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Abstract
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In the spinal cord, an intricate neural network generates and coordinates the patterning of
limb movements during locomotion. This network, known as the locomotor central pattern
generator (CPG), comprises of various cell populations that together orchestrate the output
of motor neurons. Identification of CPG neurons through their specific gene expression is a
valuable tool that can provide considerable insight to the character, intrinsic properties and role
of a population, which represents a step toward understanding locomotor circuit function and
correlating neural activity to behaviour. We selectively targeted two inhibitory CPG populations
to investigate their molecular characteristics, circuitry and functional role; Renshaw cells (RCs)
marked by their specific expression of the cholinergic nicotinic receptor α2 (Chrna2) and a
subset of the dI6 population derived by their selective expression of the Doublesex and mab-3
related transcription factor 3 (Dmrt3).

We found that RCs have hyperpolarisation-activated cation (Ih) and small calcium-activated
potassium (ISK) modulatory currents that differentially regulate their excitation and firing
properties, which influence the instantaneous feedback to motor neurons through the recurrent
inhibition circuit. Due to previous difficulties isolating RCs from the surrounding locomotor
circuits, their functional role remains poorly defined. For the first time, we selectively silenced
RC inhibition and found that all aspects of motor behaviour, including coordination and gait
were normal. The deletion of RC signalling instead altered the electrical and synaptic properties
of the recurrent inhibitory circuit, suggesting that developmental plasticity compensates for the
loss of RC inhibition.

We reveal Dmrt3 neurons comprise a population of glycinergic inhibitory, spike-frequency
adapting commissural interneurons active during locomotion. Conditional silencing of the
Dmrt3 population resulted in considerable gait abnormalities in the neonatal and adult mouse.
This manifested as an uncoordinated CPG output in vitro, impaired limb coordination in pups
and increased fore- and hindlimb synchrony in adults that was exacerbated at faster locomotor
speeds. Dmrt3 mediated inhibition subsequently impacts locomotion and suggests the Dmrt3
population contribute to coordinating speed dependent left-right limb alternation. This thesis
provides cellular, circuit and behavioural insights into the Renshaw cell and Dmrt3 populations
and enhances our knowledge regarding their probable function within the locomotor CPG.

Keywords: Locomotion, central pattern generator, mouse, gait, recurrent inhibition, Renshaw
cell, Dmrt3, Chrna2

Sharn Perry, Department of Neuroscience, Box 593, Uppsala University, SE-75124 Uppsala,
Sweden.

© Sharn Perry 2016

ISSN 1651-6206
ISBN 978-91-554-9741-5
urn:nbn:se:uu:diva-305601 (http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-305601)



 

 

 

 

 

 

 

 

 

 

 
  We have so much time and so little to do.  

Strike that. Reverse it.  

    Willy Wonka  
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Introduction 

… So come on, come on      Do the loco-motion with me. 

   Kylie Minogue, 1988  

If you’re not so familiar with the global hit ‘The Loco-motion’, it is an ex-
tremely catchy song that persuades the listener, despite their perceived level 
of dance ability, that they can do the loco-motion easier than doing their 
ABCs. Now, despite one’s given enthusiasm or reluctance to get up and 
move, the premise of these lyrics, and the ease and control with which the 
moves are executed relies on our ability to generate and coordinate an exten-
sive range of movements. Regardless of the type of motor action, be it high 
spirited 80’s dance moves, or perhaps just reaching to turn the music off… 
every move we make, every slight adjustment in force, direction or speed, is 
the result of a highly complex and refined series of movement commands 
continually being delivered to our muscles. Generating movements is an 
extremely robust and flexible process as we are not only continually aware 
of our body’s position, but our nervous system is endowed with internal 
mechanisms that allow for rapid movement adjustments in response to envi-
ronmental changes or to the internal state of our muscles.  

Movements, no matter how simple or complex, are generated, controlled 
and refined by networks of neurons in the brain and spinal cord. In the spinal 
cord alone, a specialised neural network exists that autonomously produces 
the rhythm and pattern of locomotion that underlies movements including 
walking, running and swimming. This locomotor network is comprised of 
populations of neurons that together form a central pattern generator (CPG) 
to orchestrate the patterned, rhythmical activation of motor neurons ensuring 
correct and coordinated motor output. Within the CPG, each interneuron 
population has a critical role in directing and organising motor output.  

Motor neurons, as the final common motor pathway, execute the motor 
commands generated by brain and spinal networks and relay these com-
mands to muscles to generate movement. If any part of the motor network 
breaks down, the information conveyed to the muscles is disrupted and 
movements become uncoordinated, uncontrolled or in the worst case, para-
lysed. Signalling and communication errors within brain and spinal motor 
control centres can manifest as clinical disorders that include Parkinson’s 
disease, amyotrophic lateral sclerosis (ALS) and full or partial spinal cord 
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injuries. Understanding the circuitry and communication between locomotor 
CPG populations, especially the role of each population during movement, is 
crucial to extend our basic understanding of the locomotor network and iden-
tify future treatments and therapeutic targets for motor disorders.   
 
This thesis, Deciphering the Locomotor Network, focuses on the spinal con-
trol of movement and how individual neural populations underlie, generate, 
control and tailor specific movement patterns. In particular, this work reports 
on two interneuron populations investigated in the mouse spinal cord; Dmrt3 
neurons and Renshaw cells that interestingly represent the discovery of one 
of the most recent (Dmrt3) and one of the first (Renshaw cell) spinal popula-
tions. The juxtaposition of these populations highlights the significant tech-
nical and genetic advancements that have propelled locomotor research in 
recent years, which now allow the selective and specific manipulation of 
defined populations to uncover their functional role.   
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Background   

Movement 
During development, babies progressively learn to replace rudimentary step-
ping and reaching actions with more complex movements like running, skip-
ping and catching. Over time, and with insurmountable practice, they even-
tually learn and develop an extensive repertoire of basic and skilled move-
ments that they can execute with precise control, many times over, with little 
conscious thought. These actions encompass everything from the reflexive 
rapid, physical withdrawal to pain to complex movement sequences like 
those occurring during tennis that depend highly on physical aptitude, coor-
dination, timing and sensory input.   

Involuntary movements or reflexes, are generated through often deceiv-
ingly simple, local spinal cord reflex pathways that lead to rapid, stereotypi-
cal and reproducible motor responses to stimuli. Voluntary movements, of-
ten significantly more complex then reflexes, are consciously controlled 
demanding a higher level of regulation and coordination, and therefore re-
quire pathways linking the brain to the periphery.  

To execute skilled movements quickly, the nervous system stores motor 
information as a series of pre-programmed muscle commands known as 
motor programs, that are ready to be selected at will. Information relating to 
movement patterns, the external environment and previous motor experienc-
es are coded into the motor programs, which are then selected, initiated, 
modified and executed by motor command centres in the brain and spinal 
cord (Morris et al., 1994).  

The highly organised series of descending motor commands are relayed 
from the brain to skeletal muscles via spinal motor neurons that form the 
final motor command pathway. These spinal motor neurons integrate brain, 
peripheral and spinal inputs to coordinate the timely contraction and relaxa-
tion of skeletal muscles, ultimately producing a desired movement.  

In order to understand how neural networks produce coordinated move-
ment, it is first necessary to consider how neurons communicate to reliably 
transmit, modify and propagate movement signals throughout local circuits 
and peripheral and cortical pathways.      
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Neural Communication 
Neurons form vast electrical networks that have the capability to rapidly 
transmit signals throughout the central nervous system (CNS). Two neural 
features facilitate this transmission; a specialised anatomy that primes the 
neuron to receive and send electrical signals and the formation of chemical 
and electrical synapses on surrounding neurons to relay signals throughout 
the network.  

Incoming information is received through neural dendrites, extensive ar-
borisations that project from the cell body, and transduced into an electrical 
impulse or action potential (Hodgkin and Huxley, 1952) sent along the neu-
ral axon to the axon terminal. At the axon terminal, the nerve impulse travels 
across a synapse (see Neurotransmitters, Transporters and Receptors) and is 
relayed to downstream cells. Neurons communicate by generating trains of 
action potentials at certain frequencies in response to the strength, duration 
and type of input they receive. Thus, neurons encode information in the tim-
ing and firing rate or frequency of their action potentials. The equivalent 
activation of individual neurons within a population can elicit vastly differ-
ent action potential firing patterns, which attests that neurons have different 
intrinsic coding properties (Dougherty and Kiehn, 2010a; Prescott et al., 
2008; Zhong et al., 2010; Zhu et al., 2012). As such it is possible to identify 
and discriminate subsets of neurons within a population based on their action 
potential firing frequency and firing pattern. One particular feature of neural 
firing, common to neurons involved in rhythmic circuits, is spike-frequency 
adaptation. Spike-frequency adaptation is the phenomenon in which a neu-
ron has a reduction in firing frequency after an initial increase, recruiting an 
internal means of modifying its own frequency. Spike-frequency adaptation 
has been reported in spinal locomotor populations (Borowska et al., 2013; 
Brownstone et al., 2011; Dougherty and Kiehn, 2010a; Miles et al., 2005; 
Zhang et al., 2008) as such we investigated whether the spinal cord popula-
tions investigated in Papers I and III had spike adaptation as a firing fea-
ture.  

Neurons have inherent differences within their electrical properties that 
underlie and permit diverse firing patterns. Neural membranes are laden with 
ion channels, membrane pores that allow the flow of ions (current) to change 
cellular membrane potentials in stereotypical ways. Ion channels are funda-
mental to the electrical signalling capabilities of neurons and underlie both 
the generation of the action potential and the transduction of chemical sig-
nals into electrical messages (see Neurotransmitters, Transporters and Re-
ceptors). The expression of different types, compositions and variants of ion 
channels, activated and inactivated by different stimuli, individualise firing 
frequencies and tailor the neuron’s response to inputs. Pharmacologically 
blocking ion channels modulates both channel activity and conductance, 
making it possible to isolate and examine individual currents. Papers I and 
III, investigated the following ion channels and explored their singular cur-
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rent (I) contributions to membrane excitability, action potential generation 
and firing frequency; the hyperpolarisation-activated cyclic nucleotide-gated 
channels (HCN, Ih, Pape, 1996) and the small conductance calcium-activated 
potassium channels (SK, ISK, Deardorff et al., 2013).  

Neurotransmitters, Transporters and Receptors 
Neurons employ two mechanisms to communicate and transmit neural sig-
nals to downstream neurons in robust and dependable ways; electrical and 
chemical synapses. Adjacent neurons can be physically connected through 
specialised connections known as gap junctions. As an electrical thorough-
fare, gap junctions permit the direct transfer of electrical signals between 
two neurons in extreme proximity. Chemical synapses, considerably more 
complex than electrical synapses, permit neural communication via a process 
called synaptic transmission, which involves the transmission of specialised 
molecules called neurotransmitters between pre- and postsynaptic neurons 
(Figure 1). Chemical synapses are the predominant form of signal transmis-
sion within the CNS, although some spinal cord neural populations com-
municate via both chemical and electrical synapses (Song et al., 2016; Zhong 
et al., 2010). 

Neurotransmitters, synthesised in the cell body, axon or axon terminal, 
are packaged and maintained in synaptic vesicles by transporters lodged in 
the vesicular membrane. In the spinal cord, glutamate packaged into vesicles 
by the vesicular glutamate transporters (VGLUTs; Shigeri et al., 2004), me-
diates excitatory neurotransmission. Inhibitory neurotransmission occurs 
through the independent or co-release of γ-aminobutyric acid (GABA) and 
glycine, packaged into vesicles by a common vesicular inhibitory amino acid 
transporter (VIAAT, Aubrey, 2016) that supports the co-transmission of both 
molecules across a synapse (Figure 1). Modulatory neurotransmitters, such 
as acetylcholine packaged by vesicular acetylcholine transporters (VAChT, 
Lawal and Krantz, 2013), can either be excitatory or inhibitory depending on 
their mechanism of action on the postsynaptic membrane. Within locomotor 
circuits, acetylcholine serves vital functions in shaping the motor command 
and in generating movement, as motor neurons signal to both local spinal 
circuits and muscles via cholinergic transmission.  

Neurons can synthesise, store and co-release multiple neurotransmitters in 
combination with neuromodulatory molecules such as neuropeptides, which 
act to enhance, inhibit or further modulate neurotransmission at a synapse 
broadening neural functionality and increasing the complexity of neural 
communication (El Mestikawy et al., 2011; Kupfermann, 1991). Transport-
ers serve critical functions in neural communication where neural signalling 
is severely affected if transporters are blocked, abolished or malfunction. 
The central function of VIAAT in spinal cord locomotor populations has 
been exploited in Papers II and III.  
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Figure 1. Synaptic transmission. GABA (orange) and glycine (blue) in the presyn-
aptic terminal are packaged into synaptic vesicles via the vesicular inhibitory amino 
acid transporter (VIAAT, grey). When the vesicle fuses with the membrane GABA 
and glycine are released into the cleft to diffuse and bind to their respective iono-
tropic receptors on the postsynaptic membrane. As inhibitory neurotransmitters, the 
GABA/glycine-receptor interaction opens chloride (Cl-) channels to conduct a chlo-
ride current (green) that hyperpolarises the postsynaptic cell.    

Depolarisation, due to the axonal propagation of action potentials to the axon 
terminal, causes vesicles fuse with the presynaptic membrane and release 
their contents. Once released, neurotransmitters diffuse across the synaptic 
cleft and bind to ionotropic or metabotropic receptors on the postsynaptic 
membrane that differ in their mechanism of transduction and time course. 
The neurotransmitter –receptor interaction opens ion channels that ultimately 
depolarise (excitatory, linked to a cation channel) or hyperpolarise (inhibito-
ry, linked to a chloride channel) the postsynaptic membrane, which make the 
postsynaptic neurons more or less susceptible respectively, to firing action 
potentials (Figure 1). Glutamate and glycine bind exclusively to ionotropic 
receptors, whilst GABA and acetylcholine bind to both ionotropic and 
metabotropic receptors (reviewed in Purves et al., 2012).  

Spinal locomotor interneuron populations are largely glutamatergic or 
GABA-/glycinergic, but their communication within the locomotor network 
can be triggered and influenced by modulatory neurotransmitters including 
N-methyl-D-aspartate (NMDA), dopamine (DA) and serotonin (5-HT). To 
impact, alter or elucidate the actions of neurotransmitters at the postsynaptic 
membrane, receptors can be pharmacologically manipulated. We have used 
agonists of NMDA, dopamine and serotonin receptors (Papers II and III) 
and antagonists of GABAA receptors and nicotinic acetylcholine receptors 
(NAChRs, Paper II), to investigate the functions of spinal neural popula-
tions within the locomotor circuit. Additionally, we have used the specific 
and restricted expression of the cholinergic nicotinic receptor subunit α2 
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(Chrna2) as a genetic marker to selectively identify, target and manipulate 
Chrna2 expressing interneurons (Paper I and II).        

Genetic Targeting of Neural Populations 
To understand the generation of movement, it is beneficial to identify and 
study each neural population within the locomotor network to decipher how 
population based activity generates behavioural output. In the spinal cord 
this has been challenging, due to the difficulty identifying individual neural 
populations from surrounding networks. Significant progress in identifying 
spinal locomotor interneuron populations has come from the generation of a 
number of genetic, molecular and developmental tools. The identification 
and use of tailored genetic markers specifically expressed by neural popula-
tions, permits the creation of targeted, unique transgenic models where nor-
mal gene function has been disrupted through the introduction of a foreign 
gene (Jaenisch, 1988). Subsequent genomic manipulations of the targeted 
populations include gene knockouts, where the gene is removed from the 
genome, or conditional knockouts where gene regulation is temporally or 
spatially controlled such as cell silencing or cell ablation (Sauer and 
Henderson, 1988).  

The Cre-LoxP System 
The development of the Cre-LoxP system has revolutionised genetic manip-
ulations and the study of specific neural populations. This two-part system 
conditionally targets genes in a region specific manner and, in this thesis, 
facilitates the manipulation of the mouse genome to elucidate the functional 
role of neural populations within locomotor networks. The Cre-LoxP system 
is fundamentally based on cellular specific expression and activity of cyclic 
recombinase (Cre), which causes genetic deletions, insertions, translocations 
and inversions at specific LoxP sites inserted in cellular DNA (Sauer and 
Henderson, 1988). Cre mice, most often generated by the random insertion 
of the Cre transgene into the genome (transgenesis), are mated with floxed 
mice, where the gene of interest is flanked by LoxP sites, to produce condi-
tional knockout mice. Cre is inserted under the control of a known, tissue 
specific, inducible genetic reporter activated during development, whilst 
identical LoxP sites are placed around the gene to be removed. Once activat-
ed, Cre binds to and causes recombination of the LoxP sites, excising the 
gene of interest and subsequently pasting the genome back together without 
the excised DNA sequence (Figure 2, Wang, 2009).  
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Figure 2. Generation of transgenic mice using the Cre-LoxP system. Cre is in-
serted into the genome under the control of a cell specific promoter (A). The target 
gene to be manipulated is flanked by the insertion of LoxP sites (arrows, B).  When 
Cre mice are mated with LoxP mice, Cre excises the target gene in Cre specific 
populations (C). 

The Cre-LoxP system is an extremely useful and powerful tool to efficiently 
and effectively investigate the functional consequences of removing or ma-
nipulating specific genes within a population. The ability to cross Cre lines 
with various reporter lines, such as the tdTomatoRosa26 reporter strain 
(Madisen et al., 2010), allows Cre specific populations to be visualised. Cre 
activity excises a LoxP flanked STOP signal, which turns on the expression 
of a reporter gene where, in the case of the tdTomatoRosa26 mice, red fluo-
rescent protein (RFP) is expressed (Figure 2). Moreover, the Cre-LoxP sys-
tem is readily used to delete or modify cell signalling components rendering 
the population silent, or to entirely ablate the Cre expressing population dur-
ing development.  

This thesis used the Cre-LoxP system to visualise spinal interneuron pop-
ulations (Papers I - III) and to study the behavioural and circuitry conse-
quences when VIAAT-mediated signalling capabilities of these populations 
were removed (Papers II and III).  

Cortical Control of Movement 
There are five distinct but highly integrative and interactive brain systems 
governing movement; the cerebral cortex, basal ganglia, cerebellum, brain-
stem and spinal cord (Figure 3). Communication between the brain and spi-
nal motor neurons is vital to initiate, direct, plan and adjust complex move-
ments. These systems, each with specialised functions, communicate through 
descending pathways and local neural circuits to regulate and control muscle 
coordination necessary for organised movement.   

Movement occurs within a dynamic environment, requiring internal and 
external cues and stimuli to be continually incorporated into the ongoing 
movement pattern. Within the cerebral cortex, the cortical motor systems 
that select and execute appropriate motor programs integrate sensory feed-
back into the occurring motor plan by contacting diverse spinal interneurons, 

>

Cre
>

Cell specific 
promoter

Target gene

LoxP LoxP

Target gene

Cre

Target gene excised in Cre specific tissue

+ Target gene

A B C



19 

creating an interconnected sensorimotor system that minimises motor dis-
crepancies due to environmental changes (Harrison and Murphy, 2014; 
Moreno-López et al., 2016).    

The cortex works in conjunction with other brain areas where cortical mo-
tor output is modulated through continuous, sensory, basal ganglia and cere-
bellar feedback mechanisms for the effortless, coordinated, well timed exe-
cution of movements. The basal ganglia, a group of deep brain nuclei, facili-
tate the selection and initiation of appropriate motor actions, whilst simulta-
neously supressing unwanted actions. The cerebellum at the base of the brain 
(Figure 3), ensures that planned and initiated motor actions occur in a coor-
dinated, smooth fashion, functioning to calibrate fine movements and cor-
rect, adjust and attenuate motor deviations.  

All descending motor commands pass through the brainstem, a small, yet 
vital structure, physically connecting the brain and spinal cord (Figure 3). 
Brainstem circuits facilitate signal transmission throughout the CNS and 
work in cooperation with voluntary motor cortex commands to regulate mo-
tor output. The brainstem is the origin of motor pathways that use sensory 
information from the muscle and visual environment to maintain balance, 
posture, position and gaze, all necessary for supporting skilled motor behav-
iour. Whilst voluntary movement is under direct cortical control, autonomic 
movements including breathing and the initiation and halting of locomotion 
are under brainstem control (Bouvier et al., 2015; Hägglund et al., 2010).  

Descending pathways established between the brain, efferent motor neu-
rons and local spinal interneurons work together with cortical and spinal 
circuits as a functional network to produce movement. Motor signals are 
transmitted through tracks of nerve fibres traversing the spinal cord white 
matter, linking the spinal cord with the brain. Descending tracts are charac-
terised and organised by neuroanatomical, neuropharmacological and neu-
roinformatic features and each have a specific spinal cord target and func-
tional role (Lemon, 2008). Together these systems, known as the corticospi-
nal, propriospinal, rubrospinal and reticulospinal tracts, facilitate the transfer 
of descending motor commands to spinal cord targets, maintaining con-
trolled and integrated motor function. Although general principles underlie 
the neural organisation of these tracts, species-specific differences in de-
scending pathways reflect specialised functionality and sensorimotor behav-
iours (Lemon, 2008; Purves et al., 2012)  

The Corticospinal Tract 
The corticospinal tract, originating in the pyramidal cells of the motor cor-
tex, is the major descending pathway carrying motor information from the 
cortex to multiple dorsal and ventral spinal cord targets. The axons of these 
‘upper’ motor neurons descend through lower brain structures including the 
thalamus, midbrain and medulla before dividing to form the lateral (contrala-
teral) and ventral (ipsilateral) corticospinal tracts. The lateral tract forms a 
direct corticospinal pathway, where fibres terminate extensively within the 
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dorsal and ventral horns to establish direct or indirect via premotor interneu-
rons, cortical connections with motor neurons. Ventral corticospinal fibres 
terminate ipsi- or bilaterally in the ventral horn. Corticospinal neurons there-
fore have a dual function, activating and inhibiting motor and sensory neu-
rons, to facilitate sensorimotor integration. The diverse spinal targets of the 
corticospinal fibres, infer that the corticospinal tract modulates sensory func-
tions in addition to the direct control of motor circuits (Lemon, 2008; More-
no-López et al., 2016; Purves et al., 2012).   

The loss of functional corticospinal connections, often through lesions or 
damage to the spinal cord, results in significant movement disturbances, 
abnormalities and paralysis. Current investigations into the neural conse-
quences of corticospinal tract lesions and motor disorders aim to understand 
and explore both the fate of the motor circuitry and the plasticity within local 
and corticospinal pathways that often leads to partly restored motor function 
(see Clinical Perspectives; Blanco et al., 2007; Han et al., 2015; Nakagawa 
et al., 2015; Siegel et al., 2015).  

Spinal Control of Movement 
As the central messenger passageway connecting the brain with the periph-
ery, the spinal cord runs within the vertebral canal from the base of the skull 
(rostral) to the first lumbar vertebra (caudal). Along this rostro-caudal axis 
the spinal cord is segmented into cervical, thoracic, lumbar and sacral seg-
ments (Figure 3), from which bundles of dorsal and ventral nerves emerge 
forming the dorsal and ventral roots. Within the spinal tissue, the grey matter 
homing populations of spinal interneurons, is divided into the dorsal and 
ventral horns that are further classified into laminae based on the size, shape 
and density of neurons (Figure 4, Rexed, 1952, 1954). These laminae are of 
importance when categorising neural subtypes, peripheral inputs and signal 
projections involved in the transmission and integration of sensory pathways 
and the processing and execution of locomotor output.  
 

 
Figure 3. Schematic of the mouse central nervous system. The spinal cord is 
segmented along the rostro-caudal axis where bundles of nerves (roots) emerge from 
each segment.  
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Dorsal neural populations within laminae I-VI represent the first stage of 
central sensory signal processing, acting as a relay station to transmit senso-
ry signals. Primary afferent fibres constitute the main source of sensory input 
and transmit sensory information from the periphery to the spinal cord dorsal 
horn through the dorsal root, where sensory fibres relaying muscle and joint 
information terminate in lamina VI, VII and IX (Brown, 1982). Dorsal inter-
neuron circuits process and modulate sensory information from primary 
afferents to be incorporated into motor commands or transmitted to the brain 
for the integration and perception of sensory stimuli. The proper functioning 
of these neural circuits is crucial as it is widely accepted that the symptoms 
of chronic pain, hyperalgesia and allodynia, are in part, attributed to the dys-
function of dorsal horn neurons (Sivilotti and Woolf, 1994; Yaksh, 1989; 
Zeilhofer et al., 2012). 

Where the dorsal horn represents the first stage of sensory processing, the 
ventral horn (laminae VII-IX) initiates, modulates and shapes the final out-
put for movement. Ventral horn interneuron populations receive, respond 
and integrate a myriad of descending, local and peripheral inputs for a cohe-
sive motor signal to muscles. The most prominent feature of the ventral horn 
is the large clusters, or nuclei, of motoneurons located throughout lamina IX, 
whose axons leave the ventral horn through the ventral root to innervate 
skeletal muscle (Figure 4).  

The Motor Unit 
Motor units are the basis of the neural control of movement and underlie the 
functional relationship and dependence between muscle fibres and spinal 
motor neurons. The motor unit, a term first described by Charles Sherrington 
(Sherrington, 1906, 1925) defines the innervation of a group of muscle fibres 
by the axon of a motor neuron. As movement is initiated, executed and re-
vised, motor units are sequentially selected, recruited and de-recruited into 
contractions as needed based on the outgoing motor command. 

Motor units adhere to a strict organisation that function to regulate muscle 
contractions. During development, motor neurons that innervate the same 
muscle fibres are collectively grouped along the spinal cord into distinct 
longitudinal columns of motor pools. Muscle fibres are strictly innervated by 
one motor neuron that simultaneously innervates multiple (up to 1000) mus-
cle fibres distributed across the muscle to evenly spread contractile force. 
Moreover, muscle fibres and motor neurons collectively show a diversity of 
size, which is reflected in the motor unit where distinct motor units are de-
fined by the size of the motor neuron, the size and type of the innervated 
muscle fibre and the number of innervated fibres (Burke, 1981; Eccles and 
Sherrington, 1930; Miles, 1994; Purves et al., 2012).  

Motor units are recruited (Sherrington, 1906, 1925) into movement 
through the activation of motor neurons in a highly reproducible, sequential 
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pattern that is coupled with the preferential recruitment of slow muscle fibres 
before fast muscle fibres. The stereotypical, size ordered activation of motor 
units allows contractile force to be regulated; smaller, prolonged contrac-
tions activate primarily small motor units but larger motor units will be se-
quentially recruited as voluntary contractions become more powerful (re-
view see Burke, 1981; Miles, 1994; Purves et al., 2012). 

The electrical properties of motor neurons vary with motor neuron size 
and influence when motor units will be recruited into contractions. This re-
cruitment is believed to be largely dependent on input resistance which de-
termines the amount of excitation a motor neuron needs to be recruited; 
smaller neurons have high input resistances requiring less excitation to be 
activated, as such small motor units are recruited earlier than larger motor 
units (review see Miles, 1994; Purves et al., 2012). Recent evidence in 
zebrafish offers a novel modular organisation of motor neuron circuits link-
ing excitatory premotor neurons to corresponding groups of motor units 
(Ampatzis et al., 2014). These premotor neuron–motor unit microcircuits, 
segregated into slow, intermediate and fast motor unit pools, are sequentially 
recruited into movement based on their electrical properties that are largely 
unrelated to input resistance (Ampatzis et al., 2014). This distinct innerva-
tion forms discrete modules that are activated during specific movements. A 
modular motor unit organisation whilst suggested, has not been well sup-
ported in the mouse spinal cord, however, recent findings suggest a modular 
organisation of mouse locomotor circuits where gait could be dependent on 
the activation of different circuitry modules (Bellardita and Kiehn, 2015).     

Proprioception 
We are constantly aware, even if we are blindfolded or upside down, of 
where and how our bodies are positioned in space. This enables us to per-
form detailed, precise and skilful voluntary movements in many circum-
stances and environments as we have the extraordinary capacity to shape, 
modify and reselect our movements in response to continual environmental 
changes and physical obstacles. Primarily this is due to a critical, specialised 
component of our somatosensory system called proprioception that enables 
us with an inherent awareness of our body position. Proprioception is an 
intrinsic sense of self-responsiveness that is set apart from classical senses 
such as sight or hearing, as it reports the internal state of the body, rather 
than conveying information from the external world.  

Proprioception, first described by Sherrington (1906) as the sense of body 
position, is the sensory information derived from the skin, joints and muscles 
that communicates the relative movement of our body parts in space. Spe-
cialised sensory organs embedded in skeletal muscle known as muscle spin-
dles, continuously relay fast, accurate and detailed information about the 
instantaneous state of the muscle where information pertaining to muscle 
length, tension and position is transmitted to the spinal cord via sensory  
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neurons (Windhorst, 2007). These proprioceptive signals are processed 
through spinal cord networks for rapid movement adjustments and are re-
layed to the brain, via the cerebellum, for central processing and to regulate 
the timing of muscle contractions.  

 
Figure 4. The spinal cord lamination and stretch reflex. A schematic of a      
transected spinal cord illustrating the grey matter lamina divisions (I-X), dorsal and 
ventral roots and dorsal root ganglion (DRG). The proprioceptive stretch reflex is 
depicted showing the innervation of muscle spindles by group 1a afferents and their 
reciprocal innervation of alpha motor neurons (MN) and 1a inhibitory interneurons 
(IaIN, blue) in the ventral horn; + excitation, - inhibition. 

Muscle Spindles 
Intrafusal muscle fibres are the sensory encoding, rather than force produc-
ing, component of skeletal muscle and are the foundation of the muscle spin-
dle, a specialised organ central to relaying proprioceptive input (Hunt, 1990). 
The muscle spindle comprises of intrafusal fibres innervated by sensory af-
ferent neurons that have their receptor endings coiled around (primary, 
Group Ia afferents) or embedded within (secondary, Group II afferents) the 
fibres (Figure 4). This unique innervation relays specific and instantaneous 
feedback about different overlapping modalities of muscle stretch and length 
where Ia afferents relay the velocity of muscle stretch, whilst Group II affer-
ents relay the degree of muscle stretch (Windhorst, 2007). Stretch related 
mechanical force, i.e. stretching the muscle and muscle fibre, activates the 
mechanosensitive Ia and group II sensory receptors. This local activation 
triggers a feedback signal, transmitted via afferent fibres to the spinal cord, 
for incorporation into the ongoing motor plan. Muscle spindles have both 
sensory and motor elements, since intrafusal fibres are innervated by special-
ised (gamma) motor neurons that regulate the sensitivity of muscle fibres to 
stretch, ascertaining a continuous relay of proprioceptive feedback to the 
spinal cord. 
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Proprioceptive input is not required for the initiation of directed movements 
but as a central component of movement processing, acts as continuous, 
necessary feedback to guide, manage and time skilful voluntary actions. 
Without sufficient proprioceptive inputs, movements become erratic and 
jerky (Lajoie et al., 1996).   

Sensory Reflexes 
Reflexes are involuntary, instantaneous and highly stereotypical movement 
reactions to sensory stimuli that are generated purely within the spinal cord 
(Sherrington, 1906, 1925). Reflexes can be monosynaptic, where sensory 
neurons directly target effector neurons or polysynaptic, where sensory neu-
rons activate interneurons that subsequently innervate the effector neurons. 
Often, reflexes are not absolutely one or the other and frequently involve 
both monosynaptic and polysynaptic pathways.  

Many motor reflexes rely on proprioceptive feedback from muscle spin-
dles to initiate the reflex reaction. When a muscle is stretched, activated 
muscle spindles transmit proprioceptive feedback to the spinal cord via Ia 
sensory afferents. These Ia afferents are monosynaptically connected to mo-
tor neurons innervating agonist musculature where direct proprioceptive 
input activates the motor neurons to contract the muscle. Ia afferents also 
target Ia inhibitory interneurons (IaINs) positioned upstream of motor neu-
rons, which innervate and inhibit antagonistic motor neurons that relax op-
posing muscles. The simultaneous activation (contraction) and inhibition 
(relaxation) of muscles pairs around the same joint is called reciprocal inhi-
bition (Figure 4).  

Ia afferents follow a strict innervation structure strongly innervating either 
motor neurons that activate agonist musculature or Ia interneurons that sub-
sequently inhibit antagonistic motor pools. Peripheral signals help to main-
tain the strength of these afferent synapses ensuring functional reflex circuits 
are maintained throughout development (Mentis et al., 2010).  

The stretch reflex response and subsequent interneuron populations in-
volved in the monosynaptic and polysynaptic stretch reflex pathways are 
investigated in Papers II and III.   

Locomotion 
In its most basic definition, locomotion is the act of self-motion or propul-
sion and in bipeds and quadrupeds, is comprised of rhythmical movements 
of limb flexion and extension. When a limb is in contact with the ground it 
extends and propels the animal forwards. The limb is then subsequently lift-
ed from the ground by an act of flexion and reset ready to repeat the cycle 
(Brown, 1911). This innate, rhythmical, stepping behaviour is a fixed motor 
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pattern present from birth, as neonates exhibit rhythmical step-like reflexes 
prior to weight bearing age (Robinson and Goldberger, 1986).  

Locomotion results from the interplay between the biomechanical con-
straints of the muscles and the neural circuits underlying muscular control. 
Locomotor movements are characterised by repetitive oscillatory bursting of 
alternate flexor-extensor and left-right motor neurons that activate limb mus-
cles resulting in a step cycle. Locomotion is both robust and highly flexible, 
as locomotor sequences must adapt to changes in internal and external envi-
ronments adjusting speed, force and coordination. The locomotor machinery 
is therefore a hard-wired circuit generating repetitive step cycles that are 
constrained by physical limitations such as stride length, but can be modu-
lated by extraneous sensory input.  

A step cycle can be broken down into stance; designating the period the 
limb is in contact with the ground and swing; the period the foot remains 
airborne for advancement.  Changes to stance and swing phases cause varia-
tions to an animal’s gait, the locomotor patterning of the limbs, which in-
creases or decreases the velocity of locomotion. Thus, at different locomotor 
speeds, animals use different gaits (Bellardita and Kiehn, 2015; Lemieux et 
al., 2016).  

Most quadrupeds including horses, cats and rats have a substantial reper-
toire of locomotor gaits, however, there has been surprisingly little evidence 
detailing the capabilities of mice to move at high speeds (gallop or bound) 
like their other quadruped counterparts. The full locomotor gait repertoire of 
the mouse during overground and treadmill locomotion has recently been 
established (Bellardita and Kiehn, 2015; Lemieux et al., 2016) and is far 
more extensive than first thought. Mice have three distinct gaits that emerge 
at different speeds; walking, trot and bound (Bellardita and Kiehn, 2015) 
where mice showed a preference to trot (fore- and hindlimbs move in diago-
nal synchrony) at walking speeds and bound (fore- and hindlimbs in syn-
chrony) at higher speeds (Lemieux et al., 2016). Between these two predom-
inant gaits mice shifted between transitional gaits including gallop and half-
bound in a predictable sequential manner, where gait switches occurred ab-
ruptly or with minimal transitional steps (Bellardita and Kiehn, 2015; 
Lemieux et al., 2016). These biological observations have recently been 
supported by a computational model that recreated the shift in locomotor 
gaits of the mouse, from left-right alternation (walk and trot) at lower 
speeds, to left-right synchrony (gallop and bound) at higher speeds (Danner 
et al., 2016).      

Humans (bipeds) predominantly shift between five natural gaits that range 
from walking at lower speeds to sprinting at higher speeds. Quadrupeds, in 
particular horses and cats, are able to perform three natural gaits; walk, trot 
and canter/gallop; however some species, in particular Icelandic horses, are 
capable of performing additional gaits. These additional gaits are integrated 
as part of the natural movement and are not to be misconstrued as abnormal 
gaits. Gait abnormalities, in both humans and quadrupeds are often a conse-
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quence of underlying genetic or physiological conditions (Andersson et al., 
2012; Bellardita and Kiehn, 2015; Guertin, 2012; Kullander et al., 2003; 
Lerer et al., 2005). Observations of gait can therefore provide critical infor-
mation about possible musculoskeletal, neurological and genetic conditions 
underlying locomotion and assist in deciphering the neural circuitry generat-
ing locomotor patterns. The spinal cord neural circuitry supporting locomo-
tion is investigated in Papers II and III, where the concept of speed-
dependent gait changes and the subsequent neural circuitry underlying these 
changes is considered in Paper III.    

Central Pattern Generators 
Locomotion was initially suggested to be the result of a subset of rhythmi-
cally alternating flexor-extensor reflexes. This was shortly overruled as cats 
under the effect of deep anaesthesia, at which all peripheral reflexes are 
abolished, exhibited spontaneous hindlimb stepping movements (Brown, 
1911). Reflexive stepping remained present when peripheral input was sev-
ered, suggesting locomotion does not derive from purely reflexive or sensory 
circuits. In the de-afferented, decerebrate, mesencephalic cat devoid of de-
scending, peripheral and proprioceptive spinal inputs, locomotion was ob-
served to be normal (Brown, 1911; Grillner, 1975). Thus, it was proposed 
that the neural components generating the locomotor rhythm must be con-
tained within the spinal cord and peripheral and descending inputs modulate, 
select and shape locomotive outputs rather than generating the inherent 
rhythm (Grillner, 1975). These intrinsic, neural networks produce a rhythmi-
cal, patterned output in absence of sensory feedback. 

Coordinated, stereotypical patterns are generated by networks of neurons 
known as central pattern generators (CPG). These networks generate and 
sustain the internal rhythmic drive behind oscillatory behaviours including 
respiration and locomotion and serve two basic functions; rhythm generation 
and pattern formation. The spinal cord locomotor CPG is a tightly integrated, 
highly complex circuit of local interneurons that modulate and transmit lo-
comotor signals, and motor neurons that execute the final CPG command. 
As a network, the locomotor CPG repetitively activates the correct motor 
pools with spatial and temporal precision without the need for cortical inputs 
or peripheral feedback. Whilst interneurons are integral elements of the 
CPG, it is speculated as to whether motor neurons are actively included 
within the CPG or passive recipients of CPG commands generated by up-
stream interneuron circuits. Recently, motor neurons were identified as inte-
gral components of the zebrafish locomotor network, as they selectively 
control the firing and recruitment of an upstream excitatory interneuron pop-
ulation via electrical gap junctions (Song et al., 2016).   

Localising the anatomical position and distribution of locomotor CPG 
neurons began in cats (Grillner and Zangger, 1979) and continued in the 
isolated rodent spinal cord preparation (Bertrand and Cazalets, 2002; Bonnot 
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et al., 2002; Cazalets et al., 1995; Kjaerulff and Kiehn, 1996). Specific tran-
sectioning or lesioning of the isolated spinal cord along both the rostro-
caudal and dorso-ventral axis elucidated the origin of the rhythmic, patterned 
CPG drive. These experiments confirmed the core CPG components are 
distributed through the ventral laminae (Cina and Hochman, 2000; Tresch 
and Kiehn, 1999) where the neurons necessary for generating locomotor 
rhythmicity were localised and distributed within the rostral lumbar spinal 
cord (Bertrand and Cazalets, 2002; Cazalets et al., 1995; Grillner and 
Zangger, 1979), whilst circuits coordinating left-right alternation were dis-
tributed rostro-caudally along lumbar segments (Kjaerulff and Kiehn, 1996).  

CPG neural circuits in each half of the spinal cord are proposed to be 
driving and controlling the three underlying features of locomotion; the 
rhythm, the coordination of flexor and extensor muscles and the coordination 
of left and right limbs (Kiehn, 2006; Figure 5). Each limb is suggested to be 
controlled by a separate CPG that simultaneously modulates left-right and 
flexor-extensor motor output, as cats can walk on split-belt treadmills run-
ning at different speeds (Frigon et al., 2013). The complexity of the locomo-
tor CPG network renders it challenging to distinguish between neurons gen-
erating the rhythmic drive and neurons passively driven by the CPG. It is 
widely accepted that locomotor rhythm generation is initiated and driven 
primarily by spinal excitatory interneurons that set the baseline locomotor 
frequency (Hägglund et al., 2010, 2013; reviewed in Kiehn et al., 2008, 
2010). The critical role of spinal excitatory neurons in locomotor rhythm 
generation was reinforced when the targeted activation of Vglut2+ glutama-
tergic neurons was sufficient to generate a normal locomotor-like rhythm, 
whilst the selective inhibition of glutamateric interneurons halted the ongo-
ing rhythm (Hägglund et al., 2010, 2013). A specific subset of ventral excita-
tory interneurons has recently been identified and implicated as part of the 
rhythm-generating core (Dougherty et al., 2013). In direct contrast, locomo-
tor-like activity was generated in isolated spinal cords deficient in glutama-
tergic signalling (Vglut2 null), suggesting that whilst excitatory neurons may 
be involved in generating the rhythm, another neurotransmitter system, 
namely the remaining inhibitory connections, must produce the coordinated, 
rhythmic locomotor output in their absence (Gezelius et al., 2006; Talpalar et 
al., 2011; Wallén-Mackenzie et al., 2006). This phenomenon seemed re-
stricted to drug induced locomotion as electrical stimulation of Vglut2 null 
isolated spinal cords failed to activate a rhythm, more in keeping with the 
abovementioned results (Hägglund et al., 2010; Talpalar et al., 2011). The 
direct stimulation of spinal inhibitory interneurons cannot elicit a locomotor 
rhythm, arguing against a purely inhibitory rhythmic drive in a normal spinal 
cord (Hägglund et al., 2013).   
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Figure 5. The locomotor central pattern generator (CPG) in the spinal cord 
ventral horn. A schematic spinal cord depicting the CPG where neurons form a 
network to generate the key features of locomotion; rhythm generation (green) and 
pattern formation (grey network). The CPG output is sent to ipsilateral and contrala-
teral motor neurons (black) to coordinate limb movements. Within the pattern for-
mation networks (right), interneuron populations including excitatory interneurons 
(eIN, orange), commissural neurons (CIN, blue) and inhibitory ipsilateral interneu-
rons (iIN), which includes Renshaw cells (RC), orchestrate, shape and direct motor 
neuron output to coordinate left-right and flexor-extensor alternation.  

The cross-inhibitory actions between CPG networks located on different 
rostro-caudal spinal cord levels are important for flexor-extensor coordina-
tion. These reciprocal networks are ipsilateral, as flexor-extensor alternation 
persists in hemisected spinal cords (Kjaerulff and Kiehn, 1997) and inhibito-
ry, as flexor-extensor alternation was lost when inhibition was blocked 
(Kiehn, 2006). The cross-inhibitory actions between CPG networks on either 
side of the spinal cord control left-right alternation as left-right alternation 
was lost when the spinal cord midline was hemisected (Cowley and Schmidt, 
1995; Kjaerulff and Kiehn, 1996). Multiple commissural interneuron popula-
tions, both excitatory and inhibitory have been identified and are involved in 
coordinating left-right alternation (for review of the locomotor CPG see 
Kiehn, 2006; Kiehn et al., 2008).  

The locomotor CPG has been extensively characterised in the lumbar spi-
nal cord that controls hindlimb patterning. Even though direct intraspinal 
interactions exist between cervical and lumbar segments, the established 
connections between CPGs controlling fore- and hindlimb networks are 
poorly understood. Recent evidence, however, proposes the control of fore-
and hindlimb coordination in the cat spinal cord is bidirectional, asymmetric 
and flexible (Thibaudier et al., 2013). The CPG is not an isolated network 
and requires the balanced interplay between neural circuits to form a func-
tioning CPG that produces coordinated output.  The neurons comprising the 
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locomotor CPG, in particular those coordinating left-right and flexor-
extensor alternation, will be readdressed in ‘Locomotor Related Interneu-
rons’. 

CPG Models 
Over the years CPG models have emerged in an attempt to understand and 
explain how fore- and hindlimb locomotor circuits, accounting for rhythm 
generation and pattern formation, interact to produce coordinated output. 
Sherrington initially proposed the idea of a neural ‘half centre’ controlling 
locomotion, which was subsequently elaborated upon by Thomas Graham 
Brown (1911, 1914) and Anders Lundberg (1981), to become a ‘half centre 
model’. Here, the locomotor pattern was generated by flexor and extensor 
neurons, reciprocally organised to mutually inhibit each other, ensuring only 
one ‘half-centre’ could be activated at a time. Following the ‘half-centre’ 
model, Miller and Scott, (1977) proposed that inhibitory interneurons could 
initiate and sustain coordinated alternation between flexor-extensor motor 
pools, but their model failed to account for the origin of the locomotor 
rhythm, although recent evidence does lend support to the model (Talpalar et 
al., 2011). The ‘unit burst generator’ model proposed by Grillner, (1981) and 
recently supported by Hägglund et al. (2013) accounts for the complexity of 
locomotor patterns, and proposes separate ‘models’ or burst generators that 
control defined subsets of motor neurons. Each side of the spinal cord con-
tains networks that can generate rhythmic motor activity to control different 
motor pools independently (Hägglund et al., 2013), and is supported by ob-
servations that hemisected spinal cords can produce rhythmic activity (CPG 
models reviewed in Guertin, 2009).  

Despite the number of proposed locomotor models, there is no clear con-
sensus on the organisation of the locomotor CPG at a network level. CPG 
activity is likely far more complex than these models can predict, and is 
modulated by descending and peripheral inputs that existing models have 
limited means of incorporating. Models are continually being reworked and 
improved as our understanding of the circuitry and specific neural functions 
increases. Thus, emerging models that incorporate computational modelling 
with the results of functional rhythmogenic and patterning studies offer a 
more comprehensive view of the CPG network (Danner et al., 2016; Rybak 
et al., 2006a, 2006b, 2015). 

Spinal Cord Neural Development 
Within an organism, developing cells are arranged and organised into de-
fined bodily structures through a process known as patterning, which en-
compasses the complex cellular and molecular mechanisms that program cell 
fate. In the developing embryo, cells within the ectoderm eventually become 
the nervous system. Neural populations start their differentiation from a spe-
cialised ectoderm structure, the neural tube, where cells migrate away from 
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the neural tube to form the peripheral and autonomic nervous systems. The 
remaining neural tube becomes the CNS, where spinal cord populations are 
exposed to signals, particularly the specific expression of genes and chemi-
cals that influence, and ultimately decide their individual cellular fate 
(Wolpert et al., 1998). 

Chemical signals secreted by the developing embryo function both broad-
ly to pattern anatomical features such as cellular symmetry and dorso-ventral 
and anterior-posterior distinctions, and finely to define precise subsets of 
interneurons. These morphogens and the subsequent gene expression they 
control, follow a specific spatial and temporal expression pattern where cel-
lular differentiation and tissue specification depend on the specific sensitivi-
ty to and interplay between the signals (Gómez-Skarmeta et al., 2003). Be-
tween embryonic day (E) 9.5-18.5, two morphological gradients are estab-
lished that determine the neural identity of developing spinal cord neurons 
and influence their end placement along the spinal cord dorso-ventral axis 
(Lu et al., 2015). Bone morphogenetic proteins (BMPs), secreted by the dor-
sal epidermis/roof plate (Lee and Jessell, 1999), and sonic hedgehog (Shh) 
secreted ventrally from the notochord and floor plate (Echelard et al., 1993; 
Placzek, 1995), regulate the dorso-ventral patterning of the neural tube (Fig-
ure 6). The opposing activity of BMPs and Shh causes a repression of the 
signals, restricting the expression of subsequent patterning proteins to de-
fined spatial regions along the dorso-ventral axis (Lee et al., 2000; Liem et 
al., 2000; Placzek et al., 1991; Wilson and Maden, 2005; Yamada et al., 
1991). 

 
Figure 6. Spinal cord neural development. Bone morphogenetic proteins (BMPs) 
and Sonic hedgehog (Shh) secreted from the roof and floor plate (RP, FP) respec-
tively, create a dorso-ventral gradient that specifies genetically distinct progenitor 
domains that differentiate into specific cell populations including the locomotor 
populations (dI6, V0, V1, V2, V3 and MN), shown. Adapted from Goulding, 2009. 
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These dorso-ventral signals regulate the expression of transcription factors 
that form an integrative transcriptional code from which genetically distinct 
spinal neural populations are derived at defined dorso-ventral regions in the 
developing spinal cord. The result is eleven established dorso-ventral pro-
genitor domains that specify six dorsal interneuron (dI) domains (dI1 – dI6), 
one motor neuron domain and four ventral (V) cellular domains (V0 – V3) 
characterised by the combinatorial expression of different transcription fac-
tors and distinct genetic backgrounds (Alaynick et al., 2011; Gross et al., 
2002; Lu et al., 2015, Figure 6). Each domain contains molecularly distinct 
neural subtypes that differ in their end targets, roles and neurochemical phe-
notype, but share fundamental properties including origins from the same 
progenitor cell, migration, final lamina location, medio-lateral positioning 
and axonal projection (Alvarez et al., 2013; Lu et al., 2015). Interneurons 
within the ventral domains (V0-V3) and the most ventral dorsal domain 
(dI6) are thought likely to be associated with the CPG and are further differ-
entiated into distinct populations.  

Developing Spinal Networks  
During development, neurons and neural precursors exhibit spontaneous 
activity that initially starts on a cell-to-cell basis but as synaptic connections 
form and mature, emerges as correlated spontaneous activity across the 
forming network. This spontaneous activity shapes circuit characteristics 
including network connectivity, function, synaptic strength and excitability 
(review see Blankenship and Feller, 2010). In the spinal cord spontaneous 
network activity is a general property of developing motor networks and is 
mediated by cholinergic, glycinergic and GABAergic pathways (Chub and 
O’Donovan, 1998; Hanson and Landmesser, 2003; O’Donovan, 1999). It is 
inconclusive as to which neural populations trigger the spontaneous activity, 
but motor neurons have been postulated to play a prominent role as they 
exhibit episodes of larger rhythmic depolarisation coupled with periods of 
inactivity that have been observed from early embryonic days right up until 
CPG circuits are functional. Once spontaneous activity has been initiated, 
the spinal interneuron network propagates and sets the rhythmicity of the 
activity through reciprocal excitatory connections (review see Blankenship 
and Feller, 2010). 

Spontaneous network activity is most prominent in developing circuits 
when the actions of GABA and glycine are excitatory rather than inhibitory 
(Ben-Ari, 2002; Ben-Ari et al., 2007; Gonzalez-Islas et al., 2010; Gulledge 
and Stuart, 2003; Marty and Llano, 2005; Vinay and Clarac, 1999). Due to 
an increased intracellular chloride concentration in immature neurons, 
GABA and glycine initially depolarise neurons, however, the excitatory 
actions of GABA have recently been challenged and suggested to be an arte-
fact of intracellular recording procedures (Bregestovski and Bernard, 2012; 
Zilberter, 2015). As neurons mature there is a developmental shift to inhibi-
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tory GABA-/glycinergic signalling that is modulated by the ongoing neu-
ronal activity (Ben-Ari, 2002).  

The dynamics of neural circuits arise through a balanced interplay be-
tween synaptic inputs, network connections and the electrical properties of 
neurons within that network (Prinz et al., 2004). Developing networks are 
incredibly robust and have phenomenal capacities to recover and re-establish 
‘normal’ network activity after being deprived of vital inputs or when critical 
components of the network are lost (review see Blankenship and Feller, 
2010). When network activity is perturbed, neurons adjust their cellular ex-
citability, rhythmogenic capabilities, strength of excitatory and inhibitory 
synapses and ion channel protein levels and conductances to maintain origi-
nal network activity levels within the defined physiological range (Banks et 
al., 2005; De Zeeuw et al., 2003; Fogarty et al., 2016; Harley et al., 2015; 
Leao et al., 2004; MacLean et al., 2003; Sapir et al., 2004; Swensen and 
Bean, 2005; Wilhelm et al., 2009). In the spinal cord, compensatory network 
adjustments have recently been attributed to GABAergic signalling (Wenner, 
2014; Wilhelm and Wenner, 2008; Wilhelm et al., 2009). Of particular inter-
est, the genetic elimination of gephyrin on motor neurons caused dramatic 
changes to motor neuron spontaneous inputs, where even though the net 
synaptic input was conserved, there was a shift in the proportions of inhibito-
ry and excitatory synapses (Fogarty et al., 2016). The capacity of the devel-
oping nervous system to maintain normal physiological output in the ab-
sence of specific network inputs is investigated in Paper II.   

Spinal Cord Neural Populations in Locomotion 
In the locomotor CPG, descending signals and incoming sensory information 
are acted upon by interneurons that converge, mediate and modulate diverse 
afferent and local circuit inputs. Motor neurons are generated, selected and 
targeted to execute the commands of the CPG and whilst seemingly simple 
in function, represent a diverse, yet highly organised population that together 
orchestrate a common motor goal.  

Motor Neurons  
Spinal motor neurons are the body’s effector cells; the command neurons 
relaying the final motor output signal to muscles to produce movement. Mo-
tor neurons derive from the premotor neuron progenitor domain and migrate 
ventrally towards their final position and project their axons shaping the 
ventral root to innervate skeletal muscle (Lu et al., 2015). Right before the 
motor neuron axon leaves the spinal cord, an axon collateral projects back 
into the ventral horn to target local interneurons (see Renshaw cells). In the 
periphery, the motor neuron axon and muscle fibre form a specialised syn-
apse known as the neuromuscular junction (Ribchester, 2009). Motor neu-
rons communicate both peripherally and centrally via cholinergic transmis-
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sion to activate their postsynaptic targets (Fletcher and Forrester, 1975), 
however, their central transmission is more complex than initially thought 
(see Renshaw cells). Motor neurons are reliant on inhibitory inputs during 
late embryonic development for their survival, circuit activity and innerva-
tion of musculature (Banks et al., 2005; Fogarty et al., 2013, 2016). 

Motor neurons adhere to a strict rostro-caudal and medio-lateral topo-
graphical organisation both within the ventral horn and segmentally along 
the spinal cord. Alpha (α), Beta (β) and Gamma (γ) motor neurons innervate 
different muscle fibres where motor neurons of different types are common-
ly intermingled within the same motor pool (review see Burke, 1981), and 
are classified based on their anatomical size, morphological and molecular 
profiles, conduction velocities, electrical and firing properties and the specif-
ic expression of transcription factors (Enjin et al., 2010, 2012; Kanning et 
al., 2010; Zhu et al., 2012). In this thesis, the term ‘motor neuron’ refers to 
alpha motor neurons.   

Motor neurons are primed with their large cell bodies and extensive den-
dritic trees, to receive information from three main sources; proprioceptive 
input from the muscle spindle, descending input from cortical and brain re-
gions and local input from the CPG. The CPG drive causes the similar 
rhythmical activation of motor neurons within motor columns that is inde-
pendent of motor neuron subtype or anatomical position. During locomotor 
activity, motor neurons at a given lumbar segment burst in phase with one 
another showing comparable activity profiles (Hinckley et al., 2015). Paper 
III investigates the population activity of motor neurons during locomotor-
like activity when an inhibitory CPG population is silenced.   

Locomotor Related Interneurons 
The term ‘locomotor related interneurons’ encapsulates the diverse CPG 
interneuron populations (dI6, V0, V1, V2 and V3) that are integrated in 
rhythm generation and pattern formation locomotor networks. Perhaps the 
coarsest classification of CPG interneurons is by their action as either an 
excitatory or inhibitory population (Figure 5). Inhibitory interneurons derive 
from dI6 and V1 populations and have major roles in networks that refine, 
sculpt and time motor neuron activity to generate patterned output (review 
see Goulding, 2009; Goulding et al., 2014; Kiehn, 2006; Sapir et al., 2004). 
Excitatory interneurons are largely, but not exclusively, involved in CPG 
rhythm generation and include the V3 population (Hägglund et al., 2010, 
2013; Hinckley et al., 2005; Kiehn et al., 2008; Wilson et al., 2005; Zhang et 
al., 2008). V0 and V2 interneurons comprise of both inhibitory and excitato-
ry populations where ventral V0 (V0V) and V2a neurons are excitatory, 
whilst dorsal V0 (V0D) and V2b neurons are inhibitory (Al-Mosawie et al., 
2007; Lanuza et al., 2004).  

CPG interneurons can be divided by their axonal projections, independent 
of their neurochemical phenotype, into ipsilateral or commissural interneu-
ron classes. The axons of ipsilateral interneurons target downstream neurons 
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on the same side as their cell bodies and include neurons in the V1 and V2 
populations. Commissural interneurons (CINs) define a class of cells whose 
axons cross the midline via a central commissure and target neurons contra-
lateral to their own cell bodies and in the spinal cord are the dI6, V0, and V3 
populations (Gross et al., 2002; Moran-Rivard et al., 2001; Zhang et al., 
2008). The axons of both ipsilateral and commissural interneurons can pro-
ject locally within one spinal cord segment (intrasegmental), or over multiple 
segments (intersegmental), where intersegmental interneurons can further be 
subdivided into ascending, descending and bifurcating interneurons (Butt et 
al., 2002; Kiehn, 2006; Stokke et al., 2002). Regardless of their neurochemi-
cal phenotype, the common end target for both commissural and ipsilateral 
interneurons is to directly or indirectly modulate the activity of motor neu-
rons (Butt and Kiehn, 2003; review see Kiehn, 2006; Figure 5). 

CPG Coordination 
The connectivity and axonal projections of interneurons within locomotor 
CPG circuits, in addition to their neurochemical phenotype, gives inferences 
to the population’s potential role in locomotion. Generation of the locomotor 
rhythm is directly linked to the activity of excitatory interneurons, among 
which are a subset of the V2a interneurons defined by the expression of 
Shox2 (see Central Pattern Generator; Dougherty et al., 2013; Hägglund et 
al., 2013). Excitatory and inhibitory, commissural and ipsilateral interneu-
rons are part of complex rhythmic networks that play a critical role in pattern 
formation, controlling and coordinating the alternation between left-right and 
flexor-extensor motor pools. Genetic approaches, selectively targeting CPG 
interneuron populations based on their specific transcription factor expres-
sion, have been successful in uncovering the potential function of multiple 
locomotor interneuron populations within the CPG.   

Left-Right Alternation 
Commissural inhibitory interneurons were initially thought to directly con-
trol left-right alternation, where a dual-inhibitory commissural system impli-
cated both inhibitory and excitatory commissural interneurons acting in al-
ternate pathways (Kiehn et al., 2010; Quinlan and Kiehn, 2007; Figure 7). In 
this system, inhibitory commissural pathways directly innervate contralateral 
motor neurons, whilst excitatory commissural interneurons indirectly inhibit 
contralateral motor neurons through the activation of ipsilateral inhibitory 
populations (Quinlan and Kiehn, 2007). The V0 population underpins this 
dual-inhibitory system as the inhibitory dorsal (V0D) and excitatory ventral 
(V0V) subsets support both the direct and indirect inhibition of contralateral 
motor neurons (Figure 7). Ablation of the entire V0 population in neonatal 
mice caused disturbed locomotor patterns where mice displayed bilateral 
synchrony rather than normal left-right alternation (Lanuza et al., 2004). 
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This finding was supported in adult animals where mice with selective abla-
tion of V0 neurons lost the ability to perform alternating gaits (Bellardita and 
Kiehn, 2015). Moreover, the selective deletion of either the V0D population 
or the V0V population was sufficient to disrupt left-right alternation and 
promote synchrony (Talpalar et al., 2013) as mice had selective and defined 
difficulties performing and maintaining alternation across certain gaits 
(Bellardita and Kiehn, 2015).  

Excitatory, ipsilateral subsets of the V2a interneurons were also found to 
be integral in coordinating left-right alternation as mice with the genetic 
deletion of the V2a population developed a synchronous gait (Crone et al., 
2008, 2009). V2a interneurons project to commissural excitatory interneu-
rons including the V0V population and thus indirectly mediate the contrala-
teral inhibition of motor neurons (Dougherty and Kiehn, 2010b). The im-
portance of excitatory commissural interneurons in left-right alternation was 
realised when mice with increased excitatory commissural projections due to 
faulty axonal guidance, displayed a hopping gait in place of left-right alter-
nation (Kullander et al., 2003). Subsequent studies reported that blocking the 
synaptic drive from V3 commissural interneurons lead to a variable locomo-
tor output with weaker left-right alternation (Zhang et al., 2008), whilst the 
spared V3 commissural projections in netrin mutants generated synchronised 
hindlimb activity (Rabe et al., 2009). The latter findings directly implicate 
V3 neurons in left-right alternation, where these direct excitatory, commissu-
ral projections are suggested to comprise a direct excitatory pathway to con-
tralateral motor neurons that supports synchrony (Quinlan and Kiehn, 2007, 
Figure 7). Together the V0, V2a and V3 populations contribute to left-right 
alternation via direct (V0D and V3), and indirect (V0V driven by V2a) path-
ways (review see Kiehn et al., 2010).  
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Figure 7. The proposed dual-inhibitory system underlying left-right alternation.  
Left-right alternation is suggested to be coordinated by excitatory and inhibitory 
commissural interneurons (blue, CIN) that directly or indirectly inhibit or excite 
contralateral motor neurons (MN). The V0 population supports the dual pathway; 
inhibitory V0D neurons directly inhibit motor neurons whilst excitatory V0v neurons 
activate ipsilateral inhibitory neurons (yellow) including Renshaw cells (RC), Ia 
interneurons (IaIN) and currently unidentified neurons (?IN) that subsequently in-
hibit motor neurons. The V3 population comprise a direct excitatory pathway that 
supports left-right synchrony. Inhibitory synapses represented by closed circles; 
excitatory synapses by lines. Dotted line represents spinal cord midline. Adapted 
from Quinlan and Kiehn, 2007. 

Flexor-Extensor Alternation 
Flexor-extensor alternation is suggested to be generated by the reciprocal 
connections between groups of ipsilateral inhibitory interneurons (Kiehn, 
2006), however, the functional organisation of flexor-extensor networks is 
currently not well defined. V1 and V2b interneurons are thought to be in-
volved in flexion-extension coordination because flexor-extensor alternation 
around a limb joint depends on the regulated activity of ipsilaterally project-
ing inhibitory networks (Zhang et al., 2014). Moreover, the selective abla-
tion of V1 or V2b interneurons in adult mice affirm and extend the findings 
by Zhang et al. (2014) revealing the V1 and V2b populations independently 
control the step cycle through different mechanisms. V1 interneurons short-
en the bursting of flexor motor neurons to promote limb extension, whilst 
V2b interneurons limit the firing of extensor motor neurons and promote 
flexion (Britz et al., 2015). Previously, V1 interneurons have been proposed 
to coordinate flexor-extensor motor neuron patterning (McCrea et al., 1980), 
however, mice that develop without the V1 interneuron population have 
normal flexor-extensor motor neuron activity (Gosgnach et al., 2006; review 
see Goulding, 2009). 

V1 Interneurons 
V1 interneurons derived from the p1 progenitor domain, that transiently 
express engrailed 1 early during development, comprise a heterogeneous 
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population that account for one third of all ventral inhibitory populations 
(Alvarez et al., 2005, 2013; Benito-Gonzalez and Alvarez, 2012; Sapir et al., 
2004). After exiting the cell cycle between E9.5-12, V1 interneurons follow 
a ventrolateral migration pathway, project to ipsilateral motor neurons and 
up- or downregulate different transcription factors and proteins that start to 
shape cellular characteristics and neurochemical phenotype (Alvarez et al., 
2005; Benito-Gonzalez and Alvarez, 2012). Although flexor-extensor coor-
dination is not the primary role of V1 neurons, the population was revealed 
to shape motor neuron output and determine the speed of locomotion 
(Gosgnach et al., 2006; Zhang et al., 2014). 

V1 neurons are further divided into subpopulations based on their transi-
ent expression of transcription factors, exit time from the cell cycle, dorso-
ventral migration, expression of specific calcium buffering proteins, connec-
tivity within locomotor circuits and electrophysiological properties (Alvarez 
et al., 2005, 2013; Lu et al., 2015; Sapir et al., 2004). Recently V1 interneu-
rons were fragmentally subdivided into approximately 50 transcriptionally 
defined subtypes by their restricted, transient expression of 19 transcription 
factors. This genetic diversity broadly defined four V1 subpopulations or 
clades that were anatomically, physiologically and functionally discrete 
(Bikoff et al., 2016), documenting extensive diversity within V1 interneu-
rons. Despite this diversity only two V1 populations have been well charac-
terised; Ia inhibitory interneurons (IaIN) and Renshaw cells (RCs), which 
account for approximately 25% of the V1 population (Alvarez et al., 2005) 
leaving the vast majority of V1 interneurons without a defined population or 
functional role.   

Whilst IaIN and RCs have similar functional features, they are both 
rhythmically active and primarily responsible for the inhibition of motor 
neurons during locomotion (Eccles and Lundberg, 1958; Eccles et al., 1954; 
Geertsen et al., 2011; Pratt and Jordan, 1987; Talpalar et al., 2011) and share 
properties common to V1 interneurons, they represent characteristically dis-
tinct subtypes (Alvarez et al., 2005; Benito-Gonzalez and Alvarez, 2012; 
Sapir et al., 2004). The specification of Renshaw cells and IaINs from the 
V1 lineage is dependent on the temporal control of their neurogenesis where 
Renshaw cells are generated early during development (E9.5–10.5), whilst 
IaINs are born later at E11–12.5 (Benito-Gonzalez and Alvarez, 2012). This 
differential generation influences neural differentiation and migration, which 
ultimately affects the integration of each neuron into functionally distinct 
inhibitory circuits. Renshaw cells form a unique feedback circuit with ho-
monymous and synergistic motor neurons, known as recurrent inhibition  
(see Recurrent Inhibition; Eccles et al., 1954; Sapir et al., 2004), whilst IaINs 
act as a connection between sensory input and motor output, reciprocally 
inhibiting motor neurons innervating antagonistic muscles (see Sensory Re-
flexes; Figure 4). Renshaw cells and IaINs receive excitatory inputs arising 
from proprioceptive afferents, but whilst these proprioceptive inputs are 
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‘deselected’ from Renshaw cells during development, they are strengthened 
on IaINs supporting their reciprocal function (Mentis et al., 2006; Siembab 
et al., 2010). Recently, IaINs have been proposed to originate from other 
non-V1 derived progenitor domains (Wang et al., 2008; Zhang et al., 2014), 
whilst Renshaw cells develop exclusively from V1 interneurons (Alvarez et 
al., 2005; Sapir et al., 2004). Furthermore, the IaINs are the only known 
inhibitory cell population to receive inputs from and thus be inhibited by, 
Renshaw cells (Jankowska, 1992), which further increases the complexity of 
CPG inhibitory circuits.    

Speed Modulation 
In quadrupeds and bipeds, changes in locomotor velocity are accompanied 
by functional changes to gait, where shifts in both stance and swing phases 
alter locomotor step patterns and permit an increase or decrease in speed. 
Neurologically, modulation of locomotor speed is mediated by changes in 
the excitatory drive within locomotor circuits, where an increase in excitato-
ry drive increases locomotor speed (Danner et al., 2016). In vivo, this excita-
tion descends from cortical and brainstem areas and is manifested through 
the CPG, but in vitro, this excitation is derived from external stimulation or 
pharmacological activation of spinal locomotor circuits (see Fictive Loco-
motion). The transition from slower alternating gaits such as walking, to 
faster synchronous gaits such as bound, has been defined by the balance of 
activity in commissural interneuron pathways (Danner et al., 2016), which 
local CPG circuits must potentiate and interpret into a cohesive locomotor 
output.  

The CPG interneurons implicated in speed-dependent modulation of lo-
comotion are varied and diverse, not strictly belong to a single population 
and appear to exert differential effects at particular speeds (Bellardita and 
Kiehn, 2015; Danner et al., 2016). In both mice and zebrafish, the V2a popu-
lation are readily involved in speed-dependent networks. In zebrafish, modu-
lating the activity of these neurons accelerated and decelerated the speed of 
locomotion (Ampatzis et al., 2014), whilst V2a interneurons in mice are 
implicated in coordinating locomotion at moderate to high locomotor speeds  
(Crone et al., 2009). Inhibitory populations are also involved in driving the 
speed of locomotion. Motor neuron activity decreased when the V1 inhibito-
ry interneurons were genetically ablated resulting in a longer step cycle and 
slower locomotor frequency (Gosgnach et al., 2006). Moreover, the V0 pop-
ulation coordinates left-right alternation in a speed-dependent manner where 
the V0D and V0V populations coordinate locomotion at slower and faster 
speeds respectively, and are permissive for a mouse’s ability to shift between 
gaits (Bellardita and Kiehn, 2015; Talpalar et al., 2013). Mice lacking the 
V0V neurons were unable to trot, whilst bound was the default gait in mice 
lacking both V0V and V0D populations (Bellardita and Kiehn, 2015).        
Paper III further investigates locomotor interneurons contributing to loco-
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motor speed modulation and focuses on a possible speed-dependent role of a 
subpopulation of dI6 neurons that express the Doublesex and mab-3 related 
transcription factor 3 (Dmrt3).    

dI6 Neurons and Dmrt3 
Neural populations from adjacent progenitor domains in the absence of spe-
cific transcription factors can acquire a molecular character similar to that of 
neighbouring populations (Vallstedt and Kullander, 2013). The dI6 and V0 
populations share common properties as they arise from progenitor domains 
with similar characteristics (Gross et al., 2002; Lanuza et al., 2004). In par-
ticular, the V0D subpopulation demonstrate a molecular character similar to 
the dI6 population when the transcription factor differentiating the V0 popu-
lation is lost (Lanuza et al., 2004). Whilst the potential roles and functions of 
the V0 population have been extensively researched, knowledge surrounding 
the dI6 population is limited and remains one of the least characterised spi-
nal cord interneuron populations.  

dI6 neurons originate from dorsal pd6 progenitor cells that leave the cell 
cycle at approximately E11.5 and migrate ventro-medially to settle in ventral 
horn laminae VII/VIII (Alaynick et al., 2011; Gross et al., 2002). The dI6 
neurons are an inhibitory population of ipsi- and commissural interneurons 
that innervate contralateral motor neurons, and are proposed to be involved 
within circuits coordinating left-right alternation (Andersson et al., 2012; 
Dyck et al., 2012; Goulding, 2009; Rabe et al., 2009). Dorsal dI6 neurons 
could be further divided into subpopulations based on their intrinsic and 
functional properties, where a subset of neurons were observed to be rhyth-
mically active during locomotion (Dyck et al., 2012). Within this subset, a 
proportion of neurons were suggested to comprise part of the rhythm-
generating network, whilst the remaining neurons comprise part of the pat-
tern-forming network (Dyck et al., 2012). 

Genetic markers to identify and subdivide the dI6 population have been 
sorely lacking. Recently, the gene Doublesex and mab-3 related transcription 
factor 3 (Dmrt3) was found to mark a subset of the dI6 neurons and has ma-
jor implications in the gait and locomotion of both horses and mice 
(Andersson et al., 2012). ‘Gaitedness’, the ability of horses to perform two 
alternate gaits in addition to the three natural gaits, is readily selected for in 
many breeds (Albertsdóttir et al., 2007; Jäderkvist et al., 2014). A nonsense 
mutation introducing a premature STOP codon in the gene DMRT3 was 
found to be permissive for a horses’ ability to perform alternate gaits 
(Andersson et al., 2012; Kristjansson et al., 2014) where the DMRT3 muta-
tion was found at a high frequency in all gaited horse breeds worldwide 
(Promerová et al., 2014). Locomotor studies in Dmrt3-/- knockout mice, con-
firmed Dmrt3 is also central to locomotor coordination in the mouse. Dele-
tion of Dmrt3 affects dI6 neuron development and subsequently Dmrt3-/- 
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mice had a disturbed CPG output that resulted in pups displaying severe 
difficulties coordinating their hindlimbs and were unable to maintain left-
right alternation (Andersson et al., 2012). In the adult Dmrt3-/- mouse, motor 
coordination and balance were largely unaffected, but mice had significant 
gait abnormalities showing an increased stride length with subsequent diffi-
culties running at high speeds (Andersson et al., 2012). Whilst the Dmrt3 
gene has significant consequences for locomotion in mice, the characteristics 
and functional role of the population of spinal cord neurons derived from 
Dmrt3 is unknown. Thus, the Dmrt3 derived population is explored in Paper 
III.  

Recurrent Inhibition 
The locomotor CPG is a functioning neural network that generates a single 
patterned output in the absence of external inputs. Within this network addi-
tional circuits function to tightly regulate motor neuron output that work 
largely independently of the unique CPG rhythm generation and pattern 
formation network. These circuits include the reciprocal inhibition of motor 
neurons by IaINs and recurrent inhibition mediated by Renshaw cells.   

Recurrent inhibition is an additional feedback circuit that instantaneously 
reads the motor signal sent to the muscle for rapid movement output adjust-
ments (Eccles et al., 1961; Windhorst, 1996). The recurrent inhibitory circuit 
was one of the first functional circuits described in the nervous system, and 
the interneurons governing the inhibition the Renshaw cells (Renshaw, 
1946), have been extensively described in many organisms and share similar 
features and characteristics (Hultborn et al., 1979; Obeidat et al., 2014; 
Szczupak, 2014; Wenner and O’Donovan, 1999). In the rodent and cat recur-
rent inhibitory circuit, motor neurons and Renshaw cells act as both pre- and 
postsynaptic targets. Renshaw cells are monosynaptically connected to mo-
tor neurons via motor neuron axon collaterals and in turn, project to inner-
vate and inhibit homonymous and heteronymous motor neurons (Figure 8). 
The recurrent inhibitory network provides additional control to functioning 
motor circuits, as Renshaw cells simultaneously receive, process and re-
spond to the motor neuron signal being delivered to the muscle. The selec-
tive activation of the recurrent inhibitory pathway is effective in supressing 
motor neuron firing as just one action potential emitted from the Renshaw 
cell is sufficient to disrupt the motor neuron signal (Bhumbra et al., 2014). 
Conversely, single motor neuron action potentials reliably activate and drive 
Renshaw cell firing (Moore et al., 2015), where Renshaw cells reportedly 
reliably fire in response to motor neuron inputs upwards of 50 Hz (Ross et 
al., 1975). The generated recurrent inhibition can alter the firing rate and 
temporal timing of motor neuron spikes, act to variably change the gain mo-
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tor neurons or strongly suppress or stop motor neuron activity (Hultborn et 
al., 2004; Obeidat et al., 2014; Pratt and Jordan, 1987). 

  
Figure 8. The recurrent inhibitory circuit. Renshaw cells (RC) innervated by a 
motor neuron (MN) axon collateral, project their axons back to inhibit the motor 
neuron.  

The connectivity, synaptic inputs and function of the recurrent inhibitory 
circuit are shaped by the migration and positioning of Renshaw cells during 
development (Alvarez et al., 2013; Benito-Gonzalez and Alvarez, 2012; 
Bikoff et al., 2016). The motor neuron-Renshaw cell relationship is facilitat-
ed by the early generation of Renshaw cells, coupled with their unique cir-
cumferential migration to follow and cross the path of motor neurons as they 
migrate towards the ventral root (Alvarez et al., 2013; Benito-Gonzalez and 
Alvarez, 2012). The inability of motor neuron axons to leave the ventral root 
and their need to find innervation targets reinforces the recurrent circuitry 
where, at E13, motor neuron axons project to and establish a close connec-
tion with Renshaw cells. Renshaw cell innervation of motor neurons begins 
later at E15 and increases in frequency up until E17 when motor neuron 
synapses are cemented and a functional circuit is established (Alvarez et al., 
2013).  

Although in principle the recurrent inhibitory circuit appears straightfor-
ward, the wider connectivity and inhibitory influence is more diverse. Any 
single Renshaw cell is innervated by motor neurons innervating homony-
mous or heteronymous muscles (Hamm, 1990), where in turn, Renshaw cells 
generate recurrent inhibition on targeted motor neurons, IaINs and other 
Renshaw cells (Jankowska, 1992; Windhorst, 1996). Moreover, recurrent 
inhibition is not uniform along the cord or across motor pools as inhibitory 
strength decreases as Renshaw cells target motor neurons at increasing dis-
tances along the cord (Eccles et al., 1961; Hamm et al., 1987), and as they 
innervate motor neurons that control more distal muscles (McCurdy and 
Hamm, 1992). Innervation of Renshaw cells by larger motor neurons pro-
vides more powerful recurrent inhibition than innervation by smaller motor 
neurons (Burke, 1981) although this has been challenged and instead motor 
neurons innervating fast-fatigable muscles generate stronger recurrent inhibi-
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tion than those innervating slow muscles (Windhorst, 1996). The capacity of 
the recurrent inhibition circuit to maintain functional output depends on the 
extent of convergence of excitatory and inhibitory inputs within the circuit 
(Moore et al., 2015).   

Renshaw Cells 
The Renshaw cells (RC), named after their discoverer Birdsey Renshaw, 
represent only 2-3% of all ventral interneurons (Alaynick et al., 2011; 
Alvarez et al., 2005; Fitzsimons et al. 2006). Whilst the molecular, morpho-
logical, synaptic and electrical profiles of the Renshaw cells have been com-
prehensively documented since their discovery, their definitive functional 
role remains elusive. This thesis highlights the main physiological and char-
acteristic attributes of the Renshaw population. 

Renshaw cells are the inhibitory interneuron governing recurrent inhibi-
tion to motor neurons, where a reduction of motor neuron firing observed in 
response to ventral root stimulation, is a hallmark property of this network 
(Eccles et al., 1954; Renshaw, 1941; Renshaw, 1946). Renshaw cells have a 
multipolar or fusiform morphology with small cell bodies (Fyffe, 1990) and 
axons that project ipsilaterally, bifurcating at the ventral furniculus, extend-
ing rostro-caudally into lamina IX to target motor neuron proximal dendrites 
(Mentis et al., 2006; Sapir et al., 2004). Contralateral Renshaw cell projec-
tions, although suggested (Ryall et al., 1971), have not been confirmed.  

Renshaw cells can be identified by their anatomical location within the 
‘Renshaw cell area’ in lamina IX (Thomas and Wilson, 1965) and their char-
acteristic immunohistochemical profile (review see Alvarez et al., 2013). 
However, the only unequivocal confirmation of Renshaw cells in vitro is the 
generation of an evoked monosynaptic response from ventral root stimula-
tion. To date confident immunohistochemical identification of Renshaw cells 
relies on the unique expression of large gephyrin clusters that develop be-
tween P10 and P14, and the expression of Calbindin (Alvarez et al., 1997; 
Carr et al., 1998; Geiman et al., 2000; Gonzalez-Forero et al., 2005; Sapir et 
al., 2004). Renshaw cell gephyrin clustering is discriminant from other in-
hibitory interneurons and motor neurons (Alvarez et al., 1997), whilst cal-
bindin, under the control of transcription factors, is upregulated soon after 
Renshaw cells begin differentiation and retained in mature Renshaw cells 
but down regulated in other early V1 populations (Alvarez et al., 2013; 
Benito-Gonzalez and Alvarez, 2012; Stam et al., 2012). However, both 
gephyrin and calbindin are abundant in the neonatal spinal cord and thus 
remain unreliable markers for Renshaw cells (Alvarez et al., 1997; Carr et 
al., 1998; Geiman et al., 2000; Gonzalez-Forero et al., 2005; Sapir et al., 
2004).  

During the first two postnatal weeks, the Renshaw cell-motor neuron cir-
cuit undergoes considerable maturation that coincides with weight bearing 
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locomotion, reflex development and improved motor coordination. During 
this time, postnatal modifications increase and adjust synaptic strength, 
where there is a considerable shift in the primary innervation of Renshaw 
cells (Mentis et al., 2006). With a predicted RC:MN ratio of 1:5 (Fitzsimons 
et al., 2006), Renshaw cells receive considerable excitatory inputs from mul-
tiple motor neuron axon collaterals on their proximal dendrites that have a 
large probability of neurotransmitter release (Nishimaru et al., 2006; Siem-
bab et al., 2010; Alvarez et al., 1999; Mentis et al., 2006; Moore et al., 2015; 
Bhumbra et al., 2014). In fact, it is estimated that there are approximately 75 
motor neurons innervating any one Renshaw cell, whilst 40 Renshaw cells 
innervate any one motor neuron (Alvarez et al., 1999; Moore et al., 2015). 
Motor neuron synapses on neonatal Renshaw cells are established early and 
continue to expand their innervation domain during postnatal maturation 
(Mentis et al., 2006). Coupled with the innervation from motor neurons, 
Renshaw cells are innervated at E18 by VGLUT1 positive proprioceptive 
afferents on their distal dendrites that whilst initially expand, subsequently 
decline in density after P20 (Mentis et al., 2006). Maintaining the innerva-
tion balance is critical for normal circuit and synaptic development as alter-
ing the strength of proprioceptive and motor neuron inputs considerably 
impacts the synaptic density on Renshaw cells (Siembab et al., 2016).  

Adding to the complexity, Renshaw cells receive considerable mon-
osynaptic inhibitory inputs on their most proximal dendrites from other spi-
nal inhibitory interneurons and inputs from excitatory interneurons and some 
descending fibres (D’Acunzo et al., 2014; Kiehn, 2006; Mentis et al., 2006; 
Ryall, 1970, 1981; Alvarez et al., 1997; Nishimaru et al., 2006; Nishimaru et 
al., 2010; Windhorst 1996). Coupled with their proximal dendritic innerva-
tion of motor neurons (Bhumbra et al., 2014; Eccles et al., 1954; Renshaw, 
1946), Renshaw cells innervate and inhibit other Renshaw cells, IaINs and Ib 
interneurons (Hultborn et al., 1971; Lamotte d’Incamps and Ascher, 2008). 
Thus the local recurrent inhibition circuit, whilst fundamentally simple in 
principle, has many confounding factors that increase the complexity of the 
circuit, making functional isolation of the Renshaw cell from its surrounding 
networks difficult.  

The MN-RC synapse was the first example of a fast, cholinergic synapse 
in the CNS (Eccles et al., 1954). Cholinergic transmission at the MN-RC 
synapse has since been confirmed, as pharmacological blockade of the nico-
tinic acetylcholine receptors (nAChR α2 and α4) in isolated spinal cords, 
silenced Renshaw cell firing (Noga et al., 1987). Of note, whilst nAChR α4 
is expressed in other spinal interneurons, nAChR α2 has an expression pat-
tern restricted to Renshaw cells and has been hinted as a potential Renshaw 
cell marker (Dourado and Sargent, 2002; Enjin et al., 2010; Ishii et al., 
2005). Currently glutamate and/or aspartate are suggested to be co-released 
with acetylcholine at central motor neuron synapses (O’Donovan et al., 
2010; Richards et al., 2014) as antagonists of nAChR failed to completely 
inhibit evoked motor neuron activation of Renshaw cells (Lamotte 
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d’Incamps and Ascher, 2008; Mentis et al., 2006; Nishimaru et al., 2005). 
Vesicular glutamate transporters (VGLUTs) are not co-localised with ve-
sicular acetylcholine transporters in the terminal, suggesting that although 
glutamate may contribute, aspartate, capable of activating NMDA receptors 
independently of VGLUT mechanisms, might be a better candidate 
(Richards et al., 2014). Although controversial, synaptic transmission at the 
MN-RC synapse is thus suggested to be cholinergic, aspartaergic and glu-
tamateric (Lamotte d’Incamps and Ascher, 2008; Mentis et al., 2006; Ni-
shimaru et al., 2005; Richards et al., 2014). Renshaw cell inhibitory neuro-
transmission is both glycinergic and GABAergic distinguishing Renshaw 
cell inhibition from that of other spinal interneurons (Schneider and Fyffe, 
1992). Renshaw cell GABAergic transmission prolongs the inhibitory signal 
on motor neurons, as GABAergic currents have a slower time course than 
glycinergic currents (Cullheim and Kellerth, 1981).  

Renshaw cells are known to be rhythmically active during locomotion 
(McCrea et al., 1980; Nishimaru et al., 2006), but not integral for generating 
the rhythm (Pratt and Jordan, 1987), thus the precise functional role of the 
population in locomotion remains unclear. Renshaw cells fire rhythmical 
bursts in-phase with the motor neuron pool they are in innervated by and 
thus potential roles are to shorten the burst duration of motor neurons, con-
tribute to rhythm generation and coordinate flexor-extensor alternation 
(McCrea et al., 1980; Pratt and Jordan, 1987; Nishimaru et al., 2006). Fur-
ther theories suggest that Renshaw cells may change the gain of motor pools 
(Hultborn et al., 2004), influence the de-correlation of motor neuron firing 
(Maltenfort et al., 1998) or reduce motor neuron firing during locomotion 
(Noga et al., 1987). Convincing evidence supporting a functionally distinct 
role for Renshaw cells in locomotion is lacking despite the comprehensive 
array of neurochemical, immunohistochemical, pharmacological, anatomical 
and electrophysiological data contributing to the Renshaw cell profile. Iden-
tifying a genetic marker to selectively isolate the Renshaw cells from sur-
rounding circuits was a focus of Paper I, and has been supported by func-
tional studies investigating the role of the Renshaw cell in Paper II.   

Clinical Applications  
Spinal cord injuries and motor neuron diseases severely impair the quality of 
life and significantly reduce the life expectancy of patients living with these 
afflictions. Whilst the prevalence of motor related conditions continues to 
rise due to environmental, genetic and lifestyle factors, most motor diseases 
have an unknown cause with uncertain pathophysiology and progression, 
making it difficult to identify therapeutic targets and possible treatment in-
terventions.  

The underlying general pathophysiology of motor diseases is a disruption 
to normal motor circuitry signals and subsequent communication with mus-
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culature. Alterations in, and the possible loss of neuronal inhibitory mecha-
nisms often lead to deficits within cortical and spinal motor circuits, which 
manifest as severe functional disturbances when executing motor tasks. Dys-
tonia, a common form of behavioural disturbance encompasses irregular 
hyperkinetic, tremor-like movements that originates as defective neural net-
works in multiple brain regions leading to reduced inhibition in the spinal 
cord, brainstem and cortex producing dysfunctional movements (review see 
Albanese et al., 2013; Hallett, 2011; Phukan et al., 2011). There are many 
underlying genetic causes for dystonia (review see Phukan et al., 2011; Liu 
et al., 2015), but little clarity surrounding the exact neural populations con-
tributing to the phenotype.      

Amyotrophic lateral sclerosis (ALS) is the progressive degeneration of 
cortical and spinal motor neurons that ultimately render patients paralysed. 
Although there are underlying genetic mutations associated with ALS (Chen 
et al., 2013; Kenna et al., 2016), in most cases there is an incomplete under-
standing behind the mechanism of selective motor neuron death. Excitotoxi-
city, presenting as intrinsic motor neuron hyperexcitability has been pro-
posed as a likely mechanism of motor neuron degeneration possibly stem-
ming from increased glutamate-mediated transmission, the loss of inhibitory 
neurotransmission or alterations to inhibitory circuits (review see Martin and 
Chang, 2012; Ramírez-Jarquín et al. 2013). The recurrent inhibition circuit is 
an attractive candidate for the source of the hyperexcitability as Renshaw 
cells are reported to have the earliest neuronal damage leading to either di-
minished or lost recurrent inhibition, supporting findings in ALS patients 
(Fornai et al., 2008; Pasquali et al., 2009; Raynor and Shefner, 1994). In 
work using experimental animal models of ALS, although there is a univer-
sal agreement that glycinergic inhibition is affected during ALS progression 
(Chang and Martin, 2009, 2011; Hossaini et al., 2011; Martin and Chang, 
2012; Wootz et al., 2013), it is not agreed as to how this loss of inhibition 
manifests. A loss of Renshaw cell innervation on motor neurons, followed 
by a complete loss of the Renshaw cell population could underlie the hyper-
excitability (Chang and Martin, 2009, 2011), however, significant recurrent 
inhibitory circuit and synaptic changes occur prior to complete motor neuron 
degradation that are not a direct consequence of Renshaw cell loss (Hossaini 
et al., 2011; Wootz et al., 2013). Rather Renshaw cell loss is initiated by 
motor neuron degeneration, catalysed by a retraction of motor neuron synap-
ses on Renshaw cells, that disconnects the recurrent inhibition circuit (Wootz 
et al., 2013) This suggests that both Renshaw cells and their subsequent cho-
linergic innervation present as attractive targets for continued ALS research.  

Patients with full or partial spinal cord injuries have previously had little 
hope of ever improving or regaining control over their movements. Now, 
armed with an increased understanding of the locomotor network in particu-
lar how rehabilitation based activities promote the re-wiring of brain and 
spinal cord circuits following disease or trauma, new therapeutic treatments 
show considerable promise to induce permissive locomotion from paralysed 
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states. These approaches are founded and governed on the ability of the lo-
comotor CPG to generate rhythmical output in absence of descending inputs. 
In humans, similar to cats or rodents, lumbar spinal cord stimulation induces 
patterned, rhythmical activity in muscles and initiates step-like lower limb 
movements resembling those underlying volitional locomotion (Courtine et 
al., 2009; Danner et al., 2015; Dimitrijevic et al., 1998; Ladenbauer et al., 
2010; Minassian et al., 2007). The stereotypical motor output generated by 
these networks, combined with chemical and electrical initiation of move-
ment in isolated preparations, provides a solid physiological framework in 
which to build clinical and rehabilitation based therapies (Musienko et al., 
2009).  

In 2012, Van den Brand and colleagues designed an electrochemical neu-
roprothesis for paralysed rodents that when combined with a robotic support 
interface, locomotor training and local stimulation of spinal neural networks, 
encouraged the brain to reuse and re-wire locomotor circuits to promote 
stepping. After a period of active locomotor training, rats with experimental-
ly induced spinal cord injuries were capable of initiating and sustaining full 
weight bearing locomotion during electrochemical enabled motor states, 
even navigating obstacles and making task specific adjustments (van den 
Brand et al., 2012). This approach capitalised on the plasticity of the nervous 
system to remodel to construct novel and highly functional supraspinal 
pathways from intact, dormant spinal circuits to regain cortical control of 
locomotor networks under defined conditions. The success in generating 
bipedal locomotion from paralysed quadrupeds strongly suggests this thera-
peutic outlet could be beneficial for sufferers of a rare human gait disorder, 
Uner Tan Syndrom, characterised by quadrupedal locomotion and for in-
complete spinal cord injury patients (Guertin, 2012).  

Several enhancers of inhibitory signalling combined with therapeutic ap-
proaches have been used to treat both ALS and dystonia disorders with little 
success (see review Hallett, 2011; Ramírez-Jarquín et al. 2013). Investigat-
ing and understanding the intricacies of normal motor networks remains of 
critical importance to identify genes and neurons involved in disease pro-
gression that could present novel treatment targets. Moreover, combining 
active rehabilitation and training with electrochemical stimulation of func-
tionally isolated, neural networks offers a promising therapeutic modality for 
limb paralysis and genetic CPG abnormalities, and reiterates the need for a 
functional and detailed understanding of the spinal cord locomotor network.  
   



47 

Aims 

The overall aim of this work was to decipher the spinal cord locomotor net-
work and identify the functional roles and contributions of individual neural 
populations to the locomotor output. Specific aims are detailed below:   
 

Paper I 
To confirm that Renshaw cells can be genetically labelled by their expres-
sion of Chrna2 and to identify potential modulatory currents and their con-
tribution to the electrophysiological profile and firing patterns of Renshaw 
cells.    

 

Paper II 
To investigate the functional, electrical and anatomical importance of     
VIAAT-mediated Renshaw cell signalling during recurrent inhibitory circuit 
development and the overall impact and role of recurrent inhibition within 
the locomotor CPG.  

 

Paper III 
To characterise the morphological, synaptic and electrophysiological proper-
ties of the commissural interneuron population derived by Dmrt3 and inves-
tigate their functional role and contribution to locomotor output and subse-
quent motor behaviour.  
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Methodological Considerations 

This thesis presents results obtained through a diverse array of methods, 
techniques and experimental procedures that are described in detail in the 
materials and methods section of Papers I – III. The following section is 
therefore limited to outlining the methodological considerations of the main 
methods either performed by myself, or those underlying the foundation of 
the papers (animal models and treadmill locomotion).  

Animal Models 
Animal models are invaluable in the scientific investigation of normative 
and patho-physiological mechanisms and behaviours, and offer the potential 
for preclinical to clinical research translations. The creation of the C57BL 
mouse line by Clarence Little (Crow, 2002), in combination with advancing 
transgenic technologies and the full sequencing of the mouse genome 
(Mouse Genome Sequencing Consortium et al., 2002) has made the mouse a 
powerhouse in biological research. The short gestational period and life cy-
cle, large litter size, considerable genetic similarities to humans and the pos-
sibility to manipulate the mouse genome continue to make mice an attractive 
research tool. Within recent years, mouse models have been purposefully 
designed and tailored to investigate specific developmental, physiological 
and functional aspects of the spinal cord locomotor CPG network.  

This thesis details the generation of Cre-LoxP transgenic mouse models 
(see Genetic Targeting of Neural Populations), to investigate the characteris-
tics and function of the Renshaw cell and Dmrt3 populations during locomo-
tion and motor behaviour. The animal models and husbandry procedures are 
described in brief below: 

 
All animal procedures were approved by the local Swedish ethical commit-
tee (permit C248/11, C135/14). Heterozygous Chrna2Cre and Dmrt3Cre posi-
tive or wild-type (WT) control animals of either sex maintained on a 
C57BL6 background were used for analysis. Cre mouse lines were generated 
in-house using Bacterial Artificial Chromosome (BAC) and Zinc Finger 
Nuclease (ZFN) technologies. Chrna2Cre and Dmrt3Cre knock in mice were 
crossed with the reporter line tdTomato  (Gt(ROSA)26Sortm14(CAG-tdTomato)Hze; 
Allen Brain Institute; (Madisen et al., 2010) to visualise neural populations 
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and were used in combination with Viaatlx/lx mice (Vgatlx/lx) (Tong et al., 2008) 
to conditionally silence neurons.  Additionally, Chrna2Cre mice were used in 
combination with the reporter line TaumGFP-nlslacZ (Hippenmeyer et al., 2005) 
and B6.Cg-Tg mice (Thy1-Brainbow1.0)HLich/J (Jackson lab).   

Electrophysiology 
Electrophysiology is the measurement of membrane electrical currents and 
voltage changes as a consequence of ionic conductance. While electrophysi-
ological recordings encompass everything from electrical measurements 
from the heart to the electrical potentials of muscles, this thesis focuses on 
single neuron recordings from spinal cord populations and extracellular 
compound action potentials recorded from the ventral roots.  

Fictive Locomotion 
Fictive locomotion is an in vitro protocol in which induced ‘fictive’ locomo-
tor-like activity is recorded in an isolated spinal cord devoid of descending 
or sensory inputs. Locomotor signals recorded as left and right (l/r) and flex-
or and extensor (f/e) motor bursts through the ventral roots are used to ex-
trapolate and reconstruct the locomotor pattern. Individual locomotor param-
eters, including burst cycle length, temporal cycle variations and the overall 
coordination of l/r and f/e burst patterns can be identified from the recorded 
activity. As an animal steps with one limb at a time, locomotor bursts should 
alternate in parallel between l/r motor pools. As the animal uses opposing 
muscles around the joint to propel the limb forward, f/e motor pools burst in 
alternation (Figure 9).  

In an intact nervous system the ‘drive’ for locomotion initiation descends 
from the brain to activate CPG locomotor networks.  In a fictive locomotion 
preparation, this excitatory drive is provided either electrically through stim-
ulation of brainstem neurons (Hägglund et al., 2010, 2013; Talpalar and 
Kiehn, 2010) or chemically through application of a combination of drugs 
artificially mimicking descending input from higher structures (Harris-
Warrick, 2011; Miles and Sillar, 2011). In combination with an excitatory 
amino acid (most often N-methyl-D-aspartate, NMDA) that provides the 
main excitation (Kudo and Yamada, 1987), the neuromodulatory amines, 
dopamine (DA), serotonin (5-HT) and noradrenaline (NA) found extensively 
throughout the brain, are an effective means of inducing locomotion (Beliez 
et al., 2014).  

The ‘optimal’ locomotor-like output in vitro generates alternating motor 
bursts with a stable rhythmicity and cycle pattern (Figure 9), but tempera-
ture, the ionic composition of surrounding buffers and the combination and 
concentration of locomotor drugs, influence the rhythm. Several drug com-
binations and concentrations induce the ‘optimal’ locomotor-like pattern 
(Dougherty and Kiehn, 2010a; Hägglund et al., 2010; Hinckley et al., 2005; 
Nishimaru et al., 2006; Zhong et al., 2010), however, the working concentra-
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tions and active combinations of drugs must be considered as each amine 
exerts independent actions on locomotor activity (Beliez et al., 2014). In fact 
the selective activation of ionotropic glutamate receptors, differentially af-
fect locomotor speed (Talpalar and Kiehn, 2010). Amines in combination 
with NMDA produce motor bursts with longer cycle duration, a stable 
rhythm and a stable f/e relationship, ideal for locomotor coordination studies 
(Beliez et al., 2014; Talpalar and Kiehn, 2010).   

        
Figure 9. Fictive locomotion preparation and patterned motor output. A sche-
matic of an isolated spinal cord with recording electrodes place on left (l) and right 
(r) lumbar (L)2 and 5 ventral roots (A). Application of locomotor drugs induces 
locomotor-like activity with alternation of motor bursts between l/r (rL2 Vs. lL2) 
and f/e roots (lL2 Vs. lL5) (B). Cycle period, burst and interburst are identified on 
rectified trace.  

The experiments presented in this thesis investigate the contributions of the 
Renshaw cell and Dmrt3 populations to locomotor coordination with a focus 
on locomotor frequency, burst duration and the coherency between l/r and 
f/e motor outputs. Fictive locomotion was repeatedly induced under similar 
circumstances as deviations to the locomotor activity due to mismatches or 
variations in drug concentrations or variable experimental temperatures 
could falsely be perceived as phenotypic outcomes, potentially skewing the 
data. As such all experiments were completed as described in brief below: 

 
The neonatal (<P3) spinal cord was freely dissected in ice cold, K-gluconate 
cutting solution (Dugué et al., 2005; Lamotte d’Incamps and Ascher, 2008) 
before being transferred to equilibrated (95% O2 and 5% CO2) artificial cer-
ebrospinal fluid (aCSF) for 30 minutes prior to recordings and subsequently 
held at room temperature (22-24°C) throughout experimental procedures. 
Suction electrodes were placed on left and right lumbar (L)2 and L5 ventral 
roots. The following drugs were added to the perfusing aCSF and bath ap-
plied to spinal cords to induce locomotor-like activity: 
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Paper II: 5 µM NMDA + 10 µM 5-HT induced baseline locomotion whilst 
3, 6 and 10 µM NMDA + 10 µM 5-HT + 50 µM dopamine varied locomotor 
speed. Mecamylamine (50 µM), a nicotinic receptor antagonist was occa-
sionally added to the perfusate. 
Paper III: 5 µM NMDA + 10 µM 5-HT + 50 µM dopamine induced base-
line locomotion whilst 7.5 µM NMDA was substituted for experiments ad-
dressing increased speed. 

Recorded ventral root signals were amplified and band-passed filtered be-
fore being digitized and recorded using Axoscope 10.2 (Axon Instruments 
Inc.) or WinEDR for analysis. Data was rectified, occasionally downsampled 
and low pass filtered. Analyses including coherence plots, preferential phase 
alignment, and burst parameters over at least 20 sequential activity cycles 
were performed using SpinalCore (version 1.1, Mor and Lev-Tov, 2007), 
Neurodata (Zhang et al., 2008) or an in-house designed Matlab program.  

A considerable advantage of fictive locomotion is its adaptability and 
readiness to be combined with other techniques. In Paper III, fictive loco-
motion was combined with 2-photon imaging to record the population activi-
ty of the Dmrt3Cre neurons during locomotor-like activity and whole-cell 
patch-clamp techniques to record individual neural activity during locomo-
tor-like patterns.  

Patch-Clamp Electrophysiology 
The ionic current and resulting voltage change across a membrane can be 
directly measured through intracellular recording techniques.  In the 1940’s, 
Kenneth Cole established the voltage-clamp technique where the effect of 
the membrane potential on membrane currents was recorded by holding or 
‘clamping’ the neuron at predetermined voltages. This technique was suc-
cessfully used by Hodgkin and Huxley (1952), in their pioneering experi-
ments in the squid axon, where they revealed the ionic mechanisms underly-
ing the action potential.  Erwin Neher and Bert Sakmann in the late 1970’s to 
early 1980’s, further refined the voltage clamp method by adding a giga-seal 
thereby establishing the widely used patch-clamp technique (Neher and 
Sakmann, 1992; Sakmann and Neher, 1984) where the current through volt-
age gated, ligand gated and mechanically gated ion channels could be rec-
orded. The patch-clamp method works by electrically isolating a patch of 
membrane, through which ionic conductance can be measured, by creating a 
giga-seal between the membrane and a glass micropipette. Once the seal has 
been established one of four patch clamp configurations can be obtained, the 
most common of which is the whole-cell configuration (Figure 10). Whole-
cell patch-clamp experiments record the electrical potentials and ionic cur-
rents from the entire cell through two recording modes; current-clamp that 
records the membrane potential to current inputs and voltage-clamp that 
records membrane currents at any given membrane voltage.   
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Figure 10. Patch-clamp recording configurations. Adapted from Zhao et al., 2008  

In Papers I–III, whole-cell patch-clamp recordings were made on 
Chrna2Cre, Dmrt3Cre and motor neurons in spinal cord slices. In Paper III, 
Dmrt3Cre neurons were patched in a dorsal-horn-removed spinal cord, often 
in combination with fictive locomotion. The electrophysiological protocol 
and tissue preparation procedures were fundamentally similar and are de-
scribed in brief below:  
 
Neonates (P0-P10) were anesthetized by hypothermia (<P4) or oral inhala-
tion of isoflurane (>P4), decapitated and spinal cord freely dissected in oxy-
genated (95% O2 and 5% CO2), ice cold, K-gluconate cutting solution.   

Dorsal-horn-removed experiments: The dorsal horn of the lumbar spinal 
cord was carefully removed from segments L2 – L5 leaving the ventral horn 
and roots intact. The spinal cord was incubated in oxygenated aCSF for 30 
minutes before being transferred to the recording chamber, where a free ven-
tral root was attached to a suction electrode. Fictive locomotion was induced 
as described above. After stable locomotor-like activity had been induced 
(>15 minutes) Dmrt3 neurons were patched (described below) either contra-
laterally or ipsilaterally to the recorded ventral root.  

Spinal cord slice electrophysiology: The spinal cord was angled (35°) on 
an agar block, secured with gelatin and placed in a pre-cooled slicing cham-
ber filled with ice cold cutting solution. Transverse, lumbar, spinal cord sec-
tions (350µm) were made using a vibrating blade microtome, incubated for 
45 minutes at 35°C in equilibrated aCSF and subsequently held at room 
temperature (22-25°C) throughout experimental procedures. Neurons were 
visualised, by their stereotypical morphology or RFP expression. Ventral 
roots were occasionally mounted into glass suction electrodes for antidromic 
response to ventral root stimulation. Images were routinely taken of patched 
RFP expressing neurons often in combination with ventral root recording 
electrodes, to confirm lumbar segment, dorso-ventral and/or medio-lateral 
placement. Patch pipettes (5-9MΩ) contained a K+ based internal solution, 
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with an osmolarity between 280-300mOsm/L. The liquid junction potential 
was 14.4mV.  

Whole-cell patch-clamp recordings were filtered and digitized using 
WinWCP software (Dr. J. Dempster, University of Strathclyde, Glasgow, 
UK) or Axograph data acquisition and analysis software (Sydney, Australia). 
Additional analysis was performed using Matlab and Prism. For current 
clamp recordings depolarising and hyperpolarising current protocols were 
applied. For voltage clamp recordings, neurons were voltage clamped at -
60mV and access resistance was compensated by >66% prior to the applica-
tion of voltage steps. Drugs added to the perfusate were ZD7288 20µM (Pa-
per I and III), Apamin 100 nM, BaCl2 50 µM, CsCl 3, 9 and 12 mM (Paper 
I) Picrotoxin 10 µM, and Tetrodotoxin 1µM (Paper II). 

Retrograde Tracing 
Retrograde tracing is a powerful method to identify the axonal and dendritic 
projections and pathways of neurons within neural networks. Retrograde 
tracing works by injecting one or two fluorescent retrograde tracers into a 
target site or sites, where cells that project to the targeted region are identi-
fied by the presence of tracer in their cell body. The flexibility and ease of 
combining tracing techniques with immunohistochemical and physiological 
recordings makes retrograde tracing advantageous in many studies, but given 
specific tracer characteristics, selecting the appropriate tracer should be con-
sidered. Although the percentage of traced neurons is invariably quite high it 
is not absolute and often underestimates the prevalence of projections, as 
such procedural methods exist to improve retrograde labelling (review see 
Schofield, 2008).   

In this thesis, retrograde dextran tracing was used to identify commissural 
ascending, descending and bifurcating axonal projection patterns of spinal 
Dmrt3Cre;tdT neurons. Dextran tracers are advantageous as they are readily 
viewed on fluorescent and confocal microscopes and are highly sensitive, 
often extensively labelling neural dendrites (review see Schofield, 2008). 
Any severed axon will pick up dextran tracers. As such, to avoid tracing 
ipsilateral neurons it was imperative the spinal cord midline was kept intact 
throughout dissection and commissural tracing procedures and superfluous 
tracer was immediately removed. The retrograde tracing procedures are de-
scribed in brief below: 

 
Neonatal spinal cords (P0/P1) were dissected (see Electrophysiology) and 
transferred to a chamber filled with oxygenated aCSF at room temperature 
(22 -24°C). Two horizontal cuts were made in the spinal cord; one at L1 and 
a second between L3 and L4. Fluorescein-dextran-amine (FDA, 3000 MW) 
and Alexa fluor 647 (10,000 MW) were applied to L1 and L3/4 cuts respec-
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tively and spinal cords were left to incubate in the dark overnight. Traced 
cords were fixed for one week before transverse sectioning (60 µm).  

Some dextran tracers commercially available as conjugates with biotin 
(biocytin) are injected into neurons during electrophysiological recordings 
linking electrical characteristics to morphology. In Papers I and III, 
Chrna2Cre;tdT and Dmrt3Cre;tdT patched neurons were readily filled with 
biocytin (2mg/ml) during recording protocols and their morphology was 
reconstructed post hoc using the avidin-biotin reaction: spinal cord slices 
were fixed overnight and processed with Streptavadin-Alexa-Fluor® 488 
(1:1000) together with 4’,6-diamidino-2-phenylindole (DAPI), before being 
washed and mounted in Mowiol. Images for both retrograde tracers and bio-
cytin-streptavidin were acquired on a fluorescence or confocal microscope 
and processed in Velocity software (Improvision, Coventry, UK), ImageJ 
and Adobe Photoshop.   

Behaviour Assays 
Genetic targeting is a common way to identify genes important in cellular 
and physiological processes that underlie behaviour. As genetic targeting 
becomes more specific the need for a well-developed and characterised set 
of behavioural assays arises that account for a plethora of behavioural phe-
notypes. In the mouse, behavioural paradigms have been adopted from the 
rat and are continually adapted and improved by contributions from psy-
chology, pharmacology and neuroscience. Although observable behaviours, 
both normal and abnormal, have underlying cellular, molecular or physiolog-
ical causes, it can often be difficult to determine cause and effect relation-
ships due to extraneous variables impacting animal behaviour or behavioural 
interpretations. Thus it is challenging, yet imperative, to choose the correct 
behavioural paradigms to observe and test, robust and reliable mouse behav-
iour (review see Bućan and Abel, 2002).   

When examining mouse behaviour the limitations and physiological chal-
lenges presented by the test and the animal must be considered. This is par-
ticularly relevant to motor tests as motor coordination and strength develop 
with age, stressing the importance of examining these parameters in compa-
rable age groups. Although treadmill tests are an excellent means of as-
sessing adult locomotion, they are relatively ineffective in determining the 
walking capacities of pups as gravity overrides their muscular strength. 
Swimming and suspended ‘air stepping’ assays instead allow the unburdened 
execution and analysis of neonatal locomotor behaviour, which facilitate the 
study of locomotion throughout development.   

This thesis uses various motor behavioural assays, including treadmill lo-
comotion, grip strength, beam walking, air stepping and swim tests to eluci-
date the role of Chrna2Cre and Dmrt3Cre populations in motor output. The 
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procedures for treadmill locomotion and swim tests are described in brief 
below:  

 
Adult animals were placed on the treadmill band moving at different speeds 
(9, 15, 20, 25 and 30 cm/s) and their steps during a 20 second period were 
recorded. Gait parameters were automatically analysed using Treadscan 
software (CleverSys Inc) or calculated from 10 manually tracked stride cy-
cles. Treadmill locomotion at faster speeds (40, 45 and 50 cm/s) was per-
formed by animals (P26-P28) that were trained between P14-P26 using a 
training schedule devised by Lemieux et al. (2016) with slight modifications. 
The proportion of synchronous fore- and hindlimb steps were quantified for 
each treadmill speed.   

Swim patterns were assessed in adults and pups (P2, P4, P8 and P16). An-
imals were allowed to swim freely in a chamber proportionate to animal size 
for a maximum time of 30 seconds. Mice were videotaped from the side and 
from below to analyse postural development, swim style and movement 
patterns. Limb patterns (alternating, uncoordinated or immobile) were as-
sessed from hindlimb movements during 20 full stroke cycles.  
 



56 

Results and Discussion 

Paper I 
Deciphering a functional role for the Renshaw cell in locomotion has, over 
the past decades, been challenging. Their function remains poorly defined 
due, at least in part, to their central position within intricately assembled 
networks of CPG interneurons and motor neurons. Thus, the use for a specif-
ic Renshaw cell marker that can functionally isolate the Renshaw cell popu-
lation is needed.   

A microarray screen of the mouse spinal cord, identified the cholinergic 
nicotinic receptor alpha 2 (Chrna2) could be a potential Renshaw cell mark-
er due to the high expression of Chrna2 within the most ventral horn (Enjin 
et al., 2010). To selectively target Renshaw cells, we generated a transgenic 
mouse line where Cre, driven by the Chrna2 promoter, was expressed in 
Chrna2 positive cells. Chrna2Cre positive neurons were visualised by cross-
ing the Chrna2Cre mouse with various reporter lines. Chrna2 was specifically 
expressed in a subpopulation of ventral horn neurons with an anatomical 
location and pattern of expression reminiscent of Renshaw cells. Further 
validation using the known Renshaw cell immunohistochemical markers 
calbindin and gephyrin, and the generation of an evoked response through 
ventral root stimulation, confirmed Chrna2 expressing neurons in the most 
ventral horn are Renshaw cells. CHRNA2 as a membrane bound receptor, is 
expressed early (E11) in cells during embryogenesis and maintained within 
the cellular membrane throughout cell life (Hogg et al., 2003). The early and 
continued expression of cholinergic receptors in the membrane combined 
with the high overlap between Chrna2-mRNA and calbindin makes Chrna2 
an attractive, reliable and persistent marker for Renshaw cells, since Cre will 
continually be expressed as long as Chrna2-mRNA is transcribed.   

The identification of a Renshaw cell specific marker permitted, for the 
first time, a thorough investigation of Renshaw cell electrophysiological 
properties without the need for post hoc confirmation (Alvarez and Fyffe, 
2007). As such, we patched neonatal (P0-P10) Renshaw cells from Chrna2-
Cre/R26Tom mice (RCα2). We initially confirmed the presence of reported 
characteristic Renshaw cell firing properties in RCα2 (Eccles et al., 1954; 
Lamotte d’Incamps and Ascher, 2008). Furthermore, we established the fun-
damental electrophysiological profile including both passive (input re-
sistance and resting membrane potential) and active (action potential charac-
teristics) properties for the RCα2 population, which had been absent in previ-
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ous reports. Interestingly, upon strong hyperpolarisation of the RCα2 mem-
brane, a large inward rectification or depolarising ‘sag’ was observed in neu-
rons and often, post-inhibitory rebound potentials were generated at the ter-
mination of hyperpolarising steps. These features, stereotypical of the hy-
perpolarisation-activated cation current (Ih) were abolished when Ih was 
blocked by the Ih antagonist ZD7288 (Marshall et al., 1993; Wu et al., 2012).  
These findings prompted the investigation of the specific ionic contributions 
to RCα2 membrane properties, in particular Ih and the small conductance, 
calcium-activated potassium current (ISK).    

RCα2 have confirmed expression of HCN4 channels, (Hughes et al., 
2013), which we found to conduct a functional, prominent Ih that was signif-
icantly attenuated when blocked by ZD7288. The activation time constant 
for RCα2 Ih was similar to previous studies investigating the kinetics of 
HCN4 channels (Ishii et al., 1999; Seifert et al., 1999) supporting the expres-
sion of HCN4 in Renshaw cells. HCN2 channels are also abundantly ex-
pressed in the ventral horn (Santoro et al., 2000) and it is possible that Ih in 
RCα2 could be conducted through both HCN2 and HCN4 channels, although 
the co-expression of HCN2 and HCN4 in RCα2 is yet to be determined. Ih has 
diverse effects on neuronal membranes and amongst other roles, is implicat-
ed in establishing the resting membrane potential, participates in rhythmic 
firing and modulates neuronal excitability (Pape, 1996). Given the strikingly 
negative voltage at which Ih is activated in postnatal RCα2, a role of Ih in 
setting the RCα2 resting membrane potential was ruled out. The kinetic nature 
of Ih, promotes an inherent cellular rhythmicity shifting the membrane poten-
tial from depolarisation to hyperpolarisation (Pape, 1996), and as Renshaw 
cells are rhythmically active during locomotion (McCrea et al., 1980; Pratt 
and Jordan, 1987), it was likely that Ih contributed to Renshaw cell firing 
patterns.  Although we did not observe burst firing in RCα2 as previously 
reported (Nishimaru et al., 2006) blocking Ih decreased the firing frequency 
of RCα2. Since Renshaw cells match motor neuron firing, often firing at a 
frequency in excess of 50 Hz (Moore et al., 2015) and HCN4 channels are 
suggested to be linked to high action potential discharge (Hughes et al., 
2013), we suggest that Ih in RCα2 contributes to high frequency firing in Ren-
shaw cells to tightly regulate motor neuron output.  

Mature Renshaw cells have distinctive, large gephyrin clusters on their 
soma and proximal dendrites that co-localise with both glycine and GABAA 
receptors (Alvarez et al., 1997; Geiman et al., 2000, 2002) suggesting that 
Renshaw cells receive potent inhibition from other neurons. In support of 
this, the half-activation potential for Ih in RCα2 was strongly negative, pro-
posing that Renshaw cells have a mechanism in place to deal with the in-
coming powerful inhibition. HCN4 channels, more abundant in the spinal 
cord than first thought, have the slowest activation and inactivation kinetics 
(Santoro and Baram, 2003; Santoro et al., 2000), which can lead to the gen-
eration of rebound action potentials at the termination of hyperpolarising 
events. We postulate that the activation of RCα2 Ih at strongly negative poten-
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tials, by the simultaneous convergence of multiple inhibitory inputs, gener-
ates rebound action potentials turning strong inhibition into rebound excita-
tion. Thus, inhibition of the Renshaw cell through Ih activation, could result 
in motor neuron inhibition, or at the very least a disturbance in motor neuron 
firing, as one Renshaw cell action potential is enough to disrupt motor neu-
ron activity (Bhumbra et al., 2014). This scenario is supported for Renshaw 
cells at rest, however, in an active recurrent inhibitory network with a 
push/pull of excitatory and inhibitory inputs, inhibition of the Renshaw cell 
would primarily result in disinhibition of the motor neuron, increasing motor 
neuron firing. We suggest Ih acts to modulate RCα2 neuronal excitability by 
regulating firing frequencies and potentially turning strong inhibition into 
rebound excitation. We reveal a potential dual action of Renshaw cell activi-
ty, which can both inhibit and activate neurons, adding to the complexity of 
Renshaw cell function during locomotion. This potential dual action be-
comes even more complicated when considering the vast circuitry estab-
lished between Renshaw cells, motor neurons and other locomotor and sen-
sory neurons.  

RCα2 firing can also be modulated by the small calcium-activated potassi-
um current (ISK). RCα2 firing frequency significantly increased when Apamin 
was applied to cells. Apamin, a specific ISK antagonist, blocked the action 
potential afterhyperpolarisation (AHP) significantly reducing interspike in-
tervals and increasing RCα2 spike rate. The AHP modulates neuronal firing 
patterns, where blocking ISK can shift firing from tonic to bursting (Edgerton 
and Reinhart, 2003). Thus in RCα2, ISK limits the firing frequency and poten-
tially prevents Renshaw cells from burst firing under certain stimuli 
(McCrea et al., 1980). ISK channels are activated by intracellular calcium 
levels, thus the stronger the activation of Renshaw cells e.g. during pro-
longed depolarisation, the more ISK will act to regulate firing. Under normal 
circumstances, ISK has the potential to change the pattern of Renshaw cell 
firing and appears to limit Renshaw cell activity in response to increased 
activity and could possibly act as protection from over-excitation.    

Together, we reveal two previously unidentified RCα2currents that inde-
pendently act to modulate activity through different activation mechanisms; 
one by strong inhibition and the other by profound excitation. The interplay 
of these currents with other ionic conductances and the possible implications 
this has on both Renshaw cell and motor neuron excitability remains to be 
investigated.  

Although Chrna2 is a specific Renshaw cell marker, Chrna2 marks addi-
tional neural populations found within recurrent inhibitory circuits in the 
hippocampus and cortex with similar specificity (Leao et al., 2012). In the 
hippocampus, the expression of Chrna2 defines the Oriens/Lacunosum-
moleculare (OLM) interneuron population (Leao et al., 2012; Mikulovic et 
al., 2015), which contribute to oscillatory rhythms and are involved in anxie-
ty behaviours (Mikulovic et al., submitted) and memory formation (França et 
al. submitted). In the cortex, Chrna2 defines the Martinotti cell population 
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(Hilscher et al., submitted) that contributes to correlating, synchronising and 
coordinating the output of cortical pyramidal cells (Berger et al., 2010; 
Silberberg and Markram, 2007). In the ventral spinal cord, hippocampus and 
cortex, Chrna2+ inhibitory interneurons have molecular, synaptic (circuitry) 
and electrophysiological similarities and are accountable for supressing, 
modifying or gating the output of a primary neuron. The similarities between 
the Renshaw, OLM and Martinotti cells and their signalling circuits are be-
ing considered in an upcoming review (Hilscher, Mikulovic, Perry and 
Kullander, in preparation). Additionally, within the spinal cord Chrna2 is 
expressed in dorsal interneuron populations and marks a population of cur-
rently unidentified, midline ventral horn neurons.  

The Chrna2-Cre/R26Tom mouse has made it possible to visualise and rec-
ord from Chrna2 expressing populations in whole spinal cord and brain 
preparations. Thus we can extrapolate our findings from single cells to fit 
population based analyses. This has been particularly advantageous in inves-
tigating the electrical and functional properties of the RCα2 population within 
an isolated spinal cord using 2-Photon imaging population-based recording 
techniques (Nagaraja et al., submitted). Moreover, we have used Chrna2-
Cre/R26Tom mice in CLARITY techniques (Chung and Deisseroth, 2013) for 
high resolution imaging, visualising the density, distribution and projections 
of Chrna2 populations within whole CNS structures.   

Even though Renshaw cell research has persisted since their discovery 
and significant contributions have been made to the Renshaw cell profile, the 
role of the Renshaw cell in motor control remains elusive. The Chrna2Cre 
mouse is the first example of a Renshaw cell genetic marker and broadens 
the possibilities to decipher the functional role of Renshaw cells in locomo-
tion and to investigate other Chrna2 expressing populations throughout the 
CNS. The focus of Paper II is to address the functional role of Renshaw 
cells in locomotion using Chrna2Cre mice 

Paper II 
This work extended the characterisation of RCα2 and used the Chrna2Cre 
mouse to specifically remove VIAAT-mediated inhibitory signalling from 
the Renshaw cell population (Chrna2Cre;Viaatlx/lx). For the first time, we spe-
cifically silenced Renshaw cells within locomotor circuits and investigated 
their functional role during locomotion. Previous studies have only targeted 
the V1 population that includes both Renshaw cells and IaINs, and although 
locomotor disturbances were observed when V1 interneurons were ablated, 
primarily to the speed of locomotion and difficulties generating limb exten-
sion, they could not be directly attributed to the role of the Renshaw cell 
(Britz et al., 2015; Gosgnach et al., 2006).  

Surprisingly, we found no observable phenotypic behaviours in adult 
Chrna2Cre;Viaatlxlx mice, which contradicts previous results (Britz et al., 
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2015; Gosgnach et al., 2006). Removing Renshaw cell mediated inhibition 
during development did not impact motor behaviour as all tested aspects of 
motor functioning including gait, coordination, strength, and balance in 
Chrna2Cre;Viaatlx/lx mice were similar to control animals. We cannot exclude 
the possibility that silencing Renshaw cell function influenced aspects of 
motor behaviour not observable by the behavioural assays in this study, alt-
hough given the extent of testing, this seems unlikely.  

With no clear behavioural phenotype in adults, locomotor patterns were 
induced and examined in neonates. In keeping with adult results, the fre-
quency and rhythm of the induced locomotor-like activity were not affected 
by the removal of Renshaw cell inhibition in Chrna2Cre;Viaatlxlx mice, nor 
were hindlimb coordination or alternation patterns altered suggesting that 
CPG circuits in Chrna2Cre;Viaatlxlx mice function normally from birth. These 
results do not support previous theories implicating Renshaw cells in the 
regulation of flexor-extensor motor neuron activity (McCrea et al., 1980; 
Nishimaru et al., 2006) or support the finding that mice with ablated V1 
neurons had flexor-extensor related difficulties with gait (Britz et al., 2015). 
Our findings do however, support the previous observation that flexor-
extensor alternation remains unaffected when the V1 population is genetical-
ly ablated or silenced (Gosgnach et al., 2006; Zhang et al., 2014).  

In an attempt to provoke the locomotor circuit Renshaw cell activation 
was blocked by the application of mecamylamine, a nicotinic receptor an-
tagonist (Sapir et al., 2004), that should alter the locomotor frequency in 
control cords (Nishimaru et al., 2006), but not affect the frequency of 
Chrna2Cre;Viaatlxlx cords.  Interestingly, mecamylamine reduced the locomo-
tor frequency of Chrna2Cre;Viaatlxlx mice by a similar magnitude to control 
mice, suggesting the actions of mecamylamine are independent of Renshaw 
cell function and possibly act on other CPG neurons. There is little literature 
surrounding the actions of mecamylamine on spinal cord neurons other than 
Renshaw cells, but potential targets could include other populations express-
ing Chrna2 (Chrna2-Cre/R26Tom midline population) or other nicotinic ace-
tylcholine receptor subtypes (e.g. Chrna5). As a counter approach to explore 
a possible Renshaw cell functional role, fictive locomotor speed was in-
creased. Locomotor-like activity similarly increased in both control and 
Chrna2Cre;Viaatlxlx cords, suggesting that Renshaw cells are not central to the 
regulation or coordination of locomotor patterns across speeds contrary to 
previous reports for the V1 population (Gosgnach et al., 2006). Together 
these results infer that, perhaps, Renshaw cells are entirely dispensable for 
locomotion as removing their inhibition does not impact functional locomo-
tor parameters.     

In light of these findings, the efficiency of the VIAAT deletion in 
Chrna2Cre;Viaatlxlx mice is questioned, although there is considerable evi-
dence arguing for the successful elimination of VIAAT in other neurons 
(Leao et al., 2012; Rahman et al., 2015; Wojcik et al., 2006). Viaat mRNA 
was absent from all calbindin+ ventral horn neurons in Chrna2Cre;Viaatlxlx 
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mice, and present in all calbindin+ ventral horn neurons in control mice. Fur-
thermore, Chrna2Cre;Viaatlxlx motor neurons received a lower frequency of 
miniature inhibitory post synaptic currents than control mice, which physio-
logically supports a VIAAT deletion in Renshaw cells. Although unlikely, 
we cannot entirely exclude the possibility that inhibitory neurotransmitters 
may be released via mechanisms independent of VIAAT-mediated release. 
To equivocally confirm functional VIAAT deletion in Chrna2Cre;Viaatlxlx 
mice, antidromic stimulation of recurrent inhibitory circuits, should not de-
press the motor neuron response to afferent stimulation (Eccles et al., 1954). 
These experiments are currently underway.   

With an absence of behavioural phenotype, we investigated whether there 
were synaptic or electrophysiological alterations to the recurrent inhibition 
circuit. Previous alterations in the recurrent inhibitory circuit were reported 
in Engrailed 1 mutant mice, where although Renshaw cell inhibitory input to 
motor neurons decreased by almost half, the total number of inhibitory syn-
apses remained normal, suggesting increased innervation by other inhibitory 
neurons (Sapir et al., 2004). VIAAT-mediated Renshaw cell signalling influ-
enced the development of inhibitory and sensory synapses as 
Chrna2Cre;Viaatlxlx motor neurons had significantly increased calbindin+ 
Renshaw cell contacts, coupled with an increased number of proprioceptive 
glutamatergic sensory VGLUT1+ contacts (Figure 11). Interestingly, the 
altered synaptic innervation of Chrna2Cre;Viaatlxlx motor neurons did not 
translate to altered synaptic function, as Chrna2Cre;Viaatlxlx motor neurons 
received a lower frequency of spontaneous inhibitory currents and main-
tained normal stretch reflex responses. The normal stretch reflex despite 
increased sensory innervation suggests changes to the electrical properties of 
the circuit. 

Removing VIAAT-mediated Renshaw cell signalling impacted the devel-
opment of motor neuron and Renshaw cell electrical properties.  
Chrna2Cre;Viaatlxlx motor neurons and Renshaw cells had significantly al-
tered excitability parameters and exhibited changes in their afterhyperpolari-
sation potentials, that slowed their firing frequencies. Chrna2Cre;Viaatlxlx 
motor neurons required more current to fire an action potential, showing a 
hypoexcitable phenotype, whilst Renshaw cells required less excitation 
showing a hyperexcitable phenotype (Figure 11). Interestingly, when com-
paring the relative changes between Chrna2Cre;Viaatlxlx motor neurons and 
Renshaw cells, in many properties, the percentage change in 
Chrna2Cre;Viaatlxlx motor neurons was matched by an opposite change in 
Chrna2Cre;Viaatlxlx Renshaw cells. Thus, there were significant electrophysi-
ological changes to motor neurons and Renshaw cells as a consequence of 
VIAAT deletion, and in the majority of altered parameters, the changes were 
reciprocal.      
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Figure 11. Summary of the synaptic and electrophysiological compensatory 
changes in the recurrent inhibition circuit in Chrna2Cre;Viaatlxlx mice. 
Chrna2Cre;Viaatlxlx motor neurons (black, right) had increased calbindin+ (Calb+, red) 
and afferent (VGLUT1+, green) contacts compared to control motor neurons (left). 
These synaptic changes were accompanied by altered electrical properties where 
motor neurons became hypoexcitable whilst Renshaw cells (red) became hyperex-
citable. ChAT+ (choline acetyltransferase) and VAChT+ (vesicular acetylcholine 
transporter, grey) contacts remained constant.    

The absence of behavioural deficiencies, combined with the altered synaptic 
and electrophysiological properties of Chrna2Cre;Viaatlxlx mice, suggest that 
the physiological role of Renshaw cells is compensated for during network 
development. The expression of Cre removes VIAAT from Renshaw cells 
early during embryogenesis, during a time in which GABA and glycine are 
presumably excitatory (Ben-Ari, 2002; Ben-Ari et al., 2007). As such, the 
corresponding effects and potential changes to the recurrent inhibition circuit 
are likely due to a reduction in excitation rather than a reduction in inhibi-
tion. Compensation within developing networks is a consequence of early 
neural and chemical alterations to re-establish normal physiological func-
tions to keep them within defined levels (Banks et al., 2005; Fogarty et al., 
2016). In a similar scenario to Chrna2Cre;Viaatlxlx motor neurons, Fogarty et 
al. (2016) observed that motor neurons with a specific deletion of gephyrin 
received decreased inhibition, which was not only coupled with a two-fold 
increase in excitation, but both inhibitory and excitatory currents had altered 
functional properties. These results are similar to our observations, where the 
remaining inhibitory currents to Chrna2Cre;Viaatlxlx motor neurons had al-
tered rise times.   

We saw several, independent pieces of evidence that suggest there is pre-
sumable, but considerable compensation within the recurrent inhibition cir-
cuit in Chrna2Cre;Viaatlxlx mice, rendering behavioural output normal (Figure 
11). Chrna2Cre;Viaatlxlx motor neurons received reduced inhibition, detected 
as a lower frequency of inhibitory currents, which the Renshaw cells alt-
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hough silenced, could possibly attempt to counteract by increasing the num-
ber of Renshaw cell contacts to Chrna2Cre;Viaatlxlx motor neurons. The de-
creased excitability of neonatal Chrna2Cre;Viaatlxlx motor neurons was poten-
tially balanced by an increase in the number of excitatory proprioceptive 
contacts projecting to motor neurons, possibly attempting to provide the 
additional excitation the motor neurons need to activate. In turn, the de-
creased excitability in motor neurons was matched by an increase in the ex-
citability of Chrna2Cre;Viaatlxlx Renshaw cells. This complementary compen-
sation between motor neurons and Renshaw cells, could underlie the normal 
locomotor output in Chrna2Cre;Viaatlxlx mice. Our results highlight that the 
spinal cord recurrent inhibitory circuit is endowed with several mechanisms 
to maintain a purposeful output, and promote the further analysis of Ren-
shaw cell function using acute silencing methods. 

There has been much speculation about the role of the Renshaw cell in 
motor control, and our results neither fully support nor entirely negate exist-
ing evidence. In fact, if anything, our results argue that Renshaw cells could 
be entirely dispensable for locomotor control as the developmental silencing 
of the Renshaw cell population still renders entirely functional behavioural 
output, most likely through complementary compensation mechanisms.  

Paper III 
Dmrt3 knock out animals (Dmrt3-/-) illustrate the need for a functional 
Dmrt3 gene in the development and generation of coordinated locomotor 
patterns controlling limb movements (Andersson et al., 2012). In the mouse 
spinal cord, Dmrt3 defines a subset of inhibitory dI6 interneurons located 
around the central canal in laminae VII and VIII that are primed to contrib-
ute to locomotion. Whilst previous studies have evaluated the properties of 
putative subsets of dorsal dI6 neurons (Dyck et al., 2012) or the Dmrt3 gene 
(Andersson et al., 2012), this study selectively targets the Dmrt3 derived 
population to determine the role of Dmrt3 neurons in the locomotor CPG.    

Genetically targeted Dmrt3 neurons identified by RFP expression 
(Dmrt3Cre;tdT) were confirmed as the Dmrt3 population, due to their high 
expression of Dmrt3 mRNA. Some Dmrt3 neurons also expressed WT1, 
indicating diversity in their neural background. The dI6 and neighbouring 
V0 population can be further subdivided based on their unique intrinsic, 
functional and anatomical properties (Dyck et al., 2012; Lanuza et al., 2004).  
Whilst the majority of Dmrt3 cells were located in lamina VII, the neuronal 
distribution spanned across both laminae VII and VIII, where more ventral 
Dmrt3 cells were morphologically larger than dorsal Dmrt3 cells. Unlike the 
V0 and V3 populations (Borowska et al., 2013; Lanuza et al., 2004), dorsal 
and ventral Dmrt3 cells do not represent functionally distinct subgroups, as 
membrane and action potential properties were similar between cells. The 
dI6 population reportedly projects both contralaterally and ipsilaterally 
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(Andersson et al., 2012; Lanuza et al., 2004; Rabe et al., 2009). We con-
firmed Dmrt3 neurons are inhibitory, commissural interneurons whose axons 
bifurcate and extend intersegmental ascending and descending projections to 
target motor neurons and other inhibitory interneurons.  

As a population Dmrt3 neurons had fundamentally similar action poten-
tial properties, but showed diversity in the occurrence of spontaneous firing, 
frequency adaptation and active membrane currents. Considerable spike-
frequency adaptation in response to depolarisation was seen in Dmrt3 neu-
rons, which became more prominent at higher current inputs. Almost all 
(90%) neurons exhibited spike adaptation at 150pA whilst only 40% of 
Dmrt3 neurons adapted their firing frequency at 50pA, revealing a small 
proportion of the Dmrt3 population fired regularly across all current inputs. 
Adaptation is found in rhythmically firing neurons and although not a unique 
feature of the Dmrt3 population, adaptation could contribute to their physio-
logical and functional role. We suggest that spike-frequency adaptation in 
Dmrt3 neurons could potentially act to maintain a pre-set level of inhibition 
onto motor neurons in response to increasing excitatory inputs. Thus, with a 
higher locomotor drive, Dmrt3 neurons permit CPG excitation to override 
inhibition, which could promote synchronous ‘bounding’ gaits at higher 
locomotor speeds (Lemieux et al., 2016).  

Many rhythmically active CPG interneurons have electrophysiological 
properties, including adaptation and hyperpolarisation-activated cation cur-
rents (Ih) that support their inherent rhythmical firing (Borowska et al., 2013; 
Butt et al., 2002; Dougherty and Kiehn, 2010a; Kiehn et al., 2000; Perry et 
al., 2015; Wilson et al., 2005; Zhong et al., 2010). Ih currents, present in 76% 
of Dmrt3 neurons, generated stereotypical depolarising ‘sags’ and repolar-
ised membranes from hyperpolarised potentials. Upon termination of hy-
perpolarisation, half the Dmrt3 neurons responded with rebound action po-
tentials. Ih was not present in all Dmrt3 neurons suggesting possible differ-
ences in ion channel expression and current between cells, which propose 
the existence of subgroups. The expression of HCN channels, or a detailed 
characterisation of Ih functionality has not been investigated in the Dmrt3 
population and would be of potential interest to classify neurons into poten-
tial subsets particularly since Ih exerts diverse effects on neural membranes 
(Pape, 1996). In any case, Dmrt3 neurons have adaptive firing and Ih, two 
features that support inherent rhythmical activity.   

Previous studies of inhibitory CPG interneurons reported that neuronal 
firing patterns were heterogeneous during locomotor activity (Dyck et al., 
2012; Wu et al., 2011). Our findings support these results as only 63% of 
Dmrt3 neurons had rhythmic activity that was either in or out of phase with 
the locomotor pattern recorded through the ventral root. The remaining 
Dmrt3 neurons showed no discernable rhythm and fired continuously 
throughout locomotor activity in accordance with previous reports (Dyck et 
al., 2012; Wu et al., 2011). As a population Dmrt3 firing activity was not 
correlated to the locomotor rhythm, even though some neurons were strongly 
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coupled to motor bursts. These findings corroborated the multiple Dmrt3 
rhythmicities seen in 2-photon imaging experiments. The variable firing 
patterns during locomotor activity could likely arise from variations in the 
firing and membrane properties of Dmrt3 neurons especially since subsets of 
the dI6 population had persistent inward currents (PIC) that supported their 
intrinsic rhythmogenic properties (Dyck et al., 2012). The specific current 
contributions to individual firing patterns were not investigated in any neu-
rons, as such it is not possible to conclusively link neural firing to defined 
cellular electrical properties. It is plausible, however, that Dmrt3 neurons 
exhibiting both spike adaptation and active Ih would more likely be generat-
ing a rhythmic output.  

To ascertain the locomotor role of the Dmrt3 neurons themselves, Dmrt3 
neurons were genetically stripped of their ability to inhibit downstream pop-
ulations (Dmrt3Cre;ViaatKO mice). In an isolated preparation, 
Dmrt3Cre;ViaatKO cords had markedly slower and considerably disturbed 
locomotor patterns that transitioned between periods of left-right and flexor-
extensor alternation and synchrony and showed variable burst parameters 
similar to previous findings (Crone et al., 2008; Lanuza et al., 2004; Zhang 
et al., 2008). Increasing the locomotor speed further augmented left-right 
locomotor pattern abnormalities, suggesting Dmrt3 neurons could be in-
volved in speed dependent coordination of locomotion.  

Defined populations of CPG interneurons are implicated in segmental 
left-right alternation of locomotion. Selective elimination or preservation of 
these neurons including the V2a, V3, and V0 populations in mice, resulted in 
abnormal synchronous hindlimb ‘hopping’ gaits (Bellardita and Kiehn, 
2015; Crone et al., 2009; Kullander et al., 2003; Rabe et al., 2009; Talpalar 
et al., 2013), some of which had strong speed-dependent modulation of lo-
comotion (Bellardita and Kiehn, 2015; Crone et al., 2009; Talpalar et al., 
2013). Dmrt3Cre;ViaatKO mice had impaired hindlimb coordination and dis-
played an abnormal gait, taking considerably more synchronous hindlimb 
steps, during motor tasks. During increased treadmill locomotion, 
Dmrt3Cre;ViaatKO mice sequentially increased their number of synchronous 
hindlimb steps until they switched to using a predominantly bounding gait, 
falling into both fore- and hindlimb synchrony at speeds above 35cm/s (Fig-
ure 12). This shift to fore- and hindlimb synchrony is seen in control mice 
running at speeds above 75cm/s (Lemieux et al., 2016), suggesting Dmrt3 
neurons contribute to maintaining left-right coordination more prominently 
at higher speeds. During high speed running, Dmrt3Cre;ViaatKO mice had 
shorter stance (extensor), but longer swing (flexor) phases during a single 
locomotor stride, similar to Dmrt3-/- null mice (Andersson et al., 2012), sup-
porting the role of Dmrt3 neurons in flexor-extensor coordination. Similar to 
Dmrt3Cre;ViaatKO mice, DMRT3 was important for fore- and hindlimb coor-
dination in horses where mutations in DMRT3 is permissive for a horse’s 
ability to remain in trot at high speeds rather than shifting to gallop 
(Andersson et al., 2012). This observation is in keeping with recent results in 
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the mouse, where the selective ablation of V0v populations removed the 
ability of mice to shift from walking into trot (Bellardita and Kiehn, 2015). 

 
Figure 12. Dmrt3Cre;ViaatKO mice display fore- and hindlimb synchrony at high-
er locomotor speeds. Still images taken during treadmill locomotion at 50cm/s 
showing the footfall pattern of control (left) and Dmrt3Cre;ViaatKO (right) mice.  

In quadrupeds, a balance between excitation and inhibition is necessary to 
produce alternation between left and right motor pools (walking, trot) until 
such a point, that excitation naturally overrides inhibition and there is a shift 
to synchronous limb movements to support a faster gait (bound, Bellardita 
and Kiehn, 2015). More specifically, all gaits depended on the balance be-
tween commissural pathways supporting left-right alternation and those sup-
porting synchrony (Danner et al., 2016; Rybak et al., 2015). Thus in the 
mouse the switch from alternation to synchrony appears to be influenced by 
the level of inhibition originating from commissural populations (Paper III, 
Bellardita and Kiehn, 2015; Danner et al., 2016; Talpalar et al., 2013) and 
upstream excitatory ipsilateral populations (Crone et al., 2009) that indirectly 
facilitate inhibition. The firing adaptation of the Dmrt3 population could act 
to gate excitatory inputs, such that in collaboration with other interneurons, 
the Dmrt3 population balance the excitation within the CPG. Previous find-
ings suggest the majority of rhythmic neurons within dorsal dI6 subsets con-
tribute to locomotor rhythm generation, whilst the minority contribute to 
pattern formation (Dyck et al., 2012). The behavioural findings of Paper III, 
combined with previous suggestions positioning the dI6 neurons within CPG 
models (Danner et al., 2016; Dougherty and Kiehn, 2010b), imply the Dmrt3 
neurons are positioned within both the left-right/flexor-extensor pattern-
formation and speed dependent circuitry, contributing minimally, if at all, to 
rhythm generation.  

There have been many CPG models proposing the circuitry between ex-
citatory rhythm generating inputs and the ventral interneuron populations 
modulating motor neuron activity. Dmrt3 neurons, as a newly described 
population, are not exclusively included within existing models (Dougherty 
and Kiehn, 2010b; Kiehn et al., 2010; Rybak et al., 2015). Thus, we consider 
how the Dmrt3 population might fit within the CPG circuitry and reflect on 
the possible connections of Dmrt3 neurons with other locomotor neurons.  

Control Dmrt3Cre;ViaatKO
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Dmrt3 neurons are activated, inhibited and modulated by synaptic inputs 
from largely unknown origins. Dmrt3 neurons do receive excitatory afferent 
input, however, the origin of other excitatory inputs mainly derived from 
VGLUT2+ terminals can only be speculated upon. These excitatory inputs 
may arise from the rhythm-generating core, possibly from Shox2 interneu-
rons (Dougherty et al., 2013); upstream V2a interneurons that drive commis-
sural interneurons (review see Dougherty and Kiehn, 2010b), or other cur-
rently unidentified local excitatory inputs. Monoaminergic and cholinergic 
modulatory input, is presumably arising from descending projections origi-
nating in monoaminergic nuclei in the brain or local cholinergic partition 
cells. Unlike the Renshaw cells, cholinergic input to the Dmrt3 population is 
not arising from motor neuron collaterals (Eccles et al., 1954). Local inhibi-
tory interneurons or inhibitory cortical Dmrt3 neurons could provide the 
inhibitory input to the population. Dmrt3 neurons innervate contralateral 
motor neurons and project to Renshaw cells, however, Dmrt3-RC connec-
tions are not confirmed. Other interneuron populations innervated by Dmrt3 
neurons have not been investigated neither has the possibility that the Dmrt3 
population inhibits itself, which could be a source of inhibitory inputs to 
Dmrt3 neurons.  

The presumable dual commissural and ipsilateral Dmrt3 projections chal-
lenge the position of Dmrt3 neurons in CPG models. We confirmed contrala-
teral Dmrt3 projections, however, given the flexor-extensor locomotor dis-
turbances in Dmrt3Cre;ViaatKO mice, ipsilateral Dmrt3 projections likely 
exist. Whether a single Dmrt3 neuron projects both ipsi- and contralaterally, 
or whether there exist separate ipsilateral and contralateral populations, re-
mains to be investigated. This influences our interpretation of Dmrt3 circuit-
ry and presents multiple scenarios on how Dmrt3 neurons contribute to lo-
comotion. Currently, no other locomotor interneuron populations are report-
ed to have dual left-right and flexor-extensor roles, however, the V3 popula-
tion which act to balance locomotor output, have a small proportion of 
ipsilateral projections (Zhang et al., 2008). Nonetheless, the left-right/flexor-
extensor function of the Dmrt3 population combined with both the heteroge-
neous firing patterns during locomotor activity and current contributions, 
suggests heterogeneity within the Dmrt3 neurons that could possibly repre-
sent subpopulations. As such, deciphering the Dmrt3 circuitry is of consider-
able interest to the functioning CPG.   

The findings from Paper III provide a morphological, cellular and behav-
ioural profile of the Dmrt3 neurons, however, their heterogeneous morphol-
ogy, axonal projections, rhythmic firing and definitive role in locomotion, 
complicates our understanding of the population. Nevertheless, taken togeth-
er our results suggest a functional significance for Dmrt3 neurons within 
CPG circuits.  
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Summary and Future Perspectives 

Neuroscientists are continually tailoring, reworking, expanding and refining 
Sherrington and Brown’s initial circuitry ideals to form a current representa-
tion of the locomotor CPG. Spinal locomotor networks are now considered 
to be comprised of neural populations derived from specific developmental 
gene expression, with their own explicit characteristics, function and role 
within locomotor circuits. The work in this thesis contributes to the contin-
ued and increased understanding of established neural populations such as 
the Renshaw cells (Paper I and II), and to the identification, classification 
and possible functional roles of a previously undescribed population marked 
by Dmrt3 (Paper III).  

Many questions surrounding the locomotor CPG remain open ended and 
none more so than those surrounding the function and role of Renshaw cells. 
We found that Renshaw cells can be exclusively marked by Chrna2 (Paper 
I) allowing them to be discriminated from other ventral horn interneurons, 
but their apparent role in locomotor control still remains unclear (Paper II). 
Instead, we found Renshaw cell mediated inhibition has profound effects on 
the components, but not the functional outcome of the recurrent inhibition 
circuit. Our results do not support a role for the Renshaw cells in locomotion 
contrary to recent views surrounding the V1 population, but rather indicate 
the importance of the conserved function of the recurrent inhibitory circuit 
through compensatory mechanisms. Future studies addressing the role of 
Renshaw cells should combine specific Renshaw cell targeting with optoge-
netic and DREADD (designer receptors exclusively activated by designer 
drugs) technologies to selectively and temporally manipulate neural signal-
ling. Specific temporal manipulations, especially during late postnatal or 
adult stages, would circumvent possible developmental compensation by the 
nervous system, potentially revealing a more defined functional role for the 
Renshaw cell population. These acute manipulation techniques in combina-
tion with existing electrophysiological and emerging in vivo methods, should 
address whether the acute activation or inhibition of the Renshaw cell popu-
lation will alter the ongoing locomotor pattern or motor behaviour. 

Specific questions raised from Papers I and II are currently being incor-
porated in future projects within the laboratory and aim to address whether 
Renshaw cells constitute multiple subpopulations based on ion channel and 
gene expression, and whether additional Renshaw cell specific markers can 
be identified. Moreover, whilst not directly related to the Renshaw cell func-
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tional role but still of considerable interest to the field, the specific actions of 
mecamylamine on Renshaw cell and other spinal populations should be 
more thoroughly investigated.  

The gene Dmrt3 has recently gained interest due to its central role in the 
gait patterning of horses and mice, but until now, the role of the population 
derived from Dmrt3 expression remained obscure. We found the inhibitory 
Dmrt3 population had a profound impact on locomotor coordination in mice, 
which became more prominent at faster locomotor speeds. In particular, 
mice lacking Dmrt3 mediated inhibition had severe difficulties coordinated 
left-right alternation at high speeds, falling into a synchronous gait (Paper 
III). Additionally we found possible Dmrt3 subpopulations that fire at indi-
vidual and heterogeneous frequencies during locomotor activity. Future stud-
ies should aim to functionally, electrophysiologically and morphologically 
classify the neural characteristics of these presumed subpopulations and 
follow the activity patterns of the neurons across different locomotor speeds. 
Part of this work, following single Dmrt3 neural firing across different 
speeds is already underway and preliminary results suggest that although the 
firing frequency of Dmrt3 neurons changes with speed, the neural firing 
pattern and relationship to the locomotor rhythm is unaltered. Paper III did 
not address whether the inherent firing and electrical properties of Dmrt3 or 
motor neurons were altered in Dmrt3Cre;ViaatKO mice. This could be of po-
tential interest to better understand the physiological effects on the locomo-
tor circuitry in the absence of Dmrt3 inhibition. Optogenetic manipulation to 
artificially regulate the firing frequency of Dmrt3 neurons, combined with 
existing electrophysiological methods would be an elegant way to investi-
gate whether Dmrt3 firing drives CPG patterning. Many unanswered ques-
tions remain surrounding the connectivity and synaptic inputs to the Dmrt3 
population, which currently hinder efforts to confidently place Dmrt3 neu-
rons within CPG circuitry models. Future experiments should therefore con-
firm presumed ipsilateral Dmrt3 projections and aim to elucidate neurons 
up- and downstream of the Dmrt3 population. Moreover, novel in vitro ex-
periments should be considered and devised to confirm whether Dmrt3 neu-
rons directly coordinate flexor-extensor alternation.  

Although we did not observe any direct compensatory effects resulting 
from removing Dmrt3-mediated inhibition in CPG circuits, and saw similar 
locomotor behavioural phenotypes both in isolated preparations and in vivo, 
we cannot completely exclude the possibility that compensatory mechanisms 
contribute to the phenotype. Therefore, similar to the suggested Renshaw 
cell experiments, temporal induction mechanisms including optogenetics and 
DREADD techniques, should be used in a Dmrt3 cell specific manner to 
modulate cellular functions and control neural firing to reiterate and extend 
the current findings of Paper III. Other strategies include using DTR-DTA 
(Diptheria toxin) viruses to conditionally ablate Chrna2 and Dmrt3 popula-
tions in vivo and observe the consequences to behaviour. Dmrt3 and Chrna2 
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are expressed extensively throughout the brain (Paper III, Leao et al., 2012; 
Mikulovic et al., 2015), making system wide neural ablation through Cre-
LoxP dependent DREAAD or optogenetic mice less preferable. Localised 
lumbar spinal cord injections of Cre specific DREAAD or optogenetic virus-
es would avoid potential expression in cortical populations, restricting phe-
notypic outcomes to spinal interneurons. These approaches, not without their 
own technical limitations and challenges, are currently being implemented 
within the laboratory and will be used in conjunction with a battery of motor 
tests to elucidate and confirm the functional role of both Renshaw cells and 
Dmrt3 neurons.  

Although we have made considerable advances in our understanding of 
CPG populations there is still significant work to be done to comprehensive-
ly elucidate the functional roles and circuitry of CPG interneuron popula-
tions. The continual genetic identification of tightly defined CPG interneu-
ron populations and subpopulations drives the re-investigation of molecular, 
anatomical, physiological and functional properties of more restricted groups 
of neurons. Our experiments have a distinct advantage in the progression of 
research surrounding these populations since our novel mice lines selectively 
target the Renshaw cell (Chrna2Cre) and Dmrt3 (Dmrt3Cre) populations. In 
general, future studies should aim to exploit the genetic specificity offered 
by these mouse models and target these populations with novel methods to 
determine their functional role within the locomotor circuitry and how their 
inherent activity correlates to behaviour. 
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