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ABSTRACT 

Sensory information is used to generate various behaviour including protective and 

corrective reflexes. Following perturbation in one leg, motor activity can be elicited in the 

contralateral side of the body known as a crossed reflex. It has been shown that neuronal 

pathways underlying crossed reflexes involve commissural interneurons with cell bodies 

located in the Rexed Lamina VIII as described in cats. The existence of analogous crossed 

reflexes has been shown in rodents. However, we have no insights into the organization of 

these crossed reflex pathways and their function in awake animals. Utilizing the mouse 

model, my Ph.D. work has focused on: 1) Understanding how sensory information 

(cutaneous and/or proprioceptive) is transferred to the contralateral spinal cord, and which 

muscles are being targeted by these pathways, and 2) investigating the spinal circuitry 

underlying crossed reflex.  First, I reveal that in WT mice, crossed reflexes include an 

excitatory and inhibitory component which are modulated during locomotion depending 

on the activity of the muscle prior to the stimulation. Furthermore, the origin of the crossed 

reflex stimulation results in mostly similar outputs with slight differences. Notably, the 

existence of a long latency crossed reflex responses when the common peroneal nerve is 

stimulated, but not when the tibial or sural nerves are stimulated. To study the role of 

commissural interneurons, involve in the transmission of sensory afferent information, I 

used genetically engineered mice with manipulated (killed or silenced) V0 and V3 

commissural interneurons respectively. Crossed reflexes between V0kill and WT mice were 

mostly similar with a stronger inhibitory component observed in V0kill mice. Meanwhile, 

V3off mice exhibit a non-significant decrease in the excitatory response and significant 

disruption in the inhibitory crossed reflex responses. As V3 interneurons represent a mostly 

excitatory interneuronal population, I investigated the role of a deep dorsal horn 

interneuron (dPVs) in crossed reflex. In dPVablat mice, crossed inhibitory reflex occurrence 

remained similar to control, suggesting that dPVs interneurons are not involved in 

inhibitory crossed reflex pathways. Taken together, my thesis provides the first framework 

to draw a spinal circuitry for the transmission of sensory afferent information in the spinal 

cord. 
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CHAPTER 1. INTRODUCTION 

1.1 LOCOMOTION 

Locomotion is the primary motor function that allows one to interact with their 

environment. In limbed terrestrial animals, walking is the most common form of 

locomotion, though other forms of locomotion include swimming and climbing. In 

mammals, locomotion is mostly in a quadrupedal setting where the left and right limbs, as 

well as the forelimbs and hindlimbs, are coordinated to generate motor movement. In all 

cases, it is characterized by the coordination of the movement of the left and right legs to 

propel the body while ensuring postural stability. This movement is then modulated by a 

myriad of different external and internal inputs to adapt and offer a smooth interaction 

between the body and the immediate environment. 

1.2 CROSSED REFLEX 

Coordinated leg movements during locomotion are generated by the patterned 

activation of multiple motor neuron pools that drive the orchestrated contraction of 

multiple leg muscles, both within and between legs. More than a century ago, Sherrington 

(1910) described reflex movements evoked in another limb following the flexion reflex. In 

cats, he noticed that the reflex movement of the contralateral limb was almost invariably 

an extension of the hip, knee, and ankle (Sherrington, 1910). In the description of the 

crossed extensor pathways, Sherrington laid the table for all reflex pathways that convey 

sensory information to the contralateral side, henceforth called crossed reflex pathways. 

In the decades following Sherrington’s description, other researchers reported on 

the crossed reflex in cats. Using horseradish peroxidase tracer, commissural interneurons 

implicated in the transmission of the crossed reflex were discovered in the Rexed lamina 

VIII of the spinal cord (Harrison et al. 1986). These neurons project through the ventral 

commissure to the contralateral side and synapse with motoneurons and with interneurons 

in the lamina VI-VIII (Bannatyne et al. 2003; 2006; Matsuyama et al. 2004a; 2004b; 2006). 

These crossed reflex responses were shown to be elicited by the stimulation of 

proprioceptive sensory afferents (groups I and II), cutaneous afferents, and flexor reflex 
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afferents (FRAs: high-threshold afferents from joints, muscles, and skin involved in 

ipsilateral limb flexion and contralateral limb extension) (Jankowska and Noga, 1990). In 

anesthetized cats, EPSPs and IPSPs were shown during intracellular recordings of 

motoneurons and commissural interneurons (Harrison et al. 1986; Jankowska and Noga, 

1990; Arya et al. 1991; Aggelopoulos et al. 1995; Aggelopoulos and Edgley, 1995), 

suggesting that crossed excitatory and inhibitory pathways exist in the spinal cord. 

Commissural interneurons involved in these pathways include mostly excitatory 

glutamatergic and a small subset of inhibitory glycinergic interneurons that may synapse 

with contralateral motoneurons directly. They may also influence the activity of 

motoneurons indirectly by acting through interneurons on the contralateral side (Bannatyne 

et al. 2003). Interestingly, intracellular recording of commissural interneurons revealed that 

they can be separated into two major non-overlapping subpopulations based on their 

functional role, in which both subpopulations can induce crossed excitatory and crossed 

inhibitory responses (Jankowska et al. 2005). 

During locomotion, crossed flexor and extensor responses were observed in cats 

following stimulation of proprioceptive and cutaneous afferents (Duysen, 1977; Duysen et 

al. 1980; Duysens and Loeb, 1980; Frigon and Rossignol, 2008; Hurteau et al. 2017) 

Subsequent studies demonstrated that contralateral excitatory responses during locomotion 

were almost always preceded by a short period of inhibition (Frigon and Rossignol, 2008), 

suggesting that crossed excitatory and crossed inhibitory responses are also present during 

locomotion. Furthermore, stimulation of the tibial, sural, or superficial peroneal nerve 

influences the timing and duration of the hip flexor and ankle extensor activity during 

specific phases of the step cycle (Duysens, 1977; Rossignol and Frigon, 2008). 

Additionally, crossed flexor responses observed during stimulation of proprioceptive and 

cutaneous afferents during locomotion are replaced by a crossed extensor response when 

the stimuli occur at the end of the contralateral stance phase (Duysens et al. 1980), 

suggesting that crossed reflexes are modulated in a phase-dependent manner. 

Crossed reflex has also been observed in humans. When the sural or tibial nerve (at 

the level of the ankle) is stimulated, suppression of the activity of the contralateral 

gastrocnemius medialis is elicited in synchrony with a facilitation of the contralateral 
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soleus muscle activity during walking (Duysen et al. 1991). Subsequent studies observed 

short-latency crossed inhibitory responses in the human soleus muscle induced by the 

activation of group I and group II sensory afferents (Stubbs and Mrachacz-Kersting, 2009; 

Stubbs et al. 2011; 2012; Gervasio et al. 2015; 2017; Mrachacz-Kerting et al. 2017). As 

with other species, crossed reflexes in humans are believed to be important for dynamic 

stability during walking (Gervasio et al. 2015). In humans, the spinal circuitry involved in 

crossed reflexes was studied using a paired stimulation paradigm, which suggested that 

ipsilateral and contralateral afferents converge on common inhibitory interneurons and/or 

directly onto motoneurons. (Harrison and Zytnicki, 1984; Jankowska et al. 2009; Stubbs 

and Mrachacz-Kersting, 2009; Mrachacz-Kersting et al. 2017).  

Overall, experiments performed in cats and humans have shown that the activation 

of sensory afferents can trigger contralateral motor neuron responses. These responses can 

be excitatory or inhibitory depending on the external and internal conditions. Sensory input 

also seems to converge, be it on specific interneurons or directly onto motoneurons, which 

could increase the flexibility of the nervous system. However, the spinal circuitry 

underlying crossed reflex remains unknown because of the inability to manipulate and 

investigate the role of specific interneurons inside the spinal cord. 

1.3 SPINAL CIRCUITRY 

From experiments in mice, it was discovered that neuronal subtypes of the spinal 

cord become distinct depending on their position along the dorsoventral axis of the 

developing neural tube (Jessell, 2000). So far, 12 embryonic progenitor cell domains have 

been identified (pdI1-pdI6, pdIL, p0-p3, pMN), which are distinguished by the 

combination of transcription factors that they express (Alaynick et al. 2011; Lu et al. 2015). 

During locomotion, the four ventral populations (V0-V3), as well as the dorsal interneurons 

dI6, are considered to be important members of the spinal CPG circuits and play distinctive 

roles during locomotion (Goulding, 2009; Arber, 2012; Kiehn, 2016; Gosgnach et al. 2017; 

Deska-Gauthier and Zhang, 2019). From that group, three of the progenitor domains give 

rise to commissural interneurons shown to be relevant for left-right coordination. 
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1.3.1 dI6 interneuron 

dI6 interneurons originate from progenitor cells located dorsally in the developing 

neural tube. By postnatal stages of development, these interneurons settle more ventrally 

into lamina VII/VIII (Gross et al. 2002; Andersson et al. 2012; Griener et al. 2017). As 

with the other dorsal interneuron populations, dI6 interneurons express the transcription 

factor Lbx1 (Gross et al. 2002). They can also be divided into three subpopulations based 

on their expression of the transcription factors Wt1 and DMRT3: those that express Wt1, 

those that express DMRT3, and those that express both Wt1 and DMRT3. dI6 interneurons 

are mainly inhibitory (Andersson et al. 2012) and predominantly commissural, although 

they form monosynaptic and disynaptic contacts with both contralateral and ipsilateral 

motoneurons (Griener et al. 2017). 

Whole-cell patch-clamp recordings of dI6 interneurons in isolated mouse spinal 

cords have indicated that most of these cells are rhythmically active during fictive 

locomotion (Dyck et al. 2012; Haque et al. 2018). Previous work has indicated those 

rhythmically active neurons that maintain oscillatory activity during non-resetting 

deletions are likely to be involved in rhythm generation, while those that fall silent are 

involved in pattern formation (Zhong et al. 2012). An analysis of their activity during non-

resetting deletion was performed to understand the role of dI6 interneurons during 

locomotion. dI6 interneurons were found to be implicated in the rhythm generator and 

pattern formation layers of the locomotor spinal circuits, as shown by their intrinsic 

electrophysiological properties (Griener et al. 2017). Furthermore, functional and genetic 

ablation of either Wt1 (Haque et al. 2018) or DMRT3 (Andersson et al. 2012) interneurons 

in isolated neonatal spinal cords generate irregular fictive locomotor output with non-

coherent left-right alternation. However, thus far, only DMRT3 dI6 interneuron functional 

output has been investigated in vivo. DMRT3 mutated horses display difficulty 

transitioning from trotting to galloping with increasing locomotor speed. Instead, these 

horses express a pace gate defined by synchronized movement of the legs on one side of 

the body at a higher speed (Andersson et al. 2012). Overall, the dI6 interneurons' functional 

role in locomotion remains unclear. However, their synaptic connectivity and role in fictive 

locomotion suggest that dI6 interneurons are important during locomotion and limb 

coordination. 
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1.3.2 V0 interneuron 

V0 interneurons are mostly commissural and originate from the P0 domain, 

expressing the transcription factor Dbx1 (Pierani et al. 2001). V0 interneurons are 

composed of several subpopulations, two of the largest being the ventral excitatory 

subpopulation (V0v) expressing Evx1, and the dorsal inhibitory subpopulation (V0d) 

expressing Pax7 (Lanuza et al. 2004; Pierani et al. 2001; Talpalar et al. 2013). V0 

interneurons constitute a substantial proportion of the commissural interneurons (CINs) in 

the ventral spinal cord that form direct connections with contralateral MN pools (Lanuza 

et al. 2004). Deletion of the V0v and V0d interneurons abolishes left-right alternation at all 

speeds, resulting in a hopping gait in mice (Bellardita and Kiehn, 2015). When the V0v 

interneurons are selectively abolished, mutant mice have normal left-right alternation at 

low locomotor speeds. However, at high locomotor speeds, the mice are incapable of 

trotting, the hindlimbs become synchronous, and the mice display a hopping gait (Talpalar 

et al. 2013; Bellardita and Kiehn, 2015). These results suggest that the V0v helps drive left-

right alternation during high-speed but not during low-speed locomotion. Meanwhile, the 

role of V0d remains more elusive as mutant mice lacking V0d interneurons die shortly after 

birth. Nevertheless, embryonic in vitro spinal cord preparations have shown that, when the 

V0d are absent, left-right alternation is lost at low locomotor frequencies but not at higher 

locomotor frequencies during drug-evoked fictive locomotion (Talpalar et al. 2013). These 

results suggest that V0v and V0d subpopulations are functionally distinct circuits that are 

recruited at different locomotor speeds. 

A smaller subset of the V0 population was identified near the central canal which 

expresses the Pitx2 transcription factor. These interneurons have either cholinergic (V0c) 

or glutamatergic (V0g) neurotransmission projecting either ipsilaterally or bilaterally to 

motoneurons (Zagoraiou et al. 2009). Although not much is known about the V0g, V0c 

interneurons are important for regulating the strength of MN output. V0c interneurons form 

large synapses, called C-boutons, onto MNs, serving as a neuromodulator of the locomotor 

system. The recruitment of V0c interneurons increases MNs’ input-output gain through 

increased action potential firing frequencies (Miles et al. 2007). During swimming, mice 

lacking V0c interneurons are unable to increase MN output in the ankle extensor muscle 

(Zagoraiou et al. 2009). 
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1.3.3 V3 interneuron 

V3 interneurons are a mostly excitatory glutamatergic population derived from the 

P3 progenitor domain expressing the Nkx2.2 gene and Sim1 transcription factor (Briscoe 

et al. 1999; Zhang et al. 2008). Most of the V3 interneurons project contralaterally (85%), 

but a small subset synapse with ipsilateral motoneurons (15%) (Zhang et al. 2008; 

Blacklaw et al. 2015). In isolated mouse spinal cords, when the synaptic transmission of 

the V3 interneurons was blocked and fictive locomotion was induced, a significantly 

uncoordinated and variable left-right and flexor-extensor ventral root bursting were 

observed. Furthermore, genetic deletion of the V3 interneurons in vivo also leads to an 

unstable and unbalanced gait when the animals walk; however, left-right alternation is 

preserved when V3 interneurons are silenced (Zhang et al. 2008). Furthermore, the 

maximal locomotor speed is reduced in V3-silenced mice, and these mice have an unstable 

trot because of the lack of synchronization between their diagonal limbs. These mice also 

display high step-to-step variability in left-right coordination close to their maximum 

locomotor speed, which is associated with a distortion of the interlimb coordination. In 

particular, these mice lack properly synchronized limb coupling, which is necessary for 

trot, gallop, and bound gaits that are normally used at higher frequencies (Zhang et al. 

2022). These results suggest that the V3 interneurons are important for coordination and 

balance between distinct limbs' flexor-extensor spinal circuits.  

As for most interneuron populations, the V3 interneurons are heterogeneous, as 

determined by their location, intrinsic membrane properties, axon projection profile, and 

morphology (Borowaska et al. 2013; 2015; Blacklaws et al. 2015). Although not much is 

known about the specific role of each subpopulation, the ventral V3 (V3v) and the dorsal 

V3 (V3d) subpopulations are physiologically distinct at birth, whose electrophysiological 

properties undergo a significant maturation process during the first three weeks after birth 

in mice (Borowska et al. 2015). 

Using single-cell patch-clamp recording in combination with holographic 

glutamate uncaging, allowing for the mapping of local cell-cell V3 connectivity in the 

spinal cord, Chopek et al. (2018) revealed that the majority of V3v interneurons form 

commissural ascending and descending propriospinal projections. Some of the V3v 
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interneurons also exhibit ipsilateral or bifurcating projections. Furthermore, smaller, 

medial, and contralaterally projecting V3v interneurons also synapse ipsilaterally with 

larger lateral V3v interneurons, which in turn innervate adjacent motoneuron networks. 

Ipsilateral motoneurons also form excitatory glutamatergic synapses back onto both lateral 

V3v and medial V3v interneurons (Chopek et al. 2018). These results suggest that 

commissural V3 interneurons form positive feedback microcircuits with local ipsilateral 

motoneurons and that these microcircuits have a potential role in controlling the activity of 

the motor output. The precise role of this V3-motoneuron microcircuit, however, remains 

unknown. 

Meanwhile, V3d interneurons form exclusively ascending commissural projections 

(Blacklaws et al. 2015; Zhang et al. 2022). They project to the contralateral cervical region 

and engage in diagonal limb synchronization, which is necessary for trotting. Indeed, V3d 

interneuron recruitment increases as locomotor speed increases (Zhang et al. 2022). 

Overall, these findings suggest that the V3 interneurons participate in local left-right 

alternation and diagonal coupling during locomotion, which is necessary for the emergence 

of locomotor gaits such as trot, bound, and gallop at higher speeds. 

Taken together, interlimb coordination has been extensively studied during 

locomotion and a general idea of the role of different interneurons in the locomotor pattern 

has been discovered. However, under natural conditions, locomotion is an interactive 

process between centrally generated motor activities and afferent input from sensory 

receptors of the body that are activated by movement. Spinal sensorimotor networks 

integrate sensory afferent information into ongoing locomotion, thus adapting the 

locomotor pattern and ensuring that locomotion is coordinated with the requirements of the 

environment. So far, the role of these commissural interneurons in the integration of 

sensory afferents remains unknown.  

1.4 SOMATOSENSORY SYSTEM 

Somatosensation collectively refers to the bodily senses of nociception (pain), 

thermosensation (temperature), pruriception (itch), mechanosensation (cutaneous/touch), 

and proprioception (limb and body position). During locomotion, the absence of sensory 
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feedback from proprioception and cutaneous afferents leads to incoordination and 

maladaptive movement (Bouyer and Rossignol, 2003a; 2003b; Rossignol et al. 2006; Akay 

et al. 2014; Santuz et al. 2019; Mayer and Akay, 2021). However, locomotion can still 

occur after most of the sensory afferents are removed via dorsal rhizotomy. Sensory inputs 

are, therefore, not necessary to produce locomotor movements (Giulinani and Smith, 1987; 

Goldberger, 1977; 1983; Grillner and Zanger, 1984; Wetzel et al. 1976). Furthermore, in 

vitro experiments have shown that the spinal cord alone is sufficient to generate locomotor-

like activity (Smith and Feldman, 1987; Kudo and Yamada, 1987). Yet, when sensory 

feedback is removed, the CPG and supraspinal pathways are not able to produce robust 

locomotion in the presence of external perturbations (Santuz et al. 2019; Akay, 2020; 

Grillner and El Manira, 2020).  

1.4.1 Proprioception 

Proprioception is important for monitoring the contraction state of muscles. 

Proprioceptive afferents mainly originate from the muscle spindles and Golgi tendons 

organs (GTOs) located in muscles that measure the stretch and tension applied to the 

muscle, respectively. GTOs are located in the muscle tendons and measure changes in 

muscle tension. GTOs relay this information to the spinal cord via group Ib afferent fibers 

(Houk and Henneman, 1967). On the other hand, muscle spindles are proprioceptive 

sensory organs consisting of sensory and motor endings embedded among the muscle 

fibers (Ruffini, 1898). Each muscle spindle transmits sensory afferents via group Ia and 

group II fibers. Group Ia fibers transmit sensory information regarding the change in the 

muscle spindle length, while group II fibers transmit information related to the tonic stretch 

of the spindles (Hulliger, 1984). Muscle spindles also receive input from gamma 

motoneurons, which ensure that the muscle spindles are at functional lengths and that the 

muscle spindles are sensitive throughout the muscle contraction (Ellaway et al. 2002; 

Taylor et al. 2006).  

Muscle afferent feedback modulates the duration and amplitude of muscle activity 

during the different subphases of the step cycle (Rossignol et al. 2006). Experiments in 

mice have shown that removing proprioceptive afferents disrupts the locomotor pattern 

(Akay et al. 2014; Takeoka and Arber, 2019), or their ability to adjust to external 
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perturbation (Santuz et al. 2019) while mice born without muscle spindles present signs of 

gait ataxia (Tourtellotte and Milbrandt, 1998; Akay et al. 2014). During locomotion, 

proprioceptive sensory information is necessary to regulate the temporal parameters of 

rhythmic movements at individual joints as well as regulate cross-joint muscle 

coordination. Group Ia/II sensory afferents originating from the muscle spindle regulate 

alternating flexor muscle activity while GTOs determine the pattern of extensor muscle 

firing (Akay et al. 2014). When group Ib afferents are either removed or inactivated by 

putting the animal in the water, the temporal motor recruitment and motor pattern 

organization are disturbed (Akay et al. 2014; Santuz et al. 2019). Subsequent studies 

demonstrated that ankle extensor muscle spindle feedback is involved in regulating muscle 

activity strength and speed-dependent amplitude modulation (Mayer et al. 2018). Dynamic 

stability is also impaired during walking in the absence of muscle spindle feedback due to 

improper muscle activity recruitment throughout the step cycle (Santuz et al. 2019). 

Similarly, mice display significant degradation of their locomotor pattern, especially in 

their ability to adjust to different speeds when selective ablation of muscle spindle and 

GTOs occurs after birth (Takeoka and Arber, 2019).  

Proprioceptive afferents are also responsible for determining the hindlimb paw 

position in relation to the ipsilateral forelimb position. Indeed, when a perturbation elicits 

a stumbling corrective reaction of the hindlimb, the position of the forelimb and hindlimb 

paws shifts more posteriorly relative to the body (Mayer and Akay, 2021), indicating that 

proprioceptive input from one leg is important for modulating the motor activity of other 

limbs (Mayer and Akay, 2021) suggesting that proprioceptive input from one leg is 

important to modulate the motor activity of other limbs. To summarize, these findings 

suggest that locomotor deficits induced by the removal of proprioceptive feedback are also 

proportionally correlated with the level of ablation (i.e., if only muscle spindles are ablated 

or if both spindles and GTOs are ablated). Henceforth, constant proprioceptive feedback 

from the muscle spindle and GTOs are required to maintain a robust locomotor pattern.  

1.4.2 Cutaneous afferents 

Cutaneous sensory afferents come from a variety of sensory receptors located in 

the skin that convey information about vibration, stretch, and touch. This information is 
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relayed from the skin through low threshold mechanoreceptor (LTMR) primary sensory 

afferents of varying sizes and conduction velocities (Abraira and Ginty, 2013; Lai et al. 

2016). During locomotion, cutaneous afferents provide information regarding the pressure 

of the foot, step progression, and level of weight-bearing on a step-by-step basis (Rossignol 

et al. 2006). The absence of cutaneous input does not prevent the expression of the 

locomotor rhythm (Sherrington, 1910; Endberg, 1964; Forssberg et al. 1977; Prochazka et 

al. 1978; Duysen and Stein, 1978; Wand et al. 1980; Bouyer and Rossignol, 2003a). 

However, subtle adaptations such as a faster swing phase, increased foot lift, and increases 

in double support (i.e., both limbs on the ground) can be seen in cats following cutaneous 

ablation. Furthermore, recently denervated cats were unable to walk on a horizontal ladder. 

Eventually, the denervated cats developed adaptative strategies that had them grasp the 

rungs to perform the task instead of placing their paw pads on the rung (Bouyer and 

Rossignol, 2003a). Interestingly, denervated and spinalized cats were unable to correctly 

place their feet on the plantar surface or bear weight during spinal locomotion. In contrast, 

a non-denervated spinalized cat was able to regain correct plantar foot placement and 

steadily walk on a treadmill (Bouyer and Rossignol, 2003b). These findings suggest that 

animals can maintain locomotor rhythm without cutaneous inputs. This ability is most 

likely induced by compensatory mechanisms from other sensory afferents and supraspinal 

structures that substitute for the missing cutaneous information. Since cutaneous inputs 

participate in the control of the paw placement during locomotion in spinalized animals, 

then they likely play a role in the adaptation of locomotion and the recovery of locomotor 

activity after spinal cord injury.  

1.5 RATIONALE AND AIMS 

The study of dynamic sensorimotor interactions during locomotion is of interest not 

only to determine how various reflex responses may give rise to coherent corrections of 

locomotion to perturbations, but it may also reveal basic mechanisms of sensorimotor 

integration during movement. It is more than likely that the dynamic regulation of 

responses to unexpected perturbations also applies to the regulation of the normal step 

cycle by the same afferents during unperturbed walking. Studying reflexes during rhythmic 

processes thus permits the understanding of many of the processes occurring in the 
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background that are revealed only if unexpected events occur. These processes may be 

important in pathological conditions in which they may be absent or reduced. Thus, it might 

well be that after neurotrauma or neurological diseases, the ability to correct planned 

movements is also impaired, as well as the movements themselves (Zehr et al. 1998).  

Locomotion is one of the most essential behaviours that allow animals to move. In 

legged animals, locomotion is characterized by the coordinated movement of legs on both 

sides of the body. This involves a complex interaction between supraspinal command, 

spinal locomotor circuitry, and inputs from somatosensory afferents. Over the years, 

significant progress has been made in decoding the organization and function of spinal 

locomotor circuitry. Using novel molecular genetic tools, we can investigate interneuron 

populations and their roles in distinct behaviours. Commissural interneurons coordinate 

and control interlimb coordination, yet our understanding of their interaction with 

somatosensory feedback during locomotion is incomplete. Contralateral reflex responses 

involve commissural interneurons which modulate motor activity. However, the 

relationship between the commissural pathways involved in the crossed reflex, and those 

involved in locomotion is unknown. Therefore, the use of genetically manipulated mice 

could advance our understanding of the networks that control the transmission of sensory 

afferents to the contralateral leg.  

Analogous crossed reflexes have been observed in rodents such as the mouse (Jiang 

et al., 1999; Nakanishi & Whelan, 2012), rat (Valero-Cabré et al. 2004), and hamster 

(Bagust and Kerkut, 1987). Using in vitro spinal cord preparations of these animals, 

ipsilateral motor neuron responses were evoked after contralateral sensory afferents were 

activated in the presence of strychnine, a glycine receptor antagonist. This, however, was 

only to a limited degree (Bagust and Kerkut, 1987; Jiang et al. 1999). More recently, 

crossed reflexes have been recorded in vivo in decerebrate and immobilized adult mice, 

which were initiated by a moderately strong toe pinch (Nakanishi and Whelan, 2012). 

Clearly, sensory afferents on one side of the body can induce motor activity on the 

contralateral side. However, the crossed reflex was not the primary focus of these 

experiments Henceforth, the spinal circuitry underlying crossed reflexes is thus unknown.  
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The first aim of my Ph.D. thesis is to understand how the mouse crossed reflex 

compares to other animal models previously described, and to understand the underlying 

somatosensory circuitry that modulates the crossed reflex. To do this, I used a combination 

of electrophysiological and behavioural recordings to provide a detailed description of 

crossed reflexes in mice. The second aim of my thesis is to understand the relationship 

between the commissural pathways involved in locomotion and those involved in the 

crossed reflex. 

In chapter 2, I describe the motor output following stimulation of proprioceptive 

and cutaneous afferents at rest and during locomotion. To do this, I recorded motor output 

in one leg while I stimulated nerves with proprioceptive and cutaneous afferents in the 

contralateral leg in vivo. It demonstrates that crossed reflex involves a short-latency 

inhibitory followed by an excitatory pathway in flexor and extensor muscles. 

In chapter 3, I investigate how, in the crossed reflex, the origin of the sensory input 

impacts the motor output. To do this, we stimulated the common peroneal nerve, 

innervating the ankle flexor muscles and the skin covering the anterolateral aspect in mice 

in vivo and compared it to the tibial nerve. It demonstrates that crossed reflexes regardless 

of the stimulated nerves are mostly similar with slight differences, mainly in the existence 

of long-latency crossed reflex responses when the common peroneal nerve is stimulated.  

In chapter 4, I investigate the involvement of two commissural interneurons 

important for left-right coordination during locomotion (V0 and V3 commissural 

interneurons) and assess their role in the transmission of sensory afferents. It demonstrates 

that V3 but not V0 commissural interneurons are involved in the transmission of sensory 

afferents. As V3 interneurons are mainly excitatory, this suggests that local inhibitory 

interneurons are also involved in the inhibitory crossed reflex pathways. 

In chapter 5, I investigate the role of dorsal interneurons (dPVs) in the crossed 

inhibitory pathways described in the previous chapters. It demonstrates that although dPVs 

tend to show signs of crossed reflex inhibition in mice, these results are not significant. 

Subsequent analysis revealed that dPVs interneurons were, however, important for 

mediating local inhibitory pathways. 
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In chapter 6, I summarize, discuss, and conclude the major findings reached in our 

work. Taken together, my work highlights the spinal circuitry involved in the crossed reflex 

and sheds new light on the somatosensory component of locomotion.   
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1.6 FIGURES 

 

Figure 1.1. Simplified diagram of the hypothetical connections underlying crossed 

reflex pathway. The diagram shows ventrally located commissural interneurones (CIN) 

which connect to motoneurones (MN). These are activated by proprioceptive afferents both 

monosynaptically and polysynaptically, the latter via dorsal horn neurons (DIN) or 

excitatory (INe) or inhibitory (INi) premotor interneurons. Many dorsal horn neurons have 

monosynaptic input from cutaneous afferents, which provides the link in the pathway. 

Adapted from Edgley and Aggelopoulos, 2006 and Jankowska, 2010. 
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Figure 1.2. Organization of left-right coordinating CPG circuits. The core of the left-

right system in rodents is composed of commissural interneurons (CINs) acting directly 

via inhibitory CINs, or indirectly, via excitatory CINs on contralateral motor neurons 

(MN). This system is involved in left-right alternation. Left-right coordination is also 

obtained via a single excitatory system acting directly on motor neurons. To obtain left-

right coordination during locomotion, these crossed connections should also connect to the 

rhythm-generating core (indicated with dotted lines) on the other side of the cord and/or 

corresponding commissural interneurons. The dotted line indicates the midline. 

Abbreviations: IINi: ipsilaterally projecting inhibitory interneuron. RC: Renshaw Cell. 

MN: motor neuron, CPG Central Pattern Generator. Adapted from Kiehn 2011. 
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2.1 ABSTRACT 

Sensory information from one leg has been known to elicit reflex responses in the 

contralateral leg, known as “crossed reflexes,” and these have been extensively 

investigated in cats and humans. Furthermore, experiments with mice have shown 

commissural pathways in detail by using in vitro and in vivo physiological approaches 

combined with genetics. However, the relationship between these commissural pathways 

discovered in mice and crossed reflex pathways described in cats and humans is not known. 

In this study, we analyzed the crossed reflex in mice by using in vivo electromyographic 

recording techniques combined with peripheral nerve stimulation protocols to provide a 

detailed description of the crossed reflex pathways. We show that excitatory crossed 

reflexes are mediated by both proprioceptive and cutaneous afferent activation. In addition, 

we provide evidence for a short-latency inhibitory crossed reflex pathway likely mediated 

by cutaneous feedback. Furthermore, the short-latency crossed inhibition is downregulated 

in the knee extensor muscle and the ankle flexor muscle during locomotion. In conclusion, 

this article provides an analysis of excitatory and inhibitory crossed reflex pathways during 

resting and locomoting mice in vivo. The data presented in this article pave the way for 

future research aimed at understanding crossed reflexes using genetics in mice. 

2.2 INTRODUCTION 

Coordinated leg movement during locomotion is generated by the patterned 

activation of multiple motor neuron pools (locomotor pattern) that drives the orchestrated 

contraction of multiple leg muscles both within and between legs. The locomotor pattern 

of an individual leg is driven by a network of interconnected sets of premotor interneurons 

in the spinal cord (central pattern generator, CPG) and the sensory feedback, mediated by 

cutaneous and proprioceptive inputs, from the periphery (McCrea, 2001; Pearson, 2004; 

Rossignol et al. 2006). Sensory feedback refines the spatiotemporal features of motor 

output during locomotion (McCrea, 2001; Akay et al. 2014; Böhm and Wyart, 2016), and 

the removal of sensory feedback severely impairs locomotion (Akay et al. 2014). These 

data suggest that certain aspects of the locomotor pattern can be generated by the CPG, but 
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sensory feedback is necessary for a functional locomotor pattern because it occurs during 

intact locomotion. 

Reflex pathways that convey sensory information from one leg to the contralateral 

leg (crossed reflex pathways) were first described more than a century ago (Sherrington, 

1910). By using the cat as an animal model, it has been established that commissural 

interneurons (CINs), whose cell bodies are located in lamina VIII of the spinal cord, 

synapse with the spinal circuitry on the contralateral side (Jankowska, 2008; Jankowska 

and Edgley, 2010). These CINs are thought to be important in left-right coordination during 

locomotion (Matsuyama et al. 2004a; 2004b) and have been shown to transmit sensory 

information to contralateral motor neurons (Sherrington, 1910; Arya et al. 1991; 

Aggelopoulos and Edgley, 1995; Edgley et al. 2003; Jankowska et al. 2005). 

Proprioceptive sensory afferents (group I and II) and cutaneous afferents mediate crossed 

reflex responses in flexor and extensor muscles in anesthetized and awake cats during 

locomotion (Perl, 1957; Duysens and Loeb, 1980; Gauthier and Rossignol, 1981; Arya et 

al. 1991; Aggelopoulos et al. 1996; Edgley and Aggelopoulos, 2006; Hurteau et al. 2018). 

Mice have become important for the investigation of neuronal mechanisms 

involved in locomotion because of the potential for genetic manipulation of their neural 

circuits underlying locomotion (Jessell, 2000; Goulding, 2009; Garcia-Campmany et al. 

2010). Specifically, it has been shown that the commissural pathways involve genetically 

distinct classes of CINs that are important in left-right coordination during locomotion 

(Lanuza et al. 2004; Zhang et al. 2008; Talpalar et al. 2013). As in the CINs identified in 

cats, the cell bodies of some of these CINs in mice are also located in lamina VIII of the 

spinal cord (Lanuza et al. 2004; Zhang et al. 2008; Lu et al. 2015). Yet, because of the 

technical limitations of measuring crossed reflexes in mice in vivo, the role of these CINs 

in mice in crossed reflexes is not known. Crossed reflexes have been shown in rodents with 

the use of in vitro spinal cord preparations, where sensory afferents were activated on one 

side of the spinal cord and motor neuron responses were observed on the contralateral side, 

but only to a limited degree (Bagust and Kerkut, 1987; Jiang et al. 1999). More recently, 

crossed reflexes have been recorded in vivo in decerebrate and immobilized adult mice, 

initiated by a moderately strong toe pinch (Nakanishi and Whelan, 2012), demonstrating 

https://journals.physiology.org/doi/full/10.1152/jn.00450.2018?rfr_dat=cr_pub++0pubmed&url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org#B38
https://journals.physiology.org/doi/full/10.1152/jn.00450.2018?rfr_dat=cr_pub++0pubmed&url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org#B10
https://journals.physiology.org/doi/full/10.1152/jn.00450.2018?rfr_dat=cr_pub++0pubmed&url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org#B16
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https://journals.physiology.org/doi/full/10.1152/jn.00450.2018?rfr_dat=cr_pub++0pubmed&url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org#B1
https://journals.physiology.org/doi/full/10.1152/jn.00450.2018?rfr_dat=cr_pub++0pubmed&url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org#B12
https://journals.physiology.org/doi/full/10.1152/jn.00450.2018?rfr_dat=cr_pub++0pubmed&url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org#B22
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that activation of sensory afferents on one side of the body can induce motor activity on 

the contralateral side. Insights into the structure of the spinal circuitry underlying crossed 

reflexes are still obscure. Mutant mice with genetically modified spinal circuitry could 

resolve this obscurity. This article provides the first detailed description of crossed reflex 

responses in fully awake mice during resting and walking on a treadmill. 

To describe the crossed reflex in awake adult mice, we recorded the 

electromyogram (EMG) activity from up to five hindlimb muscles while we stimulated 

peripheral nerves in the contralateral hind leg to activate sensory afferent fibers. We show 

that crossed reflex actions include flexor and extensor muscle activation mediated by both 

proprioceptive and cutaneous afferents. Furthermore, our data suggest that inhibitory as 

well as excitatory crossed reflex pathways can be measured using the techniques presented. 

Finally, we provide evidence that the inhibitory crossed reflex pathway is subject to 

modulation when the animal walks. These experiments lay the groundwork in the mouse 

model to identify specific CIN pathways involved in crossed reflexes and the role of these 

crossed reflex pathways during motor behaviour. 

2.3 METHODS 

Experiments were conducted on 2- to 4-mo-old wild-type (WT) C57BL/6 mice of 

both sexes. None of the mice were trained on the treadmill before the experiments. All 

studies were performed according to the guidelines of the Canadian Council on Animal 

Care and approved by the local councils on animal care at Dalhousie University. 

2.3.1 Construction of the electrodes. 

The electrodes were made using multistranded, Teflon-coated annealed stainless 

steel wire (catalog no. 793200; A-M Systems). The construction of the EMG electrode and 

nerve cuff was previously described in detail (Pearson et al. 2005; Akay et al. 2006; Akay, 

2014). One or two nerve cuff electrodes and six EMG recording electrodes were attached 

to the headpiece pin connector (female, part no. SAM1153-12; DigiKey Electronics, Thief 

River Falls, MN) and covered with epoxy (5 Minute epoxy gel; Devcon). 

 



 27 

2.3.2 Electrode implantation surgeries. 

All surgeries were performed in aseptic conditions on a warm water-circulated 

heating pad maintained at 42°C. Each mouse underwent an electrode implantation surgery 

as previously described (Akay, 2014). Briefly, the animals were anesthetized with 

isoflurane (5% for inductions, 2% for maintenance of anesthesia), ophthalmic eye ointment 

was applied to the eyes, and their skin was sterilized with a three-part skin scrub using 

hibitane, alcohol, and povidone-iodine. Before each surgery, buprenorphine (0.03 mg/kg) 

and ketoprofen (5 mg/kg) were injected subcutaneously as analgesics while the animals 

were still under anesthesia. Additional buprenorphine injections were performed at 12-h 

intervals for 48 h. 

A set of six bipolar EMG electrodes and one or two nerve stimulation cuffs were 

implanted in all experimental mice (Pearson et al. 2005; Akay et al. 2006) as follows: small 

incisions were made on the shaved areas (neck and both hind legs), and each bipolar EMG 

electrode and the nerve cuff electrodes were led under the skin from the neck incision to 

the leg incisions, and the headpiece connector was stitched to the skin around the neck 

incision. The EMG recording electrodes were implanted into the right (ipsilateral) hip 

flexor (iliopsoas, Ipr), knee flexor (semitendinosus, Str) and extensor (vastus lateralis, VLr), 

and ankle flexor (tibialis anterior, TAr) and extensor (gastrocnemius, Gsr), as well as the 

left ankle extensor (gastrocnemius, Gsl). Nerve stimulation electrodes were chronically 

implanted in the left leg to activate contralateral proprioceptive and cutaneous feedback 

(tibial nerve) or predominantly cutaneous afferents (sural nerve), as well as in the right leg 

to activate ipsilateral cutaneous afferents (sural nerve). Anesthesia was discontinued, and 

mice were placed in a heated cage for 3 days before being returned to a regular mouse rack. 

Food mash and hydrogel were provided for the first 3 days after the surgery. Any handling 

of the mouse was avoided until the animal was fully recovered, and the first recording 

session started at least 10 days after the electrode implantation surgery. 

In total, 19 WT mice received electrode implantation surgeries. In nine mice, a cuff 

electrode was implanted on the tibial nerve, and in another nine mice, the cuff electrode 

was implanted on the sural nerve of the left hind leg. In five mice of each group, an 
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additional cuff electrode was implanted on the sural nerve of the right leg. In one mouse, 

cuff electrodes were implanted on both the tibial and the sural nerve of the left hind leg. 

2.3.3 Crossed reflex recording sessions. 

After animals fully recovered (~10 days) from electrode implantation surgeries, 

crossed reflexes were recorded as follows: under brief anesthesia with isoflurane, a wire to 

connect the headpiece connector with the amplifier, and the stimulation insulation units 

(ISO-FLEX; A.M.P.I., Jerusalem, Israel or DS4; Digitimer, Welwyn Garden City, UK) 

was attached to the mouse. Anesthesia was discontinued, and the mouse was placed on a 

mouse treadmill (model 802; custom-built in the workshop of the Zoological Institute, 

University of Cologne, Germany). The electrodes were connected to an amplifier (model 

102; custom-built in the workshop of the Zoological Institute, University of Cologne, 

Germany) and a stimulus isolation unit. After the animal fully recovered from anesthesia 

(at least 5 min), the minimal (threshold) current that was necessary to elicit a local reflex 

response was determined to ensure afferent activation. This was done by injecting single 

impulses lasting 0.2 ms into the tibial nerve (average ± SD threshold current: 113 ± 49 µA; 

range: 65–200 µA; see insets in Fig. 2.1B) or double impulses lasting 0.2 ms with 2-ms 

intervals into the sural nerve (average ± SD threshold current: 518 ± 375 µA; range: 170–

1250 µA; insets in Fig. 1C). Following the determination of threshold currents, the crossed 

reflex experiments were performed by injecting five current impulses lasting 0.2 ms at 500 

Hz into the tibial or the sural nerve, set at either 1.2 times the threshold current (1.2× 

threshold) or five times the threshold current (5× threshold). The 1.2× threshold stimulation 

likely activates primary proprioceptive afferents (group Ia and Ib), whereas 5× threshold 

stimulation activates group Ia, Ib, and the group II proprioceptive afferents, as well as low-

threshold cutaneous afferents (group II), as previously described in mice (Steffens et al. 

2012; Schomburg et al. 2013). 

EMG signals from the five muscles of the right leg and the gastrocnemius muscle 

of the left leg were simultaneously recorded (sampling rate: 9.803 kHz) while the sural 

nerve or the tibial nerve of the left leg was electrically stimulated with five brief impulses 

(impulse duration: 0.2 ms, frequency: 500 Hz) using the ISO-FLEX (A.M.P.I.) and DS4 

(Digitimer) stimulation insulation units. In some experiments, the right sural nerve was 

https://journals.physiology.org/doi/full/10.1152/jn.00450.2018?rfr_dat=cr_pub++0pubmed&url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org#B43
https://journals.physiology.org/doi/full/10.1152/jn.00450.2018?rfr_dat=cr_pub++0pubmed&url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org#B43
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also stimulated in combination with contralateral tibial or sural nerve stimulation. 

Recordings of the crossed reflex were performed while the mice were resting on the 

treadmill or moving at a constant speed of 0.2 m/s. The EMG signals were amplified (gain 

100), bandpass filtered from 400 Hz to 20 kHz, and stored on the computer using the 

Power1410 interface and Spike2 software (Cambridge Electronic Design, Cambridge, 

UK). The filter settings were determined empirically to limit noise in freely behaving 

animals. 

2.3.4 Statistical analysis. 

All graphical representations of data were made using GraphPad Prism 5 and 

processed using Illustrator CS5 (Adobe). All data are means ± SD. One-to-one statistical 

comparisons of the data were done with the t-test or Mann-Whitney test using GraphPad 

Prism 5. Comparisons involving multiple averages were performed with an ANOVA test 

for nonparametric data sets (Kruskal-Wallis test). All statistical tests were two-tailed, and 

differences were considered statistically significant when the P-value was <0.05. 

2.4 RESULTS 

2.4.1 Crossed reflex motor activity in flexor and extensor muscles. 

First, we investigated the role of proprioceptive and cutaneous afferents in crossed 

reflexes in the mouse. We used in vivo electrophysiological techniques (Akay, 2014) on 

WT mice in which we stimulated the tibial (proprioceptive and cutaneous) and sural 

(cutaneous only) nerves of the left leg while simultaneously recording flexor and extensor 

muscles of the right leg (Fig. 2.1A). Low-current stimulation (1.2× threshold) of the left 

tibial nerve predominantly activated group Ia (from muscle spindles) and Ib (from Golgi 

tendon organs) proprioceptive afferents (Jack, 1978) and evoked motor responses in either 

flexor or extensor muscles of the right leg (Fig. 2.1Bi). High-current stimulation (5× 

threshold) of the left tibial nerve activated proprioceptive and cutaneous afferents and 

evoked stronger motor responses simultaneously in the right flexor and extensor muscles 

(Fig. 2.1Bii). Similarly, activation of cutaneous afferents by sural nerve stimulation 

induced simultaneous flexor and extensor muscle activity. Low-amplitude motor responses 

could be recorded at low-current sural nerve stimulation (1.2× threshold; Fig. 2.1Ci). 
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Similar to tibial nerve stimulation, an increase of the current intensity to the 5× threshold 

(high-current stimulation) evoked higher amplitude motor responses simultaneously in all 

investigated flexor and extensor muscles (Fig. 2.1Cii). Stimulation of either the tibial nerve 

or the sural nerve elicited crossed reflex responses in all recorded muscles and was more 

consistent when stimulation strength was set to 5× threshold. In neither of the stimulations 

was increased activity of the mice or vocalizing observed, suggesting pain receptors were 

not activated (Bui et al. 2013). 

We further investigated the crossed reflex responses by analyzing the rectified 

EMG signals and averaging them over multiple trials (Fig. 2.2, A and B). The average EMG 

traces from all the trials performed at one current stimulation allowed us to determine if 

proprioceptive and cutaneous sensory afferents could evoke reliable motor activity in 

flexors and extensors of different joints in the contralateral leg. Our results show that 

crossed reflex responses in every recorded muscle could be elicited regardless of low- or 

high-current stimulation (Fig. 2.2). High-current stimulation (Fig. 2.2, Aii and Bii) evoked 

higher amplitude crossed reflex responses than low-current stimulation (Fig. 2.2, Ai and 

Bi). 

In summary, our results show that stimulation of proprioceptive (low-current tibial 

nerve stimulation) and cutaneous (sural nerve stimulation) afferents evoke excitatory 

crossed reflex motor responses across the hindlimb flexor and extensor muscles in mice in 

vivo. 

2.4.2 Temporal characteristics of muscle activation pattern during crossed reflex. 

We next aimed to describe the overall activation pattern of the different groups of 

muscles in response to stimulation of the contralateral sensory afferents. The muscle 

activation patterns in response to contralateral tibial nerve and sural nerve stimulations are 

illustrated as heat diagrams in Fig. 2.3, A and B, respectively. At low- and high-current 

stimulation, replicable motor responses were evoked in the flexor and extensor muscles, 

confirming the result shown above (Fig. 2.2). We also detected a 10-ms activity gap 

between nerve stimulation offset and first signs of muscle activation following both the 

tibial and the sural nerve stimulation. This gap was visible as a darker phase in the color-
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coded map, before the activation of the motor responses, lasting for ~10 ms after the 

stimulation. These data suggest that reliable and stereotyped crossed reflex responses can 

be elicited by stimulating the tibial nerve or sural nerves. 

We further analysed the delays of on- and offsets of EMG activities from all 

recorded muscles from the onset of the contralateral nerve stimulation (Fig. 2.4). Under 

low-current tibial nerve stimulation, even though not statistically different, the onset of the 

Ipr activity occurred on average first, followed by the distal flexor muscles (Str and TAr) 

and, finally, the extensor muscles (VLr and Gsr; Fig. 2.4Ai). However, during high-current 

tibial nerve stimulation, all muscle activity onsets were nearly synchronized. Comparing 

the latencies onset of different muscles during low- and high-current stimulation revealed 

that the latencies onset of the Ipr and TAr muscle activity, but not the extensor muscle 

activities, increased under high-current stimulation (Fig. 2.4B). This suggests two 

possibilities: at high-current tibial nerve stimulation, either the excitatory crossed reflex is 

delayed relative to low-current stimulation, or cutaneous afferents have a crossed inhibitory 

influence mediated by cutaneous afferents. 

When we stimulated the sural nerve, the activation of the recorded muscles was 

more synchronous even at low-current stimulation, with some subtle differences (Fig. 

2.4C). When we compared the onsets of EMG activities of low- and high-current left sural 

nerve stimulation, there was no statistical significance (Fig. 2.4D). These data suggest that 

high-current tibial nerve stimulation and low- or high-current sural nerve stimulation, 

activating more cutaneous afferent fibers, tend to activate all recorded muscles 

simultaneously. Our results regarding muscle activity onset synchronization raised two 

possibilities: either the excitatory crossed reflex could be delayed, or there is an inhibitory 

crossed reflex pathway mediated by cutaneous afferent fibers. 

2.4.3 Short-latency inhibition in crossed and local reflexes. 

We next sought to differentiate between the two possibilities described above. We 

used a paired stimulation protocol where peripheral nerves in both legs were stimulated 

with different delays. Either the tibial nerve or sural nerve was implanted in the left leg to 

evoke crossed reflex motor responses transduced by proprioceptive or cutaneous afferents, 
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respectively. Furthermore, in addition to the five EMG recording electrodes implanted in 

the five muscles of the right leg, we implanted an additional nerve stimulation electrode on 

the right sural nerve to evoke local cutaneous reflexes (Figs. 2.5 and 2.6). We predicted 

that if there is an inhibitory crossed reflex pathway, we should detect decreased activity 

with a constant delay after contralateral nerve stimulation regardless of the presence of 

EMG activity initiated by local reflexes. 

First, we stimulated the left tibial nerve with high current simultaneously with the 

right sural nerve at varying delays (Fig. 2.5A). Figure 2.5, B and C, show the average EMG 

responses from the recorded flexor and extensor muscles, respectively, in response to 

crossed and local reflexes with varying delays between these two stimulations. 

Immediately after stimulation of the left tibial nerve (Fig. 2.5, B and C), we could detect a 

period of decreased EMG activity regardless of the presence of the local reflex response 

initiated by right sural nerve stimulation. This response could be detected consistently in 

all recorded flexor (Fig. 2.5B) and extensor (Fig. 2.5C) muscles. This finding suggested 

that, apart from the excitatory crossed reflex pathway indicated by muscle activation, an 

early inhibitory crossed reflex pathway is also present in mice in vivo. 

Similar results were obtained when we stimulated the left sural nerve to initiate the 

crossed reflex response (Fig. 2.6A). Stimulation of the left sural nerve with high current 

also initiated a period of decreased EMG activity regardless of the delay between the right 

sural nerve stimulation and the left sural nerve stimulation (Fig. 2.6, B and C). The 

decreased EMG activity was present in all recorded flexor (Fig. 2.6B) and extensor (Fig. 

2.6C) muscle recordings. These observations suggest that high-current activation of 

afferent fibers initiates crossed reflex inhibitory responses that are likely induced by 

cutaneous afferent activation. 

In summary, our results show that sensory information is transmitted to the 

contralateral motor neurons through inhibitory as well as excitatory pathways following 

tibial or sural nerve stimulation. Furthermore, this inhibitory pathway affects the activity 

of all recorded muscles of the contralateral leg, as does the excitatory pathway. 



 33 

2.4.4 Crossed reflex responses during locomotion. 

Do crossed reflex responses occur the same way when the animal is moving 

compared with when the animal is resting, as described above? To address this question, 

we performed contralateral tibial or sural nerve stimulation during locomotion on a 

treadmill and recorded the EMG activity from the contralateral muscles (Fig. 2.7). Our data 

revealed that the crossed reflex response during locomotion depended on the timing of the 

nerve stimulation relative to the activity of the muscle before the stimulation, that is, 

whether the stimulation occurred when the muscle was active before the stimulation or 

inactive before the stimulation (Fig. 2.7). Therefore, we separated the data into two groups: 

1) the muscle was inactive when the contralateral nerve was stimulated (red traces in Figs. 

2.7A, 2.7B, 2.8A, and 2.8B); and 2) the muscle was active at the time the stimulation of the 

contralateral nerve occurred (black traces in Figs. 2.7A, 2.7B, 2.8A, and 2.8B). When the 

VLr and TAr muscles were inactive before nerve stimulation, we consistently detected the 

same 10-ms delay that we had detected while the mice were at rest. However, when the 

contralateral nerve stimulation occurred while the VLr and TAr muscles were active, the 

10-ms silent period was absent (Figs. 2.7 and 2.8). In contrast, the 10-ms delay was always 

present in the Ipr, Str, and Gsr activity profile, regardless of whether the muscle was already 

active before nerve stimulation (Figs. 2.7 and 2.8). These data indicate that the inhibitory 

crossed reflex pathway is downregulated during locomotion selectively for VLr and TAr 

muscles depending on the activity before the contralateral nerve stimulation. 

2.5 DISCUSSION 

In this article, we present a detailed analysis of the crossed reflex responses in 

awake mice in vivo at resting and during locomotion. Regardless of whether we stimulated 

peripheral nerves to activate proprioceptive or cutaneous afferents, activation of all 

muscles on the contralateral side was observed (Figs. 2.1–2.4). This indicates a widespread 

excitatory crossed reflex pathway to all motor neuron pools innervating the recorded 

muscles in this study. A more detailed investigation of the muscle responses indicates the 

presence of a short-latency inhibitory crossed reflex pathway (Figs. 2.3 and 2.4). To 

provide evidence for the inhibitory crossed reflex pathway, we demonstrated crossed reflex 

action in the presence of muscle activation, caused by local reflex activation through 
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ipsilateral nerve stimulation (Figs. 2.5 and 2.6). Finally, we have shown that the inhibitory 

crossed reflex pathway controlling the activity of the knee extensor (VL) and ankle flexor 

(TA) is downregulated during locomotion, whereas it is not changed for other recorded 

muscles (Figs. 2.7 and 2.8). This study represents the first comprehensive analysis of 

crossed reflexes in mice in vivo. We show the existence of a common crossed inhibitory 

pathway in mice that is modulated selectively for the VL and TA muscles during 

locomotion. 

2.5.1 Non-nociceptive sensory afferent activation initiates crossed reflex responses. 

In this article, we provide evidence that proprioceptive as well as cutaneous afferent 

stimulation initiates crossed reflex responses. Our results demonstrate that low-current 

tibial nerve stimulation, which mainly activates proprioceptive afferents, evokes crossed 

reflex responses in all recorded muscles. High-current electrical stimulation of the tibial 

nerve, which recruits additional cutaneous afferents, also causes activation of all 

contralateral muscles, but in a more synchronized manner. Furthermore, the sural nerve 

carries predominantly cutaneous afferents innervating the skin on the posterior site of the 

leg. In rodents, the sural nerve also carries a small amount of motor and proprioceptive 

afferent fibers to and from the flexor digiti minimi muscle in the foot (Peyronnard and 

Charron, 1982; Steffens et al. 2012). The reflex response observed in this study through 

sural nerve stimulation is most likely due to cutaneous afferent activation, but the 

contribution of efferent and proprioceptive afferent activation to and from the flexor digiti 

minimi muscle cannot be excluded. Motor fiber activation is unlikely to be a contributor 

because the delays considered in this study are too short for motor fibers to elicit toe muscle 

contractions that would elicit feedback in the EMG activity pattern. The contribution of 

proprioceptive afferent activation from the flexor digiti minimi muscle is a possibility that 

we cannot entirely exclude. 

The highest current used in this study to activate afferent fiber was five times the 

threshold current to initiate a local reflex response. This was well below the current needed 

to activate nociceptive afferents, determined by vocalization (Bui et al. 2013), which 

typically occurs around 8–10 times the threshold current. Therefore, our results provided 

evidence that cutaneous afferents that initiated crossed reflex responses were non-
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nociceptive cutaneous afferents. These results suggest that proprioceptive, as well as non-

nociceptive cutaneous afferent, initiates crossed reflex responses. Overall, these results are 

in accordance with the results of previous research on cats and humans that muscle 

afferents (Arya et al. 1991; Aggelopoulos and Edgley, 1995; Stubbs and Mrachacz-

Kersting, 2009; Jankowska and Edgley, 2010; Stubbs et al. 2011; Gervasio et al. 2017), as 

well as cutaneous afferents (Perl, 1957; Gauthier and Rossignol, 1981; Edgley and 

Aggelopoulos, 2006; Stubbs and Mrachacz-Kersting, 2009), mediate crossed reflex 

responses. 

2.5.2 Inhibitory crossed reflex responses initiated by cutaneous afferent activation. 

Two observations provide evidence for an inhibitory crossed reflex action initiated 

by non-nociceptive cutaneous afferent activation. First, stimulation of the tibial nerve, 

although not statistically significant, initiated a muscle activation sequence starting with 

the most proximal flexor muscle (Ipr), followed by the distal flexors (Str and TAr) and, 

finally, the two extensor muscles (VLr and Gsr) on the contralateral side. The onsets of the 

VLr and Gsr occurred ~10 ms after the stimulation offset (hatched area in Fig. 2.4Ai). When 

the stimulation strength was increased to additionally recruit cutaneous afferents, the 

muscle activation sequence was changed to simultaneous activation at ~10 ms after 

stimulation offset (hatched area in Fig. 2.4Aii). Stimulation of the sural nerve, regardless 

of stimulation strength, elicited an activation pattern resembling high-current tibial nerve 

stimulation. This finding suggests the possibility that cutaneous afferent activation induces 

an inhibitory crossed reflex pathway with inhibition of muscle activity lasting ~10 ms. 

Synchronization of muscle activity onsets with cutaneous afferent activation suggested the 

existence of an inhibitory crossed reflex pathway as previously described in cats (Arya et 

al. 1991; Aggelopoulos et al. 1996; Edgley and Aggelopoulos, 2006). 

The second observation supporting a crossed inhibitory pathway initiated by 

cutaneous afferents came from the experiments where the local reflex was suppressed by 

the crossed reflex. Ipsilateral cutaneous afferent stimulation was paired with contralateral 

afferent stimulation at different delays, which allowed us to detect a short-latency 

inhibition for ~10 ms (hatched areas in Figs. 2.5 and 2.6) initiated by contralateral 

cutaneous afferent stimulation. Our data do not provide evidence for a direct inhibitory 
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influence that involves inhibitory synaptic input to the motor neurons. One alternative 

possibility is that the decreased EMG activity reflects motor neurons entering a refractory 

period following short-latency excitation, which is measured as reduced activity. Indeed, 

the Ip activity shown in Fig. 2.5B indicates increased activity before activity reduction 

within the 10-ms period. However, this short-latency activation was absent in the TA, VL, 

and Gs, which does not support the idea of refractory period involvement, but our current 

data do not allow a definite exclusion of this possibility. Nevertheless, our data support 

previous findings of inhibitory crossed reflex pathways initiated by cutaneous afferents in 

cats (Edgley and Aggelopoulos, 2006) and humans (Gervasio et al. 2017). Together, the 

two observations provide a strong indication that non-nociceptive cutaneous afferent 

activation initiates inhibitory crossed reflexes that last for ~10 ms. 

2.5.3 Crossed reflex during locomotion. 

Our data suggest that the crossed inhibitory reflex is downregulated when the 

animal walks selectively for the knee extensor (VL) and ankle flexor (TA) muscles. We 

recorded the muscle activity response to contralateral afferent activation while the animals 

were moving on a treadmill at a constant speed of 0.2 m/s. Stimulation of the contralateral 

nerves initiated muscle responses that closely resembled the responses in resting mice, 

except for the VLr and the TAr muscles, which depended on whether these muscles were 

active before nerve stimulation. That is, when VLr (mainly active during the stance phase) 

and TAr (mainly active during the swing phase) were inactive before the nerve stimulation, 

their responses were almost identical to those during resting. In contrast, when these 

muscles were active, we did not observe the silent 10-ms latency period, indicating reduced 

strength of crossed inhibition relative to crossed excitation. Previous experiments in cats 

also observed downregulated inhibitory crossed reflexes selectively for the VLr muscle 

during locomotion (Frigon and Rossignol, 2008). The authors assumed that the absence of 

crossed inhibitory influence in the VLr was due to the more rostral location of the motor 

neuron pool in the spinal cord compared with the other muscle. However, we have shown 

that the inhibitory crossed reflex influence is not only downregulated in the VLr (motor 

neuron cell bodies located between lumbar spinal segments 1–3) but also in the TAr, whose 

motor neuron pool is located more caudally (lumbar spinal segments 3–4) (McHanwell and 
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Biscoe, 1981). The relative location of the motor neuron pool innervating the Ip in the 

mouse has not been demonstrated, but its location in the cat is even more rostral than the 

one innervating VL (Vanderhorst and Holstege, 1997). Our results demonstrate that the 

inhibition of the Ip muscle is not modulated during locomotion as it is for the VL and TA. 

Therefore, our data do not support the view that the absence of the state-dependent 

modulation of the inhibitory crossed reflex response is due to motor neuron pool location. 

Crossed reflex responses during locomotion can switch from activation of extensor 

muscles to activation of flexor muscles depending on the phase of the step cycle (Duysens 

et al. 1980; Gervasio et al. 2013), which contributes to the dynamic stability during 

locomotion (Gervasio et al. 2015). Separating the contralateral afferent stimulation into 

phases in which Ipr was active (approximating swing phase) and phases in which Ipr was 

not active (approximating stance phase) did not reveal any conclusive phase dependency 

in our experiments (data not shown). However, clear and consistent differences in muscle 

response in VLr and TAr were observed when the separation was made based on muscle 

activity. We observed that the inhibitory crossed reflex pathway was selectively 

downregulated for the VLr and TAr muscles when the muscles were active before 

stimulation. The short-latency inhibition was replaced by a very short-latency excitation 

during locomotion. The discrepancy between our results with the previous findings from 

cat experiments (Duysens et al. 1980; Gauthier and Rossignol, 1981; Frigon and Rossignol, 

2008; Hurteau et al. 2017) may indicate differences in mechanisms across species. That is, 

whereas the nervous system of the cat takes the stance or swing phase as a reference for 

reflex reversal, mice might prefer individual muscle activity. In addition, differences in 

these mechanisms might relate to the much smaller size and the much higher stepping 

frequency of mice relative to cats. Nevertheless, this is a speculation, and further 

investigation is required for a more definite conclusion. 

In this article, we provide a detailed description of the motor output in one leg when 

sensory afferents in the contralateral leg are stimulated in mice in vivo. Our results 

demonstrate that crossed reflexes are mediated by cutaneous and proprioceptive afferents 

and can be evoked in vivo in freely moving mice. Furthermore, crossed reflex pathways 

involve a short-latency inhibitory component in flexor and extensor muscles that can be 



 38 

modulated to evoke appropriate motor responses according to the behavioural context of 

the contralateral leg. This short-latency inhibitory response is followed by an excitatory 

motor response in flexor and extensor muscles. These results will serve as the groundwork 

for our efforts to identify the involvement of genetically distinct classes of commissural 

interneurons (Lanuza et al. 2004; Zhang et al. 2008; Talpalar et al. 2013) involved in 

crossed reflexes. These insights will be important for understanding how sensory pathways 

transfer sensory information to the contralateral side of the spinal cord, and how sensory 

information modulates left-right coordination during locomotion.
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2.6 FIGURES 
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Figure 2.1. Schematic of experimental design used to investigate crossed reflex in vivo. 

A: experimental design used to investigate crossed reflex in vivo. B and C: examples of 

electromyographic recording at low (low curr. 1.2×T; i)- and high (high curr. 5×T; ii)-

current stimulation from one mouse after stimulation of tibial nerve (tib. n. stim.; B) or 

sural nerve (sur. n. stim.; C). Shaded areas indicate stimulation. Insets in B and C show 

examples of the left gastrocnemius (Gsl) response to stimulation of the left tibial nerve with 

a single impulse (B) or the left sural nerve with double impulses (C). Time bars in insets 

indicate 2 ms, and red asterisks indicate stimulus artifact. Ipr, right iliopsoas; VLr, right 

vastus lateralis; Str, right semitendinosus; Gsr, right gastrocnemius; TAr, right tibialis 

anterior. 
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Figure 2.2. Average crossed reflex motor responses. A and B: average crossed reflex 

responses from different muscles after low (low curr. 1.2×T; i)- and high (high curr. 5×T; 

ii)-current stimulation of tibial nerve from 7 animals (tib. n. stim.; A) or sural nerve 

stimulation from 8 animals (sur. n. stim.; B). Gray lines are averages of 20–40 stimulations 

in each animal. The black line corresponds to the average across all animals. Shaded areas 

indicate stimulation. Gsl, left gastrocnemius; Ipr, right iliopsoas; Str, right semitendinosus; 

VLr, right vastus lateralis; TAr, right tibialis anterior; Gsr, right gastrocnemius. 
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Figure 2.3. Muscle responses in ipsilateral and contralateral muscles are consistent 

across individual trials. A and B: heat diagram shows the muscle activity during low (low 

curr. 1.2×T; i)- and high (high curr. 5×T; ii)-current stimulation of the contralateral tibial 

nerve (tib. n. stim.; A) and the sural nerve (sur. n. stim.; B) from 1 representative animal 

for each nerve stimulation experiment. Muscle responses to each of 40 nerve stimulations 

from 1 experiment are staggered on the vertical axis as a function of time. Brighter colors 

indicate higher muscle activity. Concentrated brighter areas indicate consistent muscle 

activity to nerve stimulation, whereas dark areas indicate no activity. The average muscle 

activity of all trials (Av) is shown above each diagram. Gsl, left gastrocnemius; Ipr, right 

iliopsoas; Str, right semitendinosus; VLr, right vastus lateralis; TAr, right tibialis anterior; 

Gsr, right gastrocnemius. 
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Figure 2.4. Crossed reflex muscle activation pattern. A: pattern of muscle activation at 

low (low curr. 1.2×T; i)- and high (high curr. 5×T; ii)-current stimulation following tibial 

nerve stimulation (tib. n. stim.) summarizing data from 7 experiments. B: average latency 

of the different muscles at low (●)- and high (○)-current stimulation following tibial nerve 

stimulation in individual animals. Latencies were measured from the start of the stimulation 

to the first visually detectable action potentials in the electromyographic recordings. 

Statistical significance between individual averages is indicated by a solid line, whereas 

dashed lines indicate no statistical difference. *P < 0.05; ***P < 0.001. C: pattern of muscle 

activation at low- and high-current stimulation following sural nerve stimulation (sur. n. 

stim.) summarizing data from 8 experiments. D: pattern of muscle activation at low- and 

high-current stimulation following sural nerve stimulation. Shaded areas represent the 

stimulation. Hatched areas represent a 10-ms period after the stimulation. Gsl, left 

gastrocnemius; Ipr, right iliopsoas; Str, right semitendinosus; VLr, right vastus lateralis; 

TAr, right tibialis anterior; Gsr, right gastrocnemius. 
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Figure 2.5. Short-latency inhibition in crossed reflex initiated by tibial nerve 

stimulation. A: schematic representation of the paired stimulation of both legs at different 

delays to provide evidence of an inhibitory period if there is a suppression of the motor 

responses from one leg following the stimulation of the other leg. Data are from 40 

stimulations from 1 animal, representative of 4 experiments. B and C: examples of 

electromyographic (EMG) recording in the contralateral flexor muscles (B) or the extensor 

muscles (C) after stimulation of the contralateral tibial nerve. Shaded areas represent 

stimulation of the contralateral tibial nerve to evoke a crossed reflex. Hatched areas 

represent the silent period detected previously. Red traces represent the average EMG 

response to local reflex activation initiated by ipsilateral sural nerve stimulation. Black 

lines indicate the EMG response when the ipsilateral sural nerve is stimulated with the 

contralateral tibial nerve with a delay indicated at the left of each set of recordings. Blue 

arrows represent the suppression of the local cutaneous reflex by contralateral sensory 

stimulation. Gsl, left gastrocnemius; Ipr, right iliopsoas; Str, right semitendinosus; VLr, 

right vastus lateralis; TAr, right tibialis anterior; Gsr, right gastrocnemius; sens., sensory 

stimulation; tib. n., tibial nerve; sur. n., sural nerve. 
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Figure 2.6. Short-latency inhibition in crossed reflex initiated by sural nerve 

stimulation. A: schematic representation of the paired stimulation of both legs at different 

delays to provide evidence of an inhibitory period if there is a suppression of the motor 

responses from one leg following the stimulation of the other leg. Averages are calculated 

using 40 stimulations from 1 animal, representative of 4 experiments. B and C: examples 

of electromyographic (EMG) recordings in the contralateral flexor muscles (B) or the 

extensor muscles (C) after stimulation of the contralateral sural nerve. Shaded areas 

represent stimulation of the contralateral tibial nerve to evoke a crossed reflex. Hatched 

areas represent the silent period detected previously. Red traces represent the average EMG 

response to local reflex activation initiated by ipsilateral sural nerve stimulation. Black 

lines indicate the EMG response when the ipsilateral sural nerve is stimulated with the 

contralateral sural nerve with a delay indicated at the left of each set of recordings. Blue 

arrows represent the suppression of local cutaneous reflex by contralateral sensory 

stimulation. Gsl, left gastrocnemius; Ipr, right iliopsoas; Str, right semitendinosus; VLr, 

right vastus lateralis; TAr, right tibialis anterior; Gsr, right gastrocnemius; sens., sensory 

stimulation; sur. n., sural nerve. 
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Figure 2.7. Crossed reflex response in right vastus lateralis (VLr) and right tibialis 

anterior (TAr) depends on muscle activity status before nerve stimulation during 

walking. A and B: electromyographic recording of the contralateral semitendinosus and 

the contralateral tibialis anterior in resting (black traces) and the two different states during 

walking: when the muscle was not active (red traces) or active (blue traces) before the tibial 

nerve (A) or the sural nerve (B) stimulation. C and D: relative counts (percentages) of 

muscle responses, as active or silent within the first 10 ms after stimulation of the tibial 

nerve in 7 experiments (C) or the sural nerve in 5 experiments (D). Gsl, left gastrocnemius; 

Ipr, right iliopsoas; Str, right semitendinosus; Gsr, right gastrocnemius. 
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Figure 2.8. Muscle responses in crossed reflex during walking. A and B: 

electromyographic recording in the contralateral muscles comparing the motor activity 

while the animal is resting (black traces) or walking when the muscle was not active (red 

traces) or active (blue traces) before tibial nerve (A) or sural nerve (B) stimulation. Traces 

are pooled averages from 7 mice for the tibial nerve stimulation and 5 mice for the sural 

nerve stimulation. Shaded background indicates nerve stimulation. Gsl, left gastrocnemius; 

Ipr, right iliopsoas; Str, right semitendinosus; VLr, right vastus lateralis; TAr, right tibialis 

anterior; Gsr, right gastrocnemius. 
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3.1 ABSTRACT 

Motor responses in one leg to sensory stimulation of the contralateral leg have been 

named “crossed reflexes” and are extensively investigated in cats and humans. Despite this 

effort, a circuit-level understanding of the crossed reflexes has remained missing. In mice, 

advances in molecular genetics enabled insights into the “commissural spinal circuitry” 

that ensures coordinated leg movements during locomotion. Despite some common 

features between the commissural spinal circuitry and the circuit for the crossed reflexes, 

the degree to which they overlap has remained obscure. Here, we describe excitatory 

crossed reflex responses elicited by electrically stimulating the common peroneal nerve 

that mainly innervates ankle flexor muscles and the skin on the anterolateral aspect of the 

hind leg. Stimulation of the peroneal nerve with low current intensity evoked low-

amplitude motor responses in the contralateral flexor and extensor muscles. At higher 

current strengths, stimulation of the same nerve evoked stronger and more synchronous 

responses in the same contralateral muscles. In addition to the excitatory crossed reflex 

pathway indicated by muscle activation, we demonstrate the presence of an inhibitory 

crossed reflex pathway, which was modulated when the motor pools were active during 

walking. The results are compared with the crossed reflex responses initiated by 

stimulating proprioceptors from extensor muscles and cutaneous afferents from the 

posterior part of the leg. We anticipate that these findings will be essential for future 

research combining the in vivo experiments presented here with mouse genetics to 

understand crossed reflex pathways at the network level in vivo. 

3.2 INTRODUCTION 

Stimulation of the somatosensory afferents from one leg has been shown to elicit 

motor responses in the contralateral leg which was termed “crossed reflex” (Sherrington, 

1910). These crossed reflex responses were shown to be elicited by the stimulation of 

proprioceptive sensory afferents (groups I and II) and cutaneous afferents, as well as flexor 

reflex afferents (FRAs), a term defining high-threshold afferents from joints, muscles, and 

skin involved in ipsilateral limb flexion and contralateral limb extension (Jankowska et al. 

1968). Activation of all these afferents generates excitatory and inhibitory responses in 
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contralateral flexor and extensor muscles in cats (Perl, 1957; Jankowska et al. 1967; Arya 

et al. 1991; Aggelopoulos et al. 1996; Edgley and Aggelopoulos, 2006; Hurteau et al. 

2017). 

Neurons whose axons cross the spinal cord from one side to the other (commissural 

interneurons, CINs) involved in crossed reflexes have been described in cats (Arya et al. 

1991; Aggelopoulos and Edgley, 1995; Edgley et al. 2003). In mice, genetically and 

physiologically distinct classes of CINs that are important in left-right coordination during 

locomotion have been identified (Lanuza et al. 2004; Zhang et al. 2008; Talpalar et al. 

2013). However, further research is required to provide insights into whether or not the 

CINs identified in cats and those identified in mice share common pathways. A promising 

approach is to conduct crossed reflex experiments with mice whose CIN pathways have 

been genetically manipulated. A thorough description of the crossed reflex responses in 

normal wild-type mice is essential for this to happen. 

Crossed reflex experiments have been performed, to a limited degree, in rodents 

using in vitro spinal cord preparations (Bagust and Kerkut, 1987; Jiang et al. 1999) or in 

vivo decerebrate adult mouse preparations (Nakanishi and Whelan, 2012). We have 

recently demonstrated a new in vivo technique to record excitatory and inhibitory crossed 

reflex pathways elicited by stimulating two peripheral nerves (Laflamme and Akay, 2018). 

First, the tibial nerve was stimulated electrically at different intensities to activate sensory 

afferents from ankle extensor muscles (e.g., gastrocnemius, plantaris, and soleus) or the 

posterior and distal aspects of the hind leg (Cain et al. 2011). Second, we stimulated the 

main trunk of the sural nerve that predominantly carries afferents from the hind leg’s 

cutaneous regions that are more lateral (Kambiz et al. 2014). However, it is not known 

whether the motor responses of one leg are different depending on the target of the afferents 

stimulated. 

Here, we aimed to extend our investigation of normal crossed reflexes by measuring 

crossed reflex responses elicited by electrical stimulation of muscle afferents from flexor 

muscles and afferents from a cutaneous region on the anterior aspect of the hind leg. To do 

this, we recorded electromyogram (EMG) activity from up to five hindlimb muscles, 
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whereas we stimulated the common peroneal nerve in the contralateral hind leg to activate 

either proprioceptive afferents from ankle flexor muscles (tibialis anterior, peroneus 

longus, extensor digitorum longus, etc.) or cutaneous afferents from the anterior aspect of 

the hind leg (Zimmermann et al. 2009) (Fig. 3.1A). Our data suggest that during resting, 

the overall pattern of crossed reflexes initiated by the common peroneal nerve stimulation 

is similar to the pattern previously shown when the tibial nerve was stimulated. 

Furthermore, when crossed reflexes are initiated during walking, we observed a 

downregulation of the inhibitory crossed reflexes in knee extensor and ankle flexor 

muscles, similar to when the tibial nerve is stimulated. However, we also observed the 

downregulation of the inhibitory crossed reflex in the ankle extensor muscle when we 

stimulated the common peroneal nerve. These experiments add to the groundwork in the 

mouse model to identify the neuronal pathways involved in crossed reflexes and the role 

of these crossed reflex pathways during motor behaviour. 

3.3 MATERIAL AND METHODS 

Experiments were conducted on 20 adult wild-type (WT) mice (2–4 mo old) of 

either sex from the C57Bl6 background mouse. None of the mice were trained on the 

treadmill before the experiments. All studies were performed according to the Canadian 

Council on Animal Care (CCAC) guidelines and approved by the local council on animal 

care of Dalhousie University. 

3.3.1 Construction of the electrodes 

The electrodes were made using multistranded, Teflon-coated annealed stainless 

steel wire (A-M systems, Cat. No. 793200). The construction of the EMG electrode and 

nerve cuff was previously described in detail (Akay, 2014; Pearson et al. 2005; Akay et al. 

2006). One or two nerve cuff electrodes and six EMG recording electrodes were attached 

to the headpiece pin connector (female, SAM1153-12; Digi-Key Electronics, Thief River 

Falls, MN) and covered with epoxy (Devcon 5 min Epoxy Gel). 

3.3.2 Electrode implantation surgeries 

All surgeries were performed in aseptic conditions and on a warm water-circulated 

heating pad maintained at 42°C. Each mouse received an electrode implantation surgery, 
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as previously described (Laflamme and Akay, 2018). Briefly, the animals were 

anesthetized with isoflurane (5% for inductions, 2% for maintenance of anesthesia), 

ophthalmic eye ointment was applied to the eyes, and the skin of the mice was sterilized 

with three-part skin scrub using hibitane, alcohol, and povidone-iodine. Before each 

surgery, buprenorphine (0.03 mg/kg) and ketoprofen (5 mg/kg)/meloxicam (5 mg/kg) were 

injected subcutaneously as analgesics, whereas the animals were still under anesthesia. 

Additional buprenorphine injections were performed in 12-h intervals for 48 h. 

A set of six bipolar EMG electrodes and one or two nerve stimulation cuffs were 

implanted in a total of 20 wild-type mice, as previously described (Pearson et al. 2005; 

Akay et al. 2006). Small incisions were made on the shaved areas (neck and both hind 

legs), and each bipolar EMG electrode and the nerve cuff electrodes were led under the 

skin from the neck incisions to the leg incisions, and the headpiece connector was stitched 

to the skin around the neck incision. The EMG recording electrodes were implanted into 

the right (ipsilateral) hip flexor (iliopsoas, Ipr), knee flexor (semitendinosus, Str) and 

extensor (vastus lateralis, VLr), and ankle flexor (tibialis anterior, TAr) and extensor 

(gastrocnemius, Gsr) as well as the left ankle flexor (tibialis anterior, TAl) or the left ankle 

extensor (gastrocnemius, Gsl) depending on whether the common peroneal (13 mice; 8 

males and 5 females) or the main trunk of the tibial nerve (7 mice; all males) were 

stimulated, respectively. Nerve stimulation electrodes were implanted in the left common 

peroneal or tibial nerves to activate proprioceptive and cutaneous feedback that produces 

crossed reflexes and the right sural nerve (the main trunk) to evoke ipsilateral cutaneous 

reflexes. The anesthetic was discontinued, and mice were placed in a heated cage for 3 

days before returning to a regular mouse rack. Food mash and hydrogel were provided for 

the first 3 days after the surgery. Any mouse handling was avoided until mice were fully 

recovered, and the first recording session started at least 10 days after the electrode 

implantation surgeries. 

3.3.3 Crossed reflex recording sessions 

After the animals fully recovered (∼10 days) from the electrode implantation 

surgeries, crossed reflexes were recorded as follows: under brief anesthesia with isoflurane, 

a wire to connect the headpiece connector with the amplifier, and the stimulation insulation 
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units (ISO-FLEX; AMPI, Jerusalem, Israel, or the DS4; Digitimer, Hertfordshire, UK) 

were attached to the mouse. The anesthesia was discontinued, and the mouse was placed 

on a mouse treadmill (model 802; custom built in the workshop of the Zoological Institute, 

University of Cologne, Germany). The electrodes were connected to an amplifier (model 

102; custom built in the workshop of the Zoological Institute, University of Cologne, 

Germany) and a stimulus isolation unit. After the animal fully recovered from anesthesia 

(at least 5 min), the minimal (threshold) current necessary to elicit local monosynaptic 

reflex responses was determined. This was done by injecting single impulses of 0.2 ms 

duration into the peroneal nerve or the tibial nerve while recording the EMG response in 

the tibialis anterior or the gastrocnemius muscle, respectively (average ±SD threshold 

current: 111.8 ±82.3 µA; range: 22.5–250 µA). Following the determination of threshold 

currents, the current injected into the common peroneal nerve was set as either 1.2 times 

the monosynaptic reflex threshold current (1.2 × threshold) or five times the monosynaptic 

reflex threshold current (5 × threshold). 

EMG signals from five muscles of the right leg and the tibialis anterior or 

gastrocnemius muscle of the left leg were simultaneously recorded (sampling rate: 10,000 

kHz), whereas the common peroneal or tibial nerve of the left leg was electrically 

stimulated with five brief impulses (impulse duration: 0.2 ms, frequency: 500 Hz) using 

the ISO-FLEX (AMPI, Jerusalem, Israel) and DS4 (Digitimer, Hertfordshire, UK) 

stimulation insulation units. In some experiments, the right sural nerve was also stimulated 

in combination with contralateral tibial or sural nerve stimulation. The crossed reflexes 

were recorded while the mice were resting on the treadmill or moving at 0.2 m/s constant 

speed. The EMG signals were amplified (gain 100), band-pass filtered from 400 Hz to 5 

kHz, and stored on the computer using the Power1410 interface and Spike2 software 

(Cambridge Electronic Design, Cambridge, UK). 

3.3.4 Statistical analysis 

All graphical representations of data were made using GraphPad Prism 5 and 

processed using Illustrator CS5 (Adobe). All data are presented as means ± standard 

deviation. One-to-one statistical comparisons of the data were made with the t-test or 

Mann-Whitney test using GraphPad Prism 5 depending on whether the normality was 
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present (t-test) or not (Mann-Whitney test) using omnibus K2 or Kolmogorov-Smirnov 

tests. All statistical tests were two-tailed, and differences were considered statistically 

significant when the P-value was <0.05. 

3.4 RESULTS 

3.4.1 Crossed reflex motor activity in flexor and extensor muscles 

First, the left common peroneal nerve was electrically stimulated with a single pulse 

(0.2 ms) at different current intensities to determine the threshold current that would elicit 

motor responses on the ipsilateral TA muscle (Fig. 3.1B). Following the determination of 

the threshold current, currents at 1.2 × T and 5 × T were used to deliver five pulses at 500 

Hz to investigate the role of proprioceptive and cutaneous afferents in crossed reflexes in 

the mouse, respectively (Fig. 3.1C). In these experiments, the low-current stimulation (1.2 

× threshold) would predominantly activate group Ia (from muscle spindles) and Ib (from 

Golgi tendon organs) proprioceptive afferents from ankle flexor muscles (Jack, 1978; 

Schomburg et al. 2013). Our results showed that low-amplitude motor responses were 

evoked in all contralateral leg’s recorded flexor or extensor muscles (Fig. 3.1Ci). High-

current stimulation (5 × threshold), which activated proprioceptive afferents (the Group Ia, 

Ib, and II), flexor reflex afferents, and cutaneous afferents (groups βand γ) (Schomburg et 

al. 2013) from the anterolateral aspect of the leg, evoked more robust motor responses 

simultaneously in right flexor and extensor muscles (Fig. 3.1Cii). Overall, the observed 

muscle activity pattern, as a response to the common peroneal nerve stimulation at different 

intensities, was qualitatively similar to the observations with tibial nerve stimulation 

(Laflamme and Akay, 2018). 

We then investigated the crossed reflex responses by analyzing the rectified EMG 

signals and averaging them over multiple trials at either 1.2 × T (Fig. 3.2i, Supplemental 

Fig. S3.1) or 5 × T (Fig. 3.2ii). Stimulation of the common peroneal nerve elicited crossed 

reflex responses in every recorded muscle, regardless of stimulation intensity. However, 

we noticed that low-current stimulation elicited considerably weaker responses when the 

common peroneal nerve was stimulated compared with when the tibial nerve was 

stimulated. This weaker response in the average EMG traces was due to less robust 
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responses in individual muscles (Supplemental Fig. S3.1). Therefore, we next analysed the 

probabilities of contralateral muscle activation with the common peroneal nerve 

stimulation and compared them with the probabilities of muscle response to tibial nerve 

stimulation (Fig. 3.3). Confirming the observations described in Fig. 3.2, the occurrence of 

activity in all contralateral muscles was lower when the common peroneal nerve was 

stimulated at 1.2 × T compared with the tibial nerve. It is noteworthy that the differences 

were only statistically significant for St, TA, and Gs (Fig. 3.3A). We observed no difference 

in the occurrence of local reflex response in the ipsilateral TA for the common peroneal 

nerve stimulation and Gs for the tibial nerve stimulation. In contrast, the occurrences of 

crossed reflex responses in any recorded muscles were not different when the common 

peroneal nerve and tibial nerves were stimulated at 5 × T (Fig. 3.3B). These data suggest 

that proprioceptive afferent activation from flexor muscles elicits weaker crossed reflex 

responses than proprioceptive afferents from extensor muscles. 

3.4.2 Temporal characteristics of muscle activation pattern during crossed reflex initiated 

by the common peroneal nerve stimulation 

We next compared the muscle activation pattern during crossed reflexes by 

measuring the delays between the stimulation onset and the on- and offsets of activities in 

each recorded muscle when the common peroneal nerve (Fig. 3.4, A and B) or the tibial 

nerve (Fig. 3.4, C and D) was stimulated. When we compared the pattern at 1.2 × T in both 

nerves, the onsets of activity did not exhibit considerable differences (Fig. 3.4E). In 

contrast, the duration of activities in all muscles was shorter when the common peroneal 

nerve was stimulated than when the tibial nerve was stimulated with 1.2 × T stimulation 

(Fig. 3.4Fi). The pattern at 5 × T was primarily similar regardless of which nerve was 

stimulated (Fig 3.4, Eii and Fii). Moreover, we observed a silent period with no activity in 

any EMG recordings after common peroneal nerve stimulation (Fig. 3.4, A and B) and tibial 

nerve stimulation (Fig. 3.4, C and D). This was similar to our previously reported 

observations (Laflamme and Akay, 2018). Overall, the muscle activation pattern during 

crossed reflex was qualitatively similar regardless of the nerve-stimulated or stimulation 

intensity, with minor differences mainly reflected in the duration of activities. 
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3.4.3 Short-latency inhibition in crossed reflex initiated by the common peroneal nerve 

stimulation 

The observation of a silent period after the common peroneal nerve stimulation at 

5 × T indicated the presence of an inhibitory crossed reflex pathway. To investigate this 

possibility further, we used a paired stimulation protocol where peripheral nerves on both 

legs were stimulated with different delays, as previously shown (Laflamme and Akay, 

2018). For this, nerve stimulation electrodes were implanted on the common peroneal 

nerves of the left leg to evoke crossed reflex motor responses. In addition to the five EMG 

recording electrodes in the right hind leg, we implanted a nerve stimulation electrode to 

the right sural nerve to evoke local cutaneous reflex (Fig. 3.5A). As shown previously 

(Laflamme and Akay, 2018), we reasoned that an inhibitory crossed reflex pathway should 

cause decreased activity with a constant delay after contralateral nerve stimulation 

regardless of the presence of EMG activity initiated by local reflex. 

First, we stimulated the right sural nerve with a high current (5 × threshold) to 

obtain a local reflex response (Fig. 3.5, B and C, red traces). Then, we stimulated the left 

common peroneal nerve simultaneously with the right sural nerve at varying delays (Fig. 

3.5, B and C, black traces). We detected a period of decreased EMG activity immediately 

after the left common peroneal nerve stimulation (Fig. 3.5, B and C, blue arrows). This 

response could be detected consistently in all recorded flexor (Fig. 3.5B) and extensor (Fig. 

3.5C) muscles. This finding suggested that similar to the previous reports, with tibial and 

sural nerve stimulations (Laflamme and Akay, 2018), inhibitory crossed reflex pathways 

were also activated with the common peroneal nerve stimulation. 

3.4.4 Long-latency crossed reflex responses initiated by the common peroneal nerve 

stimulation 

One qualitative difference between the crossed reflex responses initiated by the 

common peroneal or the tibial nerve was the presence of a long-latency response observed 

when the common peroneal nerve was stimulated but not when the tibial nerve was 

stimulated (Fig. 3.6). The 75-ms timeframe following the contralateral tibial and the 

common peroneal nerves are illustrated in Fig. 3.6, A and B, respectively. We consistently 
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detected a long-latency response in all recorded muscles only when the common peroneal 

nerve was stimulated but not when the tibial nerve was stimulated. 

3.4.5 Modulation of crossed reflex responses during locomotion initiated by the common 

peroneal nerve stimulation 

Are the crossed reflex responses to the common peroneal nerve stimulation similar 

when the animal is moving compared with when the animal is resting? To address this 

question, we stimulated the left common peroneal nerve when the animals were moving on 

a treadmill and recorded EMG activity from the right leg muscles (Fig. 3.7A). We evoked 

crossed reflexes by stimulating the common peroneal nerve at a high current (5 × T) 

separately during each muscle’s active or inactive phase (Fig. 3.7, B and C). We observed 

that the crossed reflex responses during locomotion depended on the timing of the nerve 

stimulation relative to the activity of the muscle before the stimulation. We consistently 

detected the silent period after nerve stimulation when all muscles were inactive before 

nerve stimulation, as described during resting above. However, the silent period was absent 

when the contralateral nerve stimulation occurred while the Gsr, VLr, and TAr muscles 

were active (Fig. 3.7). In contrast, in the EMG activity profile of Ipr and Str, a short latency 

silent period was always observed after stimulation regardless of the muscle activity before 

nerve stimulation (Fig. 3.7). These data reveal that the crossed inhibitory reflex pathway is 

downregulated during locomotion selectively for Gsr, VLr, and TAr muscles depending on 

the activity before the contralateral common peroneal nerve stimulation. 

3.5 DISCUSSION 

Here, we presented a detailed analysis of the crossed reflex responses evoked by 

the common peroneal nerve stimulation in awake mice in vivo at rest and during 

locomotion. In the following, the results are compared with crossed reflex responses 

evoked by tibial nerve stimulation or sural nerve stimulation (Laflamme and Akay, 2018). 

Our data indicate that crossed reflex responses are mostly similar regardless of which nerve 

is stimulated, with mainly two qualitative differences. First, the common peroneal nerve 

stimulation elicits a long-latency crossed reflex response that is absent when the tibial nerve 

[in this paper and the study by Laflamme and Akay, (2018)] or sural nerve (Laflamme and 
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Akay, 2018) is stimulated. Second, when the crossed reflex responses are elicited with the 

common peroneal nerve stimulation while the animal is walking, we observed the 

downregulation of inhibitory crossed reflex responses in TA, VL, and Gs muscles. This 

downregulation of the inhibitory crossed reflex responses was only observed in TA and 

VL, but not in Gs, when tibial or sural nerves were stimulated (Laflamme and Akay, 2018). 

These findings will be essential and serve as a starting point for future research combining 

the type of experiments presented here with mouse genetics to understand the spinal 

network underlying the crossed reflexes. 

3.5.1 Short-latency crossed reflex responses are widely similar regardless of the stimulated 

nerve 

Our results in this article indicate that short-latency activation patterns, as a 

response to the stimulation of different nerves of the contralateral sites, are widely similar 

when the animal is resting. The similarity of the response to the common peroneal nerve 

stimulation, with the tibial and sural nerve stimulation, is especially interesting when 

considering the muscles or cutaneous regions these nerves innervate. First, the common 

peroneal nerve innervates mostly the flexor muscles of the ankle joint, namely the tibial 

anterior and the extensor digitorum longus. In contrast, the tibial nerve innervates ankle 

extensor muscles, such as gastrocnemius muscles, soleus, and plantaris muscles. Second, 

the cutaneous sensory fibers that run through the common peroneal nerve originate mainly 

from the anterior aspect of the leg. In contrast, the cutaneous sensory fibers that run through 

the tibial and the sural nerves originate from the posterior aspects of the leg (Bernard et al. 

2007). The similarities of the crossed reflex responses to these nerves indicate that the 

spinal network that conveys the afferent information is widely similar despite the 

difference in the afferent's origin. 

The similarity of a crossed reflex response to the stimulation of cutaneous afferents 

originating from different leg regions is especially interesting because clear differences are 

observed at the local reflex level. When cutaneous afferents from the anterior aspect of the 

leg are activated by electrically stimulating the superficial peroneal nerve (Quevedo et al. 

2005) or the saphenous nerve (Mayer and Akay, 2018), a well-defined reflex response 

called the stumbling corrective reaction is elicited (Forssberg et al. 1975; Prochazka et al. 
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1978; Forssberg, 1979). This stumbling corrective reaction is not observed when the tibial 

nerve or the sural nerve carrying cutaneous afferent fibers from the posterior aspect of the 

leg is stimulated. These observations indicate that even if the sensory afferents stimulated 

are completely different, the crossed reflex responses can be similar. This suggests that the 

divergence of spinal function or circuitry in one reflex (the ipsilateral reflex) can be absent 

in another reflex (the crossed reflex). 

Apart from observing muscle activation patterns indicating excitatory crossed 

reflex pathways, we could find evidence of inhibitory crossed reflex pathways similar to 

when the tibial or the sural nerve is stimulated (Laflamme and Akay, 2018). Two 

observations indicated this. First, the stimulation of the common peroneal nerve at low 

intensity (1.2xT) initiated a staggering muscle activation on the contralateral side. When 

the stimulation strength was increased to recruit cutaneous afferents in addition to 

proprioceptive afferents, the muscle activation was more simultaneous with a ∼10-ms 

delay after the stimulation offset. Second, contralateral cutaneous afferent stimulation 

could suppress local reflex response initiated by ipsilateral cutaneous afferent stimulation. 

These data support the previous findings of inhibitory crossed reflex pathways activated 

by cutaneous afferents in cats (Edgley and Aggelopoulos, 2006) and humans (Gervasio et 

al. 2017) and mice shown with tibial and sural nerve stimulation (Laflamme and Akay, 

2018). 

Collectively, our results, together with our previous data (Laflamme and Akay, 

2018), suggest that proprioceptive and non-nociceptive cutaneous afferent activation 

initiate crossed reflex responses in mice. This is in agreement with results from research 

conducted on cats and humans that muscle afferents (Arya et al. 1991; Aggelopoulos and 

Edgley, 1995; Stubbs and Mrachacz-Kersting, 2009; Jankowska and Edgley, 2010; Stubbs 

et al. 2011; Gervasio et al. 2017), as well as cutaneous afferents (Perl, 1957; Gauthier and 

Rossignol, 1981; Edgley and Aggelopoulos, 2006; Stubbs and Mrachacz-Kersting, 2009), 

mediate crossed reflex responses. 
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3.5.2 Long-latency crossed reflex responses are only observed when the common 

peroneal nerve Is stimulated 

One of the most striking qualitative differences in the crossed reflex response in the 

resting mouse was a long-latency response only observed when the common peroneal 

nerve was stimulated but not when the tibial or the sural nerve was stimulated. We believe 

that these long-latency motor responses could be explained by the presence of a longer 

pathway that would involve the supraspinal centers (Kurtzer, 2015). These pathways could 

involve main ascending pathways that carry proprioceptive and low-threshold cutaneous 

mechanoinformation, such as the dorsal column lemniscus pathways and the dorsal 

spinocerebellar pathway (Hantman and Jessell, 2010; Tuthill and Azim, 2018). 

Clarification of this issue needs further experimentation in the future. 

3.5.3 Crossed reflex during locomotion 

Our data demonstrate that similar to the tibial and sural nerve stimulation 

(Laflamme and Akay, 2018), the crossed inhibitory reflex is downregulated when the 

animal walks selectively for the knee extensor (VL) and the ankle flexor (TA) muscles. In 

addition, the inhibitory crossed reflex is also downregulated in the Gs muscle during 

walking, only with the common peroneal nerve stimulation but not with tibial or sural nerve 

stimulation. This observation extends the previous observations that the inhibitory crossed 

reflex selectively for the VL muscle during locomotion in the cat when the superficial 

peroneal nerve and the tibial nerve were stimulated (Frigon and Rossignol, 2008). Our 

present and previous (Laflamme and Akay, 2018) results add to this data that crossed 

inhibition is also downregulated during walking in TA muscle. We also show that during 

locomotion, crossed inhibition is downregulated in the ankle extensor muscle. Our present 

data extend previous data on inhibitory crossed reflex changes during walking to further 

describe crossed reflex modulation during locomotion. 

Previously, it was suggested that the absence of crossed inhibitory influence in the 

VL was due to the more rostral location of the motor neuron pool in the spinal cord than 

the other muscles (Frigon and Rossignol, 2008). However, our previous (Laflamme and 

Akay, 2018) and present results show that the inhibitory crossed reflex influence is also 

downregulated in TA (motor neurons located in lumbar 3–4 spinal segments) and only for 
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the common peroneal nerve stimulation in Gs (motor neurons located mainly in lumbar 4 

spinal segments) in addition to VL (motor neuron cell bodies located between lumbar 

spinal segments 1–3) (McHanwell and Biscoe, 1981). Therefore, our data do not support 

the view that the absence of the state-dependent modulation of the inhibitory crossed reflex 

response is due to motor neuron pool location. 

Commissural interneurons mediating crossed reflexes from group II muscle spindle 

afferents have been shown to depend on the presence of serotonin. When group II muscle 

afferents were stimulated, short-latency inhibition of contralateral extensor motor neurons 

was observed when the spinal cord was intact, but excitation was observed when the animal 

was spinalized (Arya et al. 1991; Aggelopoulos and Edgley, 1995). The inhibition of motor 

neurons in spinalized cats could be restored following the activation of 5-HT receptors 

(Aggelopoulos et al. 1996). In addition, monoaminergic inputs are also known to interact 

with commissural interneuron located in lamina VIII of the spinal cord (Hammar et al. 

2004; 2007), and they are also involved in rhythmic motor activities such as locomotion 

(Schmidt and Jordan, 2000). Therefore, it is likely that monoaminergic modulation might 

be the regulating factor of inhibitory crossed reflex in the VL, TA, and Gs during 

locomotion. 

In this study, we provide a detailed description of the motor response to the 

stimulation of contralateral sensory afferents innervating the ankle flexor muscles, and the 

skin covering the anterolateral aspect in mice in vivo. Our results demonstrate that crossed 

reflexes regardless of the stimulated nerves are mostly similar with slight differences. 

These differences are limited to the downregulation of the inhibitory crossed reflexes to 

particular muscles during walking. Moreover, we found the existence of long-latency 

crossed reflex responses when the common peroneal nerve is stimulated, but not when the 

tibial or sural nerve is stimulated (Laflamme and Akay, 2018). These data will be important 

for our future efforts to disclose the role of genetically distinct classes of commissural 

interneurons (Lanuza et al. 2004; Zhang et al. 2008; Talpalar et al. 2013) in crossed 

reflexes. 
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3.6 FIGURES 

 

Figure 3.1. Schematic of experimental design used to investigate crossed reflex in vivo. 

A: the experimental design used to investigate crossed reflex in vivo. Example of EMG 

recording at low- (1.2 × T; i) and high- (5 × T; ii) current stimulation from one mouse after 

stimulation (stim.) of the common peroneal nerve (cp. n.) using a single pulse (B) or five-

pulse train (C). Shaded areas indicate stimulation. Gsr, right gastrocnemius; Ipr, right 

iliopsoas; sens., sensory neurons; Str, right semitendinosus; TAl, left tibialis anterior; TAr, 

right tibialis anterior; VLr, right vastus lateralis. 
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Figure 3.2. Average crossed reflex responses from different muscles after stimulation 

of the common peroneal nerve.  i: low (1.2 × T) current stimulation. ii: high (5 × T) 

current stimulation. The gray lines are averages of 20–40 stimulations in each animal. The 

black lines correspond to the average across all animals. Shaded areas indicate stimulation. 

cp. n. stim., stimulation of the common peroneal nerve; Gsr, right gastrocnemius; Ipr, right 

iliopsoas; Str, right semitendinosus; TAl, left tibialis anterior; TAr, right tibialis anterior; 

VLr, right vastus lateralis. From 13 animals (8 males and 5 females). 
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Figure 3.3. Occurrence of motor responses following the common peroneal. Bar graph 

showing the percentage of time a motor response was triggered following stimulation of 

either the common peroneal nerve (gray) or tibial nerve (black) at low current (A) and high 

current (B). The occurrence was calculated using 40 nerve stimulations for the same current 

strength. Each dot represents one animal. GSl, left gastrocnemius; Gsr, right gastrocnemius; 

Ipr, right iliopsoas; Str, right semitendinosus; TAl, left tibialis anterior; TAr, right tibialis 

anterior; VLr, right vastus lateralis. Statistical comparisons were made using Student’s t-

test if normality was present. Otherwise, the Mann-Whitney test was applied. Open circles 

on the bars indicate averages from individual animals. (n = 13; 8 males, 5 females) and 

tibial nerve (n = 7; all males) stimulation. 
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Figure 3.4. Crossed reflex muscle activation pattern. A: the muscle activation pattern at 

low- and high-current stimulation following the common peroneal nerve stimulation (data 

from 13 experiments; 8 males and 5 females). B: latencies of activity onset in different 

muscles at low- and high-current stimulation following the common peroneal nerve 

stimulation. C: the pattern of muscle activation at low- and high-current stimulation 

following tibial nerve stimulation summarizing data from seven experiments (all male). D: 

latencies of onsets of activity in the recorded muscles following tibial nerve stimulation. E 

and F: latencies of onset and duration of activities in each recorded muscle as a response 

to common peroneal nerves (gray bars) or the tibial nerve (black bars) at low (i) and high 

(ii) current. Open circles on the bars indicate averages from individual animals. The shaded 

area in A–D represents the stimulation area. The striped area represents 10 ms after the 

stimulation. Filled and empty circles represent latency onset at low and high currents, 

respectively. In B and D–F, statistical comparisons were made using Student’s t-test if 

normality was present. Otherwise, Mann–Whitney test was applied. cp. n. stim., common 

peroneal nerve stimulation; Gsl, left gastrocnemius; Gsr, right gastrocnemius; Ipr, right 

iliopsoas; Str, right semitendinosus; TAl, left tibialis anterior; TAr, right tibialis anterior; 

tib. n. stim., tibial nerve stimulation; VLr, right vastus lateralis. 
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Figure 3.5. Short-latency inhibition in crossed reflex initiated by tibial nerve 

stimulation. A: schematic presentation of the paired stimulation of the left common 

peroneal nerve (cp. n.) and right sural nerve (sur. n.) at different delays. The existence of a 

decreased electromyogram (EMG) activity immediately after cp. n. stimulation (black 

traces) regardless of expected activity due to sur. n. stimulation (red traces) is evidence for 

the existence of an inhibitory crossed reflex pathway. Data are representative examples 

from 20 stimulations for each muscle for a total of six experiments (3 males and 3 females). 

The traces are average EMG recordings from the contralateral flexor (B) and the extensor 

(C) muscles. Shaded areas represent stimulation of the contralateral common peroneal 

nerve to evoke a crossed reflex. Hatched areas represent the silent period detected 

previously. Red traces represent the average EMG response to local reflex activation 

initiated by ipsilateral sural nerve stimulation. Black traces indicate the EMG response 

when the ipsilateral sural nerve is stimulated with the contralateral tibial nerve with a delay 

indicated on the left of each set of recordings. Blue arrows represent the suppression of 

local cutaneous reflex by contralateral sensory stimulation. Gsr, right gastrocnemius; Ipr, 

right iliopsoas; Str, right semitendinosus; TAl, left tibialis anterior; TAr, right tibialis 

anterior; VLr, right vastus lateralis. 
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Figure 3.6. Long-latency motor responses in the common peroneal but not tibial nerve 

stimulation. Example of average crossed reflex responses from different muscles after the 

stimulation of the tibial nerve representing similar results from seven animals (A) or the 

common peroneal nerve representing similar results from 13 animals (8 males and 5 

females) (B). Heat diagrams of muscle activity are shown underneath each average. Muscle 

response to each of 40 nerve stimulations from 1 experiment is staggered on the vertical 

axis as a function of time. The brighter color indicates higher muscle Gsr, right 

gastrocnemius; Ipr, right iliopsoas; Str, right semitendinosus; TAr, right tibialis anterior; 

VLr, right vastus lateralis. common peroneal (cp. n.), tibial nerve (tib. n.), stimulation 

(stim). 
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Figure 3.7. Crossed reflex response selectively in right vastus lateralis (VLr), right 

tibialis anterior (TAr), and right gastrocnemius (Gsr) depends on muscle activity 

status before nerve stimulation during walking. A: electromyogram (EMG) recordings 

from the right iliopsoas (Ipr), VLr, TAr, and Gsr at rest and the two different states during 

walking when the muscle was not active or active before the stimulation. These examples 

are representative of nine experiments (5 males and 2 females). Occurrences of muscle 

responses, as active or silent within the first 5 ms after stimulation of the common peroneal 

nerve at low current (B) or high current (C). The graphs in B and C illustrate the data from 

nine animals (5 males and 2 females). Str, right semitendinosus; TAl, left tibialis anterior. 
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3.7 SUPPLEMENTAL FIGURE 
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Supplemental figure S3.1. Crossed reflex responses from different muscles after 

stimulation of the common peroneal nerve at low current (1.2 xT). Each line represents 

EMG responses to individual stimulations of the common peroneal nerve (cp. n. stim.) at 

a low current (1.2 xT) in three animals. Shaded areas indicate stimulation. Right iliopsoas 

(Ipr), right semitendinosus (Str), right vastus lateralis (VLr), right tibialis anterior (TAr), 

and right gastrocnemius (Gsr). Functional Str and Gsr recordings were missing in the animal 

presented in the middle and bottom, respectively. 
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4.1 ABSTRACT   

Commissural pathways coordinating the activities of spinal locomotor circuits 

during locomotion have been characterized in mice but the involvement of the same 

commissural pathways in transmitting sensory information is not known. Here we use 

mouse genetics and in vivo electrophysiology to investigate the involvement of the two 

main groups of commissural interneurons (CINs) important for locomotion, the V0, and 

the V3 CINs, in the crossed reflex pathways. We show that the V0 CINs that include 

inhibitory CINs, although important for the left-right coordination during locomotion are 

not involved in inhibitory crossed reflex. In contrast, the exclusively excitatory V3 CINs, 

although not necessary for the left-right alternation, but necessary for the regularity of the 

pattern, are involved in inhibitory crossed reflex responses. Thus, we provide evidence for 

segregated pathways for coordinating the activity of the central locomotor circuit and 

crossed reflex pathways important for left-right alternation of leg movements during 

locomotion. 

4.2 INTRODUCTION 

 Coordinated movement of the legs on both sides of the body is a hallmark of 

locomotor behaviour. Quadrupedal animals change their gaits depending on the speed of 

locomotion. Gaits with alternating movements of the left and right limbs are commonly 

used at low speeds, while gaits with synchronous or nearly synchronous left and right limb 

movements are commonly used at high speeds (Hildebrand, 1989). Mice use alternating 

gaits to walk and trot at lower speeds and synchronous gaits gallop and bound at higher 

speeds (Bellardita and Kiehn, 2015; Lemieux et al. 2016). With the advances in mouse 

developmental genetics and genetic engineering, it was possible to describe the spinal 

neuronal circuitry that controls the movement of the left and right hindlimbs during 

locomotion at different speeds (Bellardita and Kiehn, 2015; Kiehn, 2016). However, 

whether and how this circuitry processes somatosensory information remains still obscure.  

 Two main cardinal groups of commissural interneurons, the V0, and the V3 have 

been shown to emerge from two ventrally located progenitor domains, the p0, and the p3, 

of the embryonic spinal cord (Pierani et al. 2001; Lanuza et al. 2004; Zhang et al. 2008). 
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While the V0 further diverges into dorsal inhibitory CINs (V0d) and ventral excitatory 

CINs (V0v), the V3 CINs are exclusively excitatory (Lanuza et al. 2004; Zhang et al. 2008). 

Previous research provided evidence that these interneurons constitute a neuronal network 

that coordinates the left-right movement by providing excitation and inhibition to the 

contralateral site of the spinal cord (Lanuza et al. 2004; Zhang et al. 2008). The excitation 

is provided by the V3 CINs while the inhibition is provided by a dual pathway; either 

directly through the inhibitory V0d CINs or indirectly through the excitatory V0v and V3 

CINs (Zhang et al. 2008; 2022; Kiehn, 2011; Talpalar et al. 2013; Shevtsova et al. 2015; 

Danner et al. 2019). Furthermore, it has been shown that the removal of the V0 CINs from 

the spinal network using mouse genetics severely disrupts the left-right alternation during 

locomotion in a speed-dependent manner (Talpalar et al. 2013). In contrast, genetically 

silencing V3 CIN output does not eliminate the left-right alternation during locomotion, 

but it compromises the stability of coordination (Zhang et al. 2008; 2022). Despite this 

large amount of information, the involvement of the V0 and the V3 CINs in crossed 

reflexes is not known. 

 Crossed reflexes are defined as the reflex response of one limb to somatosensory 

stimuli coming from the contralateral limb. The spinal circuitry that mediates crossed 

reflexes transduced by muscle proprioceptive afferents, as well as cutaneous afferents, has 

been investigated in detail in cats (Sherrington, 1905; Perl, 1957; Gauthier and Rossignol, 

1981; Arya et al. 1991; Aggelopoulos and Edgley, 1995; Edgley et al. 2003; Jankowska, 

2008; Jankowska and Edgley, 2010). Despite, many interneurons including CINs that are 

involved in crossed reflexes have been identified using physiological and histological 

criteria in the cat model, the cellular structure of the spinal circuitry is still obscure. The 

significance of sensorimotor integration through commissural interneurons lies in its 

importance for interlimb coordination, and gait stability, for example during stumbling 

correction (Jankowska, 2013; 2016; Kiehn, 2016). These gait properties are compromised 

following various motor disorders (Dietz et al. 1995; Plotnik et al. 2007; 2008; Tseng and 

Morton, 2010; Meijer et al. 2011; Tester et al. 2012) as well as in the elderly (Krasovsky 

et al. 2012). Indeed, impairment of crossed reflex and its inhibitory component has been 

shown in individuals with stroke or when transcranial magnetic stimulation was performed 

on healthy participants (Stubbs et al. 2012; Mrachacz-Kersting et al. 2018). Especially, in 
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light of the insights gained using the mouse model, it is not clear how the V0 and the V3 

CINs relate to crossed reflexes. A better understanding of the spinal commissural pathways 

is crucial as they are very likely to be a crucial part of a spinal network to maintain stability 

during standing and locomotion in a natural environment in the presence of external 

perturbations. 

 In the present study, we investigated the involvement of the V0 and V3 

commissural interneurons in the crossed reflexes by combining mouse genetics and in vivo 

methodology we recently developed (Laflamme and Akay, 2018; Laflamme et al. 2022). 

We tested the hypothesis that the spinal commissural pathways controlling the left-right 

coordination of limb movements during locomotion and the commissural pathways 

involved in crossed reflexes are segregated. Our data provide evidence that 1) the V3 CINs 

although not necessary for the left-right alternation of leg movements during locomotion 

are involved in excitatory crossed reflexes and necessary for the inhibitory crossed reflexes. 

2) Although necessary for left-right coordination during locomotion, the V0 CINs are not 

necessary for crossed reflexes but modulate crossed reflex actions during locomotion. 3) 

The spinal commissural pathways controlling the coordinated movement of the left-right 

legs during locomotion and the commissural pathways involved in crossed reflexes are 

segregated. 

4.3 METHODS 

4.3.1 Animals 

All experiments were performed according to the Canadian Council on Animal 

Care guidelines and approved by the Dalhousie University Committee on Laboratory 

Animals. Experiments were done on 19 wild-type, 14 V0kill mice, and 19 V3off mice. V0kill 

mice (Hoxb8::Cre;Dbx1::DTA) were obtained by crossing the HoxB8::Cre mouse 

(Witschi et al., 2010) provided as a courtesy of Dr. Hanns Ulrich Zeilhofer (University of 

Zurich) and the Dbx1::DTA mice obtained from Infrafrontier EMMA (Stock #  EM 01926) 

as previously described (Talpalar et al. 2013). The V3off mice (Sim1::Cre;Vglut2flox/flox) 

were obtained by crossing the Sim1::Cre mouse (Zhang et al. 2008) with the Vglut2flox/flox 

moue (Tong et al. 2007) obtained from the Jackson Laboratories (Stock # 012898) as 
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previously described (Chopek et al. 2018). All mice were housed on a 12-hour light/dark 

cycle (light from 07:00 to 19:00) with access to laboratory chow and water ad libitum. 

4.3.2 Surgery 

All adult mice (>6 weeks of age) were anesthetized with isoflurane (5% isoflurane 

with a constant flow rate of 1 l/min at 0.1 bar). Following the deep anesthesia indicated by 

a slow and regular breathing rate, the anesthesia was maintained with 1.5-2% isoflurane 

throughout the surgery. At the onset of each surgery, ophthalmic eye ointment was applied 

to the eyes, and the skin was sterilized by using a three-part skin scrub using Hibitane 

(Chlorhexidine gluconate 4%), alcohol, and povidone-iodine. At the beginning of the 

surgery buprenorphine (0.03 mg/kg) and ketoprofen (5 mg/kg) or meloxicam (5 mg/kg) 

were injected subcutaneously. A set of six bipolar EMG electrodes and one or two nerve 

stimulation cuffs were implanted in all experimental mice (Laflamme and Akay, 2018) as 

follows: small incisions were made on the shaved areas (neck and both hindlimbs), and 

each bipolar EMG electrode and the nerve cuff electrodes were led under the skin from the 

neck incision to the leg incisions, and the headpiece connector was attached to the skin 

around the neck incision using suture. The EMG recording electrodes were implanted into 

the right hip flexor (iliopsoas, Ipr), knee flexor (semitendinosus, Str) and extensor (vastus 

lateralis, VLr), and ankle flexor (tibialis anterior, TAr) and extensor (gastrocnemius, Gsr), 

as well as the left ankle extensor (gastrocnemius, Gsl). Nerve stimulation electrodes were 

implanted in the left leg to activate contralateral proprioceptive and cutaneous feedback 

(tibial nerve) or predominantly cutaneous afferents (sural nerve), as well as in the right leg 

to activate ipsilateral cutaneous afferents (sural nerve). After the incisions on the skin for 

electrode implantations were closed, anesthesia was discontinued, and mice were placed in 

a heated cage for at least 3 days before being returned to a regular mouse rack. Food mash 

and hydrogel were provided until full recovery after the surgery. Any handling of the 

mouse was avoided until the animal was fully recovered. The first recording session started 

at least 10 days after electrode implantation surgeries. 

4.3.3 Recording sessions 

After the mice fully recovered from the implantation surgeries, the animals were 

briefly anesthetized with isoflurane, and a custom-made wire to connect the headpiece 
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connector with the amplifier and the stimulation insulation units was attached to the mouse. 

The mice were removed from anesthesia and placed on a mouse treadmill (model 802; 

custom-built in the workshop of the Zoological Institute, University of Cologne, Germany). 

The electrodes were connected to an amplifier (model 102; custom-built in the workshop 

of the Zoological Institute, University of Cologne, Germany) and a stimulus isolation unit 

(ISO-FLEX; A.M.P.I., Jerusalem, Israel or DS4; Digitimer, Welwyn Garden City, UK). 

After the animal fully recovered from anesthesia (at least 5 min), we first determined the 

minimal (threshold) current necessary to initiate local reflex responses. To do this, we 

injected single impulses lasting 0.2 ms into the tibial nerve and double impulses each 

lasting 0.2 ms with 2 ms intervals into the sural nerve. These threshold currents were then 

used to set the current to either 1.2 times the threshold current (1.2xT, low current) or five 

times the threshold (5xT, high current) which was further used to elicit crossed reflex 

responses. These values were chosen because 1.2xT stimulation in mice activates group Ia 

and Ib afferents and 5xT stimulation additionally activates the group II muscle afferents 

from muscle spindles and cutaneous low-threshold mechanosensitive afferents (Steffens et 

al. 2012; Schomburg et al. 2013).  

Following the determination of threshold currents, the EMG signal from the five 

muscles of the right hindlimb was recorded (sampling rate: 10 kHz for each muscle) while 

the right peripheral nerves, tibial nerve or the sural nerve, were stimulated at 1.2xT and 

5xT with five brief impulses (impulse duration: 0.2 ms, frequency: 500 Hz) during resting 

(treadmill off and animal is either resting or calmly exploring the treadmill) or locomoting 

at a constant speed set by the treadmill. The treadmill was set at 0.2 m/s for all wild-type 

mice as all wild-type mice consistently locomoted at this speed. Because both mutant mice 

could not locomote steadily at higher speeds we set the treadmill speed for V3off mice at 

0.1 m/s, and for V0kill mice at 0.05 m/s. In some experiments, the right sural nerve was also 

stimulated in combination with contralateral tibial or sural nerve stimulation (wild type: 9 

mice; V0kill: 13 mice; V3off: 12 mice). The EMG signals were amplified (gain 100), 

bandpass filtered and stored on the computer using Power1410 interface and Spike2 

software (Cambridge Electronic Design, Cambridge, UK).  

 



 95 

4.3.4 Data analysis 

 To investigate the V0 or the V3 CIN involvement in excitatory crossed reflexes, we 

measured the area under the average rectified EMG traces from 12-50 ms post-stimulation 

onset after each contralateral (left) tibial and sural nerve stimulations at 1.2xT and 5xT in 

wild type, V0kill, and V3off mice. We then calculated a generalized linear mixed model for 

each recorded muscle in each mouse line (wild-type, V3off, and V0kill). This was performed 

for each stimulated nerve (sural and tibial) and stimulation intensity (1.2xT and 5xT), as 

well as their interactions as fixed effects. A per-animal random offset and a full-factorial 

dispersion model were included. To account for non-normality a Gamma-distribution with 

a log-link function was used. The statistical model was fit using glmmTMB. 

To test if the inhibition of the local reflexes by the crossed reflexes differed between 

the wild-type, V3off
, and V0kill mice, we calculated two parameters. First, we measured the 

average of the rectified and smoothened EMG traces within 12-18 ms after the contralateral 

nerve stimulation onset. Second, we measured the EMG activity only when the local reflex 

was activated, in the absence of contralateral nerve stimulation. That is, we measured the 

average of the rectified and smoothened EMG traces activated by the local reflex that 

would have corresponded to a 12-18 ms if the contralateral nerve stimulation onset had 

occurred. In both conditions, a generalized linear mixed model on these data was applied. 

To ensure reliable reflex recordings and avoid variability in data due to extended recording 

sessions, we developed exclusion criteria to only include recordings in which the reflex 

responses were stable through the experiments. Individual EMG recordings were excluded 

if: 1) there was persistent background activity (n=3 EMG recordings); 2) the crossed reflex 

(n=73 EMG recordings) was absent [defined as having an amplitude smaller than three 

times mean baseline activity (50 ms to 1 ms before the stimulation)]; 3) the local reflex 

was absent (n=11 EMG recordings); 4) the crossed (n=7 EMG recordings) or the local 

reflex (n=8 EMG recordings) were absent in the control recording after the protocol; and 

5) finally, if either the crossed or local reflex size was larger than twice the size of the other 

reflex (n=22 EMG recordings). Thus, from a total of 190 recordings, 66 were included 

(WT: n=19, 11 sural, 8 tibial; V3off: n=23, 9 sural, 14 tibial; V0kill: n=24, 3 sural, 21 tibial). 

The stimulation type, stimulated nerve (sural or tibial nerve), and mouse model (WT, V3off, 

V0kill) as well as all second and third-order interaction effects were modeled as fixed effects 
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and a nested per mouse and muscle random offset was included. To account for non-

normality, a Gamma-distribution with a log-link was used; to account for 

heteroskedasticity, a full-factorial dispersion model was used. The model was fit using 

Template Model Builder (Kristensen et al. 2016), interfaced through the glmmTMB R 

package (Brooks et al. 2017).  

4.3.5 Statistical tests 

All graphical representations of data in figures 4.3, 4.4, and 4.6 were made using 

GraphPad Prism 5 and processed using Illustrator CS5 (Adobe). All data are presented as 

means ± standard deviation. One-to-one statistical comparisons of the data were made with 

the t-test or Mann–Whitney test using GraphPad Prism 5 depending on whether the 

normality was present or absent, respectively, using omnibus K2 or Kolmogorov–Smirnov 

tests. ANOVA with Tukey post-hoc test when the data exhibited normal distribution or 

Kruskall-Wallis with Dunns comparison post-hoc test when data did not exhibit normal 

distribution was used to compare more than two groups. All statistical tests were two-tailed, 

and differences were considered statistically significant when the P value was <0.05. 

For the data presented in figures 2 and 5, post-hoc tests were calculated using 

estimated marginal means (EMM) and Tukey’s method was used to account for alpha-

inflation due to multiple comparisons. Model assumptions were tested using the DHARMa 

package for R (distribution, dispersion, outliers, and quantile deviation tests were 

performed). Quantile–quantile (Q–Q) plots and histograms of residuals were inspected. 

Violation of assumptions led us to test different error distributions and link function. A 

Gamma-distribution with log-link function satisfied the assumptions of both models and 

was hence used.  An alpha-error of p<0.05 was regarded as significant. 

4.4 RESULTS 

4.4.1 Involvement of V0 and V3 CINs in the excitatory crossed reflex pathways 

 To measure the crossed reflex responses of different leg muscles to afferent 

activation on the contralateral leg, we recorded electromyogram (EMG) activities from 

multiple muscles of the right hindlimb while we electrically stimulated either the tibial 

nerve or the sural nerve of the left hindlimb (Fig. 4.1a). Stimulation of the nerves was 
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carried out either at low (1.2xT) or high (5xT) threshold intensity necessary to elicit a local 

reflex response in the left gastrocnemius muscle (Gs). Based on previous research, it is to 

be expected that 1.2xT stimulation of the tibial nerve will activate mostly proprioceptive 

afferent fiber of groups Ia and Ib that innervate the triceps surae muscles and the 5xT 

stimulation would activate in addition to the groups Ia and Ib afferents, the group II 

afferents that include proprioceptive group II afferents from muscles and cutaneous low 

threshold mechanoreceptors (Steffens et al. 2012; Schomburg et al. 2013). Stimulation of 

the sural nerves is rather likely to activate cutaneous afferent fibers of large caliber at 1.2xT 

and of intermediate to large caliber at 5xT. However, it has to be considered that the sural 

nerve harbors minor motor fibers to the flexor digiti minimi muscle in rodents (Peyronnard 

and Charron, 1982; Steffens et al. 2012). Therefore, the contribution of minimal 

proprioceptive afferent during sural nerve stimulation cannot be excluded. These 

experiments were carried out on wild-type mice and in mutant mice where either V0 CINs 

were killed (V0kill) (Talpalar et al. 2013), or the synaptic outputs of V3 CINs were silenced 

(V3off) (Chopek et al. 2018).  

 In wild-type mice, stimulation of the left tibial nerve or the sural nerve at 1.2xT or 

5xT activated all recorded muscles (Fig. 4.1b and 4.1c). Visual comparison of average 

rectified EMG activities from all muscles in V0kill, and V3off mice could be elicited, and 

the overall activity pattern qualitatively resembled the responses recorded in wild type mice 

when the contralateral tibial (Fig. 4.2a) or the sural (Fig. 4.2b) nerve was stimulated. Next, 

we sought to quantify the muscle responses in all mice, all muscles, and after both nerve 

stimulations. To do this, we measured the area underneath the average rectified EMG traces 

within a 12-50 ms time window after the stimulation onset. With increasing intensity from 

1.2xT to 5xT responses increased (p<0.0001); the extend of the increase did not differ 

between WT, V0kill and V3off mice (interaction effect: p=0.603). There was significant 

effect of mouse type (p=0.0045): across muscles, nerves, and stimulation intensities, V3off 

mice exhibited significantly smaller muscle activities than V0kill mice (p=0.0065) and their 

wild-type counterparts (p=0.0327) (Fig. 4.2e). All second and third order interaction effects 

involving mouse type and nerve and/or stimulation intensity were not significant (all 

p>0.6), indicating that the reduction of amplitudes in V3off mice compared to WT and V0kill 

mice was present independently of stimulated nerve and stimulation intensity. The 
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interaction between mouse type and muscle was significant indicating that the effect of 

mouse type was different between muscle groups. Indeed, responses in V3off mice was 

were significantly smaller than in WT mice only in IP, VL, and St (all p<0.0071); and 

smaller than in V0kill mice in St and TA (all p<0.0180). This data suggested that V3 CINs, 

but not the V0 CINs, might have a minor role in mediating excitatory crossed reflex 

responses.  

To further elaborate on this, we next investigated the likelihood of eliciting a 

muscle response with stimulation of  the contralateral tibial nerve and sural nerve (Fig. 4.3) 

stimulation. This was done by visually inspecting EMG traces immediately after the nerve 

stimulation. The relative frequency of occurrence of muscle activity after nerve stimulation 

was calculated as the number of nerve stimuli that were followed by a muscle response 

over the total number of stimulations. Across muscles, stimulated nerves, and mouse types, 

the frequency of muscle activity in response to stimulation was significantly higher at 5xT 

than at 1.2xT [odds ratio (OR)=5.66, p<0.0001, Fig. 4.3a]. While there wasn’t a significant 

difference of the frequency of responses between WT, V0kill, and V3off mice (p=0.0698), 

the interaction effect between with stimulation intensity was significant (p<0.0001), 

indicating that influence of stimulation intensity differed between the mouse types (Fig. 

4.3b). Indeed, at 1.2xT significantly fewer responses were recorded in V3off mice than in 

WT (OR=0.467, p=0.0292) or V0kill mice (OR=0.404, p=0.0171). The lack of a significant 

three-way interaction effect with nerve type (p=0.2084) indicates that this effect is not 

influenced by whether tibial (Fig. 4.3c) or sural nerve (Fig. 4.3d) was stimulated. Together, 

these data suggest that V3 CINs but not V0 CINs contribute to the excitatory components 

of the crossed reflexes, since both, the EMG activities in response to contralateral nerve 

stimulation and the reliability of these responses at low stimulation intensities, were lower 

in V3off mice than in their wild-type counterparts.   

Next, we asked whether there are temporal differences in the muscle activity 

patterns during crossed reflex responses in the three groups of mice. To do this, we detected 

the delays from the stimulation onset to the on and offsets of muscle activity responses to 

the tibial (Fig. 4.4, a and b) or sural (Fig. 4.4, c and d) nerve stimulations at 1.2xT and 5xT. 

Comparisons of the onset latencies of the muscle activities overall were similar (ANOVA, 

p>0.05) in all groups with large inter-animal variability (Fig. 4.4, b and d). Only in 
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occasional cases did the difference reach statistical significance (ANOVA, p<0.05). 

Overall, these data suggest that the temporal structure of the crossed reflex responses of 

the recorded muscles was similar in all groups of mice.  

 In short, two of our observations presented above suggests that V3 CINs contribute 

to the excitatory crossed reflexes: first, the overall EMG activity (Fig. 4.2e) as a response 

to contralateral nerve stimulation is lower in amplitude in V3off mice compared to wild type 

and V0kill mice. Second, the decreased occurrences of reflex responses at low current 

stimulation (Fig. 4.3c and 4.3d) in V3off mice following contralateral nerve stimulation is 

lower in V3off mice than the overall activity in WT and V0kill mice. No indication for V0 

CIN contribution to the excitatory crossed reflex action could be detected. This suggests 

the V3 but not V0 CINs are likely to be part of the excitatory crossed reflex pathway. 

4.4.2 Involvement of V0 and V3 CINs in the inhibitory crossed reflex pathways 

 Next, we aimed to investigate the contribution of the V0 and the V3 CINs to the 

inhibitory crossed reflexes, using the double nerve stimulation technique we recently 

developed (Laflamme and Akay, 2018; Laflamme et al. 2022). To do this, we elicited 

muscle activity by stimulating the ipsilateral sural nerve at 4-5xT and stimulating at a 

varying delay with the contralateral nerve crossed reflex to investigate the interaction of 

the local and the crossed reflexes (Fig. 4.5). The delay between the two stimulation was 

chosen so that the center of the activity of the local reflex occurred in the silent period of 

the crossed reflex. We reasoned that if there is an inhibitory crossed reflex response, we 

should always see a decreased EMG activity of the local reflex immediately after the 

contralateral nerve stimulation (Fig. 4.5a,). This inhibition was present in all recorded 

muscles regardless of whether the crossed reflex was initiated by the tibial nerve 

(Supplemental Fig. S.4.1) or sural nerve stimulation (Supplemental Fig. S.4.2). This 

observation indicated an inhibitory crossed reflex response.  

Interestingly, we observed that this inhibitory effect was preserved in V0kill mice 

but was absent in V3off mice (Fig. 4.5b). To confirm our observations quantitatively, we 

activated the local reflex along with the crossed reflex, averaged the EMG activity within 

12-18 ms time window from the onset of contralateral stimulation and compared it to the 

average EMG activity of the local reflex only in the same time window (Fig. 4.5c). The 
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ratio of these two parameters was used quantify for the amount of inhibition of the local 

reflex by the contralateral stimulation (values lower than 1 indicate inhibition). The 

generalized linear mixed model showed that there was a significant interaction effect 

between stimulation type (conditioning test vs. local reflexes only) and mouse type (WT, 

V3off, V0kill; F2,2244=116.655, p<0.0001), indicating that the amount of modulation of the 

local reflex by the crossed reflex in the 12-18 ms post-stimulation interval was different 

between the different mouse types (Fig. 4.5diii). Post-hoc tests revealed that paired 

stimulation led to a significant reduction in the activity of the local reflex in WT [odds ratio 

(OR)=0.8390.040, p=0.0002] and V0kill mice (OR=0.2640.020, p<0.0001) but not in 

V3off mice (OR=1.0530.053, p=0.306). Interestingly, we observed that the inhibition was 

more pronounced in V0kill mice than in the wild-type mice, suggesting that V0 CINs, 

although not directly involved, have a modulatory effect on crossed reflexes. Furthermore, 

an almost significant three-way interaction effect between stimulation type, mouse type, 

and stimulated nerves (F2,2244=2.640, p=0.0716) suggests that the modulation of the local 

reflex activities by the crossed reflexes in WT, V3off, and V0kill mice differed depending 

on whether sural or tibial nerve stimulation was applied (Fig. 4.5di-ii). Indeed, post-hoc 

tests showed that the reduction of local reflex activities by the crossed reflexes in WT mice 

was only significant with sural nerve stimulation and not with tibial nerve stimulation. In 

the case of V0kill and V3off mice, there were no differences between the nerves; the 

inhibition was present in V0kill mice and absent in V3off mice regardless of which nerve 

was stimulated. These data suggest the presence of the inhibitory crossed reflex component 

in WT and V0kill mice and that this inhibitory component was lost in V3off mice. 

 Our data provide evidence that the inhibitory crossed reflex action elicited by tibial 

nerve or sural nerve stimulation is mediated by the V3 CINs that are exclusively excitatory. 

Interestingly, the V0 CINs which constitute excitatory as well as inhibitory CINs are not 

part of the inhibitory crossed reflex pathway. 

4.4.3 Involvement of V0 and V3 CINs in the crossed reflex actions during locomotion. 

 Previously, we demonstrated that during locomotion in mice that the inhibitory 

crossed reflex response is downregulated specifically for the vastus lateralis (VL, knee 

extensor) and the tibialis anterior (TA, ankle flexor) (Laflamme and Akay, 2018). We 
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further sought to provide additional evidence for the involvement of the V3 CINs in 

inhibitory crossed reflex pathways by investigating crossed reflex responses in the presence 

of muscle activity prior to reflex activation. Furthermore, we investigated if the V0 or the 

V3 CINs played any role in the regulation of the crossed reflexes during locomotion. To 

do this, we recorded the crossed reflex action during locomotion on a treadmill at a constant 

speed. All wild-type mice were most comfortable moving at 0.2 m/s, therefore this speed 

was chosen for all wild-type mice. However, because the limited capability of locomotion 

is a main phenotypical characteristic of the V0kill and V3off mice, the locomotion for V3off 

mice was set to 0.1 m/s, and for V0kill mice was set to 0.05 m/s. It should be noted, that the 

V0kill mice exhibited severe postural abnormalities making locomotion experiments 

especially challenging, but whenever they did stepping movements, the left and right 

hindlimbs always stepped synchronously as previously described (Talpalar et al. 2013). 

In accordance with our observation during the reflex response in non-locomoting 

animals, the data during locomotion provided evidence that V3 CINs are necessary for the 

inhibitory crossed reflex action, but the V0 CINs are not. To do this we visually inspected 

all cases in which the right sural (Fig. 4.6a) or tibial (Supplemental Fig. 4.3a) nerve when 

there was activity in that particular muscle prior to nerve stimulation. We then right sural 

calculated the occurrence of inhibition the ongoing EMG activity as number of cases in 

which there were no activity in each left muscle within the 5 ms time window following 

the right sural (Fig. 4.6b) or the right tibial nerve stimulation. In wild-type and in V3off 

mice ongoing activity of muscles was suppressed by sural (Fig. 4.6a and 4.6bi) or by tibial 

(Supplemental Fig. 4.3a and 4.3bi) nerve stimulations except for VL and TA. The same 

was true for V0kill mice when the tibial nerve was stimulated (Supplemental Fig. 4.3biii). 

Strikingly, during sural nerve stimulation, the inhibition was preserved in all muscles 

indicating the down-regulatory effect of the inhibitory crossed reflex was diminished in the 

absence of V0 CINs (Fig. 4.6bii), suggesting that the downregulation of the inhibitory 

crossed reflex was compromised. Confirming the results presented in non-locomotion 

animals above, the termination of ongoing muscle activity after contralateral sural (Fig. 

4.6biii) or tibial (Supplemental Fig 4.3biii) nerve stimulation was severely disrupted 

indicating that V3 CINs are also necessary for the inhibitory crossed reflex during 

locomotion. This observation was also confirmed when we quantified the temporal 
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structure of the muscle activation pattern after contralateral sural (Fig. 4.6c) or tibial 

(Supplemental Fig. 4.3c) nerve stimulation. The onsets of muscle activity occurred on 

average around the 10 ms delay from stimulation onset, sometimes even closer to zero 

indicating muscle activation as soon as stimulation started, in the absence of V3 CINs 

indicating no silent period after nerve stimulation (Fig. 4.6d and Supplemental Fig. 4.3d). 

In the absence of V0 CINs however, the onset latency was consistently closer to 20 ms in 

all recorded muscles, including the TA and VL, indicating the selective downregulation of 

inhibitory crossed reflex influence on TA and VL muscles was missing. Together, these 

data provide additional evidence that V3 CINs mediate the inhibitory crossed reflex 

response, and that V0 CINs are not involved in inhibitory crossed reflexes but are important 

for their modulation during locomotion, as our data with resting animals suggested above. 

4.5 DISCUSSION 

 The current study uncovers the basic network structure that controls the excitatory 

and inhibitory crossed reflex pathways in mice. Our data suggest that the excitatory crossed 

reflex pathway is activated by proprioceptive afferents from muscle (1.2xT stimulation of 

the tibial nerve) as well as cutaneous afferent activation through sural nerve stimulation. In 

contrast, the inhibitory crossed reflex pathways were consistently activated by low 

threshold cutaneous afferents as indicated by 5xT stimulation of both nerves. We showed 

that the V0 CINs, which play a crucial role in the left-right alternation of leg movement 

during locomotion, do not have a significant contribution to the crossed reflexes. In 

contrast, we provided evidence that the V3 CINs contribute to the excitatory crossed reflex 

response and are an essential part of the inhibitory crossed reflex pathway. Moreover, even 

though the V0 CINs are not involved in crossed reflexes at rest, they exert a modulatory 

effect on the crossed reflex pathway during locomotion. These observations suggest that 

commissural pathways underlying crossed reflexes are segregated from the pathway that 

coordinates left-right alternation during locomotion. 

Commissural circuitry that transmits the activity status of the CPG during 

locomotion and necessary for left-right coordination during locomotion has been described 

by combining electrophysiological recording and mouse genetics (Lanuza et al. 2004; 

Kiehn, 2011; 2016; Talpalar et al. 2013; Bellardita and Kiehn, 2015). Our data suggest that 
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spinal commissural pathways that are essential for the left-right coordination during 

locomotion, and the commissural pathways that control crossed reflexes are segregated. 

Previously, it was shown that V0 CINs are necessary for the alternating activity in the 

spinal cord during fictive locomotion in spinal cords of neonatal mice or alternating 

stepping of the left and right hindlimb during locomotion in adult mice (Lanuza et al. 2004; 

Talpalar et al. 2013; Bellardita and Kiehn, 2015). On the other hand, experiments have 

shown that in the absence of V3 CINs alternating activity is maintained during fictive 

locomotion in spinal cords of neonatal mice as well as the alternating stepping of the left 

and right hindlimbs during locomotion in adult mice is preserved, although with more 

variable rhythmicity (Zhang et al. 2008). Interestingly, our data here provide evidence that 

the V3 CINs are an essential part of the crossed reflex pathways but V0 CINs are not. This 

suggests that the commissural pathways that control left-right coordination during 

locomotion and the commissural pathways for crossed reflexes are segregated pathways. 

This kind of network segregation was previously suggested considering connectivity 

patterns of commissural interneurons with supraspinal centers and proprioceptive signals 

from muscles (Jankowska et al. 2005). Our data here provides the direct evidence for 

segregated pathways for leg coordination during locomotion and crossed reflexes. 

An interesting observation in our experiments was that the inhibitory crossed reflex 

actions transduced by cutaneous afferent signals were exclusively transmitted by excitatory 

CINs, the V3 CINs. This is in accordance with observations in cats that excitatory 

commissural interneurons synapse with local inhibitory interneurons, including the group 

Ia interneurons that mediate the reciprocal inhibitory stretch reflex response (Jankowska et 

al. 2005). A similar circuit was also suggested in humans (Mrachacz-Kersting et al. 2017). 

Our data provide evidence for a similar network design in mice regarding cutaneous 

afferent signals. That is, cutaneous sensory signals are conveyed by the exclusively 

excitatory V3 CINs to the contralateral side of the spinal cord to synapse with local 

inhibitory interneurons that in turn exert their inhibitory influence on the motor neurons. 

Supporting this idea comes from previous histological experiments showing that the V3 

CINs indeed synapse with the local inhibitory interneurons including the V1 and V2b 

interneurons that among others, give rise to the group Ia interneurons and the Renshaw 

cells (Alvarez et al. 2005; Zhang et al. 2014). Future experiments will have to reveal the 
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identity of these local inhibitory interneurons that are involved in the inhibitory crossed 

reflex action. Nevertheless, our data add to the observation that inhibitory crossed reflex 

action is transmitted by excitatory commissural interneurons. 

Crossed reflexes have been shown to be modulated during behavioural states or 

when the spinal circuitry is severed from the supraspinal centers (Perl, 1957; Duysens et 

al. 1980; Aggelopoulos and Edgley, 1995; Aggelopoulos et al. 1996). In our previous 

investigation, we have shown also in mice, that the inhibitory crossed reflex action is 

downregulated when the animal is moving (Laflamme and Akay, 2018). Confirming the 

previous observations done on cats (Frigon and Rossignol, 2008). However, the network 

underlying this modulation is not known. Our data provide evidence that the V3 CINs are 

the main CINs involved in the inhibitory crossed reflex pathways and the modulation of 

this pathway during locomotion involves the V0 CINs, as in the absence of V0 CINs, the 

downregulation of the inhibitory crossed reflex during locomotion is absent. Furthermore, 

quantification of the inhibitory crossed reflex responses was consistently stronger in V0kill 

mice, also indicating the down-regulatory effect of V0 CINs on the inhibitory crossed 

reflex pathway. This is indicated in figure 4.7 as the dashed arrow from the V0 CINs to the 

inhibitory crossed reflex pathway. These results provide the first insights into the identities 

of interneurons involved in the state-dependent modulation of the crossed reflex responses. 

The spinal circuitry that controls left-right coordination during locomotion is well 

understood in mice, due to advances in mouse genetics and electrophysiological techniques 

applicable to mice (Kiehn, 2016). Based on in vitro and in vivo experiments, a network 

design has been suggested that constitutes a dual inhibitory commissural pathway 

involving the V0 and the V3 CINs to coordinate left-right stepping in a speed-dependent 

manner (Talpalar et al. 2013). Despite this considerable advance in understanding the 

spinal locomotor circuitry, it is not known what the involvements of V0 and the V3 CINs 

are in crossed reflex. Our data provide the first insights into the spinal circuitry that controls 

crossed reflexes in mice and identifies genetically defined classes of commissural 

interneurons as part of it (Fig. 4.7). While V0 CINs transmit information on the activity 

status of the CPG to the contralateral site, the V3 CINs transmit excitatory as well as 

inhibitory crossed reflex actions. As the V3 CINs are exclusively excitatory interneurons, 
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there must be at least one inhibitory local interneuron interconnected between the V3 CINs 

and the motor neurons. In addition, the V0 CINs exert a modulatory influence on the 

inhibitory crossed reflex action when the animal is moving. We provide evidence that the 

spinal commissural pathways consist of two segregated pathways: one transmitting the 

central CPG information to the contralateral side involving V0 CINs, and the other 

transmitting sensory information involving the V3 CINs. 
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4.6 FIGURES 
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Figure 4.1. Crossed reflex responses in wild-type, V0kill, and V3off mice. a) Schematic 

of the experimental setup. Nerve cuff electrodes to the left tibial or sural nerve along with 

one EMG recording electrode into the left Gs were implanted to determine the threshold 

current to activate local reflex. In addition, EMG recording electrodes to five muscles of 

the left leg were implanted to record crossed reflex responses. b) EMG responses of all 

recorded muscles of the right leg to left tibial nerve stimulation at 1.2xT (i) and 5xT (ii) in 

wild-type, V0kill, and V3off mice. The shaded area indicates nerve stimulation. c) Same as 

in b) but the responses are shown to the left sural nerve stimulation. 
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Figure 4.2. Average EMG responses of muscles as a response to contralateral nerve 

stimulation. a) Average traces of rectified and filtered EMG activities from right leg 

muscles as a response to left tibial nerve stimulation at 1.2xT (i) and 5xT (ii) in wild-type, 

V0kill, and V3off mice. b) Same as in a but for sural nerve stimulation. c) Graphs showing 

the average area underneath the average rectified EMG traces from 12-50 ms delays from 

the stimulation onset for 1.2xT (top) and 5xT (bottom) stimulation of the tibial nerve. d) 

Same as in c but for sural nerve stimulation. e) Graphs illustrating the combined averages 

from all EMG traces for 1.2xT and 5xT stimulation of the tibial and the sural nerves 

combined. 
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Figure 4.3. The probability of muscle activation does not change in the presence or 

absence of V0 or the V3 CINs. a) Probabilities of observed crossed reflex responses, 

defined as the presence of muscle activation, across muscles, stimulated nerves, and mouse 

types. b) Probabilities of observed crossed reflex responses across muscles and stimulated 

nerves separated by mouse type. Probabilities of observed crossed reflex responses across 

muscles separated by mouse type when the tibial (c) or sural nerve (d) is stimulated. e) 

Probabilities of observed crossed reflex responses defined as the presence of muscle 

activation out of all contralateral tibial nerve stimulation at 1.2xT (i) or 5xT (ii) stimulation. 

f) Same as in e) but for the contralateral sural nerve stimulation. 
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Figure 4.4. Crossed reflex response patterns are comparable in the presence or 

absence of V0 or V3 commissural interneurons. a) Box diagrams showing the average 

(+/- standard deviation) on and offsets of right muscle activities in response to the left tibial 

nerve stimulation at 1.2xT (i) and 5xT (ii) (indicated by the shaded area) when the animals 

were resting. Hatched area indicates a 10 ms time window after nerve stimulation. Black 

bar: wild type, red bar: V0kill, and blue bar: V3off. b) Diagrams illustrating the onset 

latencies of muscle activities in a bar: wild type (black), V0kill (red), and V3off (blue) mice. 

Circles are averages from individual mice, and the horizontal lines indicate group averages 

(+/- standard deviation). c) and d) Same as in a and b but investigating the response pattern 

to the left sural nerve. 
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Figure 4.5. V3 CINs but not V0 CINs are necessary for the inhibitory crossed reflex. 

a) Schematic of the experimental setup. The experimental setup is as presented in Fig. 4.1a 

with the addition of one nerve stimulation electrode to the right sural nerve. The stimulation 

of the right sural nerve allowed us to elicit a local reflex response (red trace) that was used 

to detect inhibitory influence when nerves on both sides were stimulated with varying 

delays (black trace). Lower activity in black traces and then red traces (blue arrows) 

indicated inhibitory crossed reflex action. b) inhibitory effect was detected in the majority 

of EMG recordings in wild-type and V0kill mice but not in V3off mice. c) to quantify the 

inhibitory crossed reflex, we averaged the red and black traces in the area indicated by the 

bold line (12 -18 ms delay from stimulation onset) and took the ratio of these averages. A 

smaller number than 1 indicated an inhibition. d) Graphs of ratios described in b for 

contralateral tibial (i) or sural (ii) nerve were stimulated. The graph in iii is when the data 

in i and ii are pooled together. These graphs illustrate statistically, that inhibition was 

preserved in V0kill mice, but not in V3off mice. 
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Figure 4.6. V3 CINs but not the V0 CINs are necessary for inhibitory crossed reflex 

during locomotion. a) Example EMG recordings from right St and TA muscles as a 

response to the left sural nerve stimulation during resting (top), and during locomotion 

when the muscle was either inactive (middle) or active (bottom) prior to the stimulation in 

a wild-type mouse. b) Bar diagrams illustrating the probability of occurrence of a silent 

period in all recorded muscles of the right leg within the 5 ms window immediately after 

left sural nerve stimulation when there was no muscle activity (top) or there was activity 

(bottom) prior to nerve stimulation. c) Box diagrams showing the average (+/- standard 

deviation) on and offsets of right muscle activities as a response to the left sural nerve 

stimulation at 1.2xT (i) and 5xT (ii) (indicated by the shaded area) during locomotion. 

Hatched area indicates a 10 ms time window after nerve stimulation. Black bar: wild type, 

red bar: V0kill, and blue bar: V3off. d) Diagrams illustrating the onset latencies of muscle 

activities in a bar: wild type (black), V0kill (red), and V3off (blue) mice during locomotion. 

Circles are averages from individual mice, and the horizontal lines indicate group averages 

(+/- standard deviation). 
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Figure 4.7. Commissural pathways transmitting information about the CPG activity 

status and the sensory information from the contralateral side are segregated. Our 

findings suggest that the spinal commissural pathways for crossed reflexes that involve V3 

CINs are segregated from the spinal commissural pathway necessary for left-right 

alternation during locomotion that involves the V0 CINs. INi: Local inhibitory interneuron. 
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4.7 SUPPLEMENTAL FIGURES 

 

Supplemental Figure S4.1. V3 CINs but not V0 CINs are necessary for the inhibitory 

crossed reflex initiated by the contralateral tibial nerve stimulation. The inhibitory 

effect was detected in the majority of all EMG recordings in wild-type and V0kill mice but 

not in V3off mice, when the contralateral tibial nerve was stimulated. 
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Supplemental Figure S4.2: V3 CINs but not V0 CINs are necessary for the inhibitory 

crossed reflex initiated by the contralateral sural nerve stimulation. The inhibitory 

effect was detected in the majority of all EMG recordings in wild-type and V0kill mice but 

not in V3off mice, when the contralateral sural nerve was stimulated. 
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Supplemental Figure S4.3: Crossed reflex responses to tibial nerve stimulation during 

locomotion. a) Example EMG recordings from right St and TA muscles as a response to 

the left tibial nerve stimulation during resting (top), and during locomotion when the 

muscle was either inactive (middle) or active (bottom) prior to the stimulation in a wild-

type mouse. b) Bar diagrams illustrating the probability of occurrence of a silent period in 

all recorded muscles of the right leg within the 5 ms window immediately after left tibial 

nerve stimulation when there was no muscle activity (top) or there was activity (bottom) 

prior to nerve stimulation. c) Box diagrams showing the average (+/- standard deviation) 

on and offsets of right muscle activities in response to the left tibial nerve stimulation at 

1.2xT (i) and 5xT (ii) (indicated by the shaded area) during locomotion. Hatched area 

indicates a 10 ms time window after nerve stimulation. Black bar: wild type, red bar: V0kill, 

and blue bar: V3off. d) Diagrams illustrating the onset latencies of muscle activities in a 

bar: wild type (black), V0kill (red), and V3off (blue) mice during locomotion. Circles are 

averages from individual mice, and the horizontal lines indicate group averages (+/- 

standard deviation). 
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Chapter 5. Inhibitory interneurons within the deep dorsal horn 

integrate convergent sensory input to regulate motor 

performance 
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5.1 ABSTRACT 

To achieve smooth motor performance in a rich and changing sensory environment, 

the motor output must be constantly updated in response to sensory feedback. Although 

proprioception and cutaneous information are known to modulate motor output, it is 

unclear whether they work together in the spinal cord to shape complex motor actions such 

as locomotion. Here we identify the medial deep dorsal horn (mDDH) as a “hot zone” of 

convergent proprioception and cutaneous input for locomotion. Due to increased 

responsiveness to sensory input, inhibitory interneurons in the mDDH area are 

preferentially recruited in locomotion. To study inhibitory interneurons in this area, we 

utilize an intersectional genetic strategy to isolate and ablate a population of parvalbumin-

expressing glycinergic interneurons in the mDDH (dPVs). Using histological and 

electrophysiological methods we find that dPVs integrate convergent proprioceptive and 

cutaneous inputs while targeting diffuse ventral horn motor networks. dPV ablation paired 

with behavioural testing reveals a role for dPVs in the timing and controlling step-cycle 

transition, suggesting a role in multimodal sensory processing for locomotion. Finally, we 

use EMG muscle recordings to directly show that dPVs are part of a cutaneous-motor 

pathway. Together, our results suggest convergent sensory inputs work in concert to 

coordinate the activity of dPVs, and in-turn regulate motor output in a contextually relevant 

manner. Our results indicate that dPVs form a critical node in the spinal sensorimotor 

circuitry. 

5.2 INTRODUCTION 

The ability to locomote is fundamental to almost every living creature, making it 

one of the most robust motor behaviours across the animal kingdom. Whether by searching 

for food, escaping a predator, or migrating due to climate change, animals use locomotion 

for survival. It is thus not surprising that the study of locomotion can be dated back to 

Aristotle, among other philosophers and Greek physicians during the 3rd century 

(Aristotle’s De Motu Animalium, 1986). However, it was the experiments performed by 

Charles Sherrington and Graham Brown during the 20th century that shaped our current 

views about the circuits involved in locomotion. Sherrington proposed that locomotion is 

https://www.zotero.org/google-docs/?broken=JSD4eP
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organized as a “chain” of reflexes, requiring the participation of sensory feedback 

(Sherrington, 1906). However, Brown’s pioneering experiments, recording fictive 

locomotion in decerebrated and deafferented cats, demonstrated that locomotion persists 

in the absence of sensory feedback (Brown and Sherrington, 1911). These studies led to 

the dogma most accepted today of “Central Pattern Generator” (CPGs), intrinsic spinal 

networks generating the rhythmic and alternating activity controlling locomotion. 

Although not required for its generation, sensory input plays an important role in 

locomotion. In humans, permanent loss of large sensory fibers leads to a complete inability 

to walk, which is only regained following long training and visual guidance (Lajoie et al. 

1996; Tuthill and Azim, 2018).  

Two main sensory inputs “disturb” the rhythmic pattern of locomotion. The first is 

proprioception, the sense of one’s own body position and movement, detected by receptors 

embedded in muscles, joints, and tendons. The second is cutaneous input, relaying 

information about skin distortion and detected by low threshold mechanoreceptors 

(LTMRs) innervating it. Studies show that both proprioceptive and cutaneous afferents can 

initiate, arrest, reset, and enhance locomotion (Sherrington, 1910; Grillner and Rossignol, 

1978; Duysens and Pearson, 1980). Furthermore, experiments evoking proprioceptive or 

cutaneous reflexes during locomotion demonstrate modulated muscle responses. For 

example, inducing the stumbling reflex with mechanical perturbations to the dorsum of the 

foot triggers knee flexion followed by flexion of the ankle and hip to clear the obstacle and 

place the foot in front of it (Forssberg, 1979). Similar experiments (Forssberg et al. 1975; 

Schillings et al. 1996), as well as modeling studies (Prochazka and Yakovenko, 2007), 

conclude that the main role of proprioceptive and cutaneous input is in tuning locomotion 

to environmental changes.  

For efficient modulation of locomotion, information from both proprioceptors and 

cutaneous receptors must be integrated and processed by motor networks. In the cat spinal 

cord, the medial part of the deep dorsal horn (DDH) was found to be an area of convergent 

proprioceptive and cutaneous inputs, suggesting that interneurons (INs) located in this area 

process multimodal sensory input for locomotion. Additionally, the same area was 

https://www.zotero.org/google-docs/?broken=NK2EWx
https://www.zotero.org/google-docs/?broken=FFu774
https://www.zotero.org/google-docs/?broken=uptfC6
https://www.zotero.org/google-docs/?broken=uptfC6
https://www.zotero.org/google-docs/?broken=GQmGA5
https://www.zotero.org/google-docs/?broken=GQmGA5
https://www.zotero.org/google-docs/?broken=AGz3JM
https://www.zotero.org/google-docs/?broken=nkJPr7
https://www.zotero.org/google-docs/?broken=nkJPr7
https://www.zotero.org/google-docs/?broken=ykdSc1
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identified in the mouse as a hot zone of premotor interneurons, indicating these INs might 

participate in multimodal sensorimotor processing. 

Over the last decade, striking progress in the development of mouse genetic tools 

enabled precise access to spinal cord interneuron populations defined by their common 

gene expression (Abraira et al. 2017). Using these tools, both excitatory and inhibitory 

DDH INs were found to perform multimodal sensorimotor processing. For example, the 

excitatory dl3 pre-motor interneuron integrates proprioceptive and LTMR input and 

regulates grasping in response to a change in the environment (Bui et al. 2013). Inhibitory 

neurons expressing the satb2 transcription factor integrate proprioception and nociception 

and play an appropriate role in the modulation of locomotion and pain withdrawal reflex 

(Hilde et al. 2016). Inhibitory RORβ expressing neurons mainly integrate proprioceptive 

input and modulate locomotion in a phase-dependent manner by exerting presynaptic 

inhibition on proprioceptive afferents (Koch et al. 2017).  

While we have a better understanding of the role of DDH INs in sensorimotor 

control, a broader characterization of this area, as well as the identification of new 

uncharacterized populations is still lacking. Here we find that the highest convergence of 

proprioception and cutaneous input in the mouse is localized to the medial portion of 

laminas 4-5 (laminas 4-5m). Inhibitory INs within this region are more excitable and are 

preferentially recruited during locomotion. We identify an inhibitory IN population 

localized to the medial DDH, deep parvalbumin-expressing INs (dPVs), and hypothesize 

that they integrate multimodal sensory input and relay it to spinal cord motor networks to 

modulate locomotion. With colocalization experiments, we show that dPVs represent a 

new and uncharacterized population, originating from the dorsal Lbx1 lineage. Utilizing 

intersectional genetics we assess the function of dPVs and examine their underlying 

input/output circuits to define their importance in sensorimotor control. We reveal a new 

model by which sensory convergence produces a surprisingly divergent influence on motor 

networks, thereby increasing the diversity of mechanisms by which sensory input can shape 

movement. 

https://www.zotero.org/google-docs/?broken=03tYzM
https://www.zotero.org/google-docs/?broken=ybF0JA
https://www.zotero.org/google-docs/?broken=akwpbp
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5.3 METHODS 

5.3.1 Experimental model and subject details 

Mouse lines used to target DRG neuron populations include TH2aCreER 

(Jax#025614), vGlut3iresCre (Jax#028534), TrkBCreER (Jax#027214), PTGFRCreER (Zheng et 

al. 2019; Lehnert et al. 2021), RetCreER (Luo et al. 2009), SplitCre (Rutlin et al. 2014), 

AdvillinCre (Jax#032536), AdvillinCreER (Jax#032027) and PV2aCreER (Jax#028580). Mouse 

lines used to target spinal cord interneurons include vGATirescre (Jax#028862), GAD2Cherry 

(Jax#023140), GAD67GFP (Tamamaki et al. 2003), GlyT2GFP (Miranda et al. 

2022),  RoRBFlpO (Jax#029590), RorBCreER,Satb2CreER (Hilde et al. 

2016),  vGlut2iresCre(Jax#016963), islet1iresCre (Jax#024242), Sim1iresCre (Jax#006395), 

CCKiresCre (Jax#012706), vGluT2YFP (Jax#017978), and Lbx1Cre (Sieber et al. 2007). To 

target Parvalbumin interneurons we used PVTdtomato (Jax#027395) and PVFlpO 

(Jax#022730) mouse lines.  For visualization, and manipulation of target populations the 

following mouse lines were used: R26LSL-FSF-tdTomato (Ai65, Jax#021875),  R26LSL-FSF-

synaptophysin-GFP ( RC::FPSit, Jax#030206), R26FSF-SynGFP (derived from RC::FPSit), R26LSL-

synaptophysin-tdTomato (Ai34, Jax#012570), R26LSL-tdTomato (Ai9, Jax#007909), R26LSL-tdTomato 

(Ai14, Jax#007914), TauLSL-LacZ-FSF-DTR (Gatto et al. 2021) R26LSL-ChR2-YFP(Ai32, 

Jax#024109); R26LSL-FSF-ChR2-YFP(Ai80, Jax#025109). ChATeGFP (Jax#007902) was used to 

target cholinergic interneurons and motor neurons, Emx1Cre  (Jax#005628) was used to 

target cortical neurons, and Lbx1Cre (Acton et al. 2019) was used to identify dPVs genetic 

lineage and restrict PV expression to the deep dorsal horn. Transgenic mouse strains were 

used and maintained on a mixed genetic background (129/C57BL/6). Experimental 

animals used were of both sexes. Except for EMG recordings, housing, surgery, 

behavioural experiments, and euthanasia were performed in compliance with Rutgers 

University Institutional Animal Care and Use Committee (IACUC; protocol #: 

201702589). All mice used in experiments were housed in a regular light cycle room (lights 

on from 08:00 to 20:00) with food and water available ad libitum. 

EMG recordings were performed at the lab of Dr. Turgay Akay (Dalhousie, 

Canada) according to the Canadian Council on Animal Care (CCAC) guidelines and 

approved by the local council on animal care of Dalhousie University. All mice used in 
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experiments were housed in a regular light cycle room (lights on from 07:00 to 19:00) with 

food and water available ad libitum. 

5.3.2 Tamoxifen treatment 

Tamoxifen was dissolved in ethanol (20 mg/ml), mixed with an equal volume of 

sunflower seed oil (Sigma), vortexed for 5-10 min, and centrifuged under vacuum for 20-

30 min to remove the ethanol. The solution was kept at −80°C and delivered via oral gavage 

to pregnant females for embryonic or postnatal treatment. For all analyses, the morning 

after coitus was designated as E0.5 and the day of birth as P0. 

5.3.3 Immunohistochemistry and free-floating sections  

Male and female P30-P37 mice were anesthetized with isoflurane and perfused 

transcardially (using an in-house gravity driven-perfusion system) with Heparinized- saline 

(~30 sec) followed by 15-20 minutes of 4% paraformaldehyde (PFA) in PBS at room 

temperature (RT). Vertebral columns were dissected and post-fixed in 4% PFA at 4°C for 

2 hours (for c-Fos and PV staining) or 24 hr. Sections were collected using a vibrating 

microtome (Leica VT1200S) and processed for immunohistochemistry (IHC) as described 

previously (Hughes et al. 2012). Unless otherwise mentioned, transverse sections (50-60 

thick) were taken from the limb level lumbar spinal cord (LIV-VI). Free-floating sections 

were rinsed in 50% ethanol (30 min) to increase antibody penetration, followed by three 

washes in a high salt PBS buffer (HS-PBS), each lasting 10 min. The tissue was then 

incubated in a cocktail of primary antibodies made in HS-PBS containing 0.3% Triton X-

100 (HS-PBSt) for 48 at 4°C. Next, tissue was washed 3 times (10 minutes each) with HS-

PBSt, then incubated in a secondary antibody solution made in HS-PBSt for 24 hr at 4°C. 

Immunostained tissue was mounted on positively charged glass slides (41351253, 

Worldwide Medical Products) and coverslipped (48393-195, VWR) with Fluoromount-G 

mounting medium (100241-874, VWR).  

5.3.4 Image acquisition and analysis  

Images were captured with a Zeiss LSM 800 confocal or a Zeiss axiovert 200M 

fluorescence microscope. Images for cell counts were taken with 10x or 20x air objectives, 

and images of synaptic contacts were taken with a 40x oil objective. ImageJ (cell count 

https://www.cell.com/cell/fulltext/S0092-8674(16)31684-1?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0092867416316841%3Fshowall%3Dtrue#bib21
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plug-in) was used for colocalization analysis of cell bodies. Imaris was used for synaptic 

analysis. For synaptic analysis of proprioceptive and cutaneous input onto dPVs, the 

fraction of each input was calculated relative to their sum. For synaptic analysis of dPVs 

output to target neurons, input was normalized to cell body area or dendrite length. Only 

puncta apposing a postsynaptic marker (Homer1 and Gephyrin for excitatory and inhibitory 

synapses, respectively) were included for analysis. Synaptic analysis was performed 

separately for somas and proximal dendrites (up to 50 um from the cell body). Imaris 

software was additionally used for the measurement of the cell body/synaptic terminal’s 

spatial coordinates (using the central canal and dorsal edge of the spinal cord as references). 

This data was then used to generate density plots (custom MatLab script).  

5.3.5 c-Fos induction 

To decrease stress, at least 7 days prior to the experiment, mice were transferred to 

a holding area adjacent to the testing room. 6-8 weeks old vGATCre;TauLSL-LacZ mice were 

randomly placed in one of three groups: control (n=4), swim (n=4), and walk (n=5). All 

mice were habituated to the testing room for 30 minutes. Control mice were kept in their 

home cage for 60 minutes. The “walk” group walked on a treadmill (Mouse Specifics, Inc, 

Boston, MA, USA) at 20 cm/s for 2 x 20 minutes with a 5-minute break. The “swim” group 

was kept in a swim tank for 4 x 10 minutes with 5 minutes breaks. 60 minutes following 

the completion of the task, mice were anesthetized with isoflurane and perfused for 

immunohistochemistry. Sections stained with chicken- ß-galactosidase (ab9361, Abcam), 

mouse-NeuN (MAB377, Millipore), and rabbit-c-Fos (226003, Synaptic Systems) were 

used to acquire 20x images of the entire hemisection, stitches with zen.  These images were 

used for quantification of c-Fos expressing neurons (normalized to total NeuN) by lamina 

(Fig. 5.1) and c-Fos expressing inhibitory (vGAT+c-Fos+NeuN+) and excitatory (vGAT-

c-Fos+NeuN-) neurons in the medial portion of laminas 4-5 (Fig. 5.2). Alternate sections 

from the same animals stained with Guinea pig-PV (PV-GP-Af1000, frontier institute) and 

c-Fos, were used to acquire 20x images of the deep dorsal horn to quantify the fraction of 

dPVs that express c-Fos in each of the 3 conditions. All images were acquired with the 

Zeiss LSM 800 confocal microscope. 3-6 images from each mouse were used for 

quantification.  
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5.3.6 Electrophysiology 

Recordings were made from male and female mice. Mice were anesthetized with 

ketamine (100 mg/kg i.p.), decapitated, and the lumbar enlargement of the spinal cord 

rapidly removed in ice-cold sucrose substituted artificial cerebrospinal fluid (sACSF) 

containing (in mM): 250 sucrose, 25 NaHCO3, 10 glucose, 2.5 KCl, 1 NaH2PO4, 6 MgCl2, 

and 1 CaCl2. Sagittal or transverse slices (200µm thick) were prepared using a vibrating 

microtome (Leica VT1200S). Slices were incubated for at least 1hr at 22-24°C in an 

interface chamber holding oxygenated ACSF containing (in mM): 118 NaCl, 25 NaHCO3, 

10 glucose, 2.5 KCl, 1 NaH2PO4, 1 MgCl2, and 2.5 CaCl2. 

Following incubation, slices were transferred to a recording chamber and 

continually superfused with ACSF bubbled with Carbogen (95% O2 and 5% CO2) to 

achieve a pH of 7.3-7.4. All recordings were made at room temperature (22-24°C) and 

neurons were visualized using a Zeiss Axiocam 506 color camera. Recordings were 

acquired in cell-attached (holding current = 0mV), voltage-clamp (holding potential -

70mV), or current-clamp (maintained at −60mV). Patch pipettes (3-7 MΩ) were filled with 

a potassium gluconate-based internal solution containing (in mM): 135 C6H11KO7, 8 

NaCl, 10 HEPES, 2 Mg2ATP, 0.3 Na3GTP, and 0.1 EGTA, (pH 7.3, adjusted with KOH, 

and 300 mOsm) to examine AP discharge and excitatory synaptic transmission. A cesium 

chloride-based internal solution containing (in mM): 130 CsCl, 10 HEPES, 10 EGTA, 1 

MgCl2, 2 Na-ATP, 2 Na-GTP, and 5 QX-314 bromide (pH 7.3, adjusted with CsOH, and 

280 mOsm) was used to record inhibitory synaptic transmission. No liquid junction 

potential correction was made, although this value was calculated at 14.7 mV (22°C). 

Slices were illuminated using an X-CITE 120LED Boost High-Power LED Illumination 

System that allowed visualization of Td-Tomato expressing dPVs with TRITC filters and 

visualization of GFP fluorescence and ChR2 photostimulation using FITC filter set.  

AP discharge patterns were assessed in the current clamp from a membrane 

potential of −60 mV by delivering a series of depolarizing current steps (1 s duration, 20 

pA increments, 0.1 Hz), with rheobase defined as the first current step that induced AP 

discharge. For optogenetic circuit mapping, photostimulation intensity was suprathreshold 

(24 mW), duration 1 ms (controlled by transistor-transistor logic pulses), and 0.1 Hz. This 
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ensured the generation of action potential discharge in presynaptic populations and allowed 

confident assessment of postsynaptic currents in recorded neurons.  

All data were amplified using a MultiClamp 700B amplifier, digitized online 

(sampled at 20 kHz, filtered at 5 kHz) using an Axon Digidata 1550B, acquired and stored 

using Clampex software. After obtaining the whole-cell recording configuration, series 

resistance, input resistance, and membrane capacitance were calculated (averaged response 

to -5mV step, 20 trials, holding potential -70mV).  

5.3.7 Electrophysiology analysis 

All data were analysed offline using AxoGraph X software. AP discharge was 

classified according to previously published criteria  (Browne et al. 2020). In the analysis 

of AP discharge, individual APs elicited by step-current injection were captured using a 

derivative threshold method (dV/dt > 15 V/second) with the inflection point during spike 

initiation defined as the AP threshold. Individual AP properties for each neuron were 

assessed from the first spike generated at rheobase. AP latency was measured as the time 

difference between the stimulus onset and the AP threshold. The difference between the 

AP threshold and its maximum positive peak was defined as the AP peak. AP half-width 

was measured at 50% of the AP peak. AP rise and decay time were measured from 10-90% 

of peak. AP afterhyperpolarization (AHP) amplitude was taken as the difference between 

the AP threshold and the maximum negative peak following the AP. AHP half-width was 

measured at 50% of the AHP peak. AP threshold adaptation was determined by dividing 

the AP threshold of the last AP by the AP Threshold of the first AP evoked by a step-

current. AP number was the number of spikes discharged in the entire response. 

Instantaneous frequency was the average instantaneous frequency across a step-current. 

Optogenetically-evoked excitatory postsynaptic currents (oEPSCs) and inhibitory 

postsynaptic currents (oIPSCs) were measured from baseline, just before photostimulation. 

The peak amplitude of responses was calculated from the average of 10 successive trials. 

Several parameters were considered for determining whether a photostimulation-evoked 

synaptic input was monosynaptic or polysynaptic. The latency of oPSCs was measured as 

the time from photostimulation to the onset of the evoked current. The “jitter” in latency 

https://www.zotero.org/google-docs/?broken=eFSsWS
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was measured as the standard deviation in latency of 10 successive trials. Importantly, the 

latency of monosynaptic inputs was much shorter, there was minimal jitter in the onset of 

responses between trials, and reliability (percentage of photostimulation trials to evoke a 

response) was higher than those deemed polysynaptic inputs. To assess the contribution of 

different neurotransmitter systems to photostimulation responses, various synaptic 

blockers were sequentially applied.  

5.3.8 Diphtheria Toxin preparation and delivery 

DTx was dissolved in 1xPBS to 100 ug/ml and kept as 15 ul aliquot at −20°C. On 

the day of injection, DTx was diluted 1:10 in a hyperbaric solution (filtered 0.9% NaCl, 

8% dextrose) as described in (Albisetti et al. 2019). P21-P28 mice carrying the 

PVFlpO;Lbx1Cre;TauLSL-FSF-DTR (dPVsabl) or PVFlpO;TauLSL-FSF-DTR (dPVsnorm) alleles, received 

Diphtheria Toxin (DTx, D0564-1MG, Sigma) on day 1 and 3 (5 ul of 10 ug/ml DTx, overall 

50 ng) through intrathecal (I.T.) injection to the L5-L6 intervertebral space. DTx was 

delivered with a 25 ul Hamilton syringe (72310-388) with a 30 G needle and performed as 

previously described (Li et al. 2019). Briefly, mice were anesthetized with isoflurane and 

the hair above their lower back was removed with Nair. Under anesthesia, exposed skin 

was wiped with 70% ethanol. Next, mice were held firmly by the pelvic girdle with their 

skin taut in one hand, while the other hand was used to gently rotate the base of the tail to 

find the midline of the spine. A needle was inserted through the skin along the midline, 

between the pelvic girdles to the L5-L6 intervertebral space. An occurrence of a sudden 

tail indicated successful entry into the intradural space.  

5.3.9 Quantification of DTx-mediated ablation  

Following behavioural testing, 9 PVFlpO;Lbx1Cre;TauLSL-FSF-DTR and 6 PVFlpO;TauLSL-

FSF-DTR mice were perfused, their spinal cord and cerebellum were dissected, and sectioned 

using a vibrating microtome (Leica VT1200S). For consistency, sections were collected at 

the levels of the mid-cervical enlargement, mid-thoracic, mid-lumbar enlargement, and the 

midline of the cerebellum. Sections were immunostained with Guinea pig-PV and mouse- 

NeuN, and 20x images were taken using the Zeiss axiovert 200M fluorescence microscope. 

For quantification, 3 spinal cord and 2 cerebellum images were used. PV neurons were 

counted in the superficial dorsal horn (sPVs), deep dorsal horn (dPVs), and molecular layer 

https://www.zotero.org/google-docs/?broken=B6cvZA
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of the cerebellum. sPVs were normalized to NeuN, dPVs were normalized to sPVs (to 

account for the difference in staining success), and PV neurons in the molecular layer were 

normalized to the area.  

5.3.10 Behavioural testing  

7-12 weeks old male and female PVFlpO;Lbx1Cre;TauLSL-FSF-DTR and PVFlpO;TauLSL-

FSF-DTR mice were used for behaviour testing following DTx injection (P21-P28). The 

experimenter was blind to the genotype of the animals. For all behaviour assays, mice were 

transferred to the holding area adjacent to the behaviour rooms at least 7 days prior to 

testing. On the day of training/testing, mice were transferred to the behaviour room for 30-

minute habituation.  

Mice were forced to walk on a motorized treadmill (Mouse specifics, inc.) with a 

transparent belt at speeds of 5-100 cm/s for 2 days.  Each mouse had to exhibit a minimum 

of 3 seconds of walk at a certain speed for it to be included in the analysis.  On day 2, mice 

were given one more chance to walk at speeds they failed at on the first day. A high-speed 

camera (165 fps) located underneath the belt, was used to record mice' paw placement. A 

custom-developed software was used to calculate the area paw in contact with the belt, for 

each paw, in each video frame, as described in Hampton et al. (2004). We then used this 

data to calculate (in-house MatLab script) the duration of stance (when paw area>0), swing 

(paw area=0), stride (summed swing and stance duration), and the stride frequency (the 

number of strides per second) of each limb.  

5.3.11 Construction of EMG electrodes  

EMG electrodes were made using multi-stranded, Teflon-coated annealed 

stainless-steel wire (A-M systems, catalog number 793200). The construction of the EMG 

electrode and nerve cuff was previously described in detail (Pearson et al. 2005; Akay et 

al. 2006; 2014). Two nerve cuff electrodes and six EMG recording electrodes were attached 

to the headpiece pin connector (female, SAM1153-12; DigiKey Electronics Thief River 

Falls, MN) and covered with 3D printed cap. 
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5.3.12 EMG electrode implantation surgeries 

Experiments were conducted on males and females (4-5 month-old), 

PVFlpO/Lbx1Cre;TauLSL-FSF-DTR  (dPVsnorm, n=9) and PVFlpO;Lbx1Cre;TauLSL-FSF-DTR (dPVsabl, 

n=6) mice. All surgeries were performed in aseptic conditions and on a warm water-

circulated heating pad maintained at 42°C. Each mouse received an electrode implantation 

surgery as previously described (Laflamme and Akay, 2018; Laflamme et al. 2022). 

Briefly, animals were anesthetized with isoflurane (5% for inductions, 2% for maintenance 

of anesthesia), ophthalmic eye ointment was applied to the eyes, and the skin of the mice 

was sterilized with three-part skin scrub using hibitane, alcohol, and povidone-iodine. Prior 

to each surgery, buprenorphine (0.03 mg/kg) and meloxicam (5 mg/kg) were injected 

subcutaneously as analgesics while the animals were still under anesthesia. Additional 

buprenorphine injections were performed in 12-hour intervals for 48 hours. 

A set of six bipolar EMG electrodes and two nerve stimulation cuffs were implanted 

in each mouse as the following: small incisions were made on the shaved areas (neck and 

both hind legs), and each bipolar EMG electrode and the nerve cuff electrodes were led 

under the skin from the neck incisions to the leg incisions, and the headpiece connector 

was stitched to the skin around the neck incision. EMG recording electrodes were 

implanted into the left knee flexor (semitendinosus, Stl), ankle flexor (tibialis anterior, 

TAl), and extensor (gastrocnemius, Gsl) as well as the right knee flexor (semitendinosus, 

Str) and extensor (Vastus Lateralis, VLr) and the left ankle extensor (gastrocnemius, Gsr). 

Nerve stimulation electrodes were implanted in the left saphenous nerve and right sural 

nerve to evoke cutaneous feedback. After surgery, the anesthetic was discontinued, and 

mice were placed in a heated cage for three days before returning to a regular mouse rack. 

Food mash and hydrogel were provided for the first three days after the surgery. Any mouse 

handling was avoided until mice were fully recovered, and the first recording session 

started at least ten days after electrode implantation surgeries. 

5.3.13 EMG recording sessions 

After animals fully recovered (~10 days) from electrode implantation surgeries, the 

recording session went as follows: Under brief anesthesia with isoflurane, a wire to connect 

the headpiece connector with the amplifier, and the stimulation insulation units (ISO-

https://www.zotero.org/google-docs/?broken=41xCjZ
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FLEX-AMPI, Jerusalem, Israel or the DS4-Digitimer, Hertfordshire, United Kingdom) 

was attached to the mouse. The anesthesia was discontinued, and the mouse was placed on 

a mouse treadmill (model 802; custom built in the workshop of the Zoological Institute, 

University of Cologne, Germany). The electrodes were connected to an amplifier (model 

102; custom built in the workshop of the Zoological Institute, University of Cologne, 

Germany) and a stimulus isolation unit. After the animal fully recovered from anesthesia 

(at least five minutes), the minimal (threshold) current necessary to elicit local reflex 

responses in the ipsilateral leg was determined by injecting a double impulse of 0.2 ms 

duration into the saphenous nerve (average ±SD threshold current: 436.4 µA ±396; range: 

120-1300 µA) and the sural nerve (average ±SD threshold current: 117.6 µA ±83.4; range: 

28-230 µA) of dPVsnorm, and the saphenous nerve (average ±SD threshold current: 215 µA 

±157.9; range: 64-450 µA) and the sural nerve (average ±SD threshold current: 253.3 µA 

±127.5; range: 130-500 µA) of dPVsabl. Following the determination of threshold currents, 

the current injected into the sural and saphenous nerve was set as either 1.2 times the local 

reflex threshold current (1.2 X threshold) or five times the local reflex threshold current (5 

X threshold). 

EMG signals from six muscles of the right and left leg were simultaneously 

recorded (sampling rate: 10,000 kHz). For the 1- nerve stimulation assay, saphenous or 

sural nerves were electrically stimulated, while for the 2- nerve stimulation assay, both 

nerves were stimulated at varying delays (0,5,15,15,20,25,30,35,40,45, or 50 ms). Paired 

stimulation of both legs at different delays provides evidence of an inhibitory period if 

there is a suppression of the motor responses from one leg following stimulation of the 

other leg. Nerve stimulations (five 0.2ms impulses at 500 Hz) were applied using the ISO-

FLEX (AMPI, Jerusalem, Israel) and DS4 (Digitimer, Hertfordshire, United Kingdom) 

stimulation insulation units. Stimulation protocols were recorded while the mice were 

resting on the treadmill. EMG signals were amplified (gain 100), band-pass filtered from 

400 Hz to 5 kHz, and stored on the computer using Power1410 interface and Spike2 

software (Cambridge Electronic Design, Cambridge, United Kingdom). 
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5.3.14 Analysis of EMG responses 

EMG analysis response was done using Spike2 software (Cambridge Electronic 

Design, Cambridge, United Kingdom). Response latency was quantified for each 

stimulation and then averaged for each mouse. Inhibition quantification was performed on 

a delay in which the peak amplitude of the expected response is located between 10-20ms 

after the second nerve stimulation as latency is shown to involve an inhibitory pathway 

(Laflamme and Akay, 2018; Laflamme et al. 2022). Every muscle inside a single mouse 

was treated separately to provide the best delay for each case.  The average expected 

response was then compared to single paired stimulation of the selected delay. When the 

average expected response possesses a higher amplitude than the paired stimulation, it was 

categorized as an inhibition.  

5.3.15 Quantification and statistical analysis 

All data are reported as mean values ± s.e.m. Behavioural assays were repeated 

several times (3 to 10 times depending on the experiment) and averaged per animal. 

Statistical analysis was performed in GraphPad Prism (USA) or MatLab, using two-sided 

paired or unpaired Student’s t-tests, one-way ANOVA for neuromorphological evaluations 

with more than two groups, and one- or two-way repeated-measures ANOVA for 

functional assessments, when data were distributed normally. Post-hoc Tukey’s or 

Bonferroni’s test was applied when appropriate. The significance level was set as p < 0.05. 

The nonparametric Mann-Whitney or Wilcoxon signed-rank tests were used in 

comparisons of <5 mice. Statistics were performed over the mean of animals. For the 

analyses of step cycles, all cycles from all mice were used and statistical analysis was 

performed with a linear mixed-effects regression model with mouse ID as a random effect.  

5.4 RESULTS 

5.4.1 Deep dorsal horn inhibitory neurons exhibit preferred excitability and 

responsiveness to sensory input 

Integration of proprioceptive and cutaneous information is essential to normal 

locomotion and motor adaptation. To identify spinal regions that process convergent 

proprioceptive and cutaneous inputs, we first visualized the terminal endings of these 
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populations using PV2aCreER;AdvillinFlpO;RosaLSL-FSF-TdTomato;RosaLSL-SynGFP mice (Fig. 5.1, 

A-B).  We found that cutaneous inputs (green) are restricted to the superficial and deep 

dorsal horn (LI-IV), while proprioceptive inputs (yellow) span the deep dorsal and ventral 

horns (LIV-X). Of particular interest, convergent sensory input (green + yellow) was 

largely restricted to the medial deep dorsal horn (mDDH) (Fig. 5.1B). This finding suggests 

that the mDDH plays an important role in integrating convergent proprioceptive and 

cutaneous sensory inputs.  

Given that inhibitory and excitatory neurons are functionally divergent, we 

separately examined their c-Fos expression in the DDH, using vGATCre;TauLSL-LacZ mice. 

Quantification of c-Fos in inhibitory (c-Fos+/LacZ+) and excitatory (c-Fos+/LacZ-) neurons 

suggested that increased c-Fos expression following swim and walk is attributed to 

enhanced activity in inhibitory, but not excitatory neurons (Fig. 5.1, C-E). The preferred 

recruitment of inhibitory neurons suggests distinct roles for DDH excitatory and inhibitory 

neurons, with a prevalent role for inhibition in sensorimotor control. 

To further explore the functional properties of these two populations, we performed 

an electrophysiological characterization of randomly sampled excitatory and inhibitory 

neurons within the DDH using the vGluT2Cre;RosaLSL-TdTomato, and vGATCre;RosaLSL-TdTomato 

lines, respectively (Fig. 5.1F). Cell-attached recordings showed that significantly more 

inhibitory neurons exhibit spontaneous action potential (sAP) discharge than excitatory 

neurons (Fig. 5.1, G-H). Of the spontaneously active neurons, inhibitory neurons showed 

higher sAP frequency with a lower coefficient of variation (Fig. 5.1, I-J). These findings 

suggest that inhibitory neurons are more active than their excitatory counterparts and are a 

likely source of tonic inhibition. To further explore the intrinsic excitability of these two 

populations, we next examined their responsiveness to depolarizing current injection. 

Using previously established AP discharge phenotypes (Browne et al. 2020), we found that 

the majority of excitatory and inhibitory neurons within the DDH exhibit tonic firing (TF) 

AP discharge patterns (Fig. 5.1K). TF Ins could be further classified into 2 subcategories: 

TF-non-accommodating (TFNa) and TF accommodating (TFAc). TFNa was more frequently 

observed in inhibitory neurons whereas TFAc was more present in excitatory neurons. 

Inhibitory neurons showed a lower latency to the first AP (Fig. 5.1L) and an increased 
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number of Aps (Fig. 5.1M). Together, these data suggest inhibitory neurons possess more 

excitable intrinsic properties that promote spontaneous AP discharge and increased 

responsiveness to sensory input. 

In summary, this data demonstrates that inhibitory neurons exhibit more excitable 

properties compared to their excitatory counterparts, allowing for their preferential 

recruitment. This preferential recruitment of inhibitory neurons within the mDDH, along 

with the convergence of proprioceptive and cutaneous input to this region, suggests a 

particularly important role for inhibitory Ins within the mDDH in the processing of sensory 

information during locomotion. We, therefore, used genetic strategies to target inhibitory 

mDDH interneurons and study their role in motor performance.  

5.4.2 Parvalbumin-expressing inhibitory interneurons are confined to the medial deep 

dorsal horn   

The calcium-binding protein parvalbumin (PV) is a known marker of inhibitory Ins 

in the brain and spinal cord (Kim et al. 2016; Boyle et al. 2019; Nahar et al. 2021). Using 

the PVTdTomato mouse line, we identified a population of PV-Ins confined to the medial 

portion of the DDH (Fig. 5.2A), previously identified as the region receiving convergent 

sensory input. We named these Ins deep dorsal horn parvalbumin-expressing interneurons 

(dPVs) and found that they represent 18+5.45% of LIV-V. Given that PV-Ins within LIIi-

III of the spinal cord are a mixed excitatory/inhibitory population, we investigated the 

neurochemical phenotype of dPVs using excitatory and inhibitory markers (Figure 5.2B, 

Supplemental Fig. S5.1, A-D). We found that dPVs are largely inhibitory, with the majority 

being purely glycinergic (Supplemental Fig. S5.1, A-D). We also compared the dPV 

population to two previously characterized inhibitory DDH IN populations defined by the 

transcription factor Satb2 and the orphan nuclear hormone receptor RORβ. Colocalization 

analysis showed that dPVs show limited co-expression with Satb2 and RORβ 

(Supplemental Fig. S5.1, E-G) suggesting that dPVs represent a substantial population of 

uncharacterized inhibitory Ins confined to the mDDH. 

To determine whether dPVs are active during locomotion, we again examined c-

Fos expression following rest, swimming, and walking behavioural tasks. In line with our 

https://www.zotero.org/google-docs/?broken=pfPatR
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previous data showing enhanced activity in inhibitory neurons of the mDDH, we found a 

significant increase in c-Fos expression in dPVs following locomotor activity (Fig. 5.2C). 

Furthermore, dPVs electrophysiological characteristics were similar to those of inhibitory 

Ins within the same region (Fig. 5.2, D-E) Together, these data show that dPVs are recruited 

during locomotor activity, are a source of tonic inhibitory control, and are therefore likely 

to play an important role as modulators of locomotor output. Given the wide expression of 

PV throughout the brain, spinal cord, and dorsal root ganglia (DRG), we next sought to 

devise an experimental approach to specifically target and manipulate the activity of the 

dPV population. 

5.4.3 dPV ablation alters stride frequency 

To study the function of dPVs we devised an intersectional genetic approach. First, 

we found preferential recombination within the DDH when using the PVFlpO mouse line, 

avoiding the more dorsal PV-IN population. To restrict expression to the spinal cord, we 

then examined the co-expression of dPVs with known genetic lineages. As dPVs lie in the 

dorsoventral interface, we chose to focus on Islet1, and Lbx1 that give rise to dorsal 

lineages and Sim1, the genetic origin of the ventral V3 population (Gross et al. 2002; Lu 

et al. 2015). As dPVs are almost exclusively derived from the Lbx1-lineage (Supplemental 

Fig. S5.1, H-K), we generated a Lbx1Cre;PVFlpO intersectional approach to target dPVs 

throughout the rostrocaudal axis of the spinal cord (Fig. 5.2F), while avoiding 

recombination within the more superficial dorsal horn, ventral horn, and DRG. To 

specifically ablate the dPV population we utilized an intersection of PVFlpO;Lbx1Cre;TauLSL-

FSF-DTR with intrathecal  (I.T.) injection of Diphtheria toxin (DTx), prepared in a hyperbaric 

solution, shown to restrict DTx to the spinal cord (Albisetti et al. 2019). We therefore 

generated mice with ablated dPVs (dPVabl: PVFlpO;Lbx1Cre;TauLSL-FSF-DTR injected with 

DTx) and non-manipulated dPVs (dPVnorm: PVFlpO/Lbx1Cre;TauLSL-FSF-DTR injected with 

DTx) (Fig. 5.2, F-G). 

After developing an approach to specifically target dPVs, control (dPVnorm) and 

dPV ablated (dPVabl) mice were run on a treadmill at different speeds. A high-speed camera 

located underneath the transparent belt was used to record paw placement and calculate 

basic locomotion parameters. dPV ablation caused an increase in stride frequency, and a 

https://www.zotero.org/google-docs/?broken=dBU7tM
https://www.zotero.org/google-docs/?broken=dBU7tM
https://www.zotero.org/google-docs/?yOzNGc
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decrease in swing time, without major changes to stance (Fig. 5.2, I-J). To increase stride 

frequency, animals shorten their stance time with minimal changes to swing (Goslow Jr. et 

al. 1973; Halbertsma, 1983). We, therefore, hypothesize that dPVs primary role is to 

modulate step timing, with changes to swing time a secondary effect. In line with this 

hypothesis, we observed a change in the phase of the transition from stance to swing, with 

dPVabl mice transitioning later in the step cycle (Fig. 5.2K). We next sought to dissect dPVs 

circuit connectivity that underlies their role in the behaving animal.   

5.4.4 dPVs integrate proprioceptive and cutaneous inputs 

The location of dPVs in the mDDH and their role in locomotion suggest they 

integrate proprioceptive and cutaneous inputs, in particular from the paw. To assess the 

contribution of proprioception and cutaneous inputs to dPV sensory inputs, we utilized our 

genetic strategy to label both modalities. High-resolution imaging revealed that both 

proprioceptive and cutaneous terminals contact dPVs (Fig. 5.3A), with significantly more 

cutaneous input onto dPV dendrites (Fig. 5.3B).  To both validate inputs’ functionality and 

reveal possible polysynaptic connections, we next performed slice electrophysiology 

where dPVs activity was recorded in response to optogenetic stimulation of sensory 

afferents. We found that most monosynaptic input to dPVs originates from proprioceptors, 

Aß-RA, and Aß-field (Fig. 5.3, C-E). Additionally, we found that dPVs receive 

polysynaptic input from proprioceptors, Aß-, C-, and Aẟ- LTMR (Fig. 5.3, F-G). Taken 

together, dPVs input connections support the integration of proprioceptive and cutaneous 

inputs from the paw through direct and indirect pathways. We next teased out some of the 

dPVs output targets that support their role in sensorimotor processing.  

5.4.5 dPVs form a diffuse inhibitory circuit with spinal cord motor networks  

What are dPVs output targets that support their role in motor action? To address 

this question, we visualized dPVs axon terminals using the intersection 

PVFlpO;Lbx1Cre;RosaLSL-FSF-SynGFP. Our map shows a diffuse pattern of dPVs axon terminals 

through the deep dorsal and ventral horn laminas, suggesting output divergence (Fig. 

5.3H). We next used immunohistochemistry tools to dissect some of the dPVs’ targets. We 

found dPV contacts onto other dPVs, pre-motor neurons such as Renshaw cells and V0cs, 

as well as motor neurons (Fig. 5.3I). Next, we performed slice electrophysiology and 

https://www.zotero.org/google-docs/?broken=srV338
https://www.zotero.org/google-docs/?broken=srV338
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recorded potential postsynaptic targets while optically stimulating dPVs. Consistent with 

our histological findings, we found monosynaptic inhibitory inputs onto other dPVs, V0cs, 

MNs within the medial motor pool, MNs within the lateral motor pool, and putative foot 

MNs. While dPV-mediated inhibition was most frequent and strongest on other dPVs, the 

incidence and amplitude of dPV-mediated inhibition in other populations were relatively 

equal (Fig. 5.3, J-K). Taken together, our results show that dPVs integrate proprioceptive 

and cutaneous inputs and innervate MNs and pre-motor Ins in the deep and ventral horns. 

To directly test if dPVs form a sensorimotor circuit, we next performed electromyogram 

activity from flexor and extensor muscles in response to stimulation of sensory nerves.  

5.4.6 dPVs mediate cutaneous-evoked muscle inhibition  

To perform sensorimotor processing for locomotion, dPVs must relay sensory 

inputs to motor networks where their activity will affect motor response. We thus 

proceeded by studying the role of dPVs in muscle response evoked by the activation of 

paw cutaneous inputs. dPVsabl and dPVsnorm were implanted with nerve cuffs on 2 

cutaneous nerves: the right sural and left saphenous nerves, innervating the ventral and 

dorsal paw. Electromyogram (EMG) electrodes were implanted in the right and left 

semitendinosus (St, knee flexor), right vastus lateralis (VL, knee extensor), right and left 

gastrocnemius (Gs, ankle extensor), and left tibialis anterior (ankle flexor). Following the 

stimulation of each nerve, activity was recorded in both ipsi and contralateral muscle (Fig. 

5.4, A-B). We found that ablation of dPVs decreased response latency of the muscle activity 

(Fig. 5.4B); this was evident in both flexors and extensors, mostly in ipsilateral muscles, 

but also in contralateral muscles (Fig. 5.4, C-D).  

These faster responses in dPVsabl could suggest a loss of inhibition following dPVs 

ablation. To directly test this, we designed a 2-nerve assay paradigm (Fig. 5.5, A-top) in 

which local cutaneous inputs will suppress a motor response if inhibitory pathways are 

present. Nerve cuffs and EMG electrodes were implanted as described above. We started 

by stimulating a single nerve and calculated the average expected response (black trace, 

Fig. 5.5B). Next, both nerves were stimulated at varying delays (see Supplemental Fig. 

S5.2 and methods for further explanation) and the summed response (yellow trace, Fig. 

5.5B) was compared to the expected response. If the response to the 2-nerve stimulation 
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was lower than the expected response, we concluded that the trial includes an inhibition 

component. Figure 5.5B shows an example of this process, where inhibition was detected 

in dPVnorm but not in dPVabl. The experimental setup allowed us to explore the participation 

of dPVs in both local inhibition (when the second nerve stimulated is ipsilateral to the 

recorded muscle) and contralateral inhibition (when the second nerve stimulated is 

contralateral to the recorded muscle). Quantifying percent inhibition (the percentage of 

trials in which inhibition was detected), revealed that ablation of dPVs resulted in the loss 

of ipsilateral inhibition from the saphenous nerve to the knee flexor St, and from the sural 

nerve to the ankle extensor Gs (Fig. 5.5C). Additionally, dPVsabl showed a loss of 

contralateral inhibition from the sural nerve to the ankle flexor TA (Fig. 5.5D) 

Together, these data suggest that dPVs mediate cutaneous-evoked inhibition of 

motor circuits to delay muscle response. Following the ablation of dPVs, this cutaneous 

evoked inhibition is lost, and muscle response is faster. The source of inhibition is shown 

to be primarily ipsilateral. Further, loss of ipsilateral inhibition could underlie the change 

in ipsilateral coupling interlimb coordination following dPV ablation. We find that ablation 

of dPVs results in decreased inhibition of both flexor and extensor muscles. 

5.5 DISCUSSION 

In this paper, we characterize the role of the DDH in the multimodal integration of 

proprioceptive and cutaneous inputs for locomotion. We identify the medial deep dorsal 

horn as the epicenter of sensory convergence and highlight inhibitory Ins within this region 

as key players in sensorimotor processing. We find a new population of inhibitory 

interneurons, dPVs, that receive convergent sensory input and are a source of divergent 

inhibitory control over premotor and motor circuits. Abolition of dPVs revealed that dPVs 

modulate locomotion suggesting that dPVs are involved in dynamic sensorimotor 

interaction. Indeed, by characterizing their connectivity we find that dPVs integrate 

proprioceptive and cutaneous input to inhibit DDH and ventral horn neurons, including 

pre-motor and motor neurons. Lastly, we directly demonstrate a loss of sensory-evoked 

muscle inhibition following the ablation of dPVs.  



 146 

5.5.1 Convergence of proprioceptive and cutaneous input by deep dorsal horn 

interneurons for the modulation of locomotion   

With the growing development of molecular and genetic tools, studies are rushing 

to tease out the distinct functions of neuronal subsets. However, it is important to recognize, 

as shown by a recent study (Gatto et al. 2021), that the dorsal horn of the spinal cord 

displays a laminar organization, where molecularly heterogeneous Ins show overlapping 

roles. In a similar fashion, the DDH, suggested to integrate proprioceptive and cutaneous 

inputs (Orlovskiĭ and Fel’dman, 1972; Brown and Fyffe, 1981; Edgley and Jankowska, 

1987; Hongo et al. 1989; Moschovakis et al. 1992; Abraira et al. 2017) and shown to harbor 

premotor Ins (Moschovakis et al. 1992; Levine et al. 2014), is thought to play a significant 

role in sensorimotor processing. Here we use new genetic tools and show that indeed, the 

medial portion of laminas 4-5 of the DDH integrates multimodal proprioceptive and 

cutaneous inputs. We focus our attention on dPV interneurons, representing a large portion 

of laminas 4-5, and by functionally characterizing their input-output connectivity, we 

provide evidence for the role of the DDH interneuron in sensorimotor processes. Further, 

although their existence has been assumed from studies demonstrating a role for cutaneous 

input in the modulation of motor output, dPVs are genetically identified inhibitory Ins 

shown to form a spinal cord cutaneous-motor circuit.  

This paper and others, identify Ins that integrate multimodal sensory input (Hilde 

et al. 2016; Koch et al. 2017; Bui et al. 2013). Why is it beneficial that such convergence 

occurs on Ins as opposed to the output neurons, in this case, the motor neuron? We propose 

two reasons why such “early” convergence is beneficial for motor performance. First, it 

reduces the amount of processing required to be performed by motor neurons. As the last-

order neuron in the motor pathway, motor neurons must consider multiple information. 

Early processing can thus reduce the load on motor neurons. Second, locomotion requires 

the coordination of muscles across all limb joints, and between all limbs. Thus, incoming 

sensory input must modulate the activity of several muscles in parallel. Sensory input 

convergence on Ins as opposed to motor neurons offers the opportunity for output 

convergence to multiple motor and pre-motor neurons that can modulate the activity of 

several muscles in parallel.  

https://www.zotero.org/google-docs/?broken=tuAMER
https://www.zotero.org/google-docs/?broken=PQQdaD
https://www.zotero.org/google-docs/?broken=PQQdaD
https://www.zotero.org/google-docs/?broken=eWJYV8
https://www.zotero.org/google-docs/?broken=O6GcXW
https://www.zotero.org/google-docs/?broken=O6GcXW
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5.5.2 Dynamic modulation of locomotion by sensory inputs  

In this study, we identify the DDH parvalbumin-expressing Ins (dPVs) that 

functionally integrate direct multimodal sensory inputs from proprioceptors and Aß-

LTMRs as well as indirect input from Aẟ-LTMR, and C-LTMRs. Detailed analysis of 

high-speed videos of treadmill walking revealed changes to locomotion that were more 

pronounced at high speeds. At high speeds, swing duration was shorter, and stride 

frequency increased. Under normal conditions, mice increase their walking speed by 

decreasing stance duration, with minimal change to swing duration. However, this phase 

dependency is consistent with other studies showing different roles of sensory inputs 

during the different phases of locomotion. For example, similar to our results, Bouyer and 

Rossignol showed that removal of hindpaw cutaneous afferents in otherwise intact 

results in faster swing, but no change in stance duration (Bouyer and Rossignol, 1998). 

Experiments, where cutaneous or proprioceptive reflexes were entrained during 

locomotion, showed interesting results suggesting dynamic modulation of reflex 

response depending on the locomotion phase. For example, electrical or mechanical 

stimulation of the dorsum of the foot during the swing phase produces a similar pattern 

of muscle activation involving activation of knee flexors, as well as ankle and hip extensors 

to move the leg away from and over the obstacle (Forssberg et al. 1975; 1977; Forssberg, 

1979; Schillings et al. 1996; Mayer and Akay, 2021). On the other hand, stimulation during 

stance does not recruit flexors but instead results in a short latency amplitude increase of 

already active ankle and knee extensor muscles (Forssberg et al. 1975).  dPVs dynamic 

role in the modulation of locomotion is consistent with previous literature on the role of 

sensory afferents in locomotion. While further experiments are needed to better 

understand the mechanisms for this dynamic modulation, our results show that dPVs 

firing rate has a wide dynamic range in response to current injections, suggesting that 

their activity can be up and down-regulated as necessary. 

5.5.3 The role of inhibition in the spinal cord 

We found that inhibitory INs located in the medial DDH are preferentially recruited 

during weight-bearing locomotion, requiring the integration of cutaneous and 

https://www.zotero.org/google-docs/?9oKm8q
https://www.zotero.org/google-docs/?qTbyIR
https://www.zotero.org/google-docs/?qTbyIR
https://www.zotero.org/google-docs/?pXXtar
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proprioceptive inputs. The role of inhibition has been extensively studied, in both the brain 

and spinal cord. Studies show that experimentally disrupting excitation-inhibition balance 

leads to aberrant neural states (Dudek and Sutula, 2007). Further, it was demonstrated in 

various brain sensory systems, that a change in the excitatory drive leads to a concomitant 

change in the inhibitory drive to maintain the balance (Anderson et al. 2000; Poo and 

Isaacson, 2009; Wehr and Zador, 2003; Wilent and Contreras, 2005; Li et al. 2003). 

Evidence for this balance was also demonstrated in the spinal cord. In turtles, recordings 

from motor neurons during scratching revealed that changes in neuronal conductance were 

accompanied by a simultaneous increase in rhythmic inhibition and excitation (Berg et al. 

2007; Petersen et al. 2014). This simultaneous inhibition and excitation has been termed 

“push-pull”, and is thought to be a mechanism for gain control, i.e. to induce a divisive 

change in the input-output relationship of neurons (Johnson et al. 2012). This was 

demonstrated in ankle extensor motor neurons of the feline where inhibitory and excitatory 

inputs from flexor and extensor Ia proprioceptive afferents, respectively, behaved in a 

push-pull manner and provided tonic inhibition and excitation to motor neurons. As a result 

of this background “noise”, response gain to phasic sensory input from the same afferents 

was increased. Here we identify dPVs that relay cutaneous information to motor neurons. 

While dPVs show phasic responses to proprioceptive and cutaneous input, they are also 

tonically active. Additionally, we show that excitatory INs in the DDH similarly integrate 

cutaneous and proprioceptive input and are mostly tonically active. Thus, dPVs might act 

in tandem with an excitatory component that receives the same inputs and excite the same 

motor neurons to maintain their inhibition-excitation balance in order to “sharpen” motor 

neuron response to the sensory input. Additionally, decreasing the dPVs firing frequency 

by modulation of CPGs or neuromodulators can be used to decrease the motor neuron gain 

so it is less sensitive to incoming sensory input, which can explain dPVs dynamic role.  

https://www.zotero.org/google-docs/?6oX16L
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5.6 FIGURES 
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Figure 5.1. The medial deep dorsal horn, a region for convergence proprioceptive and 

cutaneous input, is active during locomotion and exhibits excitable 

electrophysiological profiles. A) Left- intersectional genetic approach to label cutaneous 

and proprioceptive input in the mouse. Right- PV2aCreER;AdvillinFlpO;RosaLSL-FSF-

Tomato/RosaFSF-SynGFP mice have proprioceptor fibers (PV+Advillin+) labelled in red and all 

sensory terminals (Advillin+) in green. In the spinal cord, proprioceptor terminals are 

identified by both green and red fluorescence (yellow), while cutaneous terminals are 

identified by green fluorescence alone. B) Representative transverse section of limb level 

lumbar spinal cord from the genetic intersection in A, showing the convergence of 

cutaneous and proprioceptive input in the medial part of laminas IV-V. scale bar: 200 C-

E) Mice performed one of 3 tasks: rest (A), swimming (B), or walking (C), and their tissue 

was processed for c-Fos (green), vGAT (red), and NeuN (blue) immunostaining. C,D-left, 

E-left) Representative 20x confocal images, zoomed-in on LIV-VMedial, show c-Fos 

expressing inhibitory (c-Fos+vGAT+NeuN+, yellow arrowheads) and excitatory (c-

Fos+vGAT-NeuN+, yellow arrows) neurons in the rest (A), swim (B-left), and walk (C-

left) conditions. scale bars: 40 µm. D-right, E-right) Percentage c-Fos expressing neurons 

that are inhibitory (I) and excitatory (E) in the swim (left) and walk (right) conditions. F) 

Schematic of conditions for electrophysiological comparison of inhibitory and excitatory 

neurons. G) Cell-attached voltage-clamp recording showing spontaneous AP discharge in 

inhibitory (pink) and excitatory (black) neurons. H) Inhibitory neurons exhibited higher 

sAP incidence. I) higher sAP frequency. J) and lower sAP coefficient of variation. K) 

Representative responses of inhibitory (pink, top) and excitatory (black, bottom) to 

depolarizing current injection. L) Inhibitory interneurons exhibited lower latency to 1st AP. 

M) and fired more APs in response to the current injection. 2-way ANOVA, ****p < 

0.0001.  Graphs show average +S.E.M. Statistical analysis was done using Mann Witney 

test or two-way ANOVA (N), with *p<0.05, **p<0.005, ****p < 0.0005 and ****p < 

0.0001.  
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Figure 5.2. dPVs are active during locomotion. A) Transverse lumbar section of 

PVTdTomato BAC transgenic shows the presence of PV expressing interneurons in the deep 

dorsal horn (dPVs, in yellow circle). Scale bar: 100 µm.  B) dPVs are inhibitory neurons. 

Left- representative images demonstrating colocalization of dPVs (PV+, red) with the 

inhibitory marker vGAT (green, top image) and the excitatory marker vGluT2+ (green, 

bottom image). Scale bar: 40 µm. C) Left, top- schematic of c-Fos experiment used to 

quantify c-Fos expressing dPVs in different tasks. Left, bottom- 20x confocal images 

zoomed-in on LIV-VMedial show dPVs (red) and c-Fos (green) in the rest (left), swim 

(middle) walk (right) conditions. Scale bar: 40 µm. Right- Quantification of c-Fos 

expressing dPVs in swim and walk. C-Fos is shown as a percentage of rest. D) Cell-

attached voltage-clamp recording showing dPVs (82%) exhibit spontaneous AP discharge. 

E) Representative traces of dPV response to depolarizing current injection. F) Strategy for 

dPVs ablation. PVFlpO;Lbx1Cre;TauLSL-FSF-DTR and PVFlpO;TauLSL-FSF-DTR were injected with 

50 ng Diphtheria toxin (DTx), delivered intrathecally (I.T.) into the L5-L6 intervertebral 

space to generate animals with ablated dPVs (dPVabl) and non-ablated dPVs (dPVnorm). G) 

Transverse section demonstrating PV neurons in L4 spinal cord of dPVnorm (left) and dPVabl 

(right). Scale bar: 100 µm. H) Quantification of dPVs (normalized to superficial PVs) in 

dPVabl and dPVnorm throughout the cervical, thoracic and lumbar segments. dPVabl shows 

a decrease in lumbar dPVs. I-K) Comparison of step cycle parameters of dPVnorm and 

dPVabl, calculated from the data extracted by DigiGaitTM. I) Example stepping of the lateral 

hindlimb at 60 cm/s shows a shorter swing and increased step frequency in dPVabl. J) Swing 

duration (left), stance duration (middle) and step frequency (right) of the hindlimbs vs 

speed (30-80 cm/s). K) Stance-to-swing transition phase vs speed (30-80 cm/s, data from 

right hindlimb). Graphs show average +S.E.M. Statistical analysis was done using paired 

t-test (F,G), with *p<0.05, **p<0.005, ****p < 0.0005 and ****p < 0.0001. Blue and red 

denote dPVnorm and dPVabl, respectively. Statistical analysis of step cycle (J-K) parameters 

was performed with a linear mixed-effects regression model with mouse ID as a random 

effect, with *p < 0.05 and **p < 0.005.  

 

 



 153 

 

 



 154 

Figure 5.3. dPVs process convergent proprioceptive and cutaneous sensory inputs. A) 

40x confocal image demonstrates a single dPV neuron surrounded and in contact with 

cutaneous (green) and proprioceptive (yellow) puncta. Scale bar: 10µm. i,ii) cutaneous (i) 

and proprioceptive (ii) puncta that are in contact with dPV soma and dendrite are shown to 

be in apposition to the postsynaptic marker Homer1 (yellow arrows). Scale bars: 2µm. B) 

Quantification of cutaneous (green) and proprioceptive (yellow) input as a percentage of 

the total sensory input to dPVs. Cutaneous input shows higher innervation of dPVs. Mann-

Whitney test, **p < 0.005. C) Representative traces from dPVs showing 10 consecutive 

sweeps with average oEPSC overlaid of oEPSCs following activation of proprioceptive 

afferents, Aβ-Field LTMRs, Aβ-RA LTMRs, Aδ-LTMRs, and C-LTMRs. D) Grouped 

data of monosynaptic oEPSC incidence. E) Grouped data of monosynaptic oEPSC 

amplitude. F) Grouped data showing polysynaptic oEPSC amplitude. G) Representative 

trace from dPV showing 10 consecutive sweeps with average overlaid of oEPSCs 

following activation of CCK+INs. H) Left- representative image from limb level lumbar 

cord from the intersection PVFlpO;Lbx1Cre;RosaLSL-FSF-SynGFP showing dPVs axon terminals 

in pseudo-red. Scale bar: 200 µm. Right- density map showing the distribution of dPVs 

axon terminals throughout the dorso-ventral axis of the lumbar spinal cord. I) 40x confocal 

images demonstrating direct contact between dPVs terminals (SynGFP, red) and deep 

dorsal horn and ventral horn interneurons (blue). dPVs are shown to contact other dPVs, 

Renshaw cells (top right), V0c interneurons (bottom left), and motor neurons (bottom 

right). Scale bar: 10 µm. i,ii,iii,iv,v) dPVs’ terminals are shown to be in apposition to the 

inhibitory postsynaptic marker Gephyrin (white, yellow arrows). Scale bar: 2 µm J) 

Grouped data of monosynaptic oEPSC incidence. K) Grouped data of monosynaptic 

oEPSC amplitude. Graphs show average +S.E.M.  
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Figure 5.4. dPVs mediate cutaneous-evoked muscle activation. A) Diagram depicting 

the single nerve stimulation assay designed to reveal the contribution of dPVs to motor 

activity evoked by stimulation of ipsilateral cutaneous nerves. Nerve cuffs were implanted 

on the right sural nerve and left saphenous nerve. EMG electrodes were implanted into the 

right and left semitendinosus (St, knee flexor), right vastus lateralis (VL, knee extensor), 

left tibialis anterior (TA, ankle flexor), and right and left gastrocnemius (Gs, ankle 

extensor). EMG responses were recorded from ipsilateral hindlimb flexors and extensors 

following stimulation of cutaneous nerves (saphenous/sural nerve). B) Example St EMG 

responses to stimulation of the right saphenous nerve at 5 times threshold (see methods) in 

dPVnorm (top) and dPVabl (bottom), during the experiment described in D. C) Response 

latency of ipsilateral hindlimb muscles to stimulation of the saphenous (left) or sural (right) 

nerves during the experiment depicted in A. dPVabl show decreased response latency in St 

and TA in response to stimulation of the ipsilateral saphenous nerve and in Gs in response 

to stimulation of the ipsilateral sural nerve. D) Response latency of contralateral hindlimb 

muscles to stimulation of the saphenous (left) or sural (right) nerves during the experiment 

depicted in A. dPVabl showed decreased response latency in Gs muscle contralateral to the 

saphenous nerve. Statistical analysis was done Mann-Whitney test or Student’s test as 

appropriate, with *p<0.05 and, **p<0.005. 
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Figure 5.5. dPVs mediate cutaneous-evoked muscle inhibition. A) Top- diagram of 

paired nerves assay applied to reveal if dPVs mediate sensory-evoked ipsilateral inhibition. 

Bottom- experiment timeline. Nerve cuffs and EMG electrodes were placed as in A. 

Stimulation of the contralateral cutaneous nerve (saphenous/ sural) alone (black lightning) 

was used to calculate the expected response in the absence of sensory-evoked ipsilateral 

inhibition. Following, both nerves were stimulated (yellow lightning), with variable delays, 

and compared to the expected response to reveal ipsilateral inhibition. B) Top- expected 

Gs EMG response to stimulation of a single cutaneous nerve in dPVabl (left) and 

dPVnorm  (right), averaged over 20 responses. Bottom- expected responses (black) 

superimposed on single trial responses to stimulation of both cutaneous nerves (yellow). 

Left- response to stimulation of both nerves (15 ms delay), shows a “dip” that is absent in 

the expected response, indicating ipsilateral inhibition. Right- no “dip” is seen (0 ms 

delay), suggesting a loss of inhibition. For each mouse and each muscle, the delay in which 

responses were best aligned was chosen for further analysis. C) Percent inhibition (the 

percentage of trials where inhibition was detected) in hindlimb muscles, mediated by 

ipsilateral saphenous (left) and ipsilateral sural (right) nerves, calculated from the results 

of the experiment depicted in A. dPVabl show a decrease in percent inhibition in St in 

response to stimulation of the ipsilateral saphenous nerve, and in Gs in response to the 

ipsilateral sural nerve. D) Percent inhibition (the percentage of trials where inhibition was 

detected) in hindlimb muscles, mediated by contralateral saphenous (left) and contralateral 

sural (right) nerves, quantified from results of the experiment in A. dPVabl showed a 

decrease in percent inhibition in TA muscle contralateral to the sural nerve. Graphs show 

average +S.E.M. Blue and red denote dPVnorm and dPVabl, respectively. Statistical analysis 

was done Mann-Whitney test or Student’s test as appropriate, with *p<0.05 and, 

**p<0.005.  
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5.7 SUPPLEMENTAL FIGURES 
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Supplemental Figure S5.1. Lbx1-derived glycinergic dPVs represent an 

uncharacterized population with excitable intrinsic properties.  A-C) Representative 

images demonstrating colocalization of dPVs (red) with interneurons identified by their 

neurotransmitter expression (green). Colocalization is shown with A) GAD65 

(PVFlpO;R26FSF-GFP;GAD2mcherry), B) GAD67 (GAD67GFP;PVTdTomato) and C) GlyT2 

(GlyT2GFP, stained with Guinea-pig-PV). Scale bar: 40 µm. D) Quantification of percent 

dPVs expressing GAD65, GAD67, or GlyT2, shows that dPVs are predominantly 

glycinergic. Analysis was performed using 12 images from 4 PVFlpO;RosaFSF-

GFP;GAD2mcherry mice; 7 images from 3 GAD67GFP;PVTdTomato mice; and 11 images from 3 

GlyT2GFP mice E-F) Representative images demonstrating colocalization of dPVs (red) 

with characterized inhibitory interneurons of the deep dorsal horn (green). Colocalization 

is shown with E) RoRβ (RorbFlpO;RosaLSL-Tomato, stained with Guinea-pig-PV), and F) Satb2 

(Satb2Cre;TauLSL-LacZ;PVTdTomato). Scale bar: 100 µm. G) Quantification of percent dPVs 

expressing SatB2 or RoRβ, shows that dPVs are mostly uncharacterized. Analysis was 

performed using 6 images from 2 RorbFlpO;R26LSL-Tomato mice; and 12 images from 2 

Satb2CreER;R26LSL-TdTomato (stained with Guinea-pig-PV) mice. H-K) Representative images 

demonstrating colocalization of dPVs (red) with genetic lineages identified by transcription 

factor expression (green). Colocalization is shown with H) islet1 (islet1Cre;TauLSL-

LacZ;PVTdTomato), I) Sim1 (sim1Cre;TauLSL-LacZ;PVTdTomato), and J) Lbx1 (Lbx1Cre;TauLSL-

LacZ;PVTdTomato). Scale bar: 100 µm. K) Quantification of percent dPVs expressing islet1, 

Sim1, or Lbx1 shows that dPVs originate from the Lbx1 lineage. Analysis was performed 

using 15 images from 2 islet1Cre;TauLSL-LacZ;PVTdTomatomice; 9 images from 3 

sim1Cre;TauLSL-LacZ;PVTdTomato mice; and 9 images from 3 Lbx1Cre;TauLSL-LacZ;PVTdTomato 

mice.  
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Supplemental Figure S5.2. Use of variable delays in the paired nerves assay. Examples 

of EMG responses were recorded in the right gastrocnemius (Gs) muscle. Left and right 

columns show responses in control (PVFlpO;TauLSL-FSF-DTR), and experimental 

(PVFlpO;Lbx1Cre;TauLSL-FSF-DTR) animals, respectively. The top row shows the “expected 

response” in the Gs muscle to stimulation of the left saphenous nerve (black), averaged 

over 20 trials. Rows 2-5 show responses (yellow) to paired stimulation of the left saphenous 

and right sural nerves with a delay of 0, 5, 10, 15, and 20 ms respectively. Different delays 

are applied to account for differences in response latencies within muscles and animals. 

Responses to the paired stimulation are overlaid on the expected response, aligned to the 

onset of stimulus artifact or its expected time. For each animal, and each muscle a single 

delay is chosen for quantification of percent inhibition (Fig. 5.5B, Supplemental Fig. 

S5.2D). The delay on which the peak of the expected response occurs 10-20 ms following 

the stimulation of the second nerve is chosen for analysis of percent inhibition (in this 

example, 15 ms for dPVnorm, and 0 ms for dPVabl). 
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Chapter 6: Conclusions 

6.1 SUMMARY OF RESULTS 

This thesis aimed to provide insights into the spinal circuitry that controls crossed 

reflexes in awake mice in vivo at rest and during locomotion. In general, crossed reflex 

responses were elicited through activation of different afferent types, achieved by electrical 

stimulation of different peripheral nerves (chapters 2 and 3). We combined these crossed 

reflex experiments with the well-established genetic mouse models in which defined 

classes of interneurons were either silenced or killed by genetic engineering, to investigate 

the spinal circuitry involved in crossed reflexes (chapters 4 and 5).  

In chapter 2, I investigated crossed reflex responses elicited by the stimulation of 

the contralateral tibial and sural nerves. My results show that the stimulation of the tibial 

and sural nerves induced crossed reflex responses in all recorded muscles, indicating an 

excitatory crossed reflex action. I also uncovered the presence of a short-latency crossed 

inhibitory pathway in all muscles using a conditioning paired stimulation paradigm. 

Finally, I demonstrated that the crossed inhibitory response was downregulated selectively 

in the knee extensor (VL) and ankle flexor (TA) when the muscle was active before the 

stimulation during locomotion. This investigation provided the first detailed description of 

a muscle activity pattern during crossed reflex responses in adult awake mice at rest or in 

locomotion. 

In chapter 3, I aimed to understand the impact that different sensory afferent inputs 

could have on the modulation of crossed reflexes. To do this, I recorded crossed reflex 

responses in muscles elicited by the stimulation of the common peroneal nerve, which 

carries proprioceptive afferent fibers mainly from flexor muscles and cutaneous afferent 

fibers innervating mostly the anterior aspect of the leg. The muscle activation pattern was 

then compared with those elicited by the stimulation of the tibial nerve, mainly carrying 

proprioceptive afferent fibers from extensor muscles and cutaneous afferent fibers 

innervating mostly the posterior aspect of the leg. My results suggested that both nerves 

offered similar contralateral responses, with mainly two qualitative differences. First, the 
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common peroneal nerve elicited a long-latency crossed motor response that was absent 

when the tibial or sural nerve was stimulated. Second, when the animal was locomoting 

and the common peroneal nerve was stimulated, the modulation of the inhibitory crossed 

reflex was also observed in the ankle extensor (Gs), in addition to the VL and TA. This 

project extended the observations presented in Chapter 2 by showing that the differences 

in muscle activation patterns elicited by nerves carrying proprioceptive afferent fibers from 

antagonist muscles or different skin regions are present but subtle.  

In chapter 4, I investigated the involvement of the V0 and V3 commissural 

interneurons in the transmission of sensory input to the contralateral side. To do this, I used 

genetically engineered mice with manipulated (killed or silenced) V0 and V3 commissural 

interneurons, respectively. My data suggests that V0 interneurons are not involved in 

crossed reflexes at rest. In mice without V0 CINs, both excitatory and inhibitory pathways 

are present and modulated during locomotion, similar to what was found in wild-type mice 

following tibial nerve stimulation. Interestingly, following sural nerve stimulation during 

locomotion, even though the inhibitory crossed reflex is still present, its modulation is 

absent. On the other hand, crossed inhibitory responses were mostly absent in V3 silenced 

mice. This research suggests that while the V3 commissural interneurons are part of the 

crossed reflex pathways, the V0 commissural interneurons are not. 

Finally, in chapter 5, in collaboration with the laboratory of Dr. Victoria Abraira at 

Rutgers University, I investigated the role of a newly identified interneuron population 

located in the deep dorsal horn that expresses the calcium-binding protein parvalbumin 

(dPVs). To test whether dPVs are involved in crossed inhibitory pathways, I used the 

conditioning-test paradigm on a mouse line in which the dPVs were genetically silenced 

(dPVabl). In dPVabl mice, the occurrence of crossed inhibitory reflex was mostly similar to 

control except for the TA after stimulation of the sural nerve, suggesting that dPVs 

interneurons are mostly not involved in crossed inhibitory reflex pathways. However, 

complementary sets of experiments provided evidence of their involvement in local 

inhibitory reflex pathways. 
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6.2 EXCITATORY CROSSED REFLEX 

This thesis aimed to uncover the spinal circuitry underlying crossed reflex. My 

results show that crossed reflex in mice involves a short-latency inhibitory pathway and an 

excitatory pathway. In the ventral spinal cord, only three cardinal populations of 

interneurons have been discovered to project their axons to the contralateral side, namely 

the dI6, V0, and V3 populations (Lanuza et al. 2004; Zhang et al. 2008; Andersson et al. 

2012). From these, only the V0 and V3 interneurons have been shown to be excitatory. As 

dI6 interneurons constitute a mostly inhibitory population, I hypothesize that either V0 or 

V3 interneurons would be involved in the excitatory pathways. However, experiments 

carried out on mice lines with selective removal of V0 or V3 interneurons did not cause 

significant changes in the overall muscle activity, suggesting that V0 and V3 commissural 

interneurons have a minor role, if any, in the excitatory crossed reflex responses. The lack 

of clear results could have three explanations:  

First, our technique limitations prevented us from quantifying the changes in the 

excitatory pathway. The electrode used for EMG recording consists of a bipolar electrode 

that is inserted as a pair into the small muscle of the mouse (Pearson et al. 2005). The 

electrode is custom-made before each experiment and consists of two components: a nerve 

stimulation cuff and the EMG recording electrode. The quality of the recorded EMG is 

affected by small, unavoidable differences in the fabrication of the electrode and surgical 

implantation as well as the quality of the post-surgical recovery of the animal. Therefore, 

a comparison of the raw muscle amplitude between animals to quantify the excitatory 

pathway should be avoided as too many external factors can influence it. Considering this, 

it is still interesting to note that the overall EMG activity measured using the area under 

the curve of the rectified response in V3off mice was in general smaller compared to WT or 

V0kill mice. However, comparing the ratio of motor recruitment activity between 1.2xT and 

5xT stimulation strength for each animal demonstrated that no difference was found 

between WT, V0kill, and V3off mice. This could suggest that the overall excitatory pathway 

is reduced in V3off mice without affecting motor recruitment activity. Further experiments 

will be needed to determine the role of V3 interneurons in the excitatory pathway. 
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Nevertheless, the limitations of the technique severely impaired our ability to quantify the 

excitatory pathway. 

Another possibility might come from the compensatory modulation of the spinal 

circuitry following the suppression of either the V0 or V3 subpopulations. As seen with 

V1 and V2b interneurons, flexor-extensor muscle alternation is preserved when only one 

neuronal population is removed (Wang et al. 2008; Zhang et al. 2014; Britz et al. 2015). 

Removal of both interneuronal populations is necessary to disturb the flexor and extensor 

alternation (Zhang et al. 2014). Therefore, V0 and V3 interneurons may be modulated in a 

similar fashion when it comes to the transmission of sensory afferents. The removal of 

either interneuronal population does not significantly alter the excitation pathway in 

crossed reflex as the remaining population compensates for the missing one.  

Finally, it is also possible that the excitatory pathway does not go through V0 or 

V3 interneurons. In this case, the excitatory pathway would most likely involve other 

contralaterally projecting excitatory interneurons. As the only other ventral commissural 

interneurons (dI6) are mainly inhibitory (Andersson et al. 2012), it is unlikely that ventral 

commissural interneurons would be involved in the excitatory pathway. In the dorsal horn, 

excitatory contralateral projecting interneurons could include dI1 and dI2 interneurons, 

which are involved in proprioception and smooth movement (Wilson et al. 2008; 

Mieseagaes et al. 2009; Avraham et al. 2009; 2010; Sakai et al. 2012; Goetz et al. 2015; 

Yuengert et al. 2015). More experiments would be needed before concluding on the role 

of these interneurons in crossed reflexes. 

6.3 INHIBITORY CROSSED REFLEX 

Several observations provided evidence for a crossed inhibitory pathway in wild-

type mice. First, stimulation of the tibial nerve initiated muscle activity at a longer latency 

with simultaneous activation of all muscles at ~20 ms after stimulation onset when current 

strength was increased, suggesting the existence of an inhibitory crossed reflex pathway 

opening at higher current strength. This was later confirmed using a conditioning-paired 

stimulation paradigm in which the local reflex was suppressed by the crossed reflex. This 

crossed inhibitory pathway was also found to be disrupted in V3off mice but remained intact 
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in V0kill mice. These results suggest that while the V3 interneurons are a necessary part of 

the inhibitory crossed reflex pathway, the V0 interneurons are not. 

During locomotion, V0 commissural interneurons are involved in the alternating 

stepping between both legs (Lanuza et al. 2004; Talpalar et al. 2013). In contrast, V3 

commissural interneurons’ role during locomotion remains more elusive. V3 interneurons 

are implicated in the balance and rhythmicity between both legs but are not necessary for 

the left-right alternation (Zhang et al. 2008). Furthermore, these mice displayed higher 

step-to-step variability in the left-right leg coordination (Zhang et al. 2022). Overall, these 

results suggest that V3 interneurons are important for left-right coordination by securing a 

balanced movement between distinct limbs. Similarly, sensory afferents’ role during 

locomotion has long been associated with the modulation of the CPG to provide a robust 

locomotor pattern (Rossignol et al. 2006; Akay et al. 2014; Santuz et al. 2019; Mayer and 

Akay, 2021). Therefore, I propose that the role of V0 interneurons during locomotion is 

mainly to carry the information from the CPG that controls left-right alternation. In 

contrast, the V3 interneurons’ main role is to carry sensory afferent information to 

coordinate smooth movement across different limbs (Fig. 4.7). 

6.4 COMPARISON TO PREVIOUS CROSSED REFLEX MODEL 

V0 and V3 interneurons form two functionally distinct populations regarding their 

role in crossed reflexes. These results are similar to those obtained in cats on the role of 

various commissural interneurons. For instance, in cat experiments, commissural 

interneurons involved in proprioceptive crossed reflexes that target contralateral 

motoneurons fall into two main subpopulations, those with monosynaptic input from 

reticulospinal neurons, vestibulospinal neurons, and group I afferents, and those with 

monosynaptic input from group II muscle afferents (Jankowska et al. 2005a, 2005b). 

Commissural interneurons monosynaptically excited by reticulospinal neurons are also 

rhythmically activated when stimulation is applied to the MLR (Matsuyama et al. 2004a; 

2004b), suggesting that they are also incorporated into the locomotor network. On the other 

hand, the population with monosynaptic input from group II muscle afferents is important 

to determine the different patterns in crossed reflex (Jankowska et al. 2005b) and is 
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modulated by supraspinal input (Arya et al. 1991). Furthermore, their axonal projection 

indicates that they seem to target the same population of premotor interneurons that 

mediate the actions of ipsilateral group Ia, Ib, and II muscle afferents on motoneurons 

(Jankowska, 2010). 

The effect of supraspinal input on V0 and V3 commissural interneurons remains 

unknown. It is therefore challenging to associate V0 and V3 populations to CINs 

discovered in cats. The results from this thesis suggest that V3 interneurons present more 

similarities with the commissural interneuron population that receives input from group II 

afferents. Although the impact of supraspinal input on V3 interneurons remains unknown, 

it was recently demonstrated that the activity of V3 interneurons is modulated following 

spinal cord injury (Lin et al. 2019). Spinal cord injury often leads to uncontrolled spastic 

activity in muscles innervated by motoneurons below the injury, including prolonged 

muscle spasms triggered by brief sensory inputs (Bennett et al. 1999; Heckman et al. 2005; 

Kulhn and Macht, 1949; Li et al. 2007; Nielsen et al. 2007; Steldt and Schmit, 2004). 

Optogenetic activation or inhibition of V3 interneurons reduces or increases spasms after 

spinal cord injury, respectively. Furthermore, stimulation of V3 neurons by themselves can 

trigger coordinated spasm-like motor activity very similar to actual sensory-evoked 

spasms. (Lin et al. 2019). Overall, these results suggest that the V3 interneuron’s action 

might be modulated by supraspinal input. Considering the results from this thesis on the 

role of V3 interneurons in crossed reflex and their potential modulation from supraspinal 

inputs, V3 interneurons present several similarities associated with the commissural 

interneurons receiving monosynaptic input from group II muscle afferents discovered in 

the cat. However, further investigation is required to test this hypothesis as the two CINs 

groups described in cats were based on proprioceptive input and the result from this thesis 

emphasizes the role of cutaneous afferents in crossed reflex. 

6.5 LONG-LATENCY MOTOR RESPONSES 

In this thesis, I investigated the role of various sensory afferent inputs in the 

generation of crossed reflexes. As mentioned previously in chapters 2 and 3, the origin of 

the sensory information seems to have little impact on the resulting contralateral motor 
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response. This was surprising, considering that the tibial and common peroneal nerves 

innervate opposite proprioceptive and cutaneous areas of the leg (Bernard et al. 2007). 

Nevertheless, one major qualitative difference between these two stimulations was the 

presence of a long-latency motor response that was present in the common peroneal nerve 

stimulation but not following tibial nerve stimulation. Two hypotheses could explain the 

origin of this motor response. 

First, these long-latency motor responses could involve main ascending pathways 

that carry proprioceptive and low-threshold cutaneous information, such as the dorsal 

column lemniscus pathways and the dorsal spinocerebellar pathway (Hantman and Jessell, 

2010; Tuthill and Azim, 2018). To test this hypothesis, I did preliminary experiments in 

which I lesioned the dorsal column lemniscus pathway and stimulated the common 

peroneal nerve to elicit a crossed motor response. My results showed that long-latency 

responses persisted after the lesion of the dorsal column lemniscus pathway (Fig. 6.1). 

However, it is important to note that the extent of the lesion was not measured. Therefore, 

it is possible that part of the pathway remained intact in these mice. More experiments are 

needed before any conclusion can be said about the involvement of supraspinal structures 

in the long-lasting motor response. 

Another hypothesis is that these long-lasting motor responses come from activity 

within the CPG. Previously, a proposed flexor-driven concept (also called the swing 

generator model) by Pearson and Duysens (1976) and Duysens (2006; 2013) emphasized 

the role of flexor muscles in the rhythm generation of the CPG. In this model, only the 

flexor half-center is intrinsically rhythmic, while the extensor half-center shows sustained 

activity if uncoupled and only exhibits rhythmic bursting through rhythmic inhibition from 

the flexor half-center. The common peroneal nerve innervates primarily the flexor 

muscles of the ankle joint, specifically the tibialis anterior and extensor digitorum longus, 

as well as cutaneous afferents originating primarily from the anterior aspect of the leg 

(Bernard et al. 2007). Therefore, in our experiments, stimulation of different sensory 

afferents could have a different output on an asymmetric CPG. Flexor-related sensory 

afferents would have a greater impact on the flexor CPG half-center, creating a long-

latency response compared to the extensor sensory afferent on the extensor CPG half-
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center. Furthermore, as we proposed previously, V0 interneurons might be the main 

interneurons involved in the transmission of locomotor information in the spinal cord. 

Therefore, to test if the long-lasting motor responses originate from the CPG circuitry, 

stimulating the common peroneal nerve in V0kill mice could represent an interesting 

approach to answering this question. 

6.6 LOCAL INHIBITORY INTERNEURONS 

My results in V3off mice suggest that V3 interneurons are involved in the crossed 

inhibitory pathway. However, V3 interneurons represent a glutamatergic population 

(Zhang et al. 2008), suggesting that V3 interneurons connect to at least one inhibitory 

interneuron on the contralateral side. In chapter 5, we investigated which neurons could be 

involved in the crossed inhibitory pathway. One hypothesis coming from cat and human 

experiments was the involvement of Ia inhibitory interneuron as a potential candidate 

(Harrison and Zytnicki, 1984; Jankowska et al. 2009; Stubbs and Mrachacz-Kersting, 

2009; Mrachacz-Kersting et al. 2017). Ia inhibitory interneurons are involved in the 

reciprocal inhibition of the flexor and extensor MNs. Primarily identified by their 

physiological features (Feldman and Orlovsky, 1975), a subpopulation of the Ia inhibitory 

interneuron was later found to be included in the V1 interneuron population (Alvarez et al. 

2005). V2b has also been shown to be involved in the flexor-extensor reciprocal inhibition 

(Zhang et al. 2014), suggesting that either V1 or V2b interneuron could be good candidates 

to mediate the crossed inhibitory pathway. Experiments using mice lacking V1 or V2b 

interneurons would provide invaluable knowledge to understand the local inhibitory 

circuitry mediating crossed inhibitory pathways. 

Another possibility is the involvement of dorsal interneurons in the inhibitory 

crossed reflex pathway. The dorsal horn is home to several interneuronal populations that 

are involved in the somatosensory system and corrective reflexes (Gatto et al. 2021). For 

instance, dI1-dI3 interneurons and some dI4/dILA interneurons are involved in the sensory 

transmission or are part of motor pathways involved in the smooth movement (Wilson et 

al. 2008; Mieseagaes et al. 2009; Avraham et al. 2009; 2010; Sakai et al. 2012; Bui et al. 

2013; Goetz et al. 2015; Yuengert et al. 2015). dPVs interneurons represent a newly 
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investigated population of glycinergic interneurons discovered in the deep dorsal horn of 

the spinal cord that functionally integrate touch and proprioceptive information. Lumbar 

dPVs interneurons are directly innervated by proprioceptors and cutaneous afferents from 

the hindpaw, and ablation of dPVs interneurons alters the step transition. In vitro 

electrophysiological recordings demonstrated that dPVs interneurons form a diffuse 

inhibitory network in the ventral horn where they contact motor and pre-motor neurons. 

Overall, these data suggest that dPVs interneurons act as a node for sensorimotor 

integration and support their role in the modulation of motor output. Hence, I hypothesize 

that dPVs interneurons act as local inhibitory interneurons, receiving input from the 

contralateral side and mediating crossed inhibitory pathways.  

My results show that dPVs interneurons were involved in the local inhibitory 

pathway, but their involvement in the crossed inhibitory pathway was more difficult to 

assess. My findings suggest that dPVs are involved in the crossed inhibitory pathway 

selectively, inhibiting TA muscle activity only when the sural nerve is stimulated. 

However, it is important to consider that the crossed inhibitory pathway following sural 

nerve stimulation was difficult to characterize in control mice (dPVnorm) and experimental 

mice (dPVablat). Indeed, in some mice, stimulation at 5-time threshold induced jerking 

movements, sometimes accompanied by squeaking, suggesting the involvement of the pain 

pathway. In some rare instances, squeaking was heard as low as 3-4 times the threshold 

(unpublished observation). These observations were made in both control and experimental 

mice, suggesting that it was not associated with the lack of dPVs interneurons. Any wild-

type or experimental mice obtained from our colony at Dalhousie University never 

displayed such behaviour. The lack of difference that we observed between the dPVnorm 

and dPVablat mice comes from the fact that the crossed inhibitory pathway was not always 

present in control mice after stimulation of the sural nerve. As the saphenous nerve was 

never studied in mice from Dalhousie University, it is not possible to comment on the 

involvement of crossed inhibitory pathways following saphenous nerve stimulation. 

For now, the main local inhibitory interneuron population involved in crossed 

inhibitory pathways remains to be discovered. Further experiments with dPVs interneurons 

could provide invaluable insights in combination with other techniques such as in vitro 
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recording to clearly assess their role in crossed reflex. Furthermore, the role of other 

important interneurons such as the V1 and V2b interneurons could provide a lot of 

information about the sensory circuits proposed in this thesis.  

6.7 LIMITATIONS 

In this thesis, the main approach used to investigate crossed reflexes was to 

stimulate sensory afferents in awake mice. This approach offers a great opportunity to 

study crossed reflexes in unrestrained, non-anesthetized mice. However, it also presents 

some important limitations. Inhibitory crossed reflex actions cannot be directly measured 

using EMG recording. Indeed, EMG recording can only indicate motor neuron activation 

through the activity of the muscles but not their inhibition. Therefore, in this thesis, all the 

evidence of an inhibitory pathway comes from indirect methods. For instance, I used a 

conditioning-paired stimulation paradigm to demonstrate the presence of an inhibitory 

pathway. In this paradigm, I used a custom-made electrode in which I could independently 

stimulate a crossed reflex coming from one leg and a local cutaneous reflex in the same 

muscle. This allows us to determine the expected motor response following each 

stimulation independently from the other. It is also possible to stimulate both reflex 

pathways simultaneously and with various delays between them. If the response evoked by 

the crossed reflex includes an inhibitory component, the summation of the two responses 

(local + crossed) will reveal a “dip” when compared to the single nerve response. On the 

other hand, if no inhibitory pathway exists, both curves will become two distinct motor 

responses as they separate without revealing a “dip” (Fig. 6.2). Overall, paired stimulation 

of both legs at different delays provides evidence of an inhibition period if there is a 

consistent suppression of the motor responses from one leg following stimulation of the 

other leg. 

Another clue to the involvement of an inhibition phase could be seen during 

locomotion. Indeed, when the muscle was active as a result of the animal walking on the 

treadmill, a silent phase following the crossed reflex stimulation could be observed. In this 

situation, we used normal mouse behaviour to activate the muscle prior to the stimulation. 

Our results showed that the inhibition was modulated differently depending on the muscle 
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but was still present in the contralateral iliopsoas, semitendinosus, and gastrocnemius 

muscles. Although these two methods strongly suggest the presence of an inhibitory 

pathway in mice, we never recorded direct evidence of it. To do this, we must use other 

techniques in which we can directly measure inhibitory post-synaptic potential (IPSP) in 

motoneurons. One such technique could involve the use of intracellular motoneuron 

recording in which we could stimulate the contralateral sensory afferent. 

Another limitation of our study is the great variability present in every group. 

Multiple factors could explain the discrepancies that increase variability inside one group. 

First, as the animals are awake for the recording, they are free to explore their environment. 

This can result in stimulation being applied when the animal was doing various behaviours. 

To mitigate this problem, mice were placed on the treadmill for a few minutes before the 

experiments began. This was for two reasons. First, to make sure that all the anesthesia 

administered to attach the mouse to the apparatus was fully removed from the body, and 

second, to let the animal explore its surroundings. Experiments were performed only when 

the mice became more comfortable with their new environment. Typically, once the 

exploration phase was completed, mice mostly remained calm in one corner of the 

treadmill while the experiments were underway. Although precautionary measure was 

taken, we can’t exclude the fact that the mice occasionally performed certain movements, 

such as scratching, reaching, short bouts of walking, or grooming. When the animals were 

doing such activities, good care was taken to pause the experiments so that these 

movements would not affect the reflex responses. 

As presented above, the main technique used in this thesis presents some 

methodological restrictions that must be considered. However, the fact that it was possible 

to record motor activity from intact and awake mice represents a great opportunity to study 

crossed reflexes in an almost normal physiological approach. Furthermore, this technique 

allows for the recording of multiple muscles during a variety of behaviours with little 

interference with leg movement. Therefore, in vivo EMG recording represents a great 

avenue to describe reflex action in mice.  
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6.8 CONCLUDING REMARKS 

More than a century of research on cats and humans has described important aspects 

of crossed reflexes, but the spinal network that controls the crossed reflexes remained 

obscure (Sherrington, 1910; Duysens and Loeb, 1980; Aggelopoulos and Edgley, 1995; 

Gervasio et al. 2015; Mrachacz-Kersting et al. 2017). More recent research on mice has 

described commissural pathways that control the left and right hind leg coordination during 

walking (Pierani et al. 2001; Lanuza et al. 2004; Zhang et al. 2008; Borowska et al. 2013; 

Talpalar et al. 2013). However, the role of these commissural pathways in crossed reflexes 

was not known. The primary aim of this project was to gain insights into the spinal neuronal 

network that underlies crossed reflexes in mice and to describe how the previously 

described commissural interneurons are important for locomotion related to crossed 

reflexes. Subsequently, I aimed to provide the first framework to draw a spinal circuitry 

for the transmission of sensory afferent information in the spinal cord. 

  My data suggest that interneurons involved in left-right alternation (V0 

interneurons) are not important for the transmission of sensory afferents. Instead, 

commissural interneurons involved in maintaining balanced left-right activity (V3 

interneurons) are the main conductors of sensory information. As such, I suggest that motor 

and sensory information are transmitted using different interneuron populations. V0 

interneurons are involved in the transmission of motor information leading to left-right 

alternation (Lanuza et al. 2004; Talpalar et al. 2013). Meanwhile, V3 interneurons are 

important for modulating motor information by transmitting sensory information to the 

contralateral side.  

Although much remains to be discovered about the somatosensory circuit and how 

it can modulate motor activity, the data presented in this thesis represents the first step in 

allowing the convergence of century-long-accumulated knowledge with the more recent 

insights gained by using mouse genetics. The results presented in this thesis combined with 

recent discovery about the functional recuperation of locomotion after spinal cord injury 

could open new avenues to help patients with impaired locomotion after trauma. 
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6.9 FIGURES 

 

Figure 6.1. Long-latency motor responses in the common peroneal are preserved after 

a lesion of the spinal cord. Example of average crossed reflex responses from different 

muscles after the stimulation of the tibial nerve (A) or the common peroneal nerve (B). 

Heat diagrams of muscle activity are shown underneath each average. Muscle response to 

each of 40 nerve stimulations from 1 experiment is staggered on the vertical axis as a 

function of time. The brighter color indicates higher muscle. Lesion of the dorsal column-

medial lemniscus pathways was performed at the lumbar and cervical level was performed 

to cut supraspinal input.  Gsr, right gastrocnemius; Ipr, right iliopsoas; Str, right 

semitendinosus; TAr, right tibialis anterior; VLr, right vastus lateralis. 
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Figure 6.2. Conditioning paired stimulation paradigm. If ipsilateral afferents (ipsi. aff. 

stim., red) or the contralateral afferents (cont. aff. stim., grey) are stimulated separately, 

single responses are observed in the EMG recordings. If both afferents are stimulated 

simultaneously either they will sum up if the crossed reflex is excitatory (I, orange arrow) 

or there will be a silent period right after cont. aff. stim. observed as a black line below the 

red dotted line if the crossed reflex is inhibitory (II, blue arrow). CIN: commissural 

interneuron, and MN: motor neurons. 
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