs may have the potential to recapitulate EES-activation of afferents as 

well as provide a platform with which to functionally map changes that occur both within 

targeted afferents and second order neurons they effect. Observed circuit changes may 

support the Hypothesized plasticity mechanisms that were described in Chapter 2. 

Additional studies, such as in a contusion injury model or examination of FOS+ neurons 

after a locomotor task, could seek to more directly tie kinematics findings to changes in 

plasticity. 

DREADDs activation may act to induce axonal sprouting and synaptogenesis in the 
lumbar spinal cord 

It is well accepted that synaptic plasticity plays an important role in behavioral 

improvements after SCI (Burns et al., 1997; Waters et al., 1996). In this study, we measured 

and report higher densities of mCherry fluorescence in the DREADDs group in both the 

motor pools and Clarke’s column (Figure 5.2). Given that we observe similar spared tissue 

at the epicenter of the hemisection (Figure 5.1) and AAV2 transduction rates in the DRG 

of both groups (Figure 5.2BC), our results suggest that DREADDs activation may have 
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induced increased axonal sprouting and/or synaptogenesis of targeted afferents onto 

interneurons and motorneurons.  

Axonal sprouting and synaptogenesis within motor pools can directly and indirectly 

drive muscle activity by supplementing motorneuron activation after SCI (Figure 5.2D-F). 

Importantly, monosynaptic connections of group Ia afferents onto motorneurons occur 

within the same muscle target. Thus, hM3Dq DREADDs may act to increase plasticity in 

these afferents in multiple muscles within the same extensor or flexor group, thereby 

enhancing the overall muscle force generated (Eccles et al., 1957). Further, plasticity of 

targeted afferents may also be onto interneuronal circuitry, perhaps modulating lumbar 

central pattern generators (CPGs) to adapt to perturbations and transmit rhythmic activity 

for hindlimb coordination. These data may support multiple plasticity mechanisms put 

forth by Eisdorfer et al. (2020) and described in Chapter 2, including Hypotheses 1 and 2 

that describe afferent upregulation can induce changes in monosynaptic connections and 

interneuronal circuitry. 

New and strengthened synapses in Clarke’s column may help facilitate better relay 

of sensory information during locomotion to cortical motor centers for error adjustments 

and motor learning during rehabilitation (Figure 5.2D-F). This interpretation is in support 

of Hypothesis 3 as described by Eisdorfer et al. (2020) and in Chapter 2. Targeted afferents, 

including groups Ia and Ib proprioceptors as well as group II cutaneous afferents, may more 

efficiently relay information about hindlimb position and movement to dorsal 

spinalocerebellar (dSC) tract neurons (Aoyama et al., 1988; Bosco et al., 2000; Bosco & 

Poppele, 2003; Edgley & Gallimore, 1988; Hantman & Jessell, 2010; Kim et al., 1986; 

Sengul & Watson, 2012). This, in turn, may serve to more finely tune coordination of 

individual hindlimb muscles. Moreover, after SCI, descending input for estimating 
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movement parameters and joint positions for movement execution may be disrupted 

(Sathian et al., 2011). However, increased activation of dSC tract neurons may act to 

combat these abnormalities for real-time adjustments and motor memory to help restore 

normal function (Kawato, 1999; Wolpert & Miall, 1996).  

While these data are not definitive proof that fluorescence differences between 

groups are directly linked to the behavior differences that will be discussed in the following 

sections, our results are a step forward towards understanding where plasticity is occurring 

to supplement or augment changes induced by enhanced afferent excitation.  

DREADDs activation in the acute stage of injury has impacts on the swing phase 
and on step attributes 

Simulated rat neuromuscular models find that general afferent upregulation may 

act to activate extensor musculature (Rybak et al., personal commuinication). As such, 

hM3Dq DREADDs may be acting to extend muscles about the hip joint (Figure 5.4C). The 

recruitment of more extensors than flexors (or, alternatively, the co-activation of extensors 

and flexors) by DREADDs activation may result in an overall stiffened hindlimb 

musculature (Latash, 2018). Importantly, although we injected hM3Dq DREADDs into 

lumbar L2-L5 DRG which target muscles throughout the leg (Courtine et al., 2009; Lavrov 

et al., 2008; Nakajima et al., 2008; Peyronnard et al., 1986), it has been shown that hip-

mediated afferent information may provide cues that modulate activity in the distal muscles 

of the leg (Onushko, 2009; Onushko et al., 2013). The combination of stiffer hindlimb 

musculature and dominant hip-mediated afferent cues may limit the height of the hindpaw, 

particularly during the swing phase. Of consequence, the ASIS joint, ankle joint, and step 

height might also be restricted (Figure 5.4AB and F).  
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We observed differences in step attributes between groups, including shorter step 

duration, height, and length in the DREADDs group (Figure 5.4E-G), which may be 

explained by the more extended hip joint. Treadmill studies in human infants and patients 

with SCI have demonstrated that the stance phase is shortened and the swing phase is 

accelerated when the hip is extended beyond a critical angle in the step cycle (Beres-Jones 

& Harkema, 2004; Chu et al., 2018; Harkema et al., 1997; Pang & Yang, 2000; Wu et al., 

2011; Yen et al., 2014). Further, spinal cat models show shortened stance phase and earlier 

initiation of the swing phase with enhanced stretch-sensitive feedback from muscles of the 

hip (Andersson & Grillner, 1983; Grillner & Rossignol, 1978; Hiebert et al., 1996; Norton 

& Mushahwar, 2010). A shortened stance phase (and thus, overall stride) due to more 

extended hip joints may limit the step duration and length in animals with DREADDs 

(Figure 5.4EG). Perhaps an accelerated swing phase also limited the height of the step 

(Figure 5.4F), though further analyses would need to determine if this change in phase 

duration can influence step height.  

Smaller standard deviations (e.g., less variability) of the ankle joint angle were also 

observed in the DREADDs group. Importantly, the DREADDs animals are closer to the 

pre-injury condition than controls. Perhaps enhanced stretch-sensitive feedback in extensor 

and flexor musculature about the ankle joint acts to restrict the movement of the ankle joint.  

Chronic DREADDs activation results in overall higher lifted hindquarters and more 
frequent hindlimb coordination 

Higher lifted hindquarters, as quantitated by higher ASIS and hip joints, were 

observed in DREADDs animals (Figure 5.5A-D). There are several plausible mechanisms 

that may be acting independently or synergistically to bolster this occurrence. Perhaps there 
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is an expected plasticity that is occurring with DREADDs activation of afferents, which 

serves to induce long-term behavioral effects. This may support our hypothesized plasticity 

mechanisms that underlie behavioral improvements after afferent stimulation. 

Furthermore, as described in the previous section, DREADDs activation may also cause 

stiffer hindlimb musculature by activating more extensors than flexors or co-activating 

extensors and flexors. With stiffer muscles, DREADDs animals may be capable of lifting 

their hindquarters higher than their control counterparts. Additionally, our results may 

indicate that DREADDs animals exhibit less or reversed muscle atrophy. The process of 

muscle atrophy, or the decrease in expression of muscle protein and increase in activity of 

intramuscular calcium activated proteases, can be reversed with tension-producing activity 

(Goldspink et al., 1986; Loughna et al., 1987). Indeed, studies with neuromuscular or 

“functional” electrical stimulation demonstrate that repeated recruitment of appropriate 

muscle fibers in the acute stage of SCI can prevent muscle atrophy (Baldi et al., 1998). 

Chronic muscle activation in pathways initiated by afferents expressing hM3Dq 

DREADDs may act to strengthen pathways with motorneuron-muscle fiber connections, 

possibly contributing to prevention or reversal of muscle atrophy.  

Activation by hM3Dq DREADDs in muscles about the hip may also serve to 

promote hindlimb coordination during stepping bouts (Figure 5.3A). Increased cues from 

these afferents from hip muscles may help to control phase transitions and entrain rhythmic 

flexor and extensor activation (Andersson & Grillner, 1983; Hiebert et al., 1996; Kiehn, 

2006; Kriellaars et al., 1994; Onushko, 2009). As such, afferents expressing hM3Dq 

DREADDs may be influential in the oscillating activation of neurons located within lumbar 

CPGs. Similar to results found in the acute phase stage of injury, increased afferent 

feedback from hip muscles, and therefore a shorter stance phase, may also explain why 
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DREADDs animals exhibit shorter step durations that which are closer to the pre-injury 

condition (Figure 5.5E).  

Enhanced afferent activation in hip muscles increases hip joint angle variability  

In the chronic SCI state, we find that the standard deviation (e.g., variability) within 

the DREADDs group is more pronounced in angles of the hip joint, whereas standard 

deviations in the control group are more pronounced in angles of the knee and ankle joints 

(Figure 5.6). Standard deviations of a group mean can be influenced by purposeful 

exploration of motor space, reinforced with trial-and-error, to steer the motor system 

towards controlling parameters of movements to improve performance (for recent review, 

see Dhawale et al., 2017; Shadmehr et al., 2016). Individual adaptive behaviors, which are 

shaped by motor variability in skilled learning (Skinner, 1981), may therefore underlie 

differences observed in standard deviations between groups.  

While DREADDs animals display different behaviors for the hip and ankle joint 

angles, it is interesting that in both cases, the DREADDs animals’ standard deviations are 

closer to the pre-injury conditions. This could be evidence that higher order neural centers 

can filter uniformly boosted afferent input to use these enhanced sensory cues 

appropriately. Circuitry that is capable of siphoning general hindlimb-mediated afferent 

upregulation may also reside within lumbar CPGs or other spinal processing centers 

(Capogrosso et al., 2013). This is a hallmark of the EES paradigm – from tonic stimulation 

to individualized therapies, EES has demonstrated its ability to promote plasticity and 

modulate neural circuitry for use in locomotor tasks (Harkema et al., 2011). Like EES, 

afferent activity by DREADDs may also be interpreted by neural circuitry appropriately. 
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For instance, perhaps enhanced hip-mediated afferent input is acting to increase mobility 

of the joint, while ankle-mediated cues are acting to stiffen the joint.  

Withdrawal of CNO leads to buckling event in animals with DREADDs 

One of the aims of this study was to uncover if increased excitation of peripheral 

afferents induces long-term plasticity. As such, at the conclusion of the study, we recorded 

joint/limb kinematics in the absence of the DREADDs agonist, clozapine-N-oxide (CNO). 

During recording sessions, we grossly observed a “buckling event”: DREADDs animals 

would take one to several normal strides; suddenly drop their hindquarters onto the 

treadmill belt and remain seated on the belt moving their hindlimb as if they were mid-

stride, but unable to stand; posturally correct their error by lifting their hindquarters off the 

belt; and begin locomoting normally again (Figure 5.7A; buckling event happened in Stride 

2). The range of overall hindquarter height (see ASIS height) in the absence of hM3Dq 

DREADDs activation was larger due to the buckling event (Figure 5.7BC). To control for 

history effects, we administered CNO again in Week 8 and recorded joint/limb kinematics. 

The buckling event was only observed when we recorded joint/limb kinematics in the 

absence of CNO. 

It is interesting to speculate about the source of this buckling. One interpretation is 

that the lack of DREADDs activation generates less stiff hindlimb musculature, which in 

turn results in the collapsing of the hindquarters (Latash, 2018). Another interpretation 

could be that increased afferent input by DREADDs affects higher order neural circuits, 

such as those that control sensory predictions and motor corrections during motor learning 

after injury. Bayesian models and empirical data demonstrate that adaptation and motor 

correction occur when there is unknown environmental sensory information (feedback 
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uncertainty) or are uncertain internal sensory cues (state estimation uncertainty) (Berniker 

& Kording, 2011; Korenberg & Ghahramani, 2002; Wei & Körding, 2010). Given that the 

physics of the environment were unchanging (e.g., we did not introduce any perturbations 

during walking bouts), the absence of increased afferent activation that the animals were 

accustomed to may have led to incorrect sensory predictions, resulting in a buckling event 

(Wei & Körding, 2010; Wolpert et al., 1995). Our findings of increased plasticity in 

Clarke’s column could support this interpretation. These data may also be in accordance 

with Hypothesis 3 of the plasticity mechanisms that underlie behavioral improvements with 

afferent stimulation. Perhaps axonal sprouting and synaptogenesis within Clarke’s column 

enable the transfer of sensory information to dSC tract neurons for real-time adjustments 

in movement parameters. Furthermore, weight support mechanisms could be helping to 

govern the manifestation of the buckling event. With DREADDs activation, afferent input 

may be sufficient to avoid buckling events. By extension, in the absence of DREADDs 

activation, there may be insufficient afferent feedback to prevent loss of weight support 

(De Leon & Dy, 2017; Norton & Mushahwar, 2010). Finally, the absence of DREADDs 

activation in cutaneous afferents in the footpad may have implications on shifts the body 

produces to compensate for the lack of expected tactile information, resulting in the 

buckling event (Park et al., 2019).  

Results suggest that DREADDs activation is helpful, but perhaps not required, to 

access newly formed and strengthened pathways. DREADDs animals demonstrate the 

ability to lift their hindquarters up off the treadmill belt (e.g., the termination of the 

buckling event). This may indicate there are underlying circuit changes that are accessible 

for motor correction even in the absence of DREADDs activation. More likely, however, 
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it is the combinatorial DREADDs activation and neural circuit plasticity that are working 

in concert to prevent a buckling event from occurring.  

 

Conclusion 

Our findings with hM3Dq DREADDs expressed in large diameter peripheral 

afferents innervating the lumbar spinal cord begin to delineate the neural circuit changes 

that underlie sensorimotor improvements seen with EES. Excitation evokes plasticity in 

the motor pools and Clarke’s column, suggesting axonal sprouting and synaptogenesis of 

afferents on both interneurons and motorneurons. These data may support the proposed 

plasticity mechanisms (e.g., Hypotheses 1-3) that underlie behavioral improvements after 

SCI with electrical stimulation. Excitation also activates hindlimb muscles to varying 

degrees, generating variability that is closer to the pre-injury conditions in angles of the hip 

and ankle joints. While further studies are required, such as investigation of hM3Dq 

DREADDs influence in a contusion model, results from this study suggest hM3Dq 

DREADDs may have the potential to recapitulate EES-activation of afferents as well as 

provide a platform with which to functionally map changes that occur both within targeted 

afferents and second order neurons they effect.  
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CHAPTER 6: FUTURE DIRECTIONS 

One of the limitations of being a graduate student is the abundance of scientific 

questions and the restricted time to pursue answering them. In this chapter, we propose 

several potential follow-up studies to gain a more thorough understanding of the power of 

hM3Dq DREADDs as a tool for rehabilitation after SCI and for understanding the neural 

mechanisms that occur during recovery.  

 

Potential studies moving forward 

Examine changes in monosynaptic connections between targeted neurons and 
motorneurons 

Recent findings with epidural electrical stimulation (EES) suggest that 

proprioceptors, namely group Ia muscle spindle afferents, are the primary contributors to 

plasticity mechanisms during recovery (Capogrosso et al., 2013; Takeoka, 2019; Takeoka 

& Arber, 2019). These data are corroborated with studies that show that ablating or 

blocking proprioceptive input reverts sensorimotor improvements to the injured state 

(Formento et al., 2018; Takeoka, 2019; Takeoka et al., 2014). A straightforward next step 

would be to examine differences in monosynaptic connections between the hM3Dq 

DREADDs group and controls. While we report increased plasticity within the motor pool 

in DREADDs animals, we do not make any assumptions that plasticity is restricted to 

motorneurons. On the contrary, as plasticity in both the motor pools and Clarke’s column 

suggests, sprouting and synaptogenesis likely occurs on both interneurons and 

motorneurons. Using a combination of anti-Choline acetyltransferase (ChAT) and 

Vesicular glutamate transporter 1 (vGLUT1) antibodies, the axons of targeted afferents, 
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presynaptic terminals of targeted afferents, and motorneurons would be able to be 

visualized and quantified (Alvarez et al., 2004; Witzemann, 2007). Findings may uncover 

the extent to which direct muscle activation through monosynaptic connections has been 

altered by increased afferent excitation.  

Examine changes in interneuronal networks using C-Fos 

Beyond examination of monosynaptic connections between targeted afferents and 

motorneurons, one can also investigate the interneuronal networks influenced by hM3Dq 

DREADDs afferent activation. Using the c-fos immunohistochemical method, 

interneurons (as well as alpha motorneurons) activated during a locomotor task, such as 

treadmill stepping, can be revealed (Ahn et al., 2006; Dai et al., 2005). Because the FOS 

protein is maximally expressed within cells 1h post-stimulus (Ahn et al., 2006), animals 

must be run on the treadmill and sacrificed immediately thereafter for the c-fos 

immunohistochemical method to accurately demonstrate which interneuron populations 

are activated. Increased afferent input may serve to recruit larger populations of neurons 

throughout the lumbar spinal cord, resulting in higher levels of FOS+ neurons in animals 

with hM3Dq DREADDs (Jack et al., 2020; Wu et al., 2020). Alternatively, if increased 

afferent activation results in less FOS+ neurons (as compared to controls), it might suggest 

that hM3Dq DREADDs promotes recruitment of selective and stable neural circuits to 

control locomotion (Ichiyama et al., 2008).  

Introduce a CNO withdrawal training program 

Based on results that show DREADDs animals are able to adapt to motor errors in 

the absence of CNO, animals may be able to access plasticity on their own, but are not 
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properly trained to do so. Implementing a CNO withdrawal training program may 

overcome this obstacle. We hypothesize that if CNO doses are gradually decreased in 

treadmill training sessions over the course over several weeks (Lerner & Klein, 2019), 

animals may not exhibit buckling events in the absence of CNO.  

Repeat the study in a contusion spinal cord injury model 

While hemisection models of SCI are helpful in testing efficacy of therapies 

(Wilson et al., 2020), contusion models are clinically relevant and provide insight into how 

a therapy would respond to a range of injury severities (Kwon et al., 2010). Moreover, if a 

bilateral contusion injury was employed and hM3Dq DREADDs was expressed 

unilaterally, hindlimb comparisons could be made within subjects, thereby isolating the 

independent variable from factors that could influence it (such as within group variability) 

(Steingrimsdottir & Arntzen, 2015).  

  



114 

 

 

REFERENCES 

Ahn, S. N., Guu, J. J., Tobin, A. J., Edgerton, V. R., & Tillakaratne, N. J. K. (2006). Use 
of c-fos to identify activity-dependent spinal neurons after stepping in intact adult rats. 
Spinal Cord, 44(9), 547–559. https://doi.org/10.1038/sj.sc.3101862 

 
Akache, B., Grimm, D., Pandey, K., Yant, S. R., Xu, H., & Kay, M. A. (2006). The 37/67-

kilodalton laminin receptor is a receptor for adeno-associated virus serotypes 8, 2, 3, 
and 9. Journal of Virology, 80(19), 9831–9836. https://doi.org/10.1128/JVI.00878-06 

 
Alexander, G. M., Rogan, S. C., Abbas, A. I., Armbruster, B. N., Pei, Y., Allen, J. A., 

Nonneman, R. J., Hartmann, J., Moy, S. S., Nicolelis, M. A., McNamara, J. O., & 
Roth, B. L. (2009). Remote control of neuronal activity in transgenic mice expressing 
evolved G protein-coupled receptors. Neuron, 63(1), 27–39. 
https://doi.org/10.1016/j.neuron.2009.06.014 

 
Alvarez, F. J., Jonas, P. C., Sapir, T., Hartley, R., Berrocal, M. C., Geiman, E. J., Todd, A. 

J., & Goulding, M. (2005). Postnatal phenotype and localization of spinal cord V1 
derived interneurons. Journal of Comparative Neurology, 493(2), 177–192. 
https://doi.org/10.1002/cne.20711 

 
Alvarez, F. J., Villalba, R. M., Zerda, R., & Schneider, S. P. (2004). Vesicular Glutamate 

Transporters in the Spinal Cord, with Special Reference to Sensory Primary Afferent 
Synapses. Journal of Comparative Neurology, 472(3), 257–280. 
https://doi.org/10.1002/cne.20012 

 
Andersson, O., & Grillner, S. (1983). Peripheral control of the cat’s step cycle: II. 

Entrainment of the central pattern generators for locomotion by sinusoidal hip 
movements during “fictive locomotion.” Acta Physiologica Scandinavica, 118(3), 
229–239. https://doi.org/10.1111/j.1748-1716.1983.tb07267.x 

 
Angeli, C. A., Edgerton, V. R., Gerasimenko, Y. P., & Harkema, S. J. (2014). Altering 

spinal cord excitability enables voluntary movements after chronic complete paralysis 
in humans. Brain, 137(5), 1394–1409. https://doi.org/10.1093/brain/awu038 

 
Antonow-Schlorke, I., Ehrhardt, J., & Knieling, M. (2013). Modification of the ladder rung 

walking task - New options for analysis of skilled movements. Stroke Research and 
Treatment. https://doi.org/10.1155/2013/418627 

 
 
 



115 

 

 

Aoyama, M., Hongo, T., & Kudo, N. (1988). Sensory input to cells of origin of uncrossed 
spinocerebellar tract located below Clarke’s column in the cat. The Journal of 
Physiology, 398(1), 233–257. https://doi.org/10.1113/jphysiol.1988.sp017040 

 
Armbruster, B. N., Li, X., Pausch, M. H., Herlitze, S., & Roth, B. L. (2007). Evolving the 

lock to fit the key to create a family of G protein-coupled receptors potently activated 
by an inert ligand. Proceedings of the National Academy of Sciences of the United 
States of America, 104(12), 5163–5168. https://doi.org/10.1073/pnas.0700293104 

 
Arya, T., Bajwa, S., & Edgley, S. A. (1991). Crossed reflex actions from group II muscle 

afferents in the lumbar spinal cord of the anaesthetized cat. The Journal of Physiology, 
444(1), 117–131. https://doi.org/10.1113/jphysiol.1991.sp018869 

 
Asboth, L., Friedli, L., Beauparlant, J., Martinez-Gonzalez, C., Anil, S., Rey, E., Baud, L., 

Pidpruzhnykova, G., Anderson, M. A., Shkorbatova, P., Batti, L., Pagès, S., Kreider, 
J., Schneider, B. L., Barraud, Q., & Courtine, G. (2018). Cortico-reticulo-spinal circuit 
reorganization enables functional recovery after severe spinal cord contusion. Nature 
Neuroscience, 21(4), 576–588. https://doi.org/10.1038/s41593-018-0093-5 

 
Ausborn, J., Shevtsova, N. A., Caggiano, V., Danner, S. M., & Rybak, I. A. (2019). 

Computational modeling of brainstem circuits controlling locomotor frequency and 
gait. ELife, 8. https://doi.org/10.7554/eLife.43587.001 

 
Azim, E., & Alstermark, B. (2015). Skilled forelimb movements and internal copy motor 

circuits. In Current Opinion in Neurobiology (Vol. 33, pp. 16–24). Elsevier Ltd. 
https://doi.org/10.1016/j.conb.2014.12.009 

 
Bærentzen, S., Casado-Sainz, A., Lange, D., Shalgunov, V., Tejada, I. M., Xiong, M., 

L’Estrade, E. T., Edgar, F. G., Lee, H., Herth, M. M., & Palner, M. (2019). The 
chemogenetic receptor ligand clozapine n-oxide induces in vivo neuroreceptor 
occupancy and reduces striatal glutamate levels. Frontiers in Neuroscience, 13(APR). 
https://doi.org/10.3389/fnins.2019.00187 

 
Baldi, J. C., Jackson, R. D., Moraille, R., & Mysiw, W. J. (1998). Muscle atrophy is 

prevented in patients with acute spinal cord injury using functional electrical 
stimulation. http://www.stockton-press.co.uk/sc 

 
Ball, R. D. (2004). Electrodiagnostic Evaluation of the Peripheral Nervous System. In J. 

A. DeLisa, B. M. Gans, & N. E. Walsh (Eds.), Physical Medicine and Rehabilitation: 
Principles and Practice (Fourth, Vol. 1). Lippincott Williams & Wilkins. 

 
 



116 

 

 

Ballion, B., Morin, D., & Viala, D. (2001). Forelimb locomotor generators and quadrupedal 
locomotion in the neonatal rat. European Journal of Neuroscience, 14(10), 1727–
1738. https://doi.org/10.1046/j.0953-816X.2001.01794.x 

 
Bareyre, F. M., Kerschensteiner, M., Raineteau, O., Mettenleiter, T. C., Weinmann, O., & 

Schwab, M. E. (2004). The injured spinal cord spontaneously forms a new intraspinal 
circuit in adult rats. Nature Neuroscience, 7(3), 269–277. 
https://doi.org/10.1038/nn1195 

 
Barolat, G., Myklebust, J. B., & Wenninger, W. (1988). Effects of spinal cord stimulation 

on spasticity and spasms secondary to myelopathy. Applied Neurophysiology, 51(1), 
29–44. https://doi.org/10.1159/000099381 

 
Basso, D. M., Beattie, M. S., & Bresnahan, J. C. (1995). A Sensitive and Reliable 

Locomotor Rating Scale for Open Field Testing in Rats. Journal of Neurotrauma, 
12(1), 1–21. https://doi.org/10.1089/neu.1995.12.1 

 
Bellardita, C., & Kiehn, O. (2015). Phenotypic characterization of speed-associated gait 

changes in mice reveals modular organization of locomotor networks. Current 
Biology, 25(11), 1426–1436. https://doi.org/10.1016/j.cub.2015.04.005 

 
Beres-Jones, J. A., & Harkema, S. J. (2004). The human spinal cord interprets velocity-

dependent afferent input during stepping. Brain, 127(10), 2232–2246. 
https://doi.org/10.1093/brain/awh252 

 
Berniker, M., & Kording, K. (2011). Bayesian approaches to sensory integration for motor 

control. Wiley Interdisciplinary Reviews: Cognitive Science, 2(4), 419–428. 
https://doi.org/10.1002/wcs.125 

 
Borowska, J., Jones, C. T., Zhang, H., Blacklaws, J., Goulding, M., & Zhang, Y. (2013). 

Functional subpopulations of V3 interneurons in the mature mouse spinal cord. 
Journal of Neuroscience, 33(47), 18553–18565. 
https://doi.org/10.1523/JNEUROSCI.2005-13.2013 

 
Bosco, G., & Poppele, R. E. (2003). Modulation of Dorsal Spinocerebellar Responses to 

Limb Movement. II. Effect of Sensory Input. Journal of Neurophysiology, 90(5), 
3372–3383. https://doi.org/10.1152/jn.00204.2003 

 
Bosco, G., Poppele, R. E., & Eian, J. (2000). Reference Frames for Spinal Proprioception: 

Limb Endpoint Based or Joint-Level Based? Journal of Neurophysiology, 83(5), 
2931–2945. https://doi.org/10.1152/jn.2000.83.5.2931 

 



117 

 

 

Bouyer, L. J. G., & Rossignol, S. (2003). Contribution of Cutaneous Inputs from the 
Hindpaw to the Control of Locomotion. II. Spinal Cats. Journal of Neurophysiology, 
90(6), 3640–3653. https://doi.org/10.1152/jn.00497.2003 

 
Bouyer, L. J. G., & Rossignol, S. (1998). The contribution of cutaneous inputs to 

locomotion in the intact and the spinal cat. Annals of the New York Academy of 
Sciences, 860, 508–512. https://doi.org/10.1111/j.1749-6632.1998.tb09090.x 

 
Britz, O., Zhang, J., Grossmann, K. S., Dyck, J., Kim, J. C., Dymecki, S., Gosgnach, S., & 

Goulding, M. (2015). A genetically defined asymmetry underlies the inhibitory 
control of flexor–extensor locomotor movements. ELife, 4(OCTOBER2015). 
https://doi.org/10.7554/eLife.04718 

 
Brown, G. T. (1911). The Intrinsic Factors in the Act of Progression in the Mammal. 

Proceedings of the Royal Society B: Biological Sciences, 84(572), 308–319. 
https://doi.org/10.1098/rspb.1911.0077 

 
Brown, G. T. (1914). On the nature of the fundamental activity of the nervous centres; 

together with an analysis of the conditioning of rhythmic activity in progression, and 
a theory of the evolution of function in the nervous system. The Journal of Physiology, 
48(1), 18–46. https://doi.org/10.1113/jphysiol.1914.sp001646 

 
Brownstone, R. M., Bui, T. V., & Stifani, N. (2015). Spinal circuits for motor learning. In 

Current Opinion in Neurobiology (Vol. 33, pp. 166–173). Elsevier Ltd. 
https://doi.org/10.1016/j.conb.2015.04.007 

 
Brownstone, R. M., & Chopek, J. W. (2018). Reticulospinal systems for tuning motor 

commands. In Frontiers in Neural Circuits (Vol. 12, pp. 1–10). Frontiers Media S.A. 
https://doi.org/10.3389/fncir.2018.00030 

 
Bui, T. V., Akay, T., Loubani, O., Hnasko, T. S., Jessell, T. M., & Brownstone, R. M. 

(2013). Circuits for Grasping: Spinal dI3 Interneurons Mediate Cutaneous Control of 
Motor Behavior. Neuron, 78(1), 191–204. 
https://doi.org/10.1016/j.neuron.2013.02.007 

 
Bui, T. V., Stifani, N., Akay, T., & Brownstone, R. M. (2016). Spinal microcircuits 

comprising dI3 interneurons are necessary for motor functional recovery following 
spinal cord transection. ELife, 5(DECEMBER2016). 
https://doi.org/10.7554/eLife.21715 

 
 
 



118 

 

 

Burns, S. P., Golding, D. G., Rolle, W. A., Graziani, V., & Ditunno, J. F. (1997). Recovery 
of ambulation in motor-incomplete tetraplegia. Archives of Physical Medicine and 
Rehabilitation, 78(11), 1169–1172. https://doi.org/10.1016/S0003-9993(97)90326-9 

 
Capogrosso, M., Milekovic, T., Borton, D., Wagner, F., Moraud, E. M., Mignardot, J. B., 

Buse, N., Gandar, J., Barraud, Q., Xing, D., Rey, E., Duis, S., Jianzhong, Y., Ko, W. 
K. D., Li, Q., Detemple, P., Denison, T., Micera, S., Bezard, E., Bloch, J., & Courtine, 
G. (2016). A brain-spine interface alleviating gait deficits after spinal cord injury in 
primates. Nature, 539(7628), 284–288. https://doi.org/10.1038/nature20118 

 
Capogrosso, M., Wenger, N., Raspopovic, S., Musienko, P., Beauparlant, J., Luciani, L. 

B., Courtine, G., & Micera, S. (2013). A computational model for epidural electrical 
stimulation of spinal sensorimotor circuits. Journal of Neuroscience, 33(49), 19326–
19340. https://doi.org/10.1523/JNEUROSCI.1688-13.2013 

 
Carp, J. S., & Anderson, R. J. (1982). Dopamine receptor-mediated depression of spinal 

monosynaptic transmission. Brain Research, 242(2), 247–254. 
https://doi.org/10.1016/0006-8993(82)90307-9 

 
Chen, B., Li, Y., Yu, B., Zhang, Z., Brommer, B., Williams, P. R., Liu, Y., Hegarty, S. V., 

Zhou, S., Zhu, J., Guo, H., Lu, Y., Zhang, Y., Gu, X., & He, Z. (2018). Reactivation 
of Dormant Relay Pathways in Injured Spinal Cord by KCC2 Manipulations. Cell, 
174(3), 521-535.e13. https://doi.org/10.1016/j.cell.2018.06.005 

 
Chu, V. W. T., Hornby, T. G., & Schmit, B. D. (2018). Stepping responses to treadmill 

perturbations vary with severity of motor deficits in human SCI. In Journal of 
Neurophysiology (Vol. 120, Issue 2, pp. 497–508). American Physiological Society. 
https://doi.org/10.1152/jn.00486.2017 

 
Conta, A. C., & Stelzner, D. J. (2009). The Propriospinal System. In The Spinal Cord (pp. 

180–190). Elsevier. https://doi.org/10.1016/B978-0-12-374247-6.50016-X 
 
Cook, A. W. (1976). Electrical stimulation in multiple sclerosis. Hospital Practice, 11(4), 

51–58. https://doi.org/10.1159/000100125 
 
Côté, M. P., Murray, M., & Lemay, M. A. (2017). Rehabilitation Strategies after Spinal 

Cord Injury: Inquiry into the Mechanisms of Success and Failure. In Journal of 
Neurotrauma (Vol. 34, Issue 10, pp. 1841–1857). Mary Ann Liebert Inc. 
https://doi.org/10.1089/neu.2016.4577 

 
 
 



119 

 

 

Courtine, G., Gerasimenko, Y., van den Brand, R., Yew, A., Musienko, P., Zhong, H., 
Song, B., Ao, Y., Ichiyama, R. M., Lavrov, I., Roy, R. R., Sofroniew, M. V, & 
Edgerton, V. R. (2009). Transformation of nonfunctional spinal circuits into 
functional states after the loss of brain input. Nature Neuroscience, 12(10), 1333–
1342. https://doi.org/10.1038/nn.2401 

 
Courtine, G., Song, B., Roy, R. R., Zhong, H., Herrmann, J. E., Ao, Y., Qi, J., Edgerton, 

V. R., & Sofroniew, M. V. (2008). Recovery of supraspinal control of stepping via 
indirect propriospinal relay connections after spinal cord injury. Nature Medicine, 
14(1), 69–74. https://doi.org/10.1038/nm1682 

 
Cowley, K. C., & Schmidt, B. J. (1997). Regional distribution of the locomotor pattern-

generating network in the neonatal rat spinal cord. Journal of Neurophysiology, 77(1), 
247–259. https://doi.org/10.1152/jn.1997.77.1.247 

 
Cowley, K. C., Zaporozhets, E., & Schmidt, B. J. (2008). Propriospinal neurons are 

sufficient for bulbospinal transmission of the locomotor command signal in the 
neonatal rat spinal cord. Journal of Physiology, 586(6), 1623–1635. 
https://doi.org/10.1113/jphysiol.2007.148361 

 
Cowley, K. C., Zaporozhets, E., & Schmidt, B. J. (2010). Propriospinal transmission of the 

locomotor command signal in the neonatal rat. Annals of the New York Academy of 
Sciences, 1198, 42–53. https://doi.org/10.1111/j.1749-6632.2009.05421.x 

 
Crosbie, J., Tanhoffer, A. I. P., & Fornusek, C. (2014). FES assisted standing in people 

with incomplete spinal cord injury: A single case design series. Spinal Cord, 52(3), 
251–254. https://doi.org/10.1038/sc.2013.158 

 
Cummings, B. J., Engesser-Cesar, C., Cadena, G., & Anderson, A. J. (2007). Adaptation 

of a ladder beam walking task to assess locomotor recovery in mice following spinal 
cord injury. Behavioural Brain Research, 177(2), 232–241. 
https://doi.org/10.1016/j.bbr.2006.11.042 

 
Dai, X., Noga, B. R., Douglas, J. R., & Jordan, L. M. (2005). Localization of Spinal 

Neurons Activated During Locomotion Using the c-fos Immunohistochemical 
Method. Journal of Neurophysiology, 93(6), 3442–3452. 
https://doi.org/10.1152/jn.00578.2004 

 
Danner, S. M., Shevtsova, N. A., Frigon, A., & Rybak, I. A. (2017). Computational 

modeling of spinal circuits controlling limb coordination and gaits in quadrupeds. 
ELife, 6. https://doi.org/10.7554/eLife.31050 

 



120 

 

 

Davis, B. M., Collins, W. F., & Mendell, L. M. (1985). Potentiation of transmission at Ia-
motoneuron connections induced by repeated short bursts of afferent activity. Journal 
of Neurophysiology, 54(6), 1541–1552. https://doi.org/10.1152/jn.1985.54.6.1541 

 
De Leon, R. D., & Dy, C. J. (2017). What Did We Learn from the Animal Studies of Body 

Weight-Supported Treadmill Training and Where Do We Go from Here? Journal of 
Neurotrauma, 34(9), 1744–1750. https://doi.org/10.1089/neu.2016.4561 

 
Deacon, R. M. J. (2013). Measuring motor coordination in mice. Journal of Visualized 

Experiments : JoVE, 75. https://doi.org/10.3791/2609 
 
Deumens, R., Jaken, R. J. P., Marcus, M. A. E., & Joosten, E. A. J. (2007). The CatWalk 

gait analysis in assessment of both dynamic and static gait changes after adult rat 
sciatic nerve resection. Journal of Neuroscience Methods, 164(1), 120–130. 
https://doi.org/10.1016/j.jneumeth.2007.04.009 

 
Dhawale, A. K., Smith, M. A., & Ölveczky, B. P. (2017). The Role of Variability in Motor 

Learning. Annual Review of Neuroscience, 40, 479–498. 
https://doi.org/10.1146/annurev-neuro-072116-031548 

 
Dimitrijevic, M. R., Gerasimenko, Y., & Pinter, M. M. (1998). Evidence for a spinal central 

pattern generator in humans. Annals of the New York Academy of Sciences, 860, 360–
376. https://doi.org/10.1111/j.1749-6632.1998.tb09062.x 

 
Dimitrijevic, M. R., Illis, L. S., Nakajima, K., Sharkey, P. C., & Sherwood, A. M. (1986). 

Spinal Cord Stimulation for the Control of Spasticity in Patients with Chronic Spinal 
Cord Injury: II. Neurophysiologic Observations. Central Nervous System Trauma, 
3(2), 145–152. https://doi.org/10.1089/cns.1986.3.145 

 
Ding, Y., & Mcallister, J. P. (2001). Impaired motor learning and diffuse axonal damage 

in motor and visual systems of the rat following traumatic brain injury 
Pathophysiology of Hydrocephalus View project Neurocirculation View project. 
Article in Neurological Research. https://doi.org/10.1179/016164101101198334 

 
Dougherty, K. J., & Kiehn, O. (2010). Firing and cellular properties of V2a interneurons 

in the rodent spinal cord. Journal of Neuroscience, 30(1), 24–37. 
https://doi.org/10.1523/JNEUROSCI.4821-09.2010 

 
Eccles, J. C., Eccles, R. M., & Lundberg, A. (1957). The convergence of monosynaptic 

excitatory afferents on to many different species of alpha motoneurones. The Journal 
of Physiology, 137(1), 22–50. https://doi.org/10.1113/jphysiol.1957.sp005794 

 



121 

 

 

Eccles, J. C., & Rall, W. (1951). Effects induced in a monosynaptic reflex path by its 
activation. Journal of Neurophysiology, 14(5), 353–376. 
https://doi.org/10.1152/jn.1951.14.5.353 

 
Edgerton, V. R., & Harkema, S. J. (2011). Epidural stimulation of the spinal cord in spinal 

cord injury: Current status and future challenges. In Expert Review of 
Neurotherapeutics (Vol. 11, Issue 10, pp. 1351–1353). 
https://doi.org/10.1586/ern.11.129 

 
Edgley, S. A., & Gallimore, C. M. (1988). The morphology and projections of dorsal horn 

spinocerebellar tract neurones in the cat. The Journal of Physiology, 397(1), 99–111. 
https://doi.org/10.1113/jphysiol.1988.sp016990 

 
Eisdorfer, J. T., Phelan, M. A., Keefe, K. M., Rollins, M. M., Campion, T. J., Rauscher, K. 

M., Sobotka-Briner, H., Senior, M., Gordon, G., Smith, G. M., & Spence, A. J. (2021). 
Addition of angled rungs to the horizontal ladder walking task for more sensitive 
probing of sensorimotor changes. PLoS ONE, 16(2 February). 
https://doi.org/10.1371/journal.pone.0246298 

 
Eisdorfer, J. T., Smit, R. D., Keefe, K. M., Lemay, M. A., Smith, G. M., & Spence, A. J. 

(2020). Epidural Electrical Stimulation: A Review of Plasticity Mechanisms That Are 
Hypothesized to Underlie Enhanced Recovery From Spinal Cord Injury With 
Stimulation. In Frontiers in Molecular Neuroscience (Vol. 13, p. 163). Frontiers 
Media S.A. https://doi.org/10.3389/fnmol.2020.00163 

 
Farr, T. D., Liu, L., Colwell, K. L., Whishaw, I. Q., & Metz, G. A. (2006). Bilateral 

alteration in stepping pattern after unilateral motor cortex injury: A new test strategy 
for analysis of skilled limb movements in neurological mouse models. Journal of 
Neuroscience Methods, 153(1), 104–113. 
https://doi.org/10.1016/j.jneumeth.2005.10.011 

 
Fenrich, K. K., & Rose, P. K. (2009). Spinal interneuron axons spontaneously regenerate 

after spinal cord injury in the adult feline. Journal of Neuroscience, 29(39), 12145–
12158. https://doi.org/10.1523/JNEUROSCI.0897-09.2009 

 
Fernandes, K. J., Fan, D. P., Tsui, B. J., Cassar, S. L., & Tetzlaff, W. (1999). Influence of 

the axotomy to cell body distance in rat rubrospinal and spinal motoneurons: 
differential regulation of GAP-43, tubulins, and neurofilament-M. The Journal of 
Comparative Neurology, 414(4), 495–510. https://doi.org/10.1002/(sici)1096-
9861(19991129)414:4<495::aid-cne6>3.0.co;2-s 

 
 



122 

 

 

Filli, L., Engmann, A. K., Zörner, B., Weinmann, O., Moraitis, T., Gullo, M., Kasper, H., 
Schneider, R., & Schwab, M. E. (2014). Bridging the gap: A reticulo-propriospinal 
detour bypassing an incomplete spinal cord injury. Journal of Neuroscience, 34(40), 
13399–13410. https://doi.org/10.1523/JNEUROSCI.0701-14.2014 

 
Fink, K. L., & Cafferty, W. B. J. (2016). Reorganization of Intact Descending Motor 

Circuits to Replace Lost Connections After Injury. In Neurotherapeutics (Vol. 13, 
Issue 2, pp. 370–381). Springer New York LLC. https://doi.org/10.1007/s13311-016-
0422-x 

 
Fischer, G., Kostic, S., Nakai, H., Park, F., Sapunar, D., Yu, H., & Hogan, Q. (2011). Direct 

injection into the dorsal root ganglion: Technical, behavioral, and histological 
observations NIH Public Access. J Neurosci Methods, 199(1), 43–55. 
https://doi.org/10.1016/j.jneumeth.2011.04.021 

 
Flynn, J. R., Graham, B. A., Galea, M. P., & Callister, R. J. (2011). The role of 

propriospinal interneurons in recovery from spinal cord injury. In 
Neuropharmacology (Vol. 60, Issue 5, pp. 809–822). 
https://doi.org/10.1016/j.neuropharm.2011.01.016 

 
Formento, E., Minassian, K., Wagner, F., Mignardot, J. B., Le Goff-Mignardot, C. G., 

Rowald, A., Bloch, J., Micera, S., Capogrosso, M., & Courtine, G. (2018). Electrical 
spinal cord stimulation must preserve proprioception to enable locomotion in humans 
with spinal cord injury. Nature Neuroscience, 21(12), 1728–1741. 
https://doi.org/10.1038/s41593-018-0262-6 

 
Forssberg, H. (1979). Stumbling corrective reaction: A phase-dependent compensatory 

reaction during locomotion. Journal of Neurophysiology, 42(4), 936–953. 
https://doi.org/10.1152/jn.1979.42.4.936 

 
Fowler, S. C., Miller, B. R., Gaither, T. W., Johnson, M. A., & Rebec, G. V. (2009). Force-

plate quantification of progressive behavioral deficits in the R6/2 mouse model of 
Huntington’s disease. Behavioural Brain Research, 202(1), 130–137. 
https://doi.org/10.1016/j.bbr.2009.03.022 

 
Gad, P. N., Kreydin, E., Zhong, H., Latack, K., & Edgerton, V. R. (2018). Non-invasive 

Neuromodulation of Spinal Cord Restores Lower Urinary Tract Function After 
Paralysis. Frontiers in Neuroscience, 12. https://doi.org/10.3389/fnins.2018.00432 

 
 
 
 



123 

 

 

Gad, P. N., Roy, R. R., Zhong, H., Lu, D. C., Gerasimenko, Y. P., & Edgerton, V. R. 
(2014). Initiation of Bladder Voiding with Epidural Stimulation in Paralyzed, Step 
Trained Rats. PLoS ONE, 9(9), e108184. 
https://doi.org/10.1371/journal.pone.0108184 

 
Gill, M. L., Grahn, P. J., Calvert, J. S., Linde, M. B., Lavrov, I. A., Strommen, J. A., Beck, 

L. A., Sayenko, D. G., Van Straaten, M. G., Drubach, D. I., Veith, D. D., Thoreson, 
A. R., Lopez, C., Gerasimenko, Y. P., Edgerton, V. R., Lee, K. H., & Zhao, K. D. 
(2018). Neuromodulation of lumbosacral spinal networks enables independent 
stepping after complete paraplegia. In Nature Medicine (Vol. 24, Issue 11, pp. 1677–
1682). Nature Publishing Group. https://doi.org/10.1038/s41591-018-0175-7 

 
Goh, J. Z., Tang, S. N., Chiong, H. S., Yong, Y. K., Zuraini, A., & Hakim, M. N. (2014). 

Evaluation of antinociceptive activity of nanoliposome-encapsulated and free-form 
diclofenac in rats and mice. International Journal of Nanomedicine, 10, 297–303. 
https://doi.org/10.2147/IJN.S75545 

 
Goldspink, D. F., Morton, A. J., Loughna, P., & Goldspink, G. (1986). The effect of 

hypokinesia and hypodynamia on protein turnover and the growth of four skeletal 
muscles of the rat. Pflügers Archiv European Journal of Physiology, 407(3), 333–340. 
https://doi.org/10.1007/BF00585311 

 
Gomez, J. L., Bonaventura, J., Lesniak, W., Mathews, W. B., Sysa-Shah, P., Rodriguez, L. 

A., Ellis, R. J., Richie, C. T., Harvey, B. K., Dannals, R. F., Pomper, M. G., Bonci, 
A., & Michaelides, M. (2017). Chemogenetics revealed: DREADD occupancy and 
activation via converted clozapine. Science, 357(6350), 503–507. 
https://doi.org/10.1126/science.aan2475 

 
Gompf, H. S., Budygin, E. A., Fuller, P. M., & Bass, C. E. (2015). Targeted genetic 

manipulations of neuronal subtypes using promoter-specific combinatorial AAVS in 
wild-type animals. Frontiers in Behavioral Neuroscience, 9(JULY). 
https://doi.org/10.3389/fnbeh.2015.00152 

 
Grahn, P. J., Lavrov, I. A., Sayenko, D. G., Van Straaten, M. G., Gill, M. L., Strommen, J. 

A., Calvert, J. S., Drubach, D. I., Beck, L. A., Linde, M. B., Thoreson, A. R., Lopez, 
C., Mendez, A. A., Gad, P. N., Gerasimenko, Y. P., Edgerton, V. R., Zhao, K. D., & 
Lee, K. H. (2017). Enabling Task-Specific Volitional Motor Functions via Spinal 
Cord Neuromodulation in a Human With Paraplegia. Mayo Clinic Proceedings, 92(4), 
544–554. https://doi.org/10.1016/j.mayocp.2017.02.014 

 
 
 



124 

 

 

Green, L. K., Zareie, P., Templeton, N., Keyzers, R. A., Connor, B., & La Flamme, A. C. 
(2017). Enhanced disease reduction using clozapine, an atypical antipsychotic agent, 
and glatiramer acetate combination therapy in experimental autoimmune 
encephalomyelitis. Multiple Sclerosis Journal – Experimental, Translational and 
Clinical, 3(1), 205521731769872. https://doi.org/10.1177/2055217317698724 

 
Grillner, S., & Rossignol, S. (1978). On the initiation of the swing phase of locomotion in 

chronic spinal cats. Brain Research, 146(2), 269–277. https://doi.org/10.1016/0006-
8993(78)90973-3 

 
Guertin, P. A. (2012). Central pattern generator for locomotion: Anatomical, physiological, 

and pathophysiological considerations. In Frontiers in Neurology: Vol. 3 FEB. 
https://doi.org/10.3389/fneur.2012.00183 

 
Guiraud, D., Azevedo Coste, C., Benoussaad, M., & Fattal, C. (2014). Implanted functional 

electrical stimulation: Case report of a paraplegic patient with complete SCI after 9 
years. Journal of NeuroEngineering and Rehabilitation, 11(1). 
https://doi.org/10.1186/1743-0003-11-15 

 
Hachmann, J. T., Grahn, P. J., Calvert, J. S., Drubach, D. I., Lee, K. H., & Lavrov, I. A. 

(2017). Electrical Neuromodulation of the Respiratory System After Spinal Cord 
Injury. In Mayo Clinic Proceedings (Vol. 92, Issue 9, pp. 1401–1414). Elsevier Ltd. 
https://doi.org/10.1016/j.mayocp.2017.04.011 

 
Haery, L., Deverman, B. E., Matho, K. S., Cetin, A., Woodard, K., Cepko, C., Guerin, K. 

I., Rego, M. A., Ersing, I., Bachle, S. M., Kamens, J., & Fan, M. (2019). Adeno-
Associated Virus Technologies and Methods for Targeted Neuronal Manipulation. In 
Frontiers in Neuroanatomy (Vol. 13, p. 93). Frontiers Media S.A. 
https://doi.org/10.3389/fnana.2019.00093 

 
Hamers, F. P. T., Koopmans, G. C., & Joosten, E. A. J. (2006). CatWalk-assisted gait 

analysis in the assessment of spinal cord injury. In Journal of Neurotrauma (Vol. 23, 
Issues 3–4, pp. 537–548). J Neurotrauma. https://doi.org/10.1089/neu.2006.23.537 

 
Han, Q., Ordaz, J. D., Liu, N. K., Richardson, Z., Wu, W., Xia, Y., Qu, W., Wang, Y., Dai, 

H., Zhang, Y. P., Shields, C. B., Smith, G. M., & Xu, X. M. (2019). Descending motor 
circuitry required for NT-3 mediated locomotor recovery after spinal cord injury in 
mice. Nature Communications, 10(1). https://doi.org/10.1038/s41467-019-13854-3 

 
Hantman, A. W., & Jessell, T. M. (2010). Clarke’s column neurons as the focus of a 

corticospinal corollary circuit. Nature Neuroscience, 13(10), 1233–1239. 
https://doi.org/10.1038/nn.2637 



125 

 

 

Hardin, E., Kobetic, R., Murray, L., Corado-Ahmed, M., Pinault, G., Sakai, J., Bailey, S. 
N., Ho, C., & Triolo, R. J. (2007). Walking after incomplete spinal cord injury using 
an implanted FES system: A case report. Journal of Rehabilitation Research and 
Development, 44(3), 333–346. https://doi.org/10.1682/JRRD.2007.03.0333 

 
Harkema, S. J., Gerasimenko, Y., Hodes, J., Burdick, J., Angeli, C., Chen, Y., Ferreira, C., 

Willhite, A., Rejc, E., Grossman, R. G., & Edgerton, V. R. (2011). Effect of epidural 
stimulation of the lumbosacral spinal cord on voluntary movement, standing, and 
assisted stepping after motor complete paraplegia: A case study. The Lancet, 
377(9781), 1938–1947. https://doi.org/10.1016/S0140-6736(11)60547-3 

 
Harkema, S. J., Hurley, S. L., Patel, U. K., Requejo, P. S., Dobkin, B. H., & Edgerton, V. 

R. (1997). Human lumbosacral spinal cord interprets loading during stepping. Journal 
of Neurophysiology, 77(2), 797–811. https://doi.org/10.1152/jn.1997.77.2.797 

 
Harkema, S. J., Wang, S., Angeli, C. A., Chen, Y., Boakye, M., Ugiliweneza, B., & Hirsch, 

G. A. (2018). Normalization of blood pressure with spinal cord epidural stimulation 
after severe spinal cord injury. Frontiers in Human Neuroscience, 12. 
https://doi.org/10.3389/fnhum.2018.00083 

 
Heckman, C. J., & Enoka, R. M. (2012). Motor Unit. In Comprehensive Physiology (Vol. 

2, Issue 4, pp. 2629–2682). John Wiley & Sons, Inc. 
https://doi.org/10.1002/cphy.c100087 

 
Hendrick, T. (2008). Software Techniques for Two- And Three-Dimensional Kinematic 

Measurements of Biological and Biomimetic Systems. Bioinspiration & Biomimetics, 
3(3). https://doi.org/10.1088/1748-3182/3/3/034001 

 
Herman, R., He, J., D’Luzansky, S., Willis, W., & Dilli, S. (2002). Spinal cord stimulation 

facilitates functional walking in a chronic, incomplete spinal cord injured. Spinal 
Cord, 40(2), 65–68. https://doi.org/10.1038/sj.sc.3101263 

 
Hiebert, G. W., Whelan, P. J., Prochazka, A., & Pearson, K. G. (1996). Contribution of 

hind limb flexor muscle afferents to the timing of phase transitions in the cat step 
cycle. Journal of Neurophysiology, 75(3), 1126–1137. 
https://doi.org/10.1152/jn.1996.75.3.1126 

 
Hilton, B. J., Anenberg, E., Harrison, T. C., Boyd, J. D., Murphy, T. H., & Tetzlaff, W. 

(2016). Re-establishment of cortical motor output maps and spontaneous functional 
recovery via spared dorsolaterally projecting corticospinal neurons after dorsal 
column spinal cord injury in adult mice. Journal of Neuroscience, 36(14), 4080–4092. 
https://doi.org/10.1523/JNEUROSCI.3386-15.2016 



126 

 

 

Ho, S. M., & Waite, P. M. E. (2002). Effects of different anesthetics on the paired-pulse 
depression of the H reflex in adult rat. Experimental Neurology, 177(2), 494–502. 
https://doi.org/10.1006/exnr.2002.8013 

 
Hoaglin, D. C. (2003). John W. Tukey and Data Analysis. Statistical Science, 18(3), 311–

318. 
 
Hollis, E. R., Ishiko, N., Pessian, M., Tolentino, K., Lee-Kubli, C. A., Calcutt, N. A., & 

Zou, Y. (2015). Remodelling of spared proprioceptive circuit involving a small 
number of neurons supports functional recovery. Nature Communications, 6, 6079. 
https://doi.org/10.1038/ncomms7079 

 
Hortobágyi, T. (2005). Cross education and the human central nervous system. In IEEE 

Engineering in Medicine and Biology Magazine (Vol. 24, Issue 1, pp. 22–28). 
https://doi.org/10.1109/MEMB.2005.1384096 

 
Hortobágyi, T., Taylor, J. L., Petersen, N. T., Russell, G., & Gandevia, S. C. (2003). 

Changes in segmental and motor cortical output with contralateral muscle 
contractions and altered sensory inputs in humans. Journal of Neurophysiology, 90(4), 
2451–2459. https://doi.org/10.1152/jn.01001.2002 

 
Howland, D. R., Bregman, B. S., Tessler, A., & Goldberger, M. E. (1995). Development 

of locomotor behavior in the spinal kitten. Experimental Neurology, 135(2), 108–122. 
https://doi.org/10.1006/exnr.1995.1071 

 
Hultborn, H., Jankowska, E., Lindström, S., & Roberts, W. (1971). Neuronal pathway of 

the recurrent facilitation of motoneurones. The Journal of Physiology, 218(2), 495–
514. https://doi.org/10.1113/jphysiol.1971.sp009630 

 
Ichiyama, R. M., Courtine, G., Gerasimenko, Y. P., Yang, G. J., Van Den Brand, R., 

Lavrov, I. A., Zhong, H., Roy, R. R., & Edgerton, V. R. (2008). Step training 
reinforces specific spinal locomotor circuitry in adult spinal rats. Journal of 
Neuroscience, 28(29), 7370–7375. https://doi.org/10.1523/JNEUROSCI.1881-
08.2008 

 
Iclas, C. (2012). International Guiding Principles for Biomedical Research Involving 

Animals. 
 
Ilg, A.-K., Enkel, T., Bartsch, D., & Bähner, F. (2018). Behavioral Effects of Acute 

Systemic Low-Dose Clozapine in Wild-Type Rats: Implications for the Use of 
DREADDs in Behavioral Neuroscience. Frontiers in Behavioral Neuroscience, 12, 
173. https://doi.org/10.3389/fnbeh.2018.00173 



127 

 

 

Iyer, S. M., Vesuna, S., Ramakrishnan, C., Huynh, K., Young, S., Berndt, A., Lee, S. Y., 
Gorini, C. J., Deisseroth, K., & Delp, S. L. (2016). Optogenetic and chemogenetic 
strategies for sustained inhibition of pain. Scientific Reports, 6. 
https://doi.org/10.1038/srep30570 

 
Jack, A. S., Hurd, C., Martin, J., & Fouad, K. (2020). Review Electrical Stimulation as a 

Tool to Promote Plasticity of the Injured Spinal Cord. J. Neurotrauma. 
https://doi.org/10.1089/neu.2020.7033 

 
Jacques, S. J., Ahmed, Z., Forbes, A., Douglas, M. R., Vigenswara, V., Berry, M., & 

Logan, A. (2012). AAV8 gfp preferentially targets large diameter dorsal root ganglion 
neurones after both intra-dorsal root ganglion and intrathecal injection. Molecular and 
Cellular Neuroscience, 49(4), 464–474. https://doi.org/10.1016/j.mcn.2012.03.002 

 
Jaiswal, P. B., & English, A. W. (2017). Chemogenetic enhancement of functional 

recovery after a sciatic nerve injury. European Journal of Neuroscience, 45(10), 
1252–1257. https://doi.org/10.1111/ejn.13550 

 
Jann, M. W., Lam, Y. W. F., & Chang, W. H. (1994). Rapid formation of clozapine in 

guinea-pigs and man following clozapine-N-oxide administration. Archives 
Internationales de Pharmacodynamie et de Therapie, 328(2), 243–250. 

 
Jendryka, M., Palchaudhuri, M., Ursu, D., van der Veen, B., Liss, B., Kätzel, D., Nissen, 

W., & Pekcec, A. (2019). Pharmacokinetic and pharmacodynamic actions of 
clozapine-N-oxide, clozapine, and compound 21 in DREADD-based chemogenetics 
in mice. Scientific Reports, 9(1). https://doi.org/10.1038/s41598-019-41088-2 

 
Jones, B. J., & Roberts, D. J. (1968). The quantitative measurement of motor inco‐

ordination in naive mice using an accelerating rotarod. Journal of Pharmacy and 
Pharmacology, 20(4), 302–304. https://doi.org/10.1111/j.2042-7158.1968.tb09743.x 

 
Kannabiran, B. (2016). Variation in Joint Position Sense in the Contralateral Knee 

Following Unilateral ACL Injury. MOJ Orthopedics & Rheumatology, 4(3). 
https://doi.org/10.15406/mojor.2016.04.00138 

 
Karimi, M. T., Amiri, P., Esrafilian, A., Sedigh, J., & Fatoye, F. (2013). Performance of 

spinal cord injury individuals while standing with the Mohammad Taghi Karimi 
reciprocal gait orthosis (MTK-RGO). Australasian Physical and Engineering 
Sciences in Medicine, 36(1), 35–42. https://doi.org/10.1007/s13246-013-0183-3 

 
 
 



128 

 

 

Kato, M., Murakami, S., Yasuda, K., & Hirayama, H. (1984). Disruption of fore- and 
hindlimb coordination during overground locomotion in cats with bilateral serial 
hemisection of the spinal cord. Neuroscience Research, 2(1–2), 27–47. 
https://doi.org/10.1016/0168-0102(84)90003-8 

 
Kawato, M. (1999). Internal models for motor control and trajectory planning. In Current 

Opinion in Neurobiology (Vol. 9, Issue 6, pp. 718–727). Current Biology Ltd. 
https://doi.org/10.1016/S0959-4388(99)00028-8 

 
Kiehn, O. (2006). Locomotor circuits in the mammalian spinal cord. In Annual Review of 

Neuroscience (Vol. 29, pp. 279–306). Annu Rev Neurosci. 
https://doi.org/10.1146/annurev.neuro.29.051605.112910 

 
Kim, J. H., Ebner, T. J., & Bloedel, J. R. (1986). Comparison of response properties of 

dorsal and ventral spinocerebellar tract neurons to a physiological stimulus. Brain 
Research, 369(1–2), 125–135. https://doi.org/10.1016/0006-8993(86)90520-2 

 
Kim, L. H., Sharma, S., Sharples, S. A., Mayr, K. A., Kwok, C. H. T., & Whelan, P. J. 

(2017). Integration of descending command systems for the generation of context-
specific locomotor behaviors. In Frontiers in Neuroscience (Vol. 11, Issue OCT). 
Frontiers Media S.A. https://doi.org/10.3389/fnins.2017.00581 

 
Knikou, M. (2008). The H-reflex as a probe: Pathways and pitfalls. In Journal of 

Neuroscience Methods (Vol. 171, Issue 1, pp. 1–12). 
https://doi.org/10.1016/j.jneumeth.2008.02.012 

 
Korenberg, E. T., & Ghahramani, Z. (2002). A Bayesian view of motor adaptation. In Curr. 

Psychol. Cogn. 
 
Kriellaars, D. J., Brownstone, R. M., Noga, B. R., & Jordan, L. M. (1994). Mechanical 

entrainment of fictive locomotion in the decerebrate cat. Journal of Neurophysiology, 
71(6), 2074–2086. https://doi.org/10.1152/jn.1994.71.6.2074 

 
Krishna, V., Andrews, H., Jin, X., Yu, J., Varma, A., Wen, X., & Kindy, M. (2013). A 

contusion model of severe spinal cord injury in rats. Journal of Visualized 
Experiments : JoVE, 78. https://doi.org/10.3791/50111 

 
Kwon, B. K., Hillyer, J., & Tetzlaff, W. (2010). Translational research in spinal cord injury: 

A survey of opinion from the SCI community. Journal of Neurotrauma, 27(1), 21–
33. https://doi.org/10.1089/neu.2009.1048 

 
 



129 

 

 

Laliberte, A. M., Goltash, S., Lalonde, N. R., & Bui, T. V. (2019). Propriospinal Neurons: 
Essential Elements of Locomotor Control in the Intact and Possibly the Injured Spinal 
Cord. Frontiers in Cellular Neuroscience, 13, 512. 
https://doi.org/10.3389/fncel.2019.00512 

 
Lamy, J. C., Russmann, H., Shamim, E. A., Meunier, S., & Hallett, M. (2010). Paired 

associative stimulation induces change in presynaptic inhibition of Ia terminals in 
wrist flexors in humans. Journal of Neurophysiology, 104(2), 755–764. 
https://doi.org/10.1152/jn.00761.2009 

 
Latash, M. L. (2018). Muscle coactivation: Definitions, mechanisms, and functions. In 

Journal of Neurophysiology (Vol. 120, Issue 1, pp. 88–104). American Physiological 
Society. https://doi.org/10.1152/jn.00084.2018 

 
Lauber, B., Lundbye-Jensen, J., Keller, M., Gollhofer, A., Taube, W., & Leukel, C. (2013). 

Cross-limb interference during motor learning. PLoS ONE, 8(12). 
https://doi.org/10.1371/journal.pone.0081038 

 
Lavrov, I., Courtine, G., Dy, C. J., Van Den Brand, R., Fong, A. J., Gerasimenko, Y., 

Zhong, H., Roy, R. R., & Edgerton, V. R. (2008). Facilitation of stepping with 
epidural stimulation in spinal rats: Role of sensory input. Journal of Neuroscience, 
28(31), 7774–7780. https://doi.org/10.1523/JNEUROSCI.1069-08.2008 

 
Lee, M., Hinder, M. R., Gandevia, S. C., & Carroll, T. J. (2010). The ipsilateral motor 

cortex contributes to cross-limb transfer of performance gains after ballistic motor 
practice. Journal of Physiology, 588(1), 201–212. 
https://doi.org/10.1113/jphysiol.2009.183855 

 
Lerner, A., & Klein, M. (2019). Dependence, withdrawal and rebound of CNS drugs: an 

update and regulatory considerations for new drugs development. Brain 
Communications, 1(1). https://doi.org/10.1093/braincomms/fcz025 

 
Levine, A. J., Hinckley, C. A., Hilde, K. L., Driscoll, S. P., Poon, T. H., Montgomery, J. 

M., & Pfaff, S. L. (2014). Identification of a cellular node for motor control pathways. 
Nature Neuroscience, 17(4), 586–593. https://doi.org/10.1038/nn.3675 

 
Lin, S., Li, Y., Lucas-Osma, A. M., Hari, K., Stephens, M. J., Singla, R., Heckman, C. J., 

Zhang, Y., Fouad, K., Fenrich, K. K., & Bennett, D. J. (2019). Locomotor-related V3 
interneurons initiate and coordinate muscles spasms after spinal cord injury. Journal 
of Neurophysiology, 121(4), 1352–1367. https://doi.org/10.1152/jn.00776.2018 

 
 



130 

 

 

Loughna, P. T., Goldspink, D. F., & Goldspink, G. (1987). Effects of hypokinesia and 
hypodynamia upon protein turnover in hindlimb muscles of the rat. Aviation, Space, 
and Environmental Medicine, 58(9 Pt 2), A133-8. 
https://europepmc.org/article/med/3675479 

 
Lucas-Osma, A. M., Li, Y., Murray, K., Lin, S., Black, S., Stephens, M. J., Ahn, A. H., 

Heckman, C. J., Fenrich, K. K., Fouad, K., & Bennett, D. J. (2019). 5-HT1D receptors 
inhibit the monosynaptic stretch reflex by modulating C-fiber activity. Journal of 
Neurophysiology, 121(5), 1591–1608. https://doi.org/10.1152/jn.00805.2018 

 
Luong, T. N., Carlisle, H. J., Southwell, A., & Patterson, P. H. (2011). Assessment of motor 

balance and coordination in mice using the balance beam. Journal of Visualized 
Experiments, 49. https://doi.org/10.3791/2376 

 
MacLaren, D. A. A., Browne, R. W., Shaw, J. K., Radhakrishnan, S. K., Khare, P., España, 

R. A., & Clark, S. D. (2016). Clozapine N-oxide administration produces behavioral 
effects in long-evans rats: Implications for designing DREADD experiments. ENeuro, 
3(5). https://doi.org/10.1523/ENEURO.0219-16.2016 

 
Maghsoudi, O. H., Vahedipour, A., Hallowell, T., & Spence, A. (2019). Open-source 

Python software for analysis of 3D kinematics from quadrupedal animals. Biomedical 
Signal Processing and Control, 51, 364–373. 
https://doi.org/10.1016/j.bspc.2019.02.024 

 
Magladery, J. W., & McDougal, D. B. (1950). Electrophysiological studies of nerve and 

reflex activity in normal man. I. Identification of certain reflexes in the 
electromyogram and the conduction velocity of peripheral nerve fibers. Bulletin of the 
Johns Hopkins Hospital, 86(5), 265–290. 

 
Magladery, J. W., Porter, W. E., Park, A. M., & Teasdall, R. D. (1951). 

Electrophysiological studies of nerve and reflex activity in normal man. IV. The two-
neurone reflex and identification of certain action potentials from spinal roots and 
cord. Bulletin of the Johns Hopkins Hospital, 88(6), 499–519. 

 
Mahler, S. V., & Aston-Jones, G. (2018). CNO Evil? Considerations for the Use of 

DREADDs in Behavioral Neuroscience. In Neuropsychopharmacology (Vol. 43, 
Issue 5, pp. 934–936). Nature Publishing Group. 
https://doi.org/10.1038/npp.2017.299 

 
 
 
 



131 

 

 

Martin, J. H. (2016). Harnessing neural activity to promote repair of the damaged 
corticospinal system after spinal cord injury. In Neural Regeneration Research (Vol. 
11, Issue 9, pp. 1389–1391). Editorial Board of Neural Regeneration Research. 
https://doi.org/10.4103/1673-5374.191199 

 
Mathis, A., Mamidanna, P., Cury, K. M., Abe, T., Murthy, V. N., Mathis, M. W., & Bethge, 

M. (2018). DeepLabCut: markerless pose estimation of user-defined body parts with 
deep learning. Nature Neuroscience, 21(9), 1281–1289. 
https://doi.org/10.1038/s41593-018-0209-y 

 
May, Z., Fenrich, K. K., Dahlby, J., Batty, N. J., Torres-Espín, A., & Fouad, K. (2017). 

Following Spinal Cord Injury Transected Reticulospinal Tract Axons Develop New 
Collateral Inputs to Spinal Interneurons in Parallel with Locomotor Recovery. Neural 
Plasticity, 2017. https://doi.org/10.1155/2017/1932875 

 
McOmish, C. E., Lira, A., Hanks, J. B., & Gingrich, J. A. (2012). Clozapine-induced 

locomotor suppression is mediated by 5-HT2A receptors in the forebrain. 
Neuropsychopharmacology, 37(13), 2747–2755. 
https://doi.org/10.1038/npp.2012.139 

 
Mears, S. C., & Frank, E. (1997). Formation of specific monosynaptic connections between 

muscle spindle afferents and motoneurons in the mouse. Journal of Neuroscience, 
17(9), 3128–3135. https://doi.org/10.1523/jneurosci.17-09-03128.1997 

 
Metz, G. A., & Whishaw, I. Q. (2002). Cortical and subcortical lesions impair skilled 

walking in the ladder rung walking test: A new task to evaluate fore- and hindlimb 
stepping, placing, and co-ordination. Journal of Neuroscience Methods, 115(2), 169–
179. https://doi.org/10.1016/S0165-0270(02)00012-2 

 
Metz, G. A., & Whishaw, I. Q. (2009). The Ladder Rung Walking Task: A Scoring System 

and its Practical Application. Journal of Visualized Experiments. 
https://doi.org/10.3791/1204 

 
Miao, L., Yang, L., Huang, H., Liang, F., Ling, C., & Hu, Y. (2016). MTORC1 is necessary 

but mTORC2 and GSK3β are inhibitory for AKT3-induced axon regeneration in the 
central nervous system. ELife, 5(MARCH2016). https://doi.org/10.7554/eLife.14908 

 
Miller, S., & Van der Burg, J. (1973). The Function of Long Propriospinal Pathways in 

the Co-Ordination of Quadrupedal Stepping in the Cat (pp. 561–577). Springer, 
Boston, MA. https://doi.org/10.1007/978-1-4613-4547-3_44 

 
 



132 

 

 

Minassian, K., Jilge, B., Rattay, F., Pinter, M. M., Binder, H., Gerstenbrand, F., & 
Dimitrijevic, M. R. (2004). Stepping-like movements in humans with complete spinal 
cord injury induced by epidural stimulation of the lumbar cord: Electromyographic 
study of compound muscle action potentials. Spinal Cord, 42(7), 401–416. 
https://doi.org/10.1038/sj.sc.3101615 

 
Minassian, K., Persy, I., Rattay, F., Pinter, M. M., Kern, H., & Dimitrijevic, M. R. (2007). 

Human lumbar cord circuitries can be activated by extrinsic tonic input to generate 
locomotor-like activity. Human Movement Science, 26(2), 275–295. 
https://doi.org/10.1016/j.humov.2007.01.005 

 
Moller, P. (1995). Electric fishes : history and behavior. Chapman & Hall. 
 
Moraud, E. M., Capogrosso, M., Formento, E., Wenger, N., DiGiovanna, J., Courtine, G., 

& Micera, S. (2016). Mechanisms Underlying the Neuromodulation of Spinal Circuits 
for Correcting Gait and Balance Deficits after Spinal Cord Injury. Neuron, 89(4), 814–
828. https://doi.org/10.1016/j.neuron.2016.01.009 

 
Moraud, E. M., Von Zitzewitz, J., Miehlbradt, J., Wurth, S., Formento, E., Digiovanna, J., 

Capogrosso, M., Courtine, G., & Micera, S. (2018). Closed-loop control of trunk 
posture improves locomotion through the regulation of leg proprioceptive feedback 
after spinal cord injury. Scientific Reports, 8(1), 1–12. 
https://doi.org/10.1038/s41598-017-18293-y 

 
Murg, M., Binder, H., & Dimitrijevic, M. R. (2000). Epidural electric stimulation of 

posterior structures of the human lumbar spinal cord: 1. Muscle twitches - A 
functional method to define the site of stimulation. Spinal Cord, 38(7), 394–402. 
https://doi.org/10.1038/sj.sc.3101038 

 
Musienko, P., van den Brand, R., Märzendorfer, O., Roy, R. R., Gerasimenko, Y., 

Edgerton, V. R., & Courtine, G. (2011). Controlling specific locomotor behaviors 
through multidimensional monoaminergic modulation of spinal circuitries. Journal of 
Neuroscience, 31(25), 9264–9278. https://doi.org/10.1523/JNEUROSCI.5796-
10.2011 

 
Nakajima, T., Ohtori, S., Inoue, G., Koshi, T., Yamamoto, S., Nakamura, J., Takahashi, 

K., & Harada, Y. (2008). The characteristics of dorsal-root ganglia and sensory 
innervation of the hip in rats. Journal of Bone and Joint Surgery - Series B, 90(2), 
254–257. https://doi.org/10.1302/0301-620X.90B2.19808 

 
 
 



133 

 

 

Nath, T., Mathis, A., Chen, A. C., Patel, A., Bethge, M., & Mathis, M. W. (2019). Using 
DeepLabCut for 3D markerless pose estimation across species and behaviors. Nature 
Protocols, 14(7), 2152–2176. https://doi.org/10.1038/s41596-019-0176-0 

 
Noga, B. R., Johnson, D. M. G., Riesgo, M. I., & Pinzon, A. (2009). Locomotor-Activated 

Neurons of the Cat. I. Serotonergic Innervation and Co-Localization of 5-HT 7 , 5-HT 
2A , and 5-HT 1A Receptors in the Thoraco-Lumbar Spinal Cord. Journal of 
Neurophysiology, 102(3), 1560–1576. https://doi.org/10.1152/jn.91179.2008 

 
Norton, J. A., & Mushahwar, V. K. (2010). Afferent inputs to mid- and lower-lumbar spinal 

segments are necessary for stepping in spinal cats. Annals of the New York Academy 
of Sciences, 1198, 10–20. https://doi.org/10.1111/j.1749-6632.2010.05540.x 

 
Ollivier-Lanvin, K., Keeler, B. E., Siegfried, R., Houlé, J. D., & Lemay, M. A. (2010). 

Proprioceptive neuropathy affects normalization of the H-reflex by exercise after 
spinal cord injury. Experimental Neurology, 221(1), 198–205. 
https://doi.org/10.1016/j.expneurol.2009.10.023 

 
Onifer, S. M., Zhang, O., Whitnel-Smith, L. K., Raza, K., O’Dell, C. R., Lyttle, T. S., 

Rabchevsky, A. G., Kitzman, P. H., & Burke, D. A. (2011). Horizontal ladder task-
specific re-training in adult rats with contusive thoracic spinal cord injury. Restorative 
Neurology and Neuroscience, 29(4), 275–286. https://doi.org/10.3233/RNN-2011-
598 

 
Onushko, T. (2009). The Dominant Role of the Hip in Multijoint Reflex Responses in 

Human Spinal Cord Injury. In Dissertations. 
http://epublications.marquette.edu/dissertations_mu/119 

 
Onushko, T., Hyngstrom, A., & Schmit, B. D. (2013). Hip proprioceptors preferentially 

modulate reflexes of the leg in human spinal cord injury. Journal of Neurophysiology, 
110(2), 297–306. https://doi.org/10.1152/jn.00261.2012 

 
Pang, M. Y. C., & Yang, J. F. (2000). The initiation of the swing phase in human infant 

stepping: Importance of hip position and leg loading. Journal of Physiology, 528(2), 
389–404. https://doi.org/10.1111/j.1469-7793.2000.00389.x 

 
Park, H., Latash, E. M., Molkov, Y. I., Klishko, A. N., Frigon, A., DeWeerth, S. P., & 

Prilutsky, B. I. (2019). Cutaneous sensory feedback from paw pads affects lateral 
balance control during split-belt locomotion in the cat. Journal of Experimental 
Biology, 222(14). https://doi.org/10.1242/jeb.198648 

 
 



134 

 

 

Parr, M., Price, P. D., & Cleather, D. J. (2017). Effect of a gluteal activation warm-up on 
explosive exercise performance. BMJ Open Sport and Exercise Medicine, 3(1), 
e000245. https://doi.org/10.1136/bmjsem-2017-000245 

 
Peyronnard, J. M., Charron, L. F., Lavoie, J., & Messier, J. P. (1986). Motor, sympathetic 

and sensory innervation of rat skeletal muscles. Brain Research, 373(1–2), 288–302. 
https://doi.org/10.1016/0006-8993(86)90343-4 

 
Possover, M. (2014). Recovery of sensory and supraspinal control of leg movement in 

people with chronic paraplegia: A case series. Archives of Physical Medicine and 
Rehabilitation, 95(4), 610–614. https://doi.org/10.1016/j.apmr.2013.10.030 

 
Prokop, T., Berger, W., Zijlstra, W., & Dietz, V. (1995). Adaptational and learning 

processes during human split-belt locomotion: interaction between central 
mechanisms and afferent input. Experimental Brain Research, 106(3), 449–456. 
https://doi.org/10.1007/BF00231067 

 
Rasband, W. S. (n.d.). ImageJ. U. S. National Institutes of Health. https://imagej.nih.gov/ij/ 
 
Rattay, F., Minassian, K., & Dimitrijevic, M. R. (2000). Epidural electrical stimulation of 

posterior structures of the human lumbosacral cord: 2. Quantitative analysis by 
computer modeling. Spinal Cord, 38(8), 473–489. 
https://doi.org/10.1038/sj.sc.3101039 

 
Retamal, J., Reyes, A., Ramirez, P., Bravo, D., Hernandez, A., Pelissier, T., Villanueva, 

L., & Constandil, L. (2018). Burst-Like Subcutaneous Electrical Stimulation Induces 
BDNF-Mediated, Cyclotraxin B-Sensitive Central Sensitization in Rat Spinal Cord. 
Frontiers in Pharmacology, 9. https://doi.org/10.3389/fphar.2018.01143 

 
Righetti, L., Buchli, J., & Jan Ijspeert, A. (2006). Dynamic Hebbian learning in adaptive 

frequency oscillators. Physica D, 216, 269–281. 
https://doi.org/10.1016/j.physd.2006.02.009 

 
Robertson, B. D. (2016). A computer vision controlled treadmill with high speed 3D 

motion capture and behaviorally triggered perturbation for use in rodents. 40th Annual 
Meeting of the American Society of Biomechanics. 

 
Robinson, F., Phillips, J., Weiss, A., Bibbiani, F., & Oh, J. D. (2005). CHAPTER B8 - 

Motor Complications in Primate Models of Parkinson Disease. In M. LeDoux (Ed.), 
Animal Models of Movement (pp. 209–217). Elsevier Inc. 

 
 



135 

 

 

Rogan, S. C., & Roth, B. L. (2011). Remote control of neuronal signaling. 
Pharmacological Reviews, 63(2), 291–315. https://doi.org/10.1124/pr.110.003020 

 
Rossignol, S., Dubuc, R., & Gossard, J. P. (2006). Dynamic sensorimotor interactions in 

locomotion. In Physiological Reviews (Vol. 86, Issue 1, pp. 89–154). 
https://doi.org/10.1152/physrev.00028.2005 

 
Roth, B. L. (2016). DREADDs for Neuroscientists. In Neuron. 

https://doi.org/10.1016/j.neuron.2016.01.040 
 
Ruddy, K. L., & Carson, R. G. (2013). Neural pathways mediating cross education of motor 

function. Frontiers in Human Neuroscience, 7(JUL). 
https://doi.org/10.3389/fnhum.2013.00397 

 
Rybak, I. A., Dougherty, K. J., & Shevtsova, N. A. (2015). Organization of the mammalian 

locomotor CPG: Review of computational model and circuit architectures based on 
genetically identified spinal interneurons. In eNeuro (Vol. 2, Issue 5). Society for 
Neuroscience. https://doi.org/10.1523/ENEURO.0069-15.2015 

 
Rybak, I. A., Shevtsova, N. A., Lafreniere-Roula, M., & McCrea, D. A. (2006a). Modelling 

spinal circuitry involved in locomotor pattern generation: Insights from deletions 
during fictive locomotion. Journal of Physiology, 577(2), 617–639. 
https://doi.org/10.1113/jphysiol.2006.118703 

 
Rybak, I. A., Stecina, K., Shevtsova, N. A., & McCrea, D. A. (2006b). Modelling spinal 

circuitry involved in locomotor pattern generation: Insights from the effects of 
afferent stimulation. Journal of Physiology, 577(2), 641–658. 
https://doi.org/10.1113/jphysiol.2006.118711 

 
Sandrow-Feinberg, H. R., & Houlé, J. D. (2015). Exercise after spinal cord injury as an 

agent for neuroprotection, regeneration and rehabilitation. In Brain Research (Vol. 
1619, pp. 12–21). Elsevier B.V. https://doi.org/10.1016/j.brainres.2015.03.052 

 
Sathian, K., Buxbaum, L. J., Cohen, L. G., Krakauer, J. W., Lang, C. E., Corbetta, M., 

Fitzpatrick, S. M., & Fitzpatrick, S. M. (2011). Neurological Principles and 
Rehabilitation of Action Disorders: Common Clinical Deficits. Neurorehabilitation 
and Neural Repair, 25(5 0), 21S-32S. https://doi.org/10.1177/1545968311410941 

 
Schroeder, K., Marques, C., Beaghen, K., Miller, R. J., Malfait, A.-M., & Miller, R. E. 

(2018). Evaluating the horizontal ladder assay in a murine model of osteoarthritis. 
Osteoarthritis and Cartilage, 26, S355–S356. 
https://doi.org/10.1016/j.joca.2018.02.705 



136 

 

 

Scripture, E. W. (1894). An observation on the terminal verb in infant speech. Science, 
23(62). 

 
Selent, J., Pez, L. L., Sanz, F., & Pastor, M. (2008). Multi-receptor binding profile of 

clozapine and olanzapine: A structural study based on the new β2 adrenergic receptor 
template. ChemMedChem, 3(8), 1194–1198. 
https://doi.org/10.1002/cmdc.200800074 

 
Sengul, G., & Watson, C. (2012). Spinal Cord: Connections. In The Human Nervous 

System (pp. 233–258). Elsevier Inc. https://doi.org/10.1016/B978-0-12-374236-
0.10007-0 

 
Shadmehr, R., Huang, H. J., & Ahmed, A. A. (2016). A Representation of Effort in 

Decision-Making and Motor Control. Current Biology, 26(14), 1929–1934. 
https://doi.org/10.1016/j.cub.2016.05.065 

 
Sharples, S. A., Koblinger, K., Humphreys, J. M., & Whelan, P. J. (2014). Dopamine: A 

parallel pathway for the modulation of spinal locomotor networks. Frontiers in Neural 
Circuits, 8(JUNE), 55. https://doi.org/10.3389/fncir.2014.00055 

 
Shealy, C. N., Mortimer, J. T., & Reswick, J. B. (1967). Electrical inhibition of pain by 

stimulation of the dorsal columns: preliminary clinical report. Anesthesia and 
Analgesia, 46(4), 489–491. https://doi.org/10.1213/00000539-196707000-00025 

 
Siebert, J. R., Middelton, F. A., & Stelzner, D. J. (2010). Intrinsic response of thoracic 

propriospinal neurons to axotomy. BMC Neuroscience, 11. 
https://doi.org/10.1186/1471-2202-11-69 

 
Skinner, B. F. (1948). The Behavior of Organisms. Copley Publishing Group. 
 
Skinner, B. F. (1963). Operant behavior. American Psychologist, 18(8), 503–515. 

https://doi.org/10.1037/h0045185 
 
Skinner, B. F. (1981). Selection by consequences. In Science (Vol. 213, Issue 4507, pp. 

501–504). Science. https://doi.org/10.1126/science.7244649 
 
Skinner, R. D., Houle, J. D., Reese, N. B., Berry, C. L., & Garcia-Rill, E. (1996). Effects 

of exercise and fetal spinal cord implants on the H-reflex in chronically spinalized 
adult rats. Brain Research, 729(1), 127–131. 
http://www.ncbi.nlm.nih.gov/pubmed/8874885 

 
 



137 

 

 

Smith, K. S., Bucci, D. J., Luikart, B. W., & Mahler, S. V. (2016). DREADDs: Use and 
application in behavioral neuroscience. In Behavioral Neuroscience (Vol. 130, Issue 
2, pp. 137–155). American Psychological Association Inc. 
https://doi.org/10.1037/bne0000135 

 
Soblosky, J. S., Colgin, L. L., Chorney-Lane, D., Davidson, J. F., & Carey, M. E. (1997). 

Ladder beam and camera video recording system for evaluating forelimb and 
hindlimb deficits after sensorimotor cortex injury in rats. Journal of Neuroscience 
Methods, 78(1–2), 75–83. 

 
Sokal, R. R., & Rohlf, F. J. (1995). Biometry The Principles and Practice of Statistics in 

Biological Research (J. Correa & M. Rolfes (Eds.); Fourth). W. H. Freeman. 
 
Spataro, L., Dilgen, J., Retterer, S., Spence, A. J., Isaacson, M., Turner, J. N., & Shain, W. 

(2005). Dexamethasone treatment reduces astroglia responses to inserted 
neuroprosthetic devices in rat neocortex. Experimental Neurology, 194(2), 289–300. 
https://doi.org/10.1016/j.expneurol.2004.08.037 

 
Spinal Cord Injury Facts and Figures at a Glance. (2019). www.msktc.org/sci/model-

system-centers. 
 
Steingrimsdottir, H. S., & Arntzen, E. (2015). On the utility of within-participant research 

design when working with patients with neurocognitive disorders. In Clinical 
Interventions in Aging (Vol. 10, pp. 1189–1200). Dove Medical Press Ltd. 
https://doi.org/10.2147/CIA.S81868 

 
Sternson, S. M., & Roth, B. L. (2014). Chemogenetic Tools to Interrogate Brain Functions. 

Annual Review of Neuroscience, 37(1), 387–407. https://doi.org/10.1146/annurev-
neuro-071013-014048 

 
Storer, P. D., & Houle, J. D. (2003). betaII-tubulin and GAP 43 mRNA expression in 

chronically injured neurons of the red nucleus after a second spinal cord injury. 
Experimental Neurology, 183(2), 537–547. https://doi.org/10.1016/s0014-
4886(03)00181-x 

 
Straka, H., Simmers, J., & Chagnaud, B. P. (2018). A New Perspective on Predictive Motor 

Signaling. In Current Biology (Vol. 28, Issue 5, pp. R232–R243). Cell Press. 
https://doi.org/10.1016/j.cub.2018.01.033 

 
 
 
 



138 

 

 

Taccola, G., Sayenko, D., Gad, P., Gerasimenko, Y., & Edgerton, V. R. (2018). And yet it 
moves: Recovery of volitional control after spinal cord injury. In Progress in 
Neurobiology (Vol. 160, pp. 64–81). Elsevier Ltd. 
https://doi.org/10.1016/j.pneurobio.2017.10.004 

 
Takeoka, A. (2019). Proprioception: Bottom-up directive for motor recovery after spinal 

cord injury. Neuroscience Research. https://doi.org/10.1016/j.neures.2019.07.005 
 
Takeoka, A., & Arber, S. (2019). Functional Local Proprioceptive Feedback Circuits 

Initiate and Maintain Locomotor Recovery after Spinal Cord Injury. Cell Reports, 
27(1), 71-85.e3. https://doi.org/10.1016/j.celrep.2019.03.010 

 
Takeoka, A., Vollenweider, I., Courtine, G., & Arber, S. (2014). Muscle spindle feedback 

directs locomotor recovery and circuit reorganization after spinal cord injury. Cell, 
159(7), 1626–1639. https://doi.org/10.1016/j.cell.2014.11.019 

 
Terson de Paleville, D. G. L., Harkema, S. J., & Angeli, C. A. (2019). Epidural stimulation 

with locomotor training improves body composition in individuals with cervical or 
upper thoracic motor complete spinal cord injury: A series of case studies. Journal of 
Spinal Cord Medicine, 42(1), 32–38. 
https://doi.org/10.1080/10790268.2018.1449373 

 
Thelin, J., Jörntell, H., Psouni, E., Garwicz, M., Schouenborg, J., Danielsen, N., & 

Linsmeier, C. E. (2011). Implant Size and Fixation Mode Strongly Influence Tissue 
Reactions in the CNS. PLoS ONE, 6(1), e16267. 
https://doi.org/10.1371/journal.pone.0016267 

 
Thorndike, E. L. (1898). Animal intelligence: An experimental study of the associative 

processes in animals. The Psychological Review: Monograph Supplements, 2(4), i–
109. https://doi.org/10.1037/h0092987 

 
Tillerson, J. L., & Miller, G. W. (2003). Grid performance test to measure behavioral 

impairment in the MPTP-treated-mouse model of parkinsonism. Journal of 
Neuroscience Methods, 123(2), 189–200. https://doi.org/10.1016/S0165-
0270(02)00360-6 

 
Towne, C., Montgomery, K. L., Iyer, S. M., Deisseroth, K., & Delp, S. L. (2013). 

Optogenetic Control of Targeted Peripheral Axons in Freely Moving Animals. PLoS 
ONE, 8(8), e72691. https://doi.org/10.1371/journal.pone.0072691 

 
 
 



139 

 

 

Tukey, J. W. (1977). Exploratory Data Analysis. Addison-Wesley. 
https://www.scirp.org/(S(lz5mqp453edsnp55rrgjct55))/reference/ReferencesPapers.a
spx?ReferenceID=1482121 

 
Tuthill, J. C., & Azim, E. (2018). Proprioception. In Current Biology (Vol. 28, Issue 5, pp. 

R194–R203). Cell Press. https://doi.org/10.1016/j.cub.2018.01.064 
 
Vahedipour, A., Haji Maghsoudi, O., Wilshin, S., Shamble, P., Robertson, B., & Spence, 

A. (2018). Uncovering the structure of the mouse gait controller: Mice respond to 
substrate perturbations with adaptations in gait on a continuum between trot and 
bound. Journal of Biomechanics, 78, 77–86. 
https://doi.org/10.1016/j.jbiomech.2018.07.020 

 
Vera, P. L., & Nadelhaft, I. (2001). Clozapine inhibits micturition parameters and the 

external urethral sphincter during cystometry in anesthetized rats. Brain Research, 
901(1–2), 219–229. https://doi.org/10.1016/s0006-8993(01)02352-6 

 
Wagner, F. B., Mignardot, J. B., Le Goff-Mignardot, C. G., Demesmaeker, R., Komi, S., 

Capogrosso, M., Rowald, A., Seáñez, I., Caban, M., Pirondini, E., Vat, M., 
McCracken, L. A., Heimgartner, R., Fodor, I., Watrin, A., Seguin, P., Paoles, E., Van 
Den Keybus, K., Eberle, G., Schurch, B., Pralong, E., Becce, F., Prior, J., Buse, N., 
Buschman, R., Neufeld, E., Kuster, N., Carda, S., von Zitzewitz, J., Delattre, V., 
Denison, T., Lambert, H., Minassian, K., Bloch, J., & Courtine, G. (2018). Targeted 
neurotechnology restores walking in humans with spinal cord injury. Nature, 
563(7729), 65–93. https://doi.org/10.1038/s41586-018-0649-2 

 
Wallace, D. G., Winter, S. S., & Metz, G. A. (2012). Serial pattern learning during skilled 

walking. Journal of Integrative Neuroscience, 11(1), 17–32. 
https://doi.org/10.1142/S0219635212500021 

 
Wang, Y., Wu, W., Wu, X., Sun, Y., Zhang, Y. P., Deng, L. X., Walker, M. J., Qu, W., 

Chen, C., Liu, N. K., Han, Q., Dai, H., Shields, L. B. E., Shields, C. B., Sengelaub, D. 
R., Jones, K. J., Smith, G. M., & Xu, X. M. (2018). Remodeling of lumbar motor 
circuitry remote to a thoracic spinal cord injury promotes locomotor recovery. ELife, 
7. https://doi.org/10.7554/eLife.39016 

 
Waters, R. L., Adkins, R. H., Yakura, J. S., & Sie, I. (1996). Effect of surgery on motor 

recovery following traumatic spinal cord injury. Spinal Cord, 34(4), 188–192. 
https://doi.org/10.1038/sc.1996.37 

 
 
 



140 

 

 

Wei, K., & Körding, K. (2010). Uncertainty of feedback and state estimation determines 
the speed of motor adaptation. Frontiers in Computational Neuroscience, 4, 1–9. 
https://doi.org/10.3389/fncom.2010.00011 

 
Wenger, N., Moraud, E. M., Gandar, J., Musienko, P., Capogrosso, M., Baud, L., Le Goff, 

C. G., Barraud, Q., Pavlova, N., Dominici, N., Minev, I. R., Asboth, L., Hirsch, A., 
Duis, S., Kreider, J., Mortera, A., Haverbeck, O., Kraus, S., Schmitz, F., DiGiovanna, 
J., Van Den Brand, R., Bloch, J., Detemple, P., Lacour, S. P., Bézard, E., Micera, S., 
& Courtine, G. (2016). Spatiotemporal neuromodulation therapies engaging muscle 
synergies improve motor control after spinal cord injury. Nature Medicine, 22(2), 
138–145. https://doi.org/10.1038/nm.4025 

 
West, C. R., Phillips, A. A., Squair, J. W., Williams, A. M., Walter, M., Lam, T., & 

Krassioukov, A. V. (2018). Association of epidural stimulation with cardiovascular 
function in an individual with spinal cord injury. In JAMA Neurology (Vol. 75, Issue 
5, pp. 630–632). American Medical Association. 
https://doi.org/10.1001/jamaneurol.2017.5055 

 
Wilson, S., Nagel, S. J., Frizon, L. A., Fredericks, D. C., DeVries-Watson, N. A., Gillies, 

G. T., & Howard, M. A. (2020). The Hemisection Approach in Large Animal Models 
of Spinal Cord Injury: Overview of Methods and Applications. In Journal of 
Investigative Surgery (Vol. 33, Issue 3, pp. 240–251). Taylor and Francis Ltd. 
https://doi.org/10.1080/08941939.2018.1492048 

 
Wirtshafter, D., & Stratford, T. R. (2016). Chemogenetic inhibition of cells in the 

paramedian midbrain tegmentum increases locomotor activity in rats. Brain Research, 
1632, 98–106. https://doi.org/10.1016/j.brainres.2015.12.014 

 
Witzemann, V. (2007). Choline acetyltransferase. In xPharm: The Comprehensive 

Pharmacology Reference (pp. 1–5). Elsevier Inc. https://doi.org/10.1016/B978-
008055232-3.60522-7 

 
Wolpaw, J. R., & Lee, C. L. (1989). Memory traces in primate spinal cord produced by 

operant conditioning of H-reflex. Journal of Neurophysiology, 61(3), 563–572. 
https://doi.org/10.1152/jn.1989.61.3.563 

 
Wolpert, D. M., & Ghahramani, Z. (2000). Computational principles of movement 

neuroscience. Nature Neuroscience, 3(11s), 1212–1217. 
https://doi.org/10.1038/81497 

 
 
 



141 

 

 

Wolpert, D. M., Ghahramani, Z., & Jordan, M. I. (1995). An internal model for 
sensorimotor integration. Science, 269(5232), 1880–1882. 
https://doi.org/10.1126/science.7569931 

 
Wolpert, D. M., & Miall, R. C. (1996). Forward Models for Physiological Motor Control. 

Neural Networks, 9(8), 1265–1279. 
 
Wu, D., Jin, Y., Shapiro, T. M., Hinduja, A., Baas, P. W., & Tom, V. J. (2020). Chronic 

neuronal activation increases dynamic microtubules to enhance functional axon 
regeneration after dorsal root crush injury. Nature Communications, 11(1), 1–16. 
https://doi.org/10.1038/s41467-020-19914-3 

 
Wu, M., Gordon, K., Kahn, J. H., & Schmit, B. D. (2011). Prolonged electrical stimulation 

over hip flexors increases locomotor output in human SCI. Clinical Neurophysiology, 
122(7), 1421–1428. https://doi.org/10.1016/j.clinph.2011.04.008 

 
Xu, J., Wei, Xuxia, Gao, F., Zhong, X., Guo, R., Ji, Y., Zhou, X., Chen, J., Yao, P., Liu, 

X., & Wei, Xuhong. (2019). NADPH oxidase 2 derived ROS contributes to LTP of 
C-fiber evoked field potentials in spinal dorsal horn and persistent mirror-image pain 
following high frequency stimulus of the sciatic nerve. PAIN, 1. 
https://doi.org/10.1097/j.pain.0000000000001761 

 
Yakovenko, S., Kowalczewski, J., & Prochazka, A. (2007). Intraspinal Stimulation Caudal 

to Spinal Cord Transections in Rats. Testing the Propriospinal Hypothesis. Journal of 
Neurophysiology, 97(3), 2570–2574. https://doi.org/10.1152/jn.00814.2006 

 
Yen, S. C., Landry, J. M., & Wu, M. (2014). Augmented multisensory feedback enhances 

locomotor adaptation in humans with incomplete spinal cord injury. Human 
Movement Science, 35, 80–93. https://doi.org/10.1016/j.humov.2014.03.006 

 
Young, W. (2015). Electrical stimulation and motor recovery. In Cell Transplantation 

(Vol. 24, Issue 3, pp. 429–446). Cognizant Communication Corporation. 
https://doi.org/10.3727/096368915X686904 

 
Zaporozhets, E., Cowley, K. C., & Schmidt, B. J. (2011). Neurochemical excitation of 

propriospinal neurons facilitates locomotor command signal transmission in the 
lesioned spinal cord. Journal of Neurophysiology, 105(6), 2818–2829. 
https://doi.org/10.1152/jn.00917.2010 

 


	Abstract
	Dedication
	Acknowledgements
	Table of Contents
	List of Tables
	List of Figures
	Chapter 1: Introduction
	Spinal Cord Injury
	Epidural Electrical Stimulation
	Using DREADD technology to uncover EES-induced mechanisms of recovery
	Thesis objectives and hypotheses

	Chapter 2: Plasticity mechanisms that are hypothesized to enable EES to promote enhanced locomotor recovery after SCI
	Introduction
	Hypothesis 1: Strengthening of monosynaptic connections between proprioceptive afferents and motoneurons
	Hypothesis 2: Reorganization of propriospinal circuitry around the lesion site and within the lumbar central pattern generator to promote rhythmic activity and hindlimb coordination
	Hypothesis 3: Spatiotemporal integration of the internal model with peripheral afferent input within interneuronal networks to aid learning of correct motor output

	Chapter 3: CNO alone does not affect H-reflex in naïve rats: implications for studies that use DREADDs
	Introduction
	Materials and Methods
	Subjects
	Animal groups
	Electrophysiological experiments
	Data analysis
	Statistical approach

	Results
	EMG responses
	CNO effect on H-reflex amplitudes
	CNO effect on H-reflex stimulation depression

	Discussion

	Chapter 4: Addition of angled rungs to the horizontal ladder walking task for more sensitive probing of sensorimotor changes
	Introduction
	Materials and Methods
	Subjects
	Ladder Design
	Ladder Fabrication
	Measurement of ladder rung gaps and angles
	DRG Injections
	Hargreaves test (Thermal Hyperalgesia)
	Video recording
	Horizontal Ladder Analysis
	Training of scorers
	Immunohistochemistry
	Statistical Approach

	Results
	Characterization of DREADDs expression
	Ladder walk validation
	Intra-ladder comparison
	Inter-ladder comparison

	Discussion
	Conclusion

	Chapter 5: Using chemogenetics to uncover neural plasticity and behavioral changes after injury
	Introduction
	Materials and methods
	Experimental design
	Subjects
	Surgical procedures
	DRG injection surgeries
	Marker application
	Hemisection SCI
	BBB scoring
	3D Reconstruction and Kinematic Analysis
	Histology
	Healthy spared tissue quantification
	Quantification of mCherry axonal densities in the lumbar spinal cord
	Animal numbers and statistical analysis

	Results
	Healthy spared tissue at epicenter of hemisection SCI is similar between groups
	mCherry axonal densities in the lumbar spinal cord are higher in the DREADDs group
	DREADDs animals have higher BBB motor scores upon study completion
	DREADDs animals display lower joint heights, more extended hip joint angles, and shorter strides in the acute stage of injury
	DREADDs animals have higher ASIS and hip joints in the more chronic stages of injury
	Joint angle variability
	Withdrawal of CNO elicits a buckling phenomenon in DREADDs animals

	Discussion
	DREADDs activation may act to induce axonal sprouting and synaptogenesis in the lumbar spinal cord
	DREADDs activation in the acute stage of injury has impacts on the swing phase and on step attributes
	Chronic DREADDs activation results in overall higher lifted hindquarters and more frequent hindlimb coordination
	Enhanced afferent activation in hip muscles increases hip joint angle variability
	Withdrawal of CNO leads to buckling event in animals with DREADDs

	Conclusion

	Chapter 6: Future directions
	Potential studies moving forward
	Examine changes in monosynaptic connections between targeted neurons and motorneurons
	Examine changes in interneuronal networks using C-Fos
	Introduce a CNO withdrawal training program
	Repeat the study in a contusion spinal cord injury model


	References

