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ABSTRACT 

Stance, stepping and balance; all individual phenomena, equally important to achieve 

the basic function of walking. Since the last century efforts have been made to better 

understand the physiology underlying these fundamental yet extremely complex 

neuronal functions.  

Resetting locomotor activity was obtained by stimulating vestibular afferents in an in 

vitro neonatal rat spinal cord preparation by delivering electrical impulses with diverse 

parameters in the presence of drug-induced rhythmic locomotor activity. 

Inputs from other supraspinal and peripheral neural structures were limited by selective 

lesioning, such that only ipsilateral descending ventral pathways remained intact. We 

demonstrated the relevance and influence of vestibular stimulation as an early 

termination of a locomotor flexor phase and prolongation of the extensor component, 

recorded bilaterally at the lumbar level from the nerve roots corresponding to hindlimb 

flexors and extensors. These effects included changes in amplitude and timing of the 

rhythmic discharge; this thesis focuses on description of the changes in timing of 

ongoing locomotor activity that occurs due to stimulation of descending vestibulospinal 

input. 

The distribution of the lumbar commissural interneurons mediating these responses 

remains to be characterized, although, the findings of this thesis suggest that their 

network array could be redundantly distributed among the rostrocaudal extent of the 

lumbar cord. 
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CHAPTER 1. GENERAL OVERVIEW 
1.1 SCI statistics Canada 

According to Noonan et al the prevalence of spinal cord injuries (SCI) in Canada in 

2010 was 85556 persons, of which 44% are tetraplegic and 56% paraplegic (Noonan et 

al. 2012). The incidence of individuals discharged from the hospital after a traumatic 

SCI reported in the same year was 3675. 

When people with SCI were surveyed, their desire to be able to stand and reach ranked 

higher than walking (Anderson 2004). One of the many complications of SCI is the 

deterioration of bone mineral density, with 20% loss in femur bone mineral within the 

first year after injury (Gifre et al. 2014) leaving the affected population at higher risk of 

fractures and morbidity. Finding a means to stand may be both functionally meaningful 

and therapeutically beneficial to those living with spinal cord injury.    

 

1.2 Relevance of this research 

 

“Activation of descending vestibulospinal pathways perturbs the pattern of 

ongoing locomotion demonstrated in the in vitro neonatal rat brainstem-spinal 

cord preparation” 

 

The neural mechanisms generating rhythmic stepping have been extensively 

investigated. The focus of this research is to increase our understanding of how the 

nervous system mediates the stance or extension-related component of stepping. 

It has been proposed that the neural mechanisms underlying different stance patterns 

are derived from different combinations of muscular synergies, depending on the 
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particular orientation of the body in space (Deliagina et al. 2012). It is important to 

recognize the crucial role of both supraspinal phasic inputs and descending tonic 

activity in anti-gravity muscles for maintaining an upright posture (Grillner et al. 1970), 

(Deliagina et al. 2012). Extensor muscle activation constitutes a fundamental part of 

weight-bearing during stepping and stance. The role of the vestibular nucleus in the 

maintenance of balance makes it a suitable candidate to examine the supraspinal 

influences underlying stance and stepping. 

 

This thesis characterizes the response to stimulation of vestibulospinal afferents during 

ongoing stepping, and begins to investigate the neural intraspinal pathways mediating 

the response to stimulation of vestibulospinal afferents during stepping.  

We believe that some commissural networks could be involved in such mechanisms 

within lumbar and perhaps sacral levels, given their involvement in left – right 

coordination showed by (Cowley et al. 2009). 

 

Examining the mentioned mechanisms requires a reliable model for inducing locomotion 

and for gait perturbations, as well as for manipulation of the neural circuitry generating 

motor output. The in vitro neonatal rat spinal cord preparation offers all those 

advantages and would set the basis for further in vivo model design and development 

within the motor control field. 
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CHAPTER 2. INTRODUCTION 
2.1 Nervous system structures influencing balance  

2.1.1 General mechanisms influencing stepping 

It has long been recognized that the cortex is important for initiating movement.  

However, the activation of rhythmic motor activity typically involves many sub-cortical 

neural structures including the cerebellum, red nucleus, vestibular and visual system 

inputs, and also includes input from proprioceptive and cutaneous afferents from the 

limbs. In addition to the generation of an ongoing rhythmic pattern of stepping, these 

systems are also involved in the compensatory reactions to postural disturbances, 

mediating feedback-based balance control (Mori 1987), (Deliagina et al. 2012).  

 

Although it is known that there are several descending inputs contributing to locomotor 

activity (e.g. Corticospinal tract, red nucleus, cerebellum), the basic pattern of flexion 

and extension can be induced just by stimulation of the mesencephalic locomotor region 

(MLR) (Shik et al. 1969), (Noga et al. 1991).  Ongoing locomotor activity can also be 

influenced by stimulation of descending vestibulospinal neurons (Grillner et al. 1970), 

(Leblond and Gossard JP 1997). 

 

The aim of this thesis is to characterize the responses to stimulation of vestibular input 

during ongoing locomotor activity and to begin to investigate the neuronal mechanisms 

underlying the responses to vestibulospinal input and their relation to stance.  
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2.1.2 The vestibular system  

The organ of Corti in the inner ear behaves as an interface between the cochlear hair 

cells and transfers the mechanical movement of hair cells into electrical impulses that 

are recognized by the central nervous system. The organ of Corti consists of at least 

four types of cells. These include two varieties of hair cells (inner and outer), which are 

excited by mechanical movement. In addition, Deiter’s cells and pillar cells support and 

separate the inner and outer hair cells (Kandel and Schwartz 2013). Depending on the 

direction of deflection of hair cells, activation of the hair cells can either hyperpolarize or 

depolarize which results in either a decrease or increase in firing of vestibular afferent 

fibres. 

 

These signals are conducted via the VIII cranial nerve (vestibulocochlear); this nerve 

contains both afferent and efferent fibres. The vestibulocochlear nerve projects its fibres 

to ipsilateral and contralateral vestibular nuclei. At the same time, CN VIII fibres also 

project to the superior olivary complex, inferior and superior colliculi, as well as diverse 

cortical areas (Kandel and Schwartz 2013). 

 

The vestibulospinal tract originates in the vestibular nucleus (Deiter’s Nucleus) and 

constitutes one of the major extrapyramidal descending motor pathways (Grillner et al. 

1970). Each vestibulospinal nucleus gives rise to a medial (MVST) and lateral 

vestibulospinal tract (LVST). The LVST descends ipsilaterally via the ventral funiculus 

and synapses in the ventral horn of the spinal cord.  The LVST is the main pathway 

receiving otolith signals, directly influencing extensor musculature (Orlovsky 1972), (Mai 
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and Paxinos 2012). The medial vestibulospinal tract descends both ipsi and 

contralaterally and synapses on both motoneurons and interneurons throughout the 

rostrocaudal extent of the spinal cord (Kasumacic et al. 2010). As shown by Grillner et 

al (1970), electrical stimulation of Deiter’s nucleus evoked mono and disynaptic 

responses in extensor muscles and pretibial flexors in the cat, such as tibialis anterior 

and extensor digitorum longus motoneurons. (Lund and Pompeiano 1965), (Grillner et 

al. 1970), (Mai and Paxinos 2012).  In addition, there are many projections from the 

vestibular nucleus to interneurons throughout the rostrocaudal extent of the spinal cord. 

All descending inputs must be integrated at the spinal level with the signals generating 

the basic locomotor rhythm (CPG) and the information received from peripheral 

afferents. (Grillner 1981), (Drew et al. 2004). 

 

2.2 Locomotion 

2.2.1 CPG and neurochemicals in Spinal Cord can activate locomotion 

The central pattern generator (CPG) for locomotion is defined as a neuronal network 

within the spinal cord capable of basic locomotor rhythm generation when isolated from 

the brain and sensory inputs. One of the first to demonstrate the capability to generate 

the basic pattern of stepping by the isolated spinal cord was Thomas Graham Brown 

(Brown 1911), (Brown 1914) working in the cat at the beginning of the last century. The 

first authors describing a similar pattern of arrangement in the in vitro neonatal rat spinal 

cord were Kudo and Yamada, showing locomotor activity evoked in hindlimbs when 

excitatory amino acids were applied (Smith and Feldman 1987), (Kudo and Yamada 

1987). 
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One of the first models of rhythm generation involved left-right alternation, with two half 

centers (one for each hemicord) reciprocally inhibiting each other in an alternating 

fashion (Brown 1911), (Brown 1914). Activation of GABAA and glycine receptors have 

been suggested to mediate this reciprocal inhibition (Cowley and Schmidt 1995).  

Other models, such as the unit burst generator were also introduced (Grillner 1981). 

More recently, McCrea and colleagues introduced a model which separates the rhythm-

generating component from the pattern-generating component (Rybak et al. 2006). 

 

2.2.2 Various neurochemicals have been used to induce locomotor activity within the 

SC 

Many neurotransmitters have been used to induce locomotor activity in the mammalian 

spinal cord. For example 5-hydroxytryptamine (5HT) or serotonin, excitatory amino 

acids, and acetylcholine are able to produce a locomotor pattern of rhythmic activity 

(Cowley and Schmidt 1994a). This 5HT sensitive network exists both in lumbar and 

supralumbar regions of the spinal cord. N-methyl-D-aspartate (NMDA) sensitive 

components are also present throughout the spinal cord. 

 

2.2.3 Distribution of neurons generating locomotor activity  

In terms of the transverse location of the locomotor CPG, according to Kjaerulff and 

Kiehn (1996) the ventromedial aspect of the caudal thoracic and rostral lumbar 

segments constitutes the most important area for rhythmogenesis. Neurons capable of 

rhythm generation and coordination are distributed throughout the rostrocaudal extent of 

the cord (Cowley and Schmidt 1997). The spinal cord also includes a vast propriospinal 
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circuitry of reciprocally excitatory and inhibitory connections consisting of side-to-side 

and ascending and descending projections that are redundantly organized (Cowley and 

Schmidt 1997), (Cowley et al. 2009). 

 

2.2.4 Descending influences on locomotor activity described in diverse studies 

Diverse studies have suggested two types of supraspinal influences mediating postural 

tasks including phasic postural commands and tonic drive that stimulates spinal postural 

networks (Mori 1987), (Deliagina et al. 2012). Deliagina et al. also concluded that 

excitatory supraspinal drive to extensor neurons is stronger than to the flexor 

counterpart (Deliagina et al. 2014).  

 

2.2.5 Sensory interneurons influencing ongoing locomotor activity 

Angel et al. proposed that the group I primary afferents eliciting disynaptic EPSPs in the 

extension phase of locomotion were a product of interneuron excitability modulation. 

They also demonstrated interneuronal mediation of disynaptic excitation elicited from 

stimulating group Ia muscle spindle afferents and Ib tendon organ afferents from several 

nerves.  

Angel et al. concluded that the activation of primary afferents could result in a reflex 

disynaptic excitation if the responsible interneurons were released from inhibition. Given 

the wider distribution of disynaptic versus monosynaptic EPSPs in this situation, muscle 

spindle primaries could cause greater motoneuronal excitation through disynaptic than 

monosynaptic excitatory pathways during the extensor phase of locomotion (Angel et al. 

1996). 
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2.2.6 Localization of networks generating locomotor activity and L-R coordination 

Given the results found by (Cowley and Schmidt 1995), (Kjaerulff and Kiehn 1996) and 

(Kremer and Lev-Tov 1997) it is thought that the networks generating locomotor activity 

are located in the ventromedial aspect throughout the rostrocaudal extent of the spinal 

cord. Some of these authors also demonstrated that left-right alternation is mediated by 

networks crossing in the ventral commissure (Kjaerulff and Kiehn 1996).  

 

2.2.7 Importance of commissural neurons activated by bulbospinal projections in 

locomotor rhythm generation 

Cowley et al. (2009) demonstrated the important role of commissural projections in 

coordinating left-right activity during brainstem stimulation-activated locomotor rhythm 

generation in the in vitro neonatal spinal cord. They found that after midsagittally 

sectioning the entire spinal cord, leaving intact segments from T13 to L2, locomotor 

activity could be elicited when the brainstem was electrically stimulated. This suggested 

that the commissural projections of the caudal-most thoracic portion and the rostral 

lumbar segments were particularly important when eliciting hindlimb locomotor activity 

by electrical activation of the brainstem (Cowley et al. 2009). 

 

Cowley et al. (2009) reported that exogenously applied neurochemicals (NMDA and 

5HT) resulted in more effective recruitment of the rhythmogenic capacity of the spinal 

cord when compared with just electrical brainstem stimulation. The distribution of the 

spinal locomotor system was robust, such that as few as two bilaterally intact segments 

were sufficient to coordinate left-right locomotor activity elicited by 5HT-NMDA. 
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2.2.8 Different pathways could be acting in parallel, reinforcing extension during 

locomotor activity 

Different populations of interneurons project to ankle extensor motoneurons. These 

MNs receive indirect inputs from group Ia and Ib ankle extensor afferents. Under certain 

conditions, these interneurons become activated only during the extensor phase. Thus 

during locomotor activity, activation of these interneurons could increase the activity of 

extensor motoneurons via disynaptic pathways.  

Group I afferents may also act on other interneuron populations, including the extensor 

half of the CPG. These assumptions imply that a variety of different reflex pathways 

may be acting in parallel to reinforce the extensor motoneurons activity during 

locomotion (McCrea et al. 1995). 

 

2.2.9 Responses to electrical stimulation of Deiter’s nucleus or VIII cranial nerve 

“Lateral vestibulospinal tract and medial longitudinal fasciculus have monosynaptic 

connections to extensor and flexor motoneurons respectively” (Grillner et al. 1970), 

(Russell and Zajac FE 1979). When electrically stimulating Deiter’s nucleus during the 

flexion phase in the cat, these descending volleys stopped the ongoing flexor activity 

(tibialis anterior and extensor digitorum longus) and generated activity in the extensor 

muscles (medial gastrocnemius). In contrast, when stimulation was given during the 

extensor phase, it prolonged the extensor activity and the next flexor phase initiation 

was delayed (Russell and Zajac FE 1979), (Leblond and Gossard JP 1997). 
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Stimulation of Deiter’s nucleus evoked mono and disynaptic responses in pre-tibial 

flexors and extensors motoneurons. Interestingly these researchers did not observe 

spacial facilitation when activating Deiter’s nucleus and peripheral afferents during 

locomotion. They therefore concluded that there is no convergence between Deiter’s 

nucleus and group I afferent inputs. Consequently, inputs from extensor group I fibers 

and lateral vestibulospinal descending axons, project to two different sets of 

interneurons in order to activate the extensor half centre (Leblond and Gossard JP 

1997). 

 

2.2.10 Stimulation of low threshold proprioceptive afferents can reset the locomotor 

pattern during locomotor rhythm in the in vitro neonatal spinal cord 

Kiehn and Kudo (1992) also showed the possibility of resetting an ongoing locomotor 

rhythmic activity when stimulating low threshold afferents (proprioceptive input) in the in 

vitro neonatal spinal cord. They found that stimulating L2 and L3 dorsal roots at 1.8 x 

threshold and 10-20 Hz with 5-10 pulses, were the most effective parameters to elicit 

resetting.  

 

Their observations included noting that “when stimulation was applied about mid-burst 

into the beginning of the following silent period of the burst discharge of the L2 or L3 

ventral roots, there was a phase-advance of the following burst” and that “a phase-delay 

was observed when the stimulation was given at the end of the silent period to the 

beginning of the burst” (Kiehn et al. 1992). This suggests that the low threshold 

stimulation of the quadriceps nerve root activates primarily group I afferents and its 
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activation can reset the ongoing locomotor rhythm. These authors concluded that in the 

in vitro neonatal rat stimulation of L2 or L3 proprioceptive afferents supresses activity in 

the L5 ventral root and enhances the L2 or L3 ventral root discharge (Kiehn et al. 1992). 

It also demonstrates that there may be different effects on the ongoing locomotor 

activity depending on the timing of the stimulation. These authors assumed that L2 and 

L3 contained predominately extensor efferents and L5 flexor efferents, later disproved 

by Cowley and Schmidt 1994. 

 

Resetting can occur at either the ‘timing’ or ‘clock’ level or it can occur at the pattern 

formation level (Rybak et al. 2006). When the resetting affects only a single step cycle, 

with cycle durations returning to baseline levels after a few cycles, the resetting is 

considered to occur at the ‘pattern formation’ level of the locomotor CPG (Conway et al. 

1987), (Rybak et al. 2006). In contrast, if the ‘clock’ is permanently shifted, then the 

resetting is considered to occur at the ‘timing’ level of the locomotor CPG (Rybak et al. 

2006). 

 

The type of resetting described above by Kiehn et al. (1992) would therefore be 

considered to occur at the pattern formation level, rather than at the ‘clock’ level of the 

locomotor CPG. 
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2.2.11 Stimulation of descending inputs in neonatal spinal cord, activate interneurons on 

the contralateral side  

In 2015, Kasumacic et al. showed that activation of descending commissural 

interneurons (dCINs) by stimulation of the LVST mediated a polysynaptic response in 

contralateral lumbar MNs. It suggested the involvement of either midline-crossing 

collaterals of the LVST axons or CINs mediated this impulse transmission. These LVST-

mediated responses in contralateral and ipsilateral dCINs were more prevalent at L1 

and L2 levels. However it is necessary to mention that those ventrally restricted LVST-

responsive dCINs were observed to project all the way from T7 as far as L5 but in lower 

numbers compared with L1-L2 segments.   

 

Given all the previous evidence we currently know that:  

1) Stimulation of descending vestibulospinal inputs activates interneurons and 

motoneurons in the neonatal spinal cord. 

2) Resetting can be elicited from peripheral afferents in the neonate 

But, we don’t know if resetting can be elicited from vestibulospinal input in the neonatal 

rat during ongoing locomotion. 

 

To date, no one has described the effects of stimulation of vestibulospinal afferents 

during ongoing locomotor activity in the neonatal rat.  Once the responses to stimulation 

of these afferents during ongoing locomotor activity has been characterized, the in vitro 

neonatal rat preparation would be well suited to examining the spinal neural paths 

involved in mediating any observed responses to vestibulospinal stimulation. 
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Research questions 

i. Characterize the responses in selected lumbar ventral roots to vestibulospinal 

stimulation in the neonatal rat in vitro preparation during ongoing locomotor 

activity elicited by spinal bath application of neurochemicals. 

 

ii. Examine the rostrocaudal distribution of the commissural fibers involved in 

resetting the ongoing locomotion rhythm when electrically stimulating the VIII CN. 

 

 

 

HYPOTHESIS 

Activation of vestibulospinal afferents elicits an extensor-biased response in the 

hindlimb during ongoing stepping and redundant commissural pathways mediate 

resetting to extension during stepping at all lower thoracic and lumbar spinal levels.
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CHAPTER 3. METHODS 

85 brainstem-spinal cords were isolated from 0 to 4 day old neonatal Sprague-Dawley 

rats, according to the following protocol: 

 

With the appropriate ethics committee approval, animal care training, and required 

safety equipment, the dissection process was initiated in a fume hood chamber. 

1cc of liquid isofluorane was added to a glass chamber and the neonatal rat was placed 

inside, on top of an elevated surface. 

After 3-4 minutes, and when the animal was in a surgical plane of anaesthesia, the 

animal was decerebrated with scalpel (precollicular level). Starting from the dorsal side 

of the neck, skin was dissected sagittally and towards the four limbs with mayo scissors, 

and skin removal process continued ventrally. 

 

The animal was transferred to a dish filled with ACSF, permanently perfused with gas 

containing 95% O2 and 5% CO2 at room temperature (22 degrees Celsius) with a 250 

ml/hr rate of flow.  

 

The included components of the above mentioned ACSF were: NaCl 128mM, KCl 3mM, 

NaH2PO4.H2O 0.5mM, CaCl2.2H2O 1.5mM, MgSO4 1mM, NaHCO3 21mM, and Glucose 

30mM maintaining a 7.45 pH (Cowley and Schmidt 1994b). Once the animal was 

pinned down in cephalo-caudal and in ventral-decubitus, dissection started with number 

2 forceps and micro-dissecting scissors; removing the neck subcutaneous fat, 

clavotrapezius and acromiotrapezius muscles. Then while gripping the occipital bone it 
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was incised laterally and then each vertebral body was cut on both lateral edges 

(laminectomy) all the way down the spine until the conus medullaris was reached. 

The animal was flipped over into dorsal-decubitus and the thoracic cavity was cut open 

from the sternal xiphoid process to the jugular notch. After the hard palate was identified 

and cervical portion of the tongue had been gripped with biological grade dissection 

forceps, connective tissue was cut bilaterally, esophagus and trachea were detached 

from the thoracic cavity, followed by removal of the rest of the organs in a caudal 

direction and dissected out until the rectum was freed, keeping vertebral structures 

intact.  

 

Dissection continued below the hard palate following the midline until the atlas was 

identified, its anterior arch was removed, axis odontoid’s process was clipped and cut 

laterally and caudally all the way down, incising both sides of the vertebral bodies to 

expose the spinal cord until the conus medullaris was reached. All the nerve roots were 

cut alongside to the cord until liberated from vertebrae and remaining adjacent 

structures. 

 

Meninges were removed with extreme care using the micro-dissecting scissors and 

biological dissection forceps. Once the colliculi were identified, a midcollicular 

transection was effectuated, preserving the inferior colliculi bilaterally. 

Following this process, a 20-micron pin was set sagittally at T10 level. The best side of 

the brainstem after dissection was kept for further cranial nerve stimulation and the 

remaining side was cut coronally at T10 level. Also a transversal cut in the remaining 
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hemisected intact side was made, leaving only the ventrolateral quadrant intact. (See 

Figure 2). All above-mentioned lesions were made using a dissecting stereoscope 

(Cowley et al. 2009). 

 

The obtained spinal cord was transferred to a smaller dissection dish with fresh solution 

(10cc) and constant 95% O2 and 5% CO2 gas mix diffusion (250ml/hr.) 20 microns 

insect pins were placed with needle holder on both sides of the cord to secure it 

centrally in the dish (n 8-10) from brainstem to the conus medullaris. 

 

ACSF-filled glass suction electrodes were used for stimulation of CN VIII and ventral 

root recordings (tip diameter 100 – 300 µM) and were loaded and placed in Nagashigi 

holders. Nerve roots L2 and L5 were connected to the electrodes bilaterally. The signals 

obtained from the nerve roots were amplified, filtered from 30 Hz to 3 KHz, digitized and 

stored for analysis using software developed at the Spinal Cord Research Centre 

(SCRC). We concluded that these ENG recording sites correspond to mainly extensor 

activity (L5) and flexor activity (L2) respectively (Cowley and Schmidt 1994a).  

Using calibrated micropipettes, serotonin (5HT (20 – 120 µM)) and NMDA (n-methyl-d-

aspartate, 0 – 18 µM) or DHK (di-hydrokainic acid, 20 – 300 µM) were individually 

added to the ACSF and diffused to induce locomotor activity.  

Once stable locomotor activity was reached, brief pulse trains (16 pulses, 0.5 ms, 50uA 

– 10mA, 10 Hz) were used to activate CN VIII or Deiter’s nucleus (corresponding to 

lateral vestibular nucleus).  
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In some experiments a retrograde dye was applied to the cut end of the presumed 8th 

cranial nerve for subsequent verification that the nerve stimulated corresponded to 

activation of the vestibular and cochlear nuclei. After a 4 hour incubation period in 

ACSF, the neural tissue was fixed in 4% paraformaldehyde for 24h and cryoprotected in 

sucrose at 30% for 48h. Later, it was processed in microtome, cutting 20-micron 

transversal segments and placed on a glass slide. 

 

A couple of Vectashield with DAPI bubble-free drops were added. A 24X50 mm 

coverslip was applied on top of the mentioned compound and pressed gently until no air 

was present between the glass layers. Nail polish was applied along the border until the 

2 surfaces were sealed.  After 3 hours at room temperature drying process and while 

kept in darkness, there were transferred to -20 degrees Celsius fridge for later 

microscopic examination. 

 

Using Zeiss Axioskope-40 microscope, the slice of interest was located and its anatomy 

verified comparing landmarks with an anatomical microdissection atlas (Palkovits and 

Brownstein 1987), first at 2.5x magnification, followed by 10x, 20x and 40x (Figure 1). 

The objective was set to TexRed filter light; the direct visual objective closed and using 

the microscope digital view the adequate focus was set. ZEN software was used to 

photograph the visualized structures with their homologues in the mentioned atlas. 

Pictures were taken using Optronics microscope camera. 
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All trials were processed using custom analysis software developed by the Spinal Cord 

Research Centre, University of Manitoba; including rectifying and integration followed by 

averaging if suitable. Figures were made using Corel Draw and Adobe Illustrator 

software. 
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CHAPTER 4. RESULTS  

4.1 Characterizing lumbar ventral root responses to vestibulospinal stimulation  

In order to characterize responses to vestibular cranial nerve (CN VIII) stimulation, 401 

recordings from bilateral L2 and L5 ventral roots were obtained in 85 Sprague-Dawley 

rats using a variety of stimulation parameters.  

 

Comparison of animals aged P0-P4 showed no observable differences in ventral root 

responses to vestibular nerve stimulation. Therefore, the data were merged into one 

group. The experiments described in this thesis regarding resetting arise from 198 trials 

in which bath application of neurochemicals elicited stable locomotor activity in either 

four ventral roots (162 trials in n = 49 animals) or three ventral roots (36 trials in n = 13 

animals). The responses to stimulating the vestibular nerve (CN VIII) are described 

below.  

 

The vestibular nerve was identified based on its exit location from the brainstem and its 

relationship to other cranial nerves (Palkovits and Brownstein 1987). In order to confirm 

that the cranial nerve selected for stimulation was the vestibular nerve, we applied a low 

molecular weight retrograde tracer dye (tetramethylrhodamine, TMR) to the presumed 

vestibular nerve in a separate series of animals (n = 6). We examined the location of the 

retrogradely-labelled neurons to verify that the cranial nerve identified and stimulated in 

this series of experiments supplied the corresponding vestibular and cochlear nuclei in 

the brainstem. In addition, in three experiments TMR dye was applied to the stimulated 
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cranial nerve at the end of the resetting experiment to verify that the associated 

vestibular and/or cochlear nuclei labelling occurred (Figure 1). 

 

In initial experiments (n = 66 trials) we tested a variety of stimulation parameters 

(Kasumacic et al. 2010) in order to identify those most likely to elicit a ventral root 

response during ongoing locomotor activity.  From these experiments, we selected 

using trains of 8 – 16 pulses (0.2 or 0.5 ms duration), delivered at 10 Hz, with a range of 

intensities from 30 µA to 10 mA.  

 

4.2 Responses to vestibulospinal nerve stimulation in the absence of ongoing 

locomotor activity 

We stimulated CN VIII in the absence of ongoing locomotor activity in 105 trials in the 

presence (39 trials) or absence (66 trials) of drugs in the bath.  In many cases (40 

trials), a response to CN VIII stimulation was not observed (Figure 2A).  In the example 

shown in Figure 2B, stimulation at 375 µA elicited a response to dorsal root stimulation, 

but not to vestibular nerve stimulation (Figure 2A). In this same preparation, when 

stimulation occurred during ongoing locomotor activity, a phase delay was observed in 

2/6 stimuli in response to stimulation at 375 µA. Stimulation at 500 µA caused an 

increase in burst amplitude and either a prolongation or early initiation of bursting of the 

contralateral L5 discharge (6/6 stimuli) (Figure 2C). Thus, in this experiment, although 

no response to CN VIII stimulation was observed in the absence of ongoing locomotor 

activity, resetting in response to CN VIII stimulation was observed during locomotor 

activity. Thus, although no motor responses were observed under resting conditions, 
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activation of descending vestibulospinal pathways strongly influenced ongoing 

locomotor activity. This finding suggests that the response elicited by descending 

vestibulospinal pathways was mediated by summation within spinal interneurons that 

became active during locomotion. However, future experiments would need to test a 

greater range of stimulus intensities to better characterize the responses to CN VIII 

stimulation in the absence of ongoing locomotor activity. 

 

In other cases (26 trials), a response to CN VIII was observed in the absence of 

neurochemical application to the spinal cord (Figure 3A).  In the example shown, left CN 

VIII stimulation resulted in a left-sided ventral root response in both L2 and L5 ventral 

roots, with no response observed in the right ventral roots.   

 

In 66 trials we attempted to assess the minimal amount of current necessary to obtain a 

response when stimulating the CN VIII (range 30 µA – 10mA, x̄ = 593 µA). However in 

this series, we were unable to determine the earliest biological response (expected at 

approximately 50 -100 ms) after stimulus onset (Kasumacic et al. 2015) since our 

recordings were obscured by electrical noise (“ringing” produced by unwanted voltage 

oscillation in the amplifier circuit related to capacitance and inductance properties of the 

materials used). Therefore, biological responses observed are reported at absolute 

current values rather than expressed as multiples of threshold (T).  
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4.3 Stimulation of the VIII CN during ongoing locomotor activity 

Rhythmic ventral root activity was elicited by bath application of serotonin (5HT, x̄ = 

31.07 µM, range = 0 - 180 µM) in combination with either dihydrokainic acid (DHK, x̄ = 

65.1 µM, range = 0 - 300 µM) or N-methyl-D-aspartate (NMDA, x̄ = 0.51 µM, range = 0-

18 µM) in 222 trials (n = 75 preparations). Only those trials with 3 or 4 channels of 

rhythmic activity were selected for characterizing the response to cranial nerve 

stimulation. Thus, 162 trials displayed rhythmic activity in 4 ventral roots (n = 49 

preparations) and 36 trials with 3 rhythmically active ventral roots (n = 13 preparations).  

  

4.4 Intact and lesioned preparations 

In this study 7 unlesioned preparations displaying rhythmic activity (20 trials) were used 

to assess the response to CN VIII stimulation. Unlesioned preparations were intact from 

the inferior colliculi to the conus medullaris. As shown (Figure 4A), it was possible to 

elicit resetting in preparations in which all descending tracts originating from the 

brainstem were bilaterally intact. In this preparation, when CN VIII R stimulation 

occurred during the declining phase of left L5 VR activity, a resetting of the ongoing 

motor pattern occurred, such that ipsilateral (right) L5 VR discharge was prolonged or 

initiated and ipsilateral L2 (flexor) discharge was reduced.  Figure 4A also shows the 

early onset of contralateral L5 discharge in response to stimulation of the CN VIII 

stimulation. 

 

Because we were interested in determining whether unilateral ventral descending 

pathways were sufficient for eliciting resetting and whether spinal commissural 
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projections were sufficient to coordinate between the left and right hindlimb responses, 

a transverse hemisection lesion was made at the T10 spinal level, on the side 

contralateral to the site of CN VIII stimulation. This was followed by a transverse lesion 

of the dorsal quarter of the spinal cord (ipsilateral to the side stimulated) at the same 

level, leaving just the ipsilateral ventral quadrant intact (see schematic in Figure 4B). 

From this series, 42 animals were successfully prepared, displaying rhythmic activity in 

four out of four channels (142 trials). 

 

4.5 Resetting ongoing locomotor activity in preparations with only ipsilateral 

descending ventral pathways intact  

In previous research undertaken in cats, stimulation of Deiter’s nucleus during ipsilateral 

extensor activity resulted in prolongation of the ipsilateral extensor (lateral 

gastrocnemius) discharge coupled with a deletion of the ipsilateral flexor (tibialis 

anterior) discharge and an advancement of the contralateral flexor (semitendinosus) 

burst. However, if the stimulus occurred during an ongoing ipsilateral flexor burst the 

ongoing flexor activity was terminated, coupled with premature onset of ipsilateral 

extension. In both cases of resetting, the amplitude and frequency of rhythmic activity 

then returned to pre-stimulus values within a few step cycles (Russell and Zajac FE 

1979). Thus, stimulation of Deiter’s nucleus modified ongoing rhythmic discharge such 

that ipsilateral extensor discharge was enhanced and flexor discharge reduced. In more 

recent experiments similar effects on ipsilateral extensors and flexors were described, 

although contralateral nerves were not monitored (Leblond and Gossard JP 1997), 

(Leblond et al. 1998).  Both these groups of researchers lesioned the spinal cord such 
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that only the ventral quadrant ipsilateral to the site of cranial nerve stimulation remained 

intact. 

 

In our initial experiments, stimuli (lasting approximately 1.6 seconds) of CN VIII were 

applied randomly throughout the step cycle. An example of the type of resetting 

observed in the neonatal rat is shown in Figure 5A.  In this preparation, the left CN VIII 

was stimulated. Assuming the L5 ventral root activity corresponds mainly with extensor 

activity, in this preparation stimulation during ongoing contralateral extension (RL5) 

caused prolongation of the ongoing contralateral extensor activity coupled with 

termination of contralateral flexion (RL2). Ipsilateral L2 (flexor) discharge was also 

prolonged.  Figure 3B demonstrates that in this preparation, CN VIII stimulation during 

the early portion of contralateral extensor activity consistently (4/6 stimuli) resulted in 

the pattern of resetting described above (first three stimulus trains in figure), whereas 

stimulation applied at the end of contralateral extensor (RL5) activity resulted in 

increased ipsilateral extensor discharge (LL5) coupled with decreased ipsilateral flexor 

and contralateral extensor activity (last stimulus train in figure). Activity in the ipsilateral 

(LL5) ventral root was increased in 2/6 stimulus trials and was coordinated with a 

decrease in ipsilateral L2 discharge in this preparation. Thus, similar to Russell and 

Zajac (1979), we observed resetting that was coordinated between the left and right 

hindlimbs.  Different responses were observed, depending on the timing of the stimulus 

in relation to the ongoing locomotor activity. 
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Stimulation of the CN VIII elicited changes in both the amplitude and timing of rhythmic 

discharge.  Descriptions presented in this thesis will focus on the responses observed 

that relate mainly to the timing of rhythmic discharge. In initial experiments we observed 

that not all stimuli resulted in a change in the timing of ventral root discharge. To assess 

whether the timing of the stimulus determined if a response in ventral roots was 

observed, and to better characterize the correlations among the results, we separated 

the timing of stimulus delivery into 3 phases; stimuli that were delivered during the rising 

phase, the declining phase and when delivered between bursts (inter-burst phase) 

during rhythmic discharge in a given ventral root.  

Only those experiments in which there were at least 3 clear examples of resetting 

through the 10 minutes of recordings (in 2 or more nerve roots) were included. Thus 29 

animals were included represented by 80 trials from which 60 trials showed bilateral 

effects when CN VIII was stimulated. Not all stimuli in each trial resulted in an alteration 

in the timing of ongoing rhythmic ventral root discharge. However, once a response 

pattern was observed, the same pattern of response typically occurred throughout the 

trial, provided the subsequent CN VIII stimuli were delivered during the same phase of 

the ongoing rhythmic ventral root discharge.  In a minority of cases (11/80 trials) 

responses were observed regardless of the timing of the stimulation.  An example of 

this is shown in Figure 5B, in which responses occurred when stimuli were delivered 

throughout the rhythmic step cycles, although the characteristics of the response varied, 

depending on the phase of the ongoing rhythmic activity (see first three versus last 

stimulus in Figure 5B).  
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Responses to stimulation were relatively evenly distributed, such that about 3/4 the 

trials, resetting responses were observed when stimuli were delivered during the rising 

phase of the contralateral extensor (x̄ = 3.3 stimuli / set of 8 stimuli per trial (average), 

range 0-8). On the other hand, 58 trials showed bilateral effects when the CN VIII 

stimulation occurred during the declining phase of contralateral L5 activity (x̄ = 2.9 

bursts per set of 8 stimuli per trial (average), range 0 to 6).  In the remaining stimuli per 

trial, either no response was observed or resetting was observed when stimulation 

occurred during the inter-burst interval. 

 

The responses were coordinated ipsi- and contralaterally, such that an increase in 

ipsilateral L5 activity occurred with a decrease in ipsilateral L2 activity, and with a 

decrease in contralateral L5 discharge and increased contralateral L2 discharge.  

  

4.6 Testing efficiency of using dorsal root stimulation as a possible method to 

elicit stepping for subsequent perturbation with CN VIII stimulation 

Although we were able to observe resetting in terms of the pattern generator in 

response to CN VIII stimulation, we did not observe any examples of ‘clock resetting’ in 

response to CN VIII stimulation.   Therefore, we explored the possibility of using sacral 

stimulation to elicit bouts of hindlimb stepping as an alternative to bath-applied 

neurochemical activation.  We did this because drug-induced locomotor activity may be 

such an effective means of eliciting regular locomotor discharge such that the conditions 

were inappropriate for observing clock resetting. However the responses were brief and 

typically consisted of only 1 or 2 bursts; consequently, after adding sub-threshold 
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concentrations of neurochemicals we were able to obtain longer response periods 

(Figure 3B). The intention was then to examine the effect of CN VIII stimulation on 

resetting the rhythmic activity elicited by sacral stimulation. We tested this in n=2 

preparations and were able to typically elicit about 6 - 8 rhythmic bursts from the ventral 

roots (Figure 3B).  However, the burst amplitude and frequency of the rhythm declined 

rapidly, making it difficult to assess whether stimulation of vestibulospinal afferents had 

an effect on the rhythm elicited by sacral dorsal root stimulation (Figure 3B). 

 

In order to test whether the responses observed were specific to vestibular input, we 

also tested the effects of stimulating the trigeminal and facial nerves. These 

experiments were carried out to observe whether or not the stimulation of different CNs 

could elicit resetting responses similar to those observed when stimulating the CN VIII. 

Figure 6A (left) shows resetting when stimulation occurs during the rising phase of LL2 

activity but not during the falling phase of LL2 activity (Figure 6A, right). In some cases, 

stimulation of sacral S2 dorsal root (1 trial) and S2 ventral roots (4 trials) were 

performed to test the viability of the preparation. 

 

We stimulated CN V in 16 trials during ongoing locomotor activity and most often 

observed no resetting (15 trials), regardless of whether the stimulation was delivered 

during the rising phase (Figure 6C, left) or the falling phase (Figure 6C, right) of VR 

discharge.  A resetting response was observed in 1/16 trials. Similarly, resetting in 

response to stimulation of the facial nerve did not result in resetting in the vast majority 

of the cases (0/7 trials), whether stimulation was delivered during the rising (Figure 6B, 
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left) or falling (Figure 6B, right) phase of VR discharge. Interestingly after stimulating the 

CN VII we found evidence in one trial of influencing the response in the ongoing 

locomotor activity without resetting. We could argue that some neuronal connections 

within the brainstem could be related to such responses, however it is more likely that it 

is related to the unintentional attachment of some fibres from the CN VIII at the time of 

making the connection with the suction electrode. 

 

4.7 Midsagittal lesioning effects resetting the ongoing locomotor activity 

In order to test the influence of the lumbar commissural connections in the resetting of 

the ongoing locomotor rhythm, we performed midsagittal lesions of one lumbar segment 

at the time, once the presence of resetting was verified. The results obtained are shown 

in Table 1. 

 

Table 1. Number of preparations with midsagittal lesions and respective levels 

 

LESION LEVEL TRIALS ANIMALS 

T10+midsagital L1-L3 2 1 

T10+midsagital L2-L3 2 2 

T10+midsagital L3-L6 17 7 

T10+midsagital L4-L6 8 3 

T10+midsagital L5-L6 6 2 

   Lost rhythm after midsagittal lesion 17 10 
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Given the high rate of rhythm loss when more than one segment lesioning was 

attempted, there were not enough trials to determine significant changes as a result of 

the midsagittal lesions. The regions with better success rate after lesioning and 

preserving the ongoing locomotor rhythm were L3-L6 and L5-L6 (Figure 4C). 
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CHAPTER 5. DISCUSSION 

The in vitro neonatal rat preparation has been utilized by many, and has been described 

as a suitable and reliable technique to investigate the neuronal systems related to 

stance and locomotion (Smith and Feldman 1987), (Kudo and Yamada 1987), (Cazalets 

et al. 1995), (Cowley and Schmidt 1994a), (Kjaerulff and Kiehn 1996), (Cowley and 

Schmidt 1997), (Kremer and Lev-Tov 1997), (Cowley et al. 2009). The research 

presented here is a novel effort to identify and describe descending mechanisms 

contributing to stance using the in vitro model. 

 

5.1 First time resetting has been described in the neonatal rat elicited from the 

vestibulospinal afferents 

Resetting from stimulation of descending vestibulospinal nuclei has been described in 

the adult cat (Russell and Zajac FE 1979), (Conway et al. 1987), (Guertin et al. 1995), 

(Leblond and Gossard JP 1997). This is the first time that resetting of the locomotor 

rhythm has been described in the in vitro neonatal rat elicited from vestibulospinal 

afferents. Future research investigating the neural mechanisms and pathways 

underlying resetting initiated from stimulation of vestibulospinal input may prove useful 

in improving motor function after spinal cord injury. Given that very frequently in SCI, 

there are SC sections that still contain viable axons and interneurons, which are 

capable of being stimulated if we can decode their particular distribution and effects 

when electrically and chemically stimulated. 
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5.2 Different types of resetting 

Throughout the literature and since the resetting phenomena was first described 

(Russell and Zajac FE 1979), different descriptions and methods to elicit resetting have 

been published (Conway et al. 1987), (Kiehn et al. 1992), (Guertin et al. 1995), (Leblond 

and Gossard JP 1997).  

 

Two different types of “resetting” have been described. The first refers to resetting at the 

pattern formation layer whereas the other occurs at the timing layer of the locomotor 

CPG (Rybak et al (2006)). The resetting described in this thesis is consistent with 

resetting at the pattern formation level, in which the pattern of flexor-extensor discharge 

is altered although the basic frequency of the rhythm does not change (Conway et al. 

1987), (Kiehn et al. 1992), (Guertin et al. 1995), (Leblond and Gossard JP 1997). 

Eventually after one or a few cycles, the amplitude and frequency of the rhythm returns 

to pre-stimulation levels. In contrast, resetting at the level of the clock, described by 

Rybak et al (2006), involves a permanent change in the frequency of the original 

rhythm, advancing or restarting its original rhythmicity (clock) and imposing a new one 

throughout the subsequent locomotor activity. 

 

In the first description of resetting elicited from stimulation of Deiter’s nucleus in a fictive 

preparation, Russell and Zajac (1979) describe ipsilateral extensor activity to be 

prolonged in duration and increased in intensity when stimulation occurs during the 

ipsilateral extensor phase.  At the same time, activity in the ipsilateral tibialis anterior 

(ankle flexor) was reduced, and bursting in the contralateral semitendinosus (flexor) was 
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advanced.  Russell and Zajac (1979) concluded that both ipsilateral and contralateral 

locomotor activity was reset (Russell and Zajac FE 1979). If stimulation of Deiter’s 

nucleus occurred during ipsilateral flexion, the flexor activity would terminate abruptly 

and extensor discharge would appear prematurely. Thus, stimulation of Deiter’s nucleus 

promoted ipsilateral extensor discharge. After a few step cycles, the frequency of the 

rhythm returned to the pre-stimulation frequency. 

 

According to our findings and based on the literature, the resetting phenomena 

observed in the present work corresponds to pattern formation level resetting, rather 

than resetting involving the rhythm generator network (Rybak et al. 2006). 

 

Previous work in the cat described only one type of response to stimulation of Deiter’s 

nucleus during ongoing locomotor activity: increased ipsilateral extensor activity, 

associated with a reduction in ipsilateral flexor activity (Russell and Zajac FE 1979), 

(Leblond and Gossard JP 1997).  In this work, the response to stimulation of the CN VIII 

evoked a variety of responses, not all consisting of increased ipsilateral L5 (presumed 

extensor) activity (see Figure 2C and Figure 3A). However, the responses to stimulation 

were coordinated between the ipsi and contralateral ventral roots, such that increases in 

L5 discharge were associated with deceased L2 discharge on the same side. If one L5 

burst was increased, the contralateral L2 burst was also increased (see Figure 5 for 

example). Presumably the coordination of these responses is mediated by commissural 

and other interneurons within the spinal cord.  
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5.3 Transient changes in burst and cycle duration after stimulation 

As discussed previously, the clock portion of the rhythm generator network was not 

changed when compared to the original distribution of the cycles for each recording. 

However, a transient change in the original rhythm was observed after the stimuli train 

was delivered in several preparations; recovering its original pattern of rhythmicity after 

a couple of bursts. This phenomenon was observed in approximately 30% of the cases. 

However, even delivering the highest current available with our stimulator, we could not 

find any evidence that the rhythm generator “clock” activity was in any way changed. 

After a few bursts following a resetting event, the rhythm went back to its original 

frequency similar to the resetting from peripheral afferents reported by Kiehn (Kiehn et 

al. 1992), (Iizuka et al. 1997). It is worthwhile to mention that the fact that we could not 

elicit permanent “clock” resetting behaviour doesn’t mean that it is not possible to 

achieve, perhaps it is possible with a set of currently undetermined parameters or setup 

configuration. 

 

5.4 Comparison between resetting reported in the in vitro neonatal rat 

In the work presented here we found 16 pulses at 5-10Hz to be most effective for 

eliciting resetting, with little success when using fewer pulses at higher frequency.  

Kiehn (1992) found 5 -10 pulses per second and frequencies of 10 – 20 Hz more 

effective. This difference could be due to the distinct subpopulations of neurons involved 

in the different responses.  
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 A downside of our prolonged stimuli trains, it was sometimes difficult to determine the 

onset of bursting activity in ventral roots due to the overlapping of stimulus artefact and 

the biological response. However we used bursting in other VRs to aid in describing the 

timing of the stimulation (in relation to burst onset) and in determining whether bursting 

was advanced or prolonged we took a conservative approach and concluded that no 

resetting had occurred in cases that appeared ambiguous or to have only a small effect 

on the timing of bursting. 

 

We did not find any limitation due to the animal age in observing resetting, in that all 

ages used behaved in a similar fashion.  As shown by Smith and Feldman (1987), Kudo 

and Yamada (1987), Kudo (1993); newborn rats are able to accomplish basic locomotor 

rhythm since day 0 (Smith and Feldman 1987), (Kudo and Yamada 1987), (Kudo et al. 

1993), (Iizuka et al. 1997). When compared to the findings of Kasumacic et al. (2010), 

we also found evidence that vestibular nerve stimulation elicits synaptic activation of 

vestibulospinal neurons since birth (P0) (Kasumacic et al. 2010).  In addition, we 

observed effects during ongoing locomotion when stimulating vestibulospinal input, 

evidence of functional synaptic connections between vestibulospinal neurons and 

interneurons mediating coordinating effects on motoneurons during locomotion. 

 

An important consideration for stimulation delivery is fatigue of functional connections of 

the involved synapses, which we minimized by giving a 60 second rest between stimuli 

trains (Floeter and Lev-Tov 1993). 
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Previous work by Kiehn et al. (1992) showed different responses when stimulating at 

different intensities of current, categorized by multiples of threshold (Kiehn et al. 1992), 

(Iizuka et al. 1997).  Since we were unable to clearly define threshold in this series of 

experiments (due to stimulus artefact – discussed further below), it is possible that our 

observations of different responses occurring after vestibulospinal stimulation may be 

due to the fact that we were likely stimulating at different multiples of threshold in 

different experiments. Therefore it will be important in future experiments to test whether 

the different responses observed in the ventral roots are due to stimulating at different 

multiples of threshold by initially defining threshold, as the lowest stimulation intensity 

that elicits a short latency (20 to 70 ms) biological response to single pulses of 

stimulation. 

 

5.5 Limitations and future experiments 

Due to the nature of the in vitro research there were several considerations and 

limitations in the present work.  These include difficulties in determining threshold in 

each experiment, and the use of ventral root, rather than EMG or peripheral nerve 

recordings. 

 

First, determining the exact threshold of biological response to electrical stimulation in 

each experiment was not achieved. This was in part, due to the short lifespan of the 

neonatal spinal cord. Initially, this situation was due to limited expertise, however, with 

sufficient training and experience, obtaining successful preparations was quite feasible.  

However, due to the requirement of waiting one minute between each stimulation, each 
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current intensity test for threshold required 5 to 10 minutes of time, leading to the need 

for 30 to 60 minutes of threshold testing each experiment. Experiments then required 1-

2 trials to attain stable locomotor activity (30 minutes per trial) and then ten minutes of 

recording at each current intensity tested during ongoing locomotor activity, requiring 

between 30 minutes and 1.5 hours.  If midsagittal lesions were then performed, an 

additional 45 to 90 minutes was required. Thus, only more robust preparations moved 

towards the drug application and subsequent midsagittal lesioning stage of the 

experiment. Therefore, since we were most interested in determining whether resetting 

could be elicited, we opted not to identify threshold in each experiment. 

 

In addition, the use of bipolar stimulation in the bath resulted in very large stimulation 

artefact. The artefact was sufficiently large over the first 80 – 100 milliseconds after 

single pulse stimulation that it obscured biological activity expected in the 20 to 70 ms 

range.  Further experimentation with monopolar stimulation perhaps will reduce stimulus 

artefact allowing clarification of threshold values to single vestibulospinal stimulation 

pulses in this preparation. 

 

5.6 Prospective usage of EMGs to characterize the different patterns of resetting  

It is possible that our observations of different responses to stimulation were due to 

stimulating at different multiples of threshold.  However, it is also possible that these 

different responses to vestibular stimulation appear to be distinct because we are 

sampling different subsets of axons within a given ventral root in each preparation. 

Thus, even though the L5 ventral root is considered to relate mainly to extensor activity, 
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it is possible that on any given day L5 may contain more flexor axons than on another 

experiment day (Cowley and Schmidt 1994b). Thus the different patterns of ventral root 

activity observed may actually merely be a reflection of the different subpopulations of 

either flexor or extensor axons sampled by the suction electrode in each recording.  

 

Therefore, the use of EMGs in future experiments will clarify whether the different VR 

responses to stimulation reflect differences in underlying flexor and extensor activity. In 

addition, combined with clarification of threshold in each experiment we will be able to 

determine whether different responses to vestibulospinal stimulation occur at different 

input intensities. This approach would be helpful to differentiate different patterns of 

resetting and whether or not those patterns reflect changes in underlying muscle 

patterns, correlating with the swing and stance phases previously described in in vivo 

models (Grillner 1981), (Pearson 2003), (Rossignol et al. 2006).  

 

EMGs could also be used to clarify whether the different patterns observed are due to 

the stimulation occurring at different phases of the step cycle: extensor phase versus 

flexor phase. Being able to correlate these time points of stimulation with the step cycle 

and different muscles activity in vivo would be extremely helpful to understand the 

neuronal activation patterns underlying the resetting phenomena.  

 

Finally, none of these experiments will address whether the different VR responses 

observed result from stimulation of different subpopulations of vestibulospinal afferents, 

and that will be a continuing limitation of this work. 
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5.7 Midsagittal lesioning and the possible role of regional commissural fibres in 

resetting the ongoing locomotor activity 

The effects observed in this first series of experiments involving midsagittal lesioning 

are too preliminary to definitively determine whether commissural connection underlying 

the coordinated resetting response are redundantly distributed, and future experiments 

will be required to address this question.  

 

5.8 Summary 

This thesis answers the hypothesis question of whether resetting during ongoing 

locomotor activity can be elicited by stimulating vestibulospinal afferents and suggests 

spinal commissural and other interneurons mediate the coordinated resetting response 

in the in vitro neonatal rat preparation. However, given the significant loss of locomotor 

activity after lesioning, further experiments involving midsagittal lesioning of the lumbar 

spinal cord will be required to determine the rostrocaudal spinal distribution of these 

functional connections. Deepening the understanding of these interactions would allow 

us to better characterize the role of neural synergies involved in stance and stepping, in 

order to achieve a lower incidence of adverse events derived from spinal cord injury. 
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FIGURES 

Figure 1 A. Photograph of 20-micron thick section from brainstem at low power (2.5 x 

objective) showing location of retrogradely labelled cells (indicated by box). B, C. 

Photographs of labelled cells taken at higher powers B. 10 x objective, C. 20 x 

objective) show a group of labelled cells in the ventro-lateral portion of the brainstem, 

corresponding with the location of the lateral vestibular and ventral cochlear nuclei 

(Palkovits and Brownstein 1987). D. Photograph at higher power (40 x objective) shows 

the punctate label in the nuclei, demonstrating specific uptake of TMR in these neurons.  
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Figure 2 A. Electrical stimulation of CN VIII in the absence of drugs did not elicit a 

biological ventral root response (375 µA, 0.5 ms, 10 Hz, 16 pulses per second (4/4 

trials)) at intensities sufficient to elicit a dorsal root-evoked response. B. Dorsal root 

stimulation (375 µA, 0.5 ms, 10 Hz, 16 pulses per second (3/3 trials)). C. Resetting in 

response to CN VIII stimulation was later elicited in this preparation during locomotor 

activity (500 µA, 0.5 ms, 10 Hz, 16 pulses per second (6/6 trials)). Dotted line 

represents the expected cycle trajectory if no resetting would have been induced. 

Arrows indicate stimuli artefact.  
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Figure 3 A. Ventral root activity when Left CN VIII was electrically stimulated, shows 

mainly ipsilateral effects in both flexor and extensor (LL2 and LL5) (375 µA, 0.5 ms, 10 

Hz, 16 pulses per second (4/7 trials)). B. All 4 VRs are functional since sacral dorsal 

root stimulation resulted in bilateral bursts of alternating flexor-extensor activity. (40 µM 

5HT, 100 µM DHK, 375 µA, 0.5 ms, 10 Hz, 16 pulses per second (7/7 trials)). Arrows 

indicate stimuli artefact. 
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Figure 4 A. Intact preparation in which resetting of the contralateral extensor occurred 

during drug induced locomotor activity. There is a prolongation of the extensor phase 

bilaterally and a silencing of the ipsilateral flexor (RL2) after the electrical stimulation of 

right CN VIII. (60 µM 5HT, 3 µM NMDA 100 µA, 0.5 ms, 10 Hz, 10 pulses per second 

(6/12 trials)). B. Preparation presenting drug induced locomotor activity, with only its 

ventrolateral quadrant intact at T10 level showing a prolongation of the ipsilateral LL5 

(extensor) phase after electrical stimulation of the CN VIII on the side ipsilateral to the 

intact ventrolateral quadrant. C. Preparation with its ventrolateral quadrant intact at T10 

level + midsagittal lesion at L5-L6 level, showing that after performing this lesion we 

were able to elicit ipsilateral responses when stimulating the Right CN VIII (e.g. early 

onset of bursting in the cycle after stimulation (iLL5). Arrows indicate stimuli artefact. 
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Figure 5 A. Showing that stimulation of vestibular inputs (CN VIII) elicits ‘resetting’ to 

extension in contralateral extensor during ongoing locomotor activity, coordinated with 

suppression of contralateral flexion. (30 µM 5HT, 50 µM DHK, 1 mA, 0.5 ms, 10 Hz, 16 

pulses per second). B. This figure shows that stimulating vestibular inputs (CN VIII) 

elicits ‘resetting’ to extension in contralateral extensor if stimulation occurs at the rising 

phase of extension burst. (30 µM 5HT, 50 µM DHK, 1 mA, 0.5 ms, 10 Hz, 16 pulses per 

second (6/6 trials)). Arrows indicate stimuli artefact. 
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Figure 6 A. Showing resetting of ongoing drug induced locomotor activity when left CN 

VIII was electrically stimulated at the beginning of the left L2 (flexor) phase in 3/7 trials 

in 10 minutes. The remaining 4/7 trials occurred at the end of the left L2 (flexor) phase 

and did not elicit resetting. (Right, 30 µM 5HT, 100 µM DHK, 250 µA, 0.2 ms, 5 Hz, 16 

pulses per second). B. Resetting was not observed when CN VII was electrically 

stimulated either at the beginning (left) or end (right) of the left L2 burst (3/6 trials) or at 

the end in the same animal (30 µM 5HT, 100 µM DHK, 250 µA, 0.2 ms, 5 Hz, 16 pulses 

per second). C. Stimulation of left/right CN V during the rising phase (3/7 trials) or 

declining phase (4/7 trials) of left L2 did not elicit resetting in the same animal. (60 µM 

5HT, 100 µM DHK, 250 µA, 0.2 ms, 5 Hz, 16 pulses per second). Arrows indicate 

stimuli artefact. 
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